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Abstract

This thesis concerns the study of ultrafast phenomena in semiconductor physics.
At the heart of this research is the construction of a colliding-pulse mode-locked
(CPM) ring-dye laser. This laser outputs ultrashort optical pulses at a high repeti-
tion rate. With a CPM laser, ultrafast semiconductor phenomena may be optically
probed. In addition, using this laser to drive photoconductive circuit elements
(PCEs), ultrafast electrical pulses can be generated and sampled, allowing novel
high-speed devices to be electronically probed. For the measurement of ultrafast
time-resolved photoluminescence {PL) a new pump/probe technique called photo-
luminescence excitation correlation spectroécopy (PECS) was used. The technique
itself was investigated both theoretically and experimentally; it was applied to a
variety of GaAs samples of interest in the development of high-speed devices.

Chapter 2 discusses the construction and alignment of the CPM laser, and the
autocorrelator used to measure the ultrashort pulses. Although the laser can be
run with pulse widths of < 100 fs full-width at half maximum (FWHM), in the
work of this thesis, the laser was operated with pulse widths in the range 200 to
400 fs, with a repetition rate of about 120 MHz, and average output power of 10
to 30 mW. '

In Chapter 3, the PECS method is investigated both experimentally and the-
oretically. PECS is a pulse-probe technique that measures the cross-correlation of
photo-excited populations. PECS is theoretically investigated using a rate equation
model for a simple three-level system consisting of an electron and hole band and
a single trap level. The model is examined in the limits of radiative band-to-band
dominated recombination, and capture-dominated recombination. In the former
limit, no PECS signal is observed. However, in the latter limit, the PECS signal
from the band-to-band PL measures the cross-correlation of the excited electron-

hole population, and, thus, the electron and hole lifetimes. PECS is experimentally



investigated using a case study of PL in semi-insulating (SI) GaAs and In-GaAs.
At 77 K, the PECS signal behaves as in the simple model, and an electron-hole
lifetime in the range 200 ps is measured. This is much less than the expected radia-
tive lifetime, and therefore the recombination in SI GaAs is capture-dominated. At
5 K, the behavior is more complicated, because of an acceptor, which is un-ionized
at 5 K. PECS for the PL band-to-band decay, shows two decay modes: the fast de-
cay (about 100 ps) is due to the saturable decay associated with the acceptor; and
the slow decay (about 1 ns) is due to bulk capture. The acceptor-related PL also
shows complicated behavior: A fast decay is associated with the band-to-acceptor
transition, and the donor-acceptor PL saturates, producing a PECS signal that is

negative and decays slowly.

In Chapter 4, PECS is used to investigate the large band-to-band PL contrast
observed near dislocations in In-alloyed GaAs. It is found that the PL intensity
contrast between a bright and dark area correlates with the ratio of the lifetimes
measured using PECS in these areas. Thus, the PL intensity contrast is due to
the difference in the carrier lifetimes in the different regions. The differences in the
behavior of the lifetimes in the bright and dark regions with temperature suggest
that the lifetime-governing defects in the two regions are different. Moreover, the
defects are deep, and from the shortness of the lifetimes, neither defect is EL2.
These results agree with earlier research, which indicated that defects are gettered
and generated at these dislocations. The effects of surface recombination on the
PL intensity and lifetimes in In-alloyed GaAs are important to the investigations
of this chapter. These are investigated in Appendix E, where it is shown that both
PL intensity and PECS-measured carrier lifetimes are greatly affected by surface
properties and by laser dose and surface preparation. This is thought to be due to
the creation of defects, which affects the sﬁrface recombination directly, and bends

the electronic bands at the surface to affect the surface recombination indirectly.
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These effects are reduced by minimizing the exposure to the laser and by using a
recently developed Na;S surface passivation layer.

In Chapter 5, the carrier lifetime of damaged GaAs is correlated to the cross-
correlation of the PCEs fabricated on the same material. Implantation of 200 keV
H* ions at doses in the range of 10! - 10!* cm™? is used to damage the GaAs. The
carrier lifetimes are inversely proportional to the dose for doses > 10! cm~2, and
do not indicate a saturation of the damage within the range investigated. For the
highest dose of 10'* cm™2, a lifetime of 0.6 & 0.2 ps was measured at 77 K. The
PCE cross-correlation decreases less quickly than the lifetime, indicating that some
effect other than the lifetime is governing the cross-correlation response speed.

Finally, two of the appendices present independent research that is worthy of
note. Appendix C presents an attempt to grow HgTe on CdTe using a novel low-
temperature Hg-rich melt liquid-phase epitaxial (LPE) growth technique, which
involves an in situ cleave. Appendix D presents a program that models the behavior
of ultrafast voltage pulses on a dispersive waveguide, which includes a lumped

device.
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Chapter 1

Introduction

1.1 Introduction to Thesis

This thesis concerns the use of ultrafast optical pulses in investigating high-
speed electronic-device technology with the intent of increasing the speed of these
devices and exploring new device concepts. This is done by studying the ultrafast
processes that affect the temporal behavior of electronic devices and by allowing
direct measurement of the electronic characteristics of the device itself. Clearly,
terms like ultrafast, ultrashort, and high-speed are relative terms that have changed
with time and may refer to different time ranges for different technologies. In this
thesis, ultrafast and ultrashort refer to a time range of a few picoseconds down to
femtoseconds, and high-speed is used to describe electronic device speeds in a time

range of nanoseconds down to picoseconds.

At the heart of the thesis work was the construction of a laser producing a train
of subpicosecond pulses with a high-pulse repetition rate. This is described in de-
tail in Chapter 2. This laser was used to make time-resolved photoluminescence
(PL) studies on semiconductors, using a new pulse/probe technique. The tech-

nique itself was the subject of investigations, both theoretical and experimental,



to determine its capabilities and limitations. This is described in Chapter 3. Then
the technique was applied to two problems of technological interest associated with
high-speed semiconductors. The first involved the uniformity of carrier lifetimes
over In-alloyed GaAs substrates, a problem of much technological interest for the
fabrication of high-speed digital integrated circuits. This is described in Chapter
4. The second concerned the carrier lifetime of ion-damaged GaAs, which is used
as an ultrafast photo-switch. This is described in Chapter 5.

The purpose of this introductory chapter is to provide the background relevant
to this thesis research. We have not limited its scope just to the aspects of my
research, but have tried to keep the view very broad to show how my research
fits into this bigger picture. To achieve this, most of Chapter 1 introduces the
tools and techniques used to explore ultrafast phenomena in semiconductors and
to measure the electrical responses of ultrafast semiconductor electronic devices.
The last section, Section 1.3, outlines the work to be reported in the remaining

chapters of this thesis, along with the work reported in the appendices.

1.2 Ultrafast Measurement of Electronic Mate-

rials and Devices

1.2.1 Background

The prime focus of this thesis is the use of ultrafast optical pulses to inves-
tigate high-speed electronic technology. Ultrafast optical pulses themselves are
not of interest in this study; they are used only as a tool to measure the per-
formance of high-speed electronics and the speed of ultrafast processes. To show
why special tools are necessary to make these measurements, it is useful to give

an introduction to the past, and the current state, as well as future directions of



- high-speed electronics, followed by the current limits of conventional measurement

capabilities.

Electronic Devices

Since the first transistors were developed, semiconductor devices have been
continually getting faster and smaller at a remarkable rate. On the average, device
speed has increased by a factor of 10 every decade.l Much of this increase in speed
has been due to a reduction in the size of the active areas of devices, and some
has been due to improvements in device design.* The pressure to build faster de-
vices remains today. It is being spurred by analog applications such as microwave,
millimeterwave, and communications systems; and digital applications such as dig-
ital communications and high-speed switches for computers and pl:ocessors.2 (For
analog applications, increased bandwidth or higher frequency operation is wanted,
while for digital applications, faster switching times are required.) At present,
there is still improvement to be gained by further scaling down the device size.
However, there has been much improvement using new materials and structures,
grown by new epitaxial growth techniques such as molecular beam epitaxy (MBE),
and metal-organic chemical vapor deposition (MOCVD).3 Materials and structures
can be chosen to increase the speed of the carrier transport in the active areas of
these devices, as in the case of the modulation-doped FET or MODFET.3 In the
future, scaling devices will not be as straightforward as it has been in the past.
This is because of quantum-size effects and statistical fluctuations of bulk proper-
ties in the active region, which will become important at smaller dimensions. At
that time, if semiconductor device speeds are to continue to increase, completely
new device ideas may be required. Current examples of such exploratory devices

are tunneling tmnsistors,4 which use tunneling transport, and ballistic electron

*The active area is the gate in field-effect transistors (FETs) and the base in bipolar transistors.



transistors,5 which use ballistic transport.6

Conventional Measurements

In the design phase of a high-speed device, it is advantageous to be able to di-
rectly measure the device behavior operating at and aboveitsintended speed. How-
ever, with conventional all-electrical measuring instruments, this is not possible.
Consider a specific example of a typical state-of-the-art electrical device, the pseu-
domorphic InGaAs/AlGaAs modulation-doped FET based on 0.25xm lithography,
as grown by Henderson ei al.” This has characteristics that can be extrapolated
to give a maximum frequency of oscillation, fmax = 200 GHz. Note that it was
necessary to extrapolate from lower frequency measurements to get fuayx. Direct
measurement of this is very difficult using commercially available systems. (Spec-
trum and network analyzers typically operate up to 26.5 GHZ,8 but they can
be extended with great difficulty up to 300 GHz for spectrum analyzers and to
100 GHz for network analyzers.z) This pseudomorphic MODFET used as a switch
would have a switching delay (the time taken for the transistor to turn on) of
about 2.5 picosecond (ps). This is much faster than currently available sampling
oscilloscopes can observe. (Conventional sampling oscilloscopes can measure time
responses of 25 ps,9 while recently developed Josephson junction superconduct-
ing sampling oscilloscopes can measure time responses of 8 ps.10 ) Another way
to measure the device’s switching speed is to use it in a ring oscillator circuit.
This involves making an oscillator ring, consisting of n identical devices, where
n is of the order of 25, and determining the oscillation period of the 1~ing.1 The
switching delay can be inferred to be the oscillation period divided by n. Such
measurements are routinely made; however, the measurement yields only a switch-
ing time and does not give any details of the time response of the device. Thus,

the high-frequency behavior of this device can be measured directly only, using



difficult electrical measurements, while the high-speed behavior cannot be directly
measured at all, using conventional electrical means. This failure is not surprising.
If there were electronic test equipment fast enough to make measurements of the
high-speed properties of these devices, the devices themselves could not be fast

enough to be of interest!

The situation for investigating ultrafast processes in semiconductors using con-
ventional electrical techniques is similar to that for the measurement of devices.
The ultrafast processes of interest are either those processes involved in limiting
device speeds of current high-speed devices or those processes that the next gener-
ation of devices may use. If these processes are not faster than the fastest conven-
tional electrical techniques, they are too slow to be of interest. Thus, conventional
electronic techniques are not useful for measuring the temporal characteristics of

the ultrafast processes of interest.

Summary

Conventional electronic instrumentation is too slow to allow direct time-
resolved measurement of either the fast devices that are now being developed or
allow direct measurement of the temporal behavior of the semiconductor processes
needed to be understood for the next generation of devices. To make these mea-
surements, novel instrumentation is required. This must be based on a technology
capable of producing pulses much shorter than those produced electronically, and
hence, having a bandwidth much higher than that available from electrical sources.
Moreover, these pulses must be easy to use and easily converted to electrical pulses,
which are shorter than those available from purely electrical means. The next sub-

section demonstrates that optical technology can satisfy these requirements.
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Figure 1.1: Time ranges of technologies and processes. The axes are bandwidth

(frequency) and time. Above the axes the present time ranges of various tech-

nologies are shown. Below the axes, estimated ranges of important semiconductor

processes are shown. (From Ref. 1.)

1.2.2 Ultrafast Measurements

Background

Consider the present state of the art of high-speed technologies. The top part

of Fig. 1.1 shows the switching speeds or pulse widths that can be achieved using

various 'cechnologies.1 The left-hand end of the lines represents the fastest speed

achieved. The bottom part of Fig. 1.1 shows the estimated ranges of time over



which various physical processes are important. The axes in the center show time
from femtoseconds (fs) to nanoseconds (ns) and bandwidth from one thousand
terahertz (THz) to gigahertz (GHz). Consider the speeds of the technologies.
From Fig. 1.1 it is clear that optics is much faster than both superconducting and
semiconductor electronics. Opto-electronics, which combines optical and electrical
properties of materials, is at an intermediate speed. Thus, optics is the natural
technology to explore the ultrafast behavior of semiconductors, or any of the other
technologies. Furthermore, optics along with opto-electronics can be used to probe
semiconductor devices and materials electrically.

The rest of this subsection on ultrafast measurements is broken up into mea-
surement tools, measurement techniques, and a summary. The section headed
Measurement Tools discusses the state of the art of ultrafast lasers and opto-
electronic devices. The section headed Measurement Techniques discusses both
how these optical tools are used to explore ultrafast processes in semiconductor
materials and structures, and how the optical and opto-electronic tools are used

to characterize semiconductor devices.

Measurement Tools
Optics

The requirements for an ultrafast laser used to make electrical pulses using
opto-electronic devices are slightly different from that needed to directly probe
materials with all-optical measurements. Both tasks require ultrafast pulses. How-
ever, driving opto-electronic devices used in making electrical measurements does
not require wavelength tunability, whereas this is very useful in studying materi-
als properties. We discuss the tunability of sources along with their pulse width

because of its usefulness to optical studies.

In the last few years, a great deal of change has taken place in the availability



and reliability of ultrafast laser sources.} 1112 Moreover, optical stages that follow
the sources, which compresslS or amplifyl4 these pulses, have been developed.
This section briefly describes the ultrafast laser sources available, along with a brief

discussion of compressors, amplifier stages, and measurements of pulse widths.

There are two main types of ultrafast lasers. These are synchronously-
pumped (synch-pum@ed)11’15 dye laser systems, and continuous wave (CW)-
pumped colliding-pulse mode-locked (CPM) ring dye lasers.12:16 (It is the CPM
laser which is used in the work of this thesis. It is described in detail in Chapter 2.)
The synch-pumped dye lasers are dye lasers that usually include a saturable ab-
sorber. They are pumped using an actively mode-locked pulsed high-powered laser
such as an Ar* ion or a solid state YAG laser. Using various dye/saturable absorber
pairs, they can produce pulse widths in the range of 100 fs over the wavelength
range of 560 to 975 nm.11 The optical power from such a laser is typically in the
range of 10 mW average power or 100 pJ of energy per pulse. CPM ring dye lasers
are dye lasers that include a saturable absorber jet in a passively mode-locked ring
cavity. The first success of these lasers was achieved using the dye/saturable ab-
sorber pair Rhodamine 6G and DODCI with no wavelength-tuning capa.bilities.17
With this pair, pulse widths as short as 30 to 40 fs with 100 MHz repetition rates
at 630 nm are routinely achieved. Recently, other dye-absorber pairs have also
been found to work in a CPM cavity, which includes a wavelength tuning element.
Thus, the CPM laser now gives piecemeal coverage over the spectral range of 490

to 780 nm with pulse widths in the range of 100 fs.12 The optical power from such

a laser is typically in the same range as that of synch-pumped lasers.

There has been much effort to produce still shorter pulses.ls’19 This has been
successfully done using compressor, and amplifier stages following the pulse laser.13
Typically, a compressor stage consists of an optical fiber and a grating pair. The

pulses from the laser are input into an optical fiber and the output pulses go
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through a grating pair. The fiber broadens and chirps the pulsés in the frequency
domain due to nonlinearities. This means that the frequency content of the pulse
is broadened such that the higher frequencies are behind the lower frequencies in
both space and time.13 (The pulse is temporally longer after the fiber.) However,
by running the pulse through a grating pair, the different frequencies contained in
the pulse travel different distances so that the higher frequencies can be made to
catch up to the slower frequencies. This leaves a shorter or compressed pulse after
the grating pair. Compression ratios of 10:1 are possible.13 Currently, the shortest
pulse produced is one generated by pulse-compressing the output of a CPM laser.
The pulse produced is maximum 6 fs full-width at half-maximum (FWHM).19 The
spatial extent in air of such a pulse is 1.8 pm and it consists of about 3 periods of
630 nm light. Compression stages are now used in combination with many types

of pulse-generating lasers to produce subpicosecond pulses.

The output from a pulsed laser can be amplified using a variety of optical
ampliﬁers.14 A typical single stage of one such amplifier consists of a dye jet, which
is optically pumped using a high-power laser. This optically pumped medium
amplifies the ultrafast pulse which travels through it. Amplifiers can achieve very
large power gains of anywhere from 10? to 107. However, associated with this power
gain is a reduction in the pulse repetition rate at the output.14 Generally, the pulse
repetition rate is inversely proportional to the gain of the amplifier. Such amplified
pulses can be used to generate continuum pulses by focusing the pulses on to a
plain ethylene glycol jet.20 These continuum pulses are spectrally very broad, but
remain temporally short. From them, pulses involving a small wavelength region
can be selected easily and continuously over a large spectral range. However, this
convenient and continuous broad-range wavelength tunability is achieved only at
the expense of a reduced repetition rate. Such a reduction in repetition rate is

a severe limitation since it reduces the experimental signal-to-noise ratio for a
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measurement.

Measurement of ultrafast optical pulse widths must be done via completely
optical means, because the optical pulses are much faster than the response times
available in any other technology. Measurements of optical pulse widths are rou-
tinely made using second harmonic generation (SHG) in a nonlinear crystal such
as KDP using an autocorrelation type technique.z1 (This technique is described
in detail in Chapter 2.)

In summary, there are now many ways to routinely generate ultrafast optical
pulses, especially with pulse compression techniques easily available. The choice
of which method to pursue depends very much on the experiments to be accom-
plished. For the work described in this thesis, tunability was not considered im-

portant, so that a CPM laser was chosen.

Opto-Electronics

In this work, the interest in opto-electronics is to make use of ultrafast opti-
cal laser pulses in the area of electronic measurements. For such measurements,
the opto-electronic devices of interest are either those converting ultrafast optical
pulses to ultrafast electrical pulses, or those sampling ultrafast electrical signals
using ultrafast optical pulses.z'22 The first device is called a pulser, and the second
device is called a sampler. Both pulsers and samplers are discussed below.

For the generation and propagation of ultrafast electrical pulses, high-frequency
waveguide structures must be used. These are necessary, even over very short
distances, to allow pulse propagation without large dispersion and absorption of the
pulses.l:3 The most commonly used waveguide structures are microstrip, coplanar
waveguide, and coplanar stripline.?® Figures 1.2(a)-(c) show the geometries and
typical dimensions of these waveguides. The conductors in these waveguides are

in good ohmic contact with the insulating substrate.
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(a)

h=650 um w=50 um

—~=

(b) (c)

s=60 um w=30 um
Figure 1.2: Waveguide structures: (a) Microstrip, (b) Coplanar waveguide, (c)
Coplanar strips. (From Ref. 25.) See also Chapter 5.

Optical pulses can be used to generate electrical pulses in a waveguide struc-
ture by driving photoconductive circuit elements (PCEs), also known as Auston
switches.22:26 This involves illuminating a photoconducting substrate materialin a
narrow gap between conductors. Figure 1.3(a) shows a typical PCE on microstrip.
In this case, a stripline electrode at voltage Vg is perpendicular to the center strip
with a small gap separating them. This gap in the conductors, with the photocon-
ductor in between, is the PCE. Figures 1.3(a)-(d) show the behavior of the PCE
under the illumination of an ultrafast pulse. Figure 1.3(a) shows the PCE before
the arrival of the optical pulse. There is no signal on the line because the PCE is
insulating, so that the electrode strip and center strip are uncoupled. Illumination
of the PCE produces carriers in the gap, making it conducting, so that current

flows across the gap, producing a voltage signal on the center line at the PCE as
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(a) (b)

Vg Ve

Figure 1.3: Photoconductive circuit elements (PCEs) on microstrip, in pulse.r con-
figuration. Vg is the bias voltage on the PCE and V is the voltage signal on the
waveguide. The operation of a typical PCE is shown in (a)-(d). (a) Before optical
pulse - PCE is off. (b) About 0.5 ps after optical pulse - carriers have been gener-
ated in the gap and the PCE is turning on. (c) About 1.5 ps after optical pulse -
carriers are starting to recombine and the PCE is turning off. (d) About 10.0 ps

after optical pulse - carriers have recombined and the PCE is off.
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shown in Fig. 1.3(b). The PCE remains conducting, even after illumination by
the optical pulse, because the lifetimes of the carriers in the PCE are longer than
the optical pulse itself. While the PCE remains conductive, current continues to
flow across the gap as the voltage signal propagates away from the PCE in both
directions, as shown in Figs. 1.3(c)-(d). The turn-on of the device is very sharp,
since the carriers are generated over the short duration of the optical pulse. The
geometry of the PCE governs the details of the actual leading edge of the pulse
produced. The turn-off of the device is slower because of the longer lifetime of the

carriers. Details of these processes have been investigated by Auston.22

For many, although not all applications, PCEs are required that not only turn
on quickly but also turn off quickly.22'27 To make PCEs turn off quickly, a sub-
strate material with high mobility, yet low carrier lifetime, is necessa.ry.22 High
carrier mobility will result in large electrical-pulse amplitudes, while short carrier
lifetime gives a faster turn-off. Generally, short carrier lifetimes require high levels
of trapping defects, which reduce the carrier mobility. Thus, there is a compromise
between the pulse width and pulse amplitude. Typically, PCEs are made in two
different ways. In one method, the required defects are grown into the substrate,

28 o amorphous silicon.2? The other method involves

such as with polysilicon,
introducing defects by damaging a relatively defect-free substrate, such as GaAs,
using ion-implantation. There are many different procedures for damaging both Si
and GaAs to produce PCEs.30:31 (Chapter 4 involves investigating the effective-
ness of one of these procedures.) The fastest electrical pulses are produced using
a variation of a PCE called a sliding contact switch.32 This consists of photocon-
ductively shorting a charged coplanar stripline, and the resulting pulses are 0.6 ps
long.32 However, typical PCEs have full-width at half-maximum (FWHM) in the
range of 1 to 5 ps.28’29'30'33’34 There has been much work to develop PCEs that

can be made with techniques found on integrated circuit (IC) fabrication lines.2831
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These are used as sources of ultrafast electrical pulses on ICs themselves to study

the device properties on the IC.

The other opto-electronic device required to make electrical measurements is
the sampler. Samplers allow the measurement of ultrafast electrical pulses on a
waveguide structure. Two important samplers, the PCE san:xpler,22’32'31 and the
electro-optic (E-O) sa,mpler,2 are discussed below. Two other samplers are the

35 and the photo-emission

picosecond photo-electron scanning electron microscope
sampler.36 These samplers are particularly useful for measuring circuit response

at different locations; however, they are not discussed further.

PCE samplers are similar in structure to the PCE genera,tors.22 Figure 1.4
shows the PCE structure used on microstrip in a sampling configuration. As with
the pulser PCE, the sampler PCE turns on when illuminated by the optical pulse,
which shorts the PCE gap. The sampler electrode is not biased, so that part of the
charge on the center line associated with a passing voltage signal is shunted to the
sampling strip, while the PCE remains on. This shunted charge can be detected
using an ammeter. Thus, the PCE samples the voltage signal on the center line as
it passes the PCE. The resolution of the sampler is given by the time the PCE is
on, which is typically 1 to 5 ps.28‘33’32 Actual measurements require this sampling
process to be repeated at high-repetition rates to produce currents large enough

to be detected.

The second important type of sampler is the electro-optic (E-O) sa.mpler.2
There are various electro-optic (E-O) sampling schemes that can be used, all of
which make use of the E-O effect to measure the electric field (E-field) in an E-O
active material placed in proximity to the waveguide, so as to determine the voltage
signal on the waveguide. The electro-optic effect used is the interaction in certain
E-O active materials of an E-field with an optical pulse.2 It causes a detectable

change in the polarization of the optical beam by an amount proportional to the
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(a) (b)

v/ AN

configuration. I represents an ammeter that measures the current through the
PCE and V is the voltage signal on the waveguide. (a) shows a laser pulse incident
before the voltage signal reaches the PCE -no current is shunted. (b) shows a laser

pulse incident as the voltage signal reaches the PCE -current is shunted.

E-field strength perpendicular to the optical path. The average E-field in the
E-O material is measured by detecting the change in polarization of the probing
beam. With suitable choice of geometry of optical beam and waveguide, this
detected polarization change is proportional to the convolution of the voltage on
the waveguide with a response function. This response function takes into account

both the response of the E-O material and the effect of fringing fields.

The most common E-O sampling schemes are shown in Figs. 1.5(a)-(c) and
briefly described below. In Fig. 1.5(a) the GaAs substrate itself is used as the E-O
material.2 An advantage of this schemeis that no external E-O material is required.
A disadvantage, however, is that GaAs is not transparent to visible light, so that
infrared pulses must be used in order to penetrate the GaAs and make use of its

E-O properties. In Fig. 1.5(b), the optical pulse measures the E-field in a thin film
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of an E-O active material, such as lithium niobate deposited on the waveguide.37

Using lithium niobate visible pulses can be used. However, the presence of the E-O
layer itself may affect the electrical pulses. Fig. 1.5(c) shows an elegant sampling
scheme called an E-O needle probe that has recently been developed.?'8 The E-O
material is on the tip of a silica rod, about 40pm x 4ﬁum in size, and is positioned
within the E-field of the waveguide. The optical pulse is confined to the silica rod
and guides the light to the E-O tip and back again. This technique reduces the
effect of the E-O material on the waveguide. Moreover, such probes can be easily
moved, making them very versatile for circuit applications. Sampling speeds in
the range of about 500 fs have been attained for the lithium niobate E-O sampler
and E-O needle probe,37'38 and in the range of about 1 ps for the internal GaAs
E-O sampler.2

The choice of opto-electronic pulsers and samplers depends very much on the
type of measurements to be made. Noninvasive sampling is best in the case of the
probing of devices on a chip. Using the electro-optic properties of GaAs works well
for GaAs circuits.2 PCE pulsers and samplers can be used in the case of testing of

single devices. PCE pulsing and sampling is used in this work.

Summary

Summarizing the measurement tools, firstly, we see that the fastest optical
pulses are orders of magnitude faster than the fastest electronic device speeds,
so that they can be readily used to explore semiconductor processes, which may
limit device performance. Secondly, opto-electronics transducers are faster than
the fastest electronic device speeds, so that they can be used to electrically mea-
sure the response of electronic devices. The techniques used to make such optical
and electrical measurements are outlined below in the Measurement Techniques

subsection.
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Figure 1.5: Electro-Optic Sampling Techniques. (a) Uses electro-optic (E-O) effect
in GaAs substrate, itself. (From Ref. 2.) (b) Uses E-O material such as lithium
niobate.(From Ref. 37.) (c) Uses E-O needle probe.(From Ref. 38.)
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Measurement Techniques and Examples

The general method to measure ultrafast processes is to use pulse/sample type
experiments.39 This involves two pulses. The first pulse is used to excite the
process of interest and the second pulse, which arrives a precisely controlled time
after the first pulse, samples the effect of the first pulse. The temporal behavior
of the process can be determined by varying the time between the pulsing and
sampling. Such experiments involve repetitive excitations of the process, rather
than single shots, and require the ability to continually vary the time between
the pulser and sampler. The resolution of such a method is directly related to
the width of the pulsing and sampling pulses, as well as jitter between the pulses.
(Jitter is the uncontrolled variation in the time delay between the pulsing and
sampling pulses.z)

These pulse/sample types of experiments are routinely used in the electronic
domain to investigate electronic phenomena, such as the turn-on of fast devices.
Conventionally, this is done using a sampling oscilloscope. These were briefly
mentioned earlier. In a conventional sampling oscilloscope, the electrical pulses are
called the trigger and sampler. Specifically, an electrical trigger is input to a device
and another pulse delayed in time is used to sample the device’s output signal. By
repeating over many shots, while changing the delay time, the output waveform is
obtained. The fastest commercially available conventional sampling oscilloscopes
have 25 ps resolution.? A new sampling oscilloscope based on Josephson junction
superconducting technology was recently introduced. This has a time resolution
of 8 ps.lO In both of these types of sampling oscilloscopes, jitter is an important
limitation on the performance.

The same sampling techniques can be used with optical pulse trains. Two pulse
trains are required, one to excite and the other to sample. The time between near-

est pulses in the exciting train and those in the sampling train must be continuously
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Figure 1.6: Michelson interferometer. A single pulse train is incident on the beam
splitter, BS; the two beams generated are retroreflected using corner cubes, CC;
and the two beams are recombined by the beam splitter. This produces two pulse
trains superimposed on one another, or a double pulse train. The separation of

pulses in the double pulse train is controlled by moving one of the corner cubes.

variable. This is achieved by using a Michelson interferometer, shown in Fig. 1.6.
A single pulse train from an ultrafast laser is split into two trains using a beam
splitter. The two trains are recombined after traveling down different arms of the
interferometer. By varying the length of one of the interferometer arms, the times
between the exciting and sampling pulses can be varied. The relationship between
6d, the change in the arm length, and the change in time between the pulses, 6t,
is given by 8t = 26d/c. Using available translation stages, éd is easily controllable
to 0.5 pm, giving a 8t of 3 fs. Thus, the interferometer gives essentially jitter-free
control of the delay between the pump and probe pulses. The interferometer is
an important part in any pulse/sample apparatus. The temporal resolution of the
interferometer is related only to the widths of the exciting and probing pulses since

the jitter is negligible. Another benefit of using optical pulses is that high-pulse
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repetition rates are involved, typically in the range of 100 MHz. This dramatically

improves the signal-to-noise ratio for a measurement.

In the case of exploring physical phenomena directly with optical pulses, several
different pulse/sample techniques may be used.39 Figures 1.7(a),(b) schematically
show such techniques. Figure 1.7(a) shows a pump/probe type experiment. In
this type of technique, both the pump and probe pulses interact directly with
the sample. In one version of this technique, two pulse trains of equal power are
collinearly focused on a thinned sample, and the transmitted signal is monitored.
This is called equal-pulse transmission correlation and has been used to investi-
gate the interaction of hot carriers in GaAs.40 Another version of the pump/probe
technique uses two pulses of equal power to excite electrons and holes in the semi-
conductor sample. By looking at the photoluminescence (PL), carrier lifetimes can

be determined. This method has been called population mjxinglj‘1

or photolumines-
cence excitation correlation spectroscopy (PECS).42'43 The PECS experimental
technique was investigated and used in this work. The time resolution of these
pump/probe techniques is directly related to the width of the optical pulses.43
Figure 1.7(b) shows a pulse/sample technique, which uses one pulse to excite the
sample directly and another pulse to gate the optical oﬁtput from the excited
sa,mple:.44'45 This requires an ultrafast optical gate, a nonlinear optical device in
which the presence of the gating pulse allows the transmission of the PL signal.
Versions of this technique are used to obtain ultrafast time-resolved PL. The time
resolution of this technique is determined by the width of the optical pulses and

the response of the optical ga.te.44'45

For the case of electronic measurements, the combination of a Michelson inter-
ferometer along with an opto-electronic pulser and sampler allows the construction
of an optically based sampling oscilloscope.l’z’6 The optical pulses generate the

electrical trigger pulse using a PCE, and the sampling of the electrical output sig-
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Figure 1.7: Schematic representations of Pump/Probe and Pump/Sample tech-
niques. (a) Pump/Probe experiment. The delay time between pulses is varied,
while the output beam is monitored. This gives a cross-correlation of the response
to one pulse with the response to the other. (b) Pump/Sample experiment. The
pulses incident on the optical shutter gate that the PL generated by the pulses

incident on the sample. This gives the time-resolved PL response.
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nal is done using an optical pulse with a sampler. The Michelson interferometer
allows the time between the trigger pulse and sampling to be scanned. Figure 1.8
shows an optically based sampling oscilloscope used to probe a device. The time
resolution of the optically based sampling oscilloscope is given by the width of the
pulser and sampler response. (The jitter is negligible.) Currently, this is in the
orderof 1 to 5 ps.2'33’37 There are numerous advantages to this type of measure-
ment over conventional all-electronic measurements. They are: 1) The optically
based oscilloscope has a much faster time response than the conventional sam-
pling oscilloscope. 2) The optically based sampling oscilloscope is jitter-free, while
jitter is a serious problem for conventional sampling oscilloscopes. 3) Conven-
tional electrical-domain measurements rely on taking a high-frequency signal off
the device under test, while the optically based sampling oscilloscope leaves the
high-frequency signals on or near the device, since it requires only low-frequency
connections to the pulser and sampler. Taking high-frequency signals off the device
requires high-frequency connectors. These connectors é,dd extraneous reflections
to signals measured and they usually attenuate high frequencies, thus reducing
the temporal resolution of the measurement.2 4) Using the optically based sam-
pling oscilloscope devices can be probed in two different amplitude regimes. The
first is the small signal regime, which gives the s-parameters of the device, which
are important for analog applica.tions.12 The second is the large signal regime,
which gives the turn-on characteristics of the device, which are important for dig-
ital applications. This covers the region of a conventional sampling oscilloscope
and network analyzer.2 5) The optical measurements have a higher measurement
repetition rate than conventional measurements, so that the signal-to-noise ra-
tio (S/N) is better in the optical case. The major disadvantage of the optically
based sampling oscilloscope is that it requires an ultrafast pulsed laser and special

pulser and sampler devices. However, from the long list of advantages, it is clear
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Figure 1.8: Optically based sampling oscilloscope measuring pulse response of a
device. Vp is the bias voltage for pulse generation; Iy and It give the reflection
and transmission response. A generation pulse generates a voltage pulse on the
microstrip, which is incident on the device. The sampling pulse samples either the

device’s reflected or transmitted response.
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that the optical sampling oscilloscope is a very promising technique to investigate

high-speed devices.

Summary

Ultrafast optical pulses can be used directly to make optical measurements of
the time behavior of processes in semiconductors, with temporal resolution gov-
erned by the optical pulse widths (typically 50 fs). As well, ultrafast optical pulses
in conjunction with opto-electronic switches may be used to make an optically
based sampling oscilloscope, which has a temporal resolution governed by the

speed of the opto-electronic switches (typically in the range of 1 to 5 ps).

1.2.3 Summary

In Section 1.2 it has been shown that ultrafast optical techniques and ultrafast
opto-electronic devices can be used to make two types of measurements, which are
of great importance for the increase of the speed of high-speed electronics. The first
type of measurement is the temporal resolution of the electrical behavior of high-
speed devices of current interest. It was shown that these measurements cannot be
made using conventional electronic techniques. However, using an ultrafast pulsing
laser to drive opto-electronic switches, an optically based sampling oscilloscope can
be constructed, which can make these time-resolved measurements. The second
type of measurement is to resolve, temporally, the behavior of ultrafast semicon-
ductor phenomena, that either affects the speed of high-speed electrical devices
or can be used as the basis for a new generation of high-speed devices. These
measurements can be made by using ultrafast optical pulses to perform optical

pulse/sample or pulse/probe-type experiments directly on the semiconductors.
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1.3 Outline of Thesis

This thesis describes the construction of a colliding-pulse mode-locked (CPM)
ring dye laser capable of generating subpicosecond pulses. This laser was used to
make ultrafast time-resolved photoluminescence (PL) measurements using a novel
technique. This technique is called photoluminescence excitation correlation spec-
troscopy (PECS). Before using this technique, further understanding of the PECS
technique was required. This was obtained by using a simple theoretical model
and doing an experimental case study. PECS was then applied to two problems
of technological importance involving semiconductors. The first involved time and
space variations of carrier lifetime in In-alloyed GaAs. The second involved com-
paring carrier lifetimes in ion-damaged GaAs with the speeds of PCEs fabricated
on these samples, for different ion-implantation doses. The following sections are
a brief summary of the chapters of this thesis. This is followed by a brief summary

of the appendices.

Chapter 2: CPM Ring Dye Laser

This chapter goes into the details of the colliding-pulse mode-locked (CPM)
ring dye laser constructed. It starts with a brief background of CPM lasers, and
then the construction and alignment of the CPM laser are discussed. This contains
not only the techniques that are commonly used but also the specific procedures
we have found useful. Finally, the characterization of the laser is discussed. This
includes a brief background on second-harmonic generation (SHG) autocorrelators,
which are used to determine pulse widths, and ends with the characterization of the
pulses used in the experiments discussed in the following chapters. These pulses
were measured and found to be 250 fs wide (FWHM), centered at a wavelength

of 620 nm with a 120 MHz repetition rate and an average power of about 10 to

30 mW.
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Chapter 3: Photoluminescence Excitation Correlation Spectroscopy

This chapter deals with photoluminescence excitation correlation spectroscopy
(PECS), the novel technique used to do ultrafast time-resolved photoluminescence
(PL) spectroscopy. This method is briefly compared to other time-resolved PL
techniques, and then the PECS technique and apparatus are discussed. The tech-
nique is modeled using the rate equations for a simple two-band system with a
trapping level. Finally, the experimental technique is applied to samples of semi-

insulating (SI) GaAs and In-alloyed GaAs in a case study.

The results of the theoretical modeling indicate that a PECS signal for near
band-to-band luminescence is observed only if some of the electrons and holes
recombine by some parallel process, in this case through a deep level trap, rather
than recombine only by band-to-band radiative recombination. In the case where
a trap dominates the carrier recombination, the PECS signal gives the carrier

lifetime.

At 77 K, the PECS signal behaves as in the simple model, and an electron-hole
lifetime in the range 200 ps is measured. This is much less than the expected radia-
tive lifetime, and therefore the recombination in SI GaAs is capture-dominated. At
5 K, the behavior is more complicated because of the acceptor, which is un-ionized
at 5 K. PECS for the PL band-to-band decay shows two decay modes: the fast
decay (about 100 ps) is due to a saturable decay associated with the acceptor, and
the slow decay (about 1 ns) is due to bulk capture. The acceptor-related PL also
shows complicated behavior: A fast decay is associated with the band-to-acceptor
transition, and the donor-acceptor PL saturates, producing a PECS signal that is

negative and decays slowly.

The most important result is that PECS can measure the carrier lifetime in a

semiconductor whose lifetime is dominated by capture onto a trap.
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Chapter 4: Carrier Lifetimes in In-Alloyed GaAs

Using PECS, a study of the variation of carrier lifetimes over the surface of
semi-insulating In-alloyed GaAs substrate ma.teria,l;v‘vas made. The purpose of this
was to try to understand the contrast observed in photoluminescence (PL) intensity
in the neighborhood of dislocations. This is of much technological interest because
understanding the spatial variation of electrical properties of GaAs substrates is
important for digital integrated circuits (ICs).

It is found that the PL intensity contrast is due to lifetime differences in the
bulk material.* By studying the lifetimes at different temperatures, it is found
that the dominant lifetime-governing defect in the bright regions is different from
that in the dark regions. Furthermore, both the defects have electronically deep
levels, and neither defect is EL2, an important defect in these materials. This
supports the view that defects are generated and gettered at dislocations, giving

rise to PL contrast in the neighborhood of the dislocation.

Chapter 5: Carrier Lifetimes versus Dose of Ion-Implanted GaAs

In this chapter, the effectiveness of a procedure for making photoconductive
circuit elements (PCEs) on GaAs is investigated. The procedure uses 200 keV H+
ions at doses in the range of 10! to 10 cm™2. The approach of this study was to
compare the carrier lifetimes measured, using PECS, with the speed of the PCE
as measured using a PCE autocorrelation measurement.

Other work on the PCEs found that the fastest PCE was obtained for a dose of
6 x 103 cm™~2, with no improvement at higher dose levels. It was thought that this
may be due to a saturation in the amount of damage that can be introduced into
GaAs, using this type of implant. However, experimentally, no such saturation was

seen up to an implant of 1 x 101 cm~2. This dose gave rise to a carrier lifetime of

*In this context, bulk means the top 0.25 xm.
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0.6 + 0.2 ps. Thus, the limit of the PCE speed is not a saturation of damage.

Appendices

There are 5 appendices. They are outlined briefly below.

Appendix A: This appendix is a detailed analysis of the signal processing used
in a double chopping difference lock-in scheme. The PECS analysis of the

simple three-level semiconductor model is treated.

Appendix B: This appendix explains the details of a computer model used to
generate movies simulating the generation and propagation of pulses on a
waveguide, and to show how these pulses interact with a lumped element

device. A brief example is included.

Appendix C: This appendix describes briefly some work on the growth of HgTe on
CdTe using a novel liquid phase epitaxial (LPE) growth technique involving

an in situ cleave.

Appendix D: This appendix lists details of the equipment used in the apparatus
constructed for the work described in this thesis, and includes the CPM

laser, the autocorrelator, and the PECS set up.

Appendix E: This appendix summarizes investigations into the effect of surfaces
on the carrier lifetime measured, using PL decay, and the change in PL

intensity with laser dose. These investigations were carried out on In-alloyed

Gads.
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Chapter 2

Colliding-Pulse Mode-Locked

Laser

2.1 Introduction

Colliding-pulse mode-locked (CPM) ring dye lasers are the most commonly
used lasers capable of producing ultrashort long optical pulses. As discussed in
Chapter 1, these lasers allow the study of the temporal behavior of ultrafast phe-
nomena on a subpicosecond time scale. This chapter discusses the following: the
construction and alignment of a colliding—pulse mode-locked (CPM) ring dye laser;
the tools used to aid in the alignment and measurement of the CPM laser output;
and finally, the characteristics of the output pulses used in subsequent chapters of
this thesis. The last section is a conclusion section, which summarizes the output

characteristics of the CPM laser constructed and the pulses it produces.

2.1.1 Result of this Work

A dispersion-compensated CPM ring dye laser was constructed, aligned, and

characterized. The compensated laser demonstrated ultrashort (< 100 fs) pulses.
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However, the laser was not used in its highest performance mode for this thesis
work; instead, the laser was operated in a noncompensated mode. The pulses
in this mode are demonstrated to be about 250 fs full-width at half-maximum
(FWHM), at a wavelength of 6115 A and a spectral width of 20 A, with a repetition
rate of 115 MHz, and an average power of 10 to 30 mW. The noise of the laser
output was estimated to be about 5%, and the laser output was found to be stable

for peridds of hours.

2.2 CPM Laser

2.2.1 Background
CPM Laser

Since the development of the first dye lasers in the 1960’s, it was clear that
they could lase over a large enough bandwidth to produce extremely short pulses.
To obtain such ultrashort pulses, some method of locking the different longitudinal
modes in phase, or mode-locking the laser, was necessary. Passive mode-locking
of a continuous wave (CW)-pumped dye laser was first achieved in 1972,1 and
this became the primary technique used to generate subpicosecond pulses.2 The
‘CPM ring dye laser, a type of CW-pumped passively mode-locked dye laser, was
developed in 1981.8 These lasers generate ultrashort pulses down to a width of
50 fs. Figure 2.1(a) shows a CPM laser circa 1981. Figure 2.1(b) shows a schematic
representation of this laser.% Briefly, the CPM laser works as follows. There are two
pairs of focusing mirrors in the ring cavity. Within the first set of focusing mirrors
there is a gain jet, consisting of a jet of ethylene glycol in which the dye, thodamine
6G tetrafluoroborate (R6G), is dissolved. The dye jet fluoresces when it is CW-

pumped by a pumping laser and thus provides the optical gain in the cavity. Within
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Figure 2.1: (a) Colliding-pulse mode-locked (CPM) ring dye laser, circa 1981,
showing the the resonator cavity configuration. (From Ref. 8.) (b) Schematic
representation of the pulse timing in the CPM laser. (From Ref. 4.) In (b) the filled
circles represent the two optical pulses in the resonator cavity. The left drawing
shows the pulses colliding in the saturable absorber; and the right drawing shows
the pulses a quarter of the pulse round-trip time later, when one pulse is being

amplified by the gain.
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the second set of focusing mirrors, there is a saturable absorber jet, consisting of
the saturable absorber, 3,3’-diethyloxadicarbocyanine iodide (DODCI), in a jet of
ethylene glycol. The other mirrors provide the path to form a ring cavity, and the
output coupler outputs a small fraction of the internal light. The schematic view
of the cavity, Fig. 2.1(b), shows the saturable absorber medium at the six o’clock
position and the gain medium at the three o’clock position. The desired stable
mode of the cavity is for there to be two counter-rotating pulses that overlap both
in space and time, i.e., collide in the saturable absorber. The existence of this
mode is due to the saturable properties of the absorber. That is, if the pulses
collide in the absorber, they saturate it and they suffer less loss than if they do
not collide and go through the absorber one at a time. In the collision mode,
the cavity has enough gain to lase, while in the noncollision mode the cavity does
not lase, hence, the name colliding-pulse mode-locked (CPM). The output of the
laser consists of two trains of ultrafast pulses, one from each pulse in the cavity.
The repetition rate of the pulses in the pulse train is given by the pulse round-
trip time in the cavity. Typically, this is about 115 MHz, corresponding to a 2.5
m long cavity. The width of the output pulse depends on the thickness of the
absorber jet in these lasers. As well, it is important that the gain jet is situated
approximately a quarter of the ring length away from the saturable jet, so that
both pulses pass separately through the gain after it has had equal time to recover.
The cavities that produce the shortest pulses have no tuning element, so that the
wavelength range over which it lases has to do with the spectral region in which
the R6G provides sufficient gain, the DODCI acts as a saturable absorber, and
the wavelength tuned coatings of the mirrors are optimized. Typically, these lasers
run at about 620 nm and have bandwidths of about 50 nm, and repetition rates in
the range of 120 MHz.8 Introducing a tuning element allows tuning over the range

590-640 nm while maintaining 100 fs long pulses.5 However, no tuning element is
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used for most CPM applications.

There were many problems with the early lasers. The short pulses of < 100 fs
were not consistently achieved.ll Pulse widths for what were thought to be iden-
tical setups were found to be very different. In fact, simply interchanging mirrors
with identical specifications was found to vary the pulse width.4 Moreover, these
CPM lasers were very difficult to align, and the output was noisy and suscepti-
ble to drift. It was found that intercavity dispersion plays an important role in
governing the width of the laser pulses. This intercavity dispersion arises from
the ethylene glycol jets and the mirrors in the cavity, and acts on the pulses to
spread them out in time or space.4 The solution to this problem is provided by
prism pairs that provide negative dispersion.7 Two prisms can be oriented so that
the shorter wavelength light travels a shorter distance, while the longer wavelength
light travel a longer distance. This is negative dispersion, since shorter wavelengths
usually travel more slowly and fall behind the longer wavelengths. By including
two negative dispersive prism pairs within the cavity, the positive dispersion of the
ring cavity can be compensated, so that the net dispersion of the cavity is close
to zero. Figure 2.2 shows such a compensated CPM cavity. This represents the
present state-of-the-art CPM laser. This type of cavity routinely produces ultra-
short pulses in the range of 30 to 50 fs, and the noise and long-term stability of
these lasers are improved over the original CPM cavity. From theoretical analysis
of these cavities, including the effects of dispersion, the shape of the envelope of the
output pulses corresponds to sech?(1.76t/At), where At is the full-width at half-
maximum (FWHM) of the pulse.3:910 Although the initial success of the CPM
laser was achieved using the saturable absorber/dye pair DODCI/R6G, there has
been some success in using other pairs in CPM lasers. Pairs have been found that
allow operation over the range of 480 to 750 nm.5 However, this was not used in

this work.



38

CW Ar
ion laser

oo
£ T
N T

Absorber Gain

Figure 2.2: CPM laser resonator with two negative dispersion prism pairs for

dispersion compensation.

Autocorrelator

As the lengths of optical pulses were shortened, the techniques used to meas-
ure the pulse widths were required to improved. Direct measurements of ultrafast
pulses must be made using all optical techniques. The most common technique
uses second-harmonic generation (SHG) in a crystal of a material such as potas-
sium diphosphate (KDP).10 SHG involves the nonlinear mixing of two pulses,
which overlap in time and space to produce a third beam at the second harmonic.
By detecting this third beam, the overlap of the two pulses can be determined.
Figures 2.3(a),(b) show two types of SHG autocorrelators. Figure 2.3(a) shows
a collinear autocorrelator, while Fig. 2.3(b) shows a noncollinear autocorrelator.
Both autocorrelators use a Michelson interferometer to split a train of pulses from
the laser into two pulse trains and to vary the time delay, v, between the arrival at

the KDP crystal of the pulses from the two trains. By scanning 7, the intensity of
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the second harmonic beam gives the second-order autocorrelation of the pulses. If
the intensity of one of the pulse trains as a function of time is I(t), the second-order

autocorrelation of the pulses is given by

ooy = UOIE+7)
(I*(1))

where the brackets, (---), represent an average over a sufficiently long period of
time. Although this is not sufficient to give the shape of the pulse itself, from other
measurements and theoretical analysis it is known to be given by sech?(1.76¢/At).
So that given Ay, the FWHM of the autocorrelation, At, the FWHM of the pulse
is given by At = A—y/1.55.10

The details of the two types of autocorrelator techniques are different. The
collinear autocorrelator measures the signal f(y) = 1 + 2G%*(y).* This signal
includes a background, which is due to the self-doubling of either pulse. This self-
doubling comes from a single pulse interacting with itself to produce a doubled
output. For any pulse shape, G?(0) = 1, so the peak-to-background ratio of the
collinear signal is 3:1. In detail, the autocorrelation peak should be a symmetric
continuous smooth curve. Abrupt changes in the autocorrelation peak indicate a
noise burst rather than a coherent pulse.l0 The self-doubling background -makes
the behavior of the wings of the pulse difficult to determine. A simple way to
get rid of the background experimentally consists of chopping the two arms of the
Michelson interferometer at two different frequencies and looking at the SHG sig-
nal at the sum or difference frequency. The autocorrelation signal, being due to a
multiplication of the two pulse trains, will have sum and difference frequency com-
ponents, while the self-doubling signals will vary only at the fundamental chopping

frequencies. Thus, looking at the difference frequency, only the autocorrelation is

*There is also a rapidly varying component with zero average, which is due to the optical inter-
ference of the pulses. However, this is not usually seen here because the interferometer averages

v over a few optical periods.
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measured.

The usual way to make a background-free autocorrelation measurement is to use
the noncollinear technique, shown in Fig. 2.3(b). This SHG signal is generated in
the direction bisecting the two intersecting noncollinear pulse trains. This second
harmonic beam is present only if both pulses are present in the KDP at the same
time, so that the technique directly measures f(y) = G?(y). The noncollinear
autocorrelator is more difficult to align than the collinear autocorrelator, because

there is no self-doubling.

2.2.2 Apparatus and Construction

CPM Laser

Figure 2.4 shows the CPM laser constructed. This shows a seven-mirror, cavity
dispersion-compensated, CPM ring dye. The ring cavity is on a 2 x 4 foot optical
breadboard, which is mounted on a 4 x 8 foot optical table. The breadboard is
used because it is convenient to have holes in the breadboard for the drains that
catch the dye and absorber jets. The pump laser is mounted partially above this
breadboard and the optical table. The paragraphs below describe the elements of
the laser in more detail, emphasizing the important details.* The laser description
starts on the the pump laser and pump optics, then describes the dye and absorber
pump systems, and finishes with the elements of the cavity itself.

The pump laser is a large-frame Ar? ion laser, Coherent model I-20UV. This
is run CW on the 514.5 nm green line in the TEMq, spatial mode at power in
the range of 3 to 5 W. Both the power stability and the angular stability of the
pump laser are important for the stability of the CPM laser, since these affect
the amount of power coupled into the CPM ring cavity through the dye. These

were found to be an important source of long-term drift in the output of the CPM

*For details concerning cavity mirrors or pump system elements, see Appendix D.
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Figure 2.4: Compensated CPM laser, in detail. The elements of the cavity are:
M6,M7 - high-reflective (HR) flat mirrors; M2,M3 - HR 10 cm radius of curvature
mirrors; M4,M5 - HR 5 cm radius of curvature mirrors; M1 - output coupler; J1
- R6G dye jet; J2 - DODCI absorber jet; P1-P4 - quartz Brewster prisms. The
elements of the pump beam are: B - beamsteerer; M9 - HR flat mirror; M8 - HR

10 cm radius of curvature focusing mirror. The arrows indicate translation.

laser. The pump power stability is best when running the laser open aperture
and controlling the output power using the laser current. The effect of angular
variations of the pump beam are minimized by keeping the pump laser as close
as possible to the dye jet, which it pumps. The CW pump beam is focused onto
the dye jet using a beamsteerer (B), a flat mirror (M9), and a 10 cm radius of
curvature, concave focusing mirror (M8). The beamsteerer is important because
not only does it change the direction of the laser beam, but it also changes the
polarization of the beam from vertical to horizontal. A horizontal polarization is
necessary for fhe vertical jets used in the laser. The 10 cm mirror, M8, focuses the

pump onto the dye jet. To adjust the focus of the pump beam on the dye jet, the
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dye jet is left stationary and the mirror, M8, is adjusted.

The mechanical and thermal stability of the dye and saturable absorber jets
are crucial to the stable operation of the CPM laser. Both the dye, R6G, and the
saturable absorber, DODCI, are dissolved in ethylene glycol. The concentration of
R6G in the dye solution is approximately 3 x 10~3 Molar, and of DODCI in the
absorber solutions is approximately 6 x 10™* Molar. (See the alignment section
for details.) Both of the jets are formed using closed-loop pump systems that
pump the ethylene glycol solution through special nozzles. In the case of the dye
jet, a stock Coherent nozzle of thickness 300 pm operates at a pressure of 40 psi,
resulting in a thickness of about 80 pm at the center of the jet. The absorber
jet uses a standard Coherent nozzle that has been squeezed down to a 120 ym
opening.* This is operated at 20 psi, resulting in a jet thickness of about 50 pm

at the center of the jet.

Both the dye- and absorber-jet pump systems are identical homemade systems.
They are homemade because commercially available dye pumps at the time Were
not stable enough. The design was based on that used by Fork.!! Figure 2.5 shows
schematically the pump systems constructed. This system minimizes the pressure
and temperature fluctuations of the ethylene glycol and produces a streamlined
jet with few air bubbles in the stream. This is very important for the stability of
the CPM laser. In fact, some researchers have found the presence of air bubbles
in the jets to be the largest contributor to CPM laser noise.!1 The dye(absorber)
solution is collected by directing the jet at a glancing angle on to the inside wall
of the collecting tube. This minimizes the introduction of air into the solution.
The collected solution flows into a reservoir above a variable-speed pump. The
output of this pump is filtered using a 0.8um pore filter, and pressure fluctuations

that are due to the pump are dampened using a pulsation dampener. Next, the

*See Fork et al. (Ref. 4) for details on the method used to squeeze the nozzles.
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Figure 2.5: Dye/absorber pump system. Schematic diagram of the absorber/dye
pump systems. (From Ref. 11.) See Appendix D for details.

dye(absorber) solution goes through a three-way valve, which controls the output
pressure of the pump system by returning part of the solution to the reservoir.
The other output goes: first, through a heat exchanger, which cools the solution
to 20°C; and then into a Spectra Physics accumulator, which filters out any tur-
bulence; and finally, to the jet itself. The output pressure is measured using a
pressure gauge on the output side of the bypass valve. The jet nozzles themselves
are mounted on precision XYZ translation mounts to allow fine control of their
positions. These pump systems have been found to give sufficiently stable jets for

the operation of a CPM laser.

The mirrors used in the cavity were all single-stack dielectric mirrors rather than
the more dispersive multistack dielectric mirrors. They are high-reflecting (HR)
mirrors optimized for the Helium-Neon (He-Ne) laser wavelength of 632.8 nm for
the angle at which they are used. For example, the absorber- and dye-focusing mir-

rors are half-inch diameter, 5 cm and 10 cm radii of curvature, respectively, single-
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stack mirrors optimized for high reflectivity near 632.8 nm, for p-polarization, and
0° incidence. The mirrors M6 and M7 are flat one-inch diameter mirrors, opti-
mized for high reflectivity near 632.8 nm for p-polarization, and 45° incidence.
The output coupler M1 is one inch in diameter and 2% transmitting at 632.8 nm.
It is crucial that the mirrors are mounted on rugged, precision mirror mounts and
that the mirrors that are translatable are mounted on precision translation stages.

The prisms are silica Brewster angle prisms. They are used in an arrangement
that allows the cavity to lase with or without the prisms, simply by moving prisms
P1 and P4 in and out of the beam between M1 and M7. These prisms are used
at an angle of incidence of Brewster’s angle, so that the losses that are due to
reflections are minimized as is necessary for intercavity optics. The separation
of the prisms, which introduces the negative dispersion, P1 to P2, and P3 to P4
needs to be about 30 cm to add enough negative dispersion to compensate for
the positive dispersion of the cavity, including the silica of the prisms themselves.
All four prisms are mounted on precision prism mounts. Prisms P1 and P4 are
on precision translation stages so that they can be removed from the cavity and

adjusted to fine-tune the cavity dispersion itself.

Autocorrelator

Figure 2.6 shows the collinear autocorrelator used to measure the width of
the laser pulses.* The pulse train is split using a beam splitter cube, and corner
cube retro-reflectors at the ends of the Michelson interferometer arms return the
trains, offset in position, to the beam splitter cube, where they are recombined
and outputted collinearly to the focusing lens, L1. One of the retro-reflectors is
mounted on a shaker, which modulates the interferometer arm length. The focusing

lens, L1, focuses the pulse trains onto the KDP crystal, which is mounted so that

*For details concerning autocorrelator elements, see Appendix D.
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Figure 2.6: Schematic diagram of the collinear autocorrelator used to make
real-time autocorrelation measurements. BS is a beamsplitter cube, CC are corner
cubes, S is a shaker, L1 is a lens, F is a filter, which transmits only the doubled
output from the KDP, and PMT is a UV sensitive photomultiplier tube. A sig-
nal generator drives the shaker through an amplifier (Amp). See Appendix D for

1 L&l
aetails.

its azimuthal and polar angle to the beam can be adjusted to allow optimization of
the phase-matching condition necessary for SHG output. A lens (not shown) after
the KDP crystal, designed for ultraviolet (UV) light, focuses the second harmonic
light (A ~ 310pm) onto the UV-sensitive photomultiplier tube (PMT). A filter,
F, which transmits UV but not the visible light, is used to transmit the doubled
light while blocking the undoubled light to the PMT. The shaker is driven using
an amplified low-frequency oscillator signal. Typically, a signal of 2.5 Hz was used.

By using the oscillator signal output to drive the horizontal, and the PMT to drive
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the vertical inputs of an oscilloscope, a real-time measuremenf is obtained. It is
necessary to have such a real-time measurement of the autocorrelation while the
laser itself is being aligned and optimized.12

The apparatus used in making the background-free collinear autocorrelation
measurements is very similar to this except that, rather than using a shaker to

control the interferometer arm length, a stepper motor is used. This measurement

does not provide a real-time autocorrelation trace.

2.2.3 Alignment Procedures

CPM Laser

This section outlines the procedures used to align the CPM laser. The cavity
includes many elements, each with at least two adjustments, so there are many
degrees of freedom in the cavity. The general technique used to align the complete
CPM laser is to start with a much simpler CW laser, élign and optimize it, and
then sequentially add more elements realigning the laser after each addition, finally
ending up with an aligned CPM cavity. The laser alignment requires various real-
time diagnostic tools to monitor the laser’s performance. Fig. 2.7 schematically
shows these diagnostic tools. For the alignment, the output mode shape is moni-
tored by projecting a magnified image of the output beam onto the ceiling using a
concave mirror, and the output power is monitored using a power meter. For the
CPM laser, a high-speed diode and the real-time autocorrelator are also used to
monitor the output pulses. The scope of the alignment discussion is to describe
briefly the steps in setting up the CPM cavity, stressing important considerations,
rather than to describe in detail how to align the laser completely from the initial
setup.

The starting cavity is a simple ring dye laser with only the dye jet, J1, and
mirrors M1-M4 and M7. This cavity requires removing M5 and turning off the
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Figure 2.7: Block diagram showing the tools used to diagnose the CPM laser. The
diode is a fast photo-diode, and the spatial image is generated using a concave

mirror. See Appendix D for details.

absorber jet, J2, and allows optimization of the dye jet and focusing mirrors M2
and M3, and the pump-focusing mirror M8. Figure 2.4 shows the general posi-
tions of the elements. Care should be taken to keep the intercavity beam in one
plane parallel to the surface of the breadboard. The dye jet should be oriented
at Brewster’s angle (about 57° for ethylene glycol) to the cavity laser-beam direc-
tion. This is done by adjusting the jet angle until the intensity of the Brewster
angle reflection, the reflection of the intercavity laser beam from the jet, is at a
minimum. There are actually two Brewster angle reflections from the dye jet, one
from the front surface of the jet, and the other from the backside surface of the
jet. By adjusting the dye-jet position within the focusing pair of mirrors, the two
Brewster reflections should be made to overlap, producing a nearly round pattern

with a dark spot in the interior. The jet should be positioned beyond the focus of
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the pump laser, so that only a trace of thermal blooming* is observed in the trans-
mitted pump laser beam, thus increasing the lasing threshold; however, it improves
the stability of both this ring laser and the CPM laser. The dye concentration is
chosen so that 5% of the pump beam is transmitted through the properly oriented
dye jet. Typically, this corresponds to a 3 x 1073 Molar solution. The “Z” fold
that the cavity beam follows in the focusing mirror pair should be symmetric and
the angle acute, to reduce the astigmatism of the beam. Adjusting the separation
of the focusing mirrors sweeps the intercavity mode through several stable regions
separated by unstable regions. The shortest cavity length giving rise to a stable
mode produces the most stable CPM output. The aligned laser should be a deep
orange TEMyp mode, with CW power of about 150 mW with both output beams
for a 3 W pump.

Next, the absorber-jet focusing mirror pair is added by replacing M5 as shown in
Fig. 2.4. These added elements are adjusted while the previously aligned elements,
especially the dye-jet focusing mirror pair, are for the most part left untouched.
To aid in the alignment of this cavity, it is useful to use iris diaphragms, between
M1 and M3, and M2 and M6, to mark the positions of the beams before the
new elements were added. As with the dye-focusing pair, the “Z” fold should be
symmetric and acute to avoid beam astigmatism, and the length of the absorber
mirror-pair separation should be the the shortest possible that gives rise to a stable
mode. The aligned laser should remain a deep orange TEMgo mode, and the output
about 150 mW per output beam.

Next, the absorber jet is added without any DODCI in solution, requiring some
fine adjustments of the absorber-focusing mirrors. The jet should be positioned

close to the focus of the cavity, so that one of horizontal axes of the XYZ translation

*Thermal blooming is the distortion (blooming) of the transmitted pump beam from a TEMoo
shape, caused by the heating of the ethylene glycol in the jet. A trace of thermal blooming

corresponds to an umbrella-shaped transmitted image.
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mount is aligned to the beam direction, to allow the jet to be moved from the
focus while the laser still lases. The beam is centered on the jet and the jet is at
Brewster’s angle. The Brewster’s reflection of the aligned laser from the absorber
jet should be very similar to that seen for the dye jet. The output mode, shape,

color, and power at this step should be about the same as for the original cavity.

Next, the negative dispersion prisms are inserted as shown in Fig. 2.4. These
are added sequentially, P1 through P4. First, P1 is added at Brewster’s angle so
that only part of the cavity beam is blocked and the laser still lases, while prism P1
deviates part of the beam along the path to prism P2. Then prism P2 is added at
Brewster’s angle, and then similarly for P3. The situation for P4 is slightly more
complicated; it must be positioned correctly for both the beam from P3 and that
from M7. The separation P1 to P2, é,nd P3 to P4 must be close to 30 cm while the
separation P2 to P3 is any convenient distance. The output characteristics with

the prisms should be about the same as without them.

The final step is the addition of DODCI to the absorber-jet solution. This is
done from a stock solution of DODCI dissolved in ethylene glycol, which should be
added until the laser, which is initially CW, starts to run in a stable CPM mode.
When this happens, the laser-beam color changes from orange to red and pulses
may be detected, although not resolved, with a high-speed photo-diode. Typically
the laser starts to operate in the CPM mode when the DODCI concentration is
about 6 x 10~* Molar. Now the laser is ready to be finely tuned to produce ultrafast
pulses. This is done using the real-time autocorrelator to monitor the output pulse
width and the diode to measure the repetition rate of the laser, to make sure there
is only one pulse pair in the cavity at any one time.* The important adjustments
to fine-tune the pulse width are: the distance of the absorber jet from the focus

between the absorber mirrors, M4 and M5; and the amount of negative dispersion

*Two pulse pairs in the cavity double the repetition rate from that for only one pair.
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in the cavity that is controlled by translating p1.13

Autocorrelator

Fig. 2.6 shows the autocorrelator used in this work. The alignment of the real-
time autocorrelator much is easier than the alignment of the laser. The important
alignments are focusing the collinear pulse trains to a single spot on the KDP
crystal, and orienting the KDP crystal to optimize the SHG signal. The collinear
cavity is particularly easy to align because of the background that is due to the

self-doubling.

2.2.4 Characterization

The techniques and instruments used to diagnose the output from the CPM are
shown in Fig. 2.7. As discussed above, the magnified reflection of the output beam
is used to determine the mode shape, the fast photo-diode gives the repetition
rate of the laser so that it can be used to monitor the number of pulse pairs in
the cavity, and the real-time autocorrelator gives the real-time measure of the
CPM pulse width. The remaining three tools have not been discussed directly.
The background-free autocorrelation is used to proﬁde a more precise and less
noisy measurement of the pulse width. The grating is used to display the spectral
contents of the CPM pulses, to give a real-time measure of the bandwidth of the
pulses. Finally, the spectrometer is used to determine the precise spectral content
of the pulses. The noise of the output is measured either using the power meter,
which gives the noise in the average laser power, or using the high-speed diode,
which gives the fluctuations in the optical-pulse peak intensity.

The capability of producing pulses < 100 fs has been demonstrated with this
laser. However, for the experiments using this laser, reported in this thesis, these

pulses are much shorter than those required to time-resolve the features being



52

8.7 ns i

10 mV/Div.
ﬁ__?-

Time 2 ns/Div

Figure 2.8: Photo-diode signal. This shows a typical oscilloscope trace of a
photo-diode detecting the CPM pulse train. The repetition rate is 115 MHz.

studied. Because of this, rather than use the highest performance version of this
laser, a cavity was used, which did not produce the shortest pulses. This cavity
required less time to align and it was thought to be more stable for long-term meas-
urements. The pulses generated by this cavity are characterized in the paragraph

below.

Figure 2.8 shows a typical ~hjgh»speed photo-diode signal. This shows a period
of 8.7 ns corresponding to the round-trip time for a cavity of length about 2.5 m,
which implies that there is only one pair of pulses in the laser cavity. The repetition
rate is 115 MHz. The actual shape pulse of this signal is due to the bandwidth
limit of the detector circuitry and the oscilloscope, and reflections in the detector
circuit. Figures 2.9(a),(b) show the pulse autocorrelation. Figure 2.9(a) shows

the real-time output from the collinear autocorrelator. This shows two similar
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Figure 2.9: Autocorrelator scans. Scan (a) used real-time collinear autocorrelator.
This shows a FWHM of about 400 fs. Scan (b) used background-free collinear
autocorrelator. This shows a FWHM of 400 fs
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Figure 2.10: Spectral content of pulses. The mean wavelength is 6190 A and the
FWHM is 17 A.

peaks because of the phase lag between the signal driving the oscillator and the
mechanical position of the shaker. The peak-to-background ratio of the peaks
is about 3:1, as expected for the collinear autocorrelator. Figure 2.9(b) shows
the averaged output from a background-free collinear autocorrelator measurement.
This shows a smooth peak with quickly decaying wings. Both autocorrelation scans
have peaks that have a FWHM of about 400 fs. Assuming a sech®-shaped pulse,
these indica.te a 250 fs FWHM pulse. Figure 2.10 shows the spectral content of the
laser pulse. This shows a peak centered on a wavelength of 619 nm, with a FWHM
of 1.7 nm. This shows a AtAv product of 0.33, which is 5% longer than the Fourier
transform hxmt of 0.315 for sech®-shaped pu_lses.m The output power of the laser

was typically adjustable from 10 to 30 mW average power for either output pulse
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trains, corresponding to peak powers of 300 to 900 W, or pulse energies of 80 to
240 pJ. The noise of the laser output, with fresh dye and saturable absorber was
estimated to be about 5%, with most of this noise being low frequency (< 20 Hz).
With fresh dye and absorber, the laser could be run for periods up to 4 hours,
without any realignments. Both the noise and the long-term drift increased as the
life of the absorber and dye solutions increased. It was found that the absorber

and the dye should be replaced every 2 weeks.

2.3 Summary

We have described in detail the construction, alignment and characterization
of a self-compensated CPM ring dye laser. This laser was found to produce pulses
< 100 fs wide. However, for the work of this thesis, pulses this short were not
necessary, so that, rather than run the laser in the highest performance mode, it
was run without intercavity dispersion compensation. In this mode 250 fs wide
(FWHM), pulses are generated at a repetition rate of 115 MHz, with average
output power between 10 and 30 mW. The amplitude noise of the laser pulses is

approximately 5%, and the beam is stable up to a few hours at a time.
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Chapter 3

Photoluminescence Excitation

Correlation Spectroscopy

3.1 Introduction

3.1.1 Background

Photoluminescence (PL) is produced by the recombination of semiconductor
carriers, electron and holes that have been created by the photo-excitation of
the semiconductor. This recombination may be direct, or through different levels
present intentionally or unintentionally in the material. Examples of the former
process are direct radiative band-to-band recombination (also called np product
recombination), and exciton recombination. Examples of the latter recombination
processes are recombination through acceptor or donor impurities, and through
deep levels. Time-resolving the PL gives the lifetimes of carriers and determines
the reaction rates of the dominant recombination processes. To make such time-
resolved measurements, generally, one requires an optical pulse to generate the PL.
The width of this pulse limits the time-resolution of the measurement. With the

recent advances in laser technology, discussed in Chapters 1 and 2, it has become
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possible to generate laser pulses with widths substantially less than one picosecond.
Thus, it is possible to excite processes on this ultrafast time scale. To make true
ultrafast time-resolved measurements of PL transients, both an ultrafast excitation
and an ultrafast detector are required. The limitations on the time-resolution are
usually due to the detector speed, not to the excitation speed. Time-correlated pho-
ton counting (TCPC) techniques using conventional photomultipier tubes (PMT)
response times down to about 500 ps, while new microchannel plate photomulti-
pliers tubes (MCP-PMT) have response times down to 30 ps.! Fast photo-diodes
have response times less than 10 ps; however, they do not have very high sensi-
tivity. Using streak cameras, resolutions in the range of 2 ps have been achieved;
however, streak cameras are costly and difficult to operate. Aﬁother approach to
the fast detection of PL is to use an optical pulse identical to that used to ex-
cite the sample, but delayed in time, to optically gate the PL signal. There are
two such methods in use: One uses a Kerr cell to gate the PL, which requires a
high-powered ultrafast laser to drive the Kerr cell; and the other uses parametric
up-conversion to gate the PL, which requires a nonlinear crystal and a spectrom-
eter operating in the ultraviolet. At present, these are the only two methods that
directly measure the transient response of the PL signal down to the resolution
of currently available lasers. Both of these techniques are experimentally sophis-
ticated, both in the generation of the excitation pulses, and in the detection of
the PL. Recently, another type of technique, was proposed.2 This is a pulse-probe
technique which gives temporal resolution of the PL decay. This technique has

3 or picosecond excitation correlation.® We refer to

been called population mixing
it as photoluminescence excitation correlation spectroscopy (PECS).5 In this tech-
nique, pulses from a laser are divided into two separate pulse trains, which are
delayed in time with respect to each other and chopped separately at two different

frequencies. The photoluminescence signal at the sum or difference frequencies is
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detected by a conventional slow detector. This signal gives the cross-correlation
of the populations of the levels involved in the PL process, rather than the true
transient decay of the PL signal. The resolution of this measurement is limited
dnly by the laser pulse width, which can easily be as short as 50 fs. This expeﬁ-
mental technique uses a much simpler detection scheme than the two techniques
mentioned earlier, which directly measure the transient decay of the PL signal on
a subpicosecond time scale. However, the interpretation of the results is not as
simple and must be investigated.

In this chapter, we examine what is measured, using the PECS method. First,
we make a detailed analysis of the PECS signals that would be obtained from PL
for two limiting cases of recombination in semiconductors. These limiting cases
are recombination by band-to-band radiative recombination only, and capture-
dominated recombination. Second, we make an experimental case study of the
technique. In this case study, semi-insulating (SI) In-alloyed, GaAs substrate ma-
terial, and SI GaAs substrate material are studied. Thesé substrates are important
for GaAs digital integrated circuit (IC) technology, and these types of measure-
ments are of much interest because they allow the characterization of the surface

of a substrate.

3.1.2 Results of Work

From the theoretical analysis of PECS, it is found that the method will not
give a signal for the band-to-band PL peak if there are only interband radiative
recombination processes. However, parallel recombination processes, in which the
recombination rate does not depend on the np product, will result in a signal. An
example of such a parallel process is electron and hole capture by deep levels. For
such non-np product recombination processes, the near band-to-band PL signal

measured is then the cross-correlation of the time-dependent electron and hole
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populations produced by the laser excitation. In this case, the signal gives the
carrier lifetime. The PECS signal from other peaks also depends on the cross-
correlation of the populations of the two levels involved in the processes producing
the PL. Complications may arise if the levels are long lived in comparison to
the pulse repetition time, trep, and if the processes are saturable. In the case of
saturable processes, a negative PECS signal may arise.

In the case study, PECS is used on two different substrates, SI GaAs and SI
In-alloyed GaAs. Both of these behave similarly. The nonalloyed material was
used for the analysis at 77 K and the In-alloyed material was used for the 5 K
study. The study at 77 K shows the behavior predicted by the simple theoretical
model. The measured lifetime for both electrons and holes is 275 &+ 20 ps. This
lifetime indicates that the recombination of the material is capture-dominated. A
coherence peak, that is due to the interference of the pump and probe optical
pulses, is also seen at 77 K. The study at 5 K is more complicated because a near
band-to-band peak as well as an acceptor related peak is observed. The near band-
to-band peak indicates two decay regimes. The faster decay regime corresponds to
the capture of carriers by the acceptors and has a time constant of about 100 ps.
The slower decay regime corresponds to near band-to-band recombination and has
a time constant of about 1 ns. The acceptor-related peak in In-alloyed GaAs at
5 K shows more complicated behavior. The part associated with band-to-acceptor
recombination behaves as expected with a decay time of about 100 ps. The part
attributed to the donor-to-acceptor recombination (A°— D?) gives rise to a negative

signal, which indicates that this process saturates.

3.1.3 Outline of Chapter

In Section 3.2, we present a detailed analysis of the signals that would be

obtained for two limiting cases of recombination: band-to-band radiative recombi-
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nation only, and capture-dominated recombination. In Section 3.3, we give details
of the experimental equipment and a description of the samples used in this study.
Section 3.4 gives the results of our experiments. Finally, in Section 3.5, we discuss

the meaning of our results, and Section 3.6 is a summary of this study.

3.2 Theory

In this section, we analyze the signal generated by PECS. Figure 3.1 schemat-
ically shows the pulse trains incident on the sample. The two trains of ultrafast
pulses are focused onto the same area. One train of pulses is delayed in time by a
delay time, v, with respect to the other. The pulse trains are chopped independ-
ently at two different frequencies. These pulses generate photoluminescence (PL)
from the sample, which is spectrally resolved and detected using a spectrometer
and a slow detector. The detector signal is monitored with a lock-in amplifier
either at one of the fundamental chopping frequencies, or at the sum or difference
frequency. The frequencies are chosen such that the difference and its first few
harmonics do not overlap with the fundamental chopping frequencies. The pulse

trains involve three different time regimes,*
tpulse = 400 fs << trep & 8 s << tehop ~ 0.5 ms.

In PL experiments, the generation function, which is the number of carriers pro-
duced by the exciting light per-unit, time-per unit volume, is important. The

generation function produced in a sample by these trains is

+oc0
G(t,v, w1, ws) = g1 S(t,wy) Z P(t — ntep) +

+o00
925 (t,wa) Z P(t — v — ntrep), (3.1)

= — 00

*Depending on the particular experiment, 5y, Was between 250 and 400 fs. For this analysis

this is not important.
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Figure 3.1: Schematic of two pulse trains incident on sample. Each pulse train is
shown in three time regimes: (1) showing the chopping, (2) showing trains of indi-
vidual pulses (10% magnification of 1), (3) showing a single pulse (10* magnification

of 2). A delay time of vy between pulses is shown.

where: S(,w;) is a square wave between 1 and 0 with frequency w;; g; and g; are
proportional to the amplitudes of the laser pulses and take into account the depth
over which a laser pulse is absorbed; and P(t) describes the shape of a single laser

pulse.

The response times of the processes we are interested in, are assumed to be
much larger than ¢, and much smaller than ¢..,. Thus, the pulses can be treated
as “delta” functions and adjacent pulses from the same train do not interact.
This means that to determine the signal detected for the full generation function,
we can consider the response of the sample and detector to one set of pulses

§16(t) + g26(t — v) separately from the effect of repetition, chopping, and lock-in
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Figure 3.2: Simple Three Level System. The conduction, valence bands, and a deep
level are shown, along with the generation process and recombination processes of
interest. The band-to-band process is radiative, while both the band-to-deep-level

processes may be radiative or nonradiative.

detection. The physics of the interaction of the carriersin the sample is contained in
the first part, while the second part allows practical measurement of the correlation
of the carrier populations produced by the two pulses. It is this correlation signal
that is of interest, since it will be shown to vary with delay time, ~, and gives the
time-resclution of the PL.

We are interested in the PL of a semiconductor pumped above bandgap by such
pulse trains. For simplicity, consider an idealized system consisting of three levels:
the valence band, the conduction band, and a deep level. Figure 3.2 shows such
a system, along with the pertinent recombination mechanisms. Neglecting carrier

diffusion and surface recombination, the rate equations for this system ared

dn

il G(t,y) — Bnp — Cin (Nt - nt) ,

dnt

"d—t"- = Cln (Nt - nt> - Czp”lt, (3.2)
d

g? = G(t,v) — Bnp — Capny,

where nandp are the densities of electrons in the conduction band and holes in the
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valence band, respectively; n; and N, are the filled-trap and total-trap densities,
respectively; B is the recombination rate; and C; and C, are the electron- and
hole-capture rates of the trap, respectively.

In what follows, we calculate the signal that would be detected by a lock-in
amplifier for the band-to-band recombination or the np product for this system.
To determine this signal, we first look at the rate equations for adjacent pulses
from the two trains separated by delay time, 4. Next, we calculate the detector
output by integrating over the detector response time, which is long compared to
semiconductor response time, yet much shorter than the chopping time. We call
this detector output I(¢,4). Finally, we determine the lock-in response at w;, ws,
wy — wy, and w; + wy by multiplying I(¢,v) by the lock-in sampling square wave
and taking the zero frequency component. We call this Joa(w).

Returning to the rate equations, Eqns. 3.2, we consider solutions for this sys-
tem in two limiting cases: the radiative band-to-band recombination-dominant
mode, and the trapping recombination-dominant mode. If radiative band-to-band

recombination is the dominant decay mode, the rate equations become

dn

- = G(t,v) — Bnp,

d

2 = 6(t,7) - Bup. (33)

For a single set of pulses, the generation function is
G(t,7) = g:16(¢) + g26(t — 7). (3.4)

Rearranging Eqn. 3.3 to solve for Bnp directly, then integrating over the detector
response (for times long compared with the pulse width and 7, but short compared
with the chopping time), and finally, putting in the effects of repetitive pulses and

chopping, we obtain

I(t,y) = /Bnpdt = /G(t,7)dt - %dt' (3.5)
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Carrying out the integrals and applying the condition that n returns to zero so

that the last integral on the right-hand side of Eqn. 3.5 is zero,*

I(t,y) = tgl S(t,wi) + t92 S(t,wy). (3.6)

rep TeP

Note that there is no mixed component of the two trains in the detected signal.

The three lock-in signals are:

hoa(w1) = ,

trep

Doak(ws) = (3.7)

2lrep’

Noa(wa — w1) = Doak(wsz + w1) = 0.
Thus, there is no signal detected at the mixed frequency. This result can be intu-
itively motivated. In a radiative band-to-band recombination-dominated regime,
one photon in must always generate one photon out because there is no other de-
cay process. Thus, the detector will always detect the same number of photons
because of the two pulses, regardless of the delay time; and the number of photons
detected will be the sum of the number detected for each pulse Separa,tely. Thus,
there is no mixing.

If trapping is the dominant mode of recombination, then the np product term
in Eqns. 3.2 can be neglected in solving for the carrier populations as a function
of time. For large excitation densities, n and p are assumed to be much greater
than N;. Thus, during the decay of the carrier populations, n and p, a steady-
state population of the empty traps, must be achieved, and the capture rate of
the electrons and holes on the trap will be the same. Over this period of time,
the population of empty traps remains constant. Thus, 7, = [C1(N; — n,)] ™" and
7, = [Cane] ™" will be the same; call this time constant 7. Then the rate equations

become

dn n
— = G(t S
dt (&) T’

*The same result is found if n returns to some steady-state nonzero value.




dp P
— = Gt - 3.8
dt ( 77) T ( )

Solving these equations for a pair of adjacent pulses, we find*

n(t) = g10(t)e" + g.O(t — ‘7)3_131,
p(t) = ¢10(t)e 7 + g:.0(t —7)e” 7, (3.9)

where ©(t) is the unit-step function. The radiative band-to-band PL signal is
found by: forming the Bnp product, integrating over the detector response, and
including the effect of pulse repetition and chopping. Doing this we obtain

B

rep

I(t,y) = : [(9%5(%“’1) + giS(t,wz))g + g1ng(t,w1)S(t,w2)re‘L;ﬂ]. (3.10)

Here, there is a mixed component of the two trains in the detected signal, which is
to the product term S(t,w;)S(t,w,). With equal intensity laser pulses (¢ = g1 =

g2), the lock-in signals are®

Bg*r _ht
Doa(wsz) = hok(w1) = 45 (1+e7),
rep
Bg*r _ni
Boa(wsz — w1) = Doak(wa +w1) = 'Bt I T, (3.11)
rep
where
4 & 1
=—Y) —— = 0.136.
b= Ty
Fory =0,

Ilock(wz - wl)

= 0.27.
Fock(wr)

This is in contrast to the radiative recombination-dominated value of zero. Thus,
there is a signal detected at the sum and difference frequencies, and the variation
of these signals with delay time, v, gives the carrier lifetime 7. Note that the
signals at the fundamental chopping frequencies also give the carrier lifetime, but

the exponential decay is superimposed on a constant background.

*See Appendix A for details of the solution of the rate equations and calculation of the lock-in

signals.
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Generally, recombination in a sample falls between the two limiting cases of
purely radiative band-to-band, or trapping-dominated recombination, so that one
expects to measure a difference frequency signal, or difference signal, smaller than
that for the trap dominant case. The analysis of the method published by Rosen et
al.” assumes, without stating, a capture-dominant regime, for which our analysis
agrees with theirs.

It should be emphasized that the difference signal is not simply due to the non-
linear nature of photoluminescence, since the radiative band-to-band recombination-
dominated system is, itself, nonlinear, but gives no difference signal. To obtain a
difference signal, there must be some alternate decay mechanism acting in parallel
with the band-to-band radiative decay. Moreover, the decay rate of the alternate
decay mechanism should not be proportional to the np product. The alternate
mechanism, in the case reported in this section, is provided by trapping. In such a
trapping-dominated regime, the PECS difference signal is due to population mix-
ing. It represents the signal produced by the electron population generated by one
pulse interacting, through band-to-band recombination, with the hole population
generated by the other pulse and vice versa. In short, the signal is proportional to

the cross-correlation of the two populations,

/[n(t)p<t — ) + n(t —7)p(t)] dt . (3.12)

PECS can also be used to monitor optical transitions other than band-to-band
recombination. Thus, the time dependence of population of levels, such as shallow
or deep acceptors or donors, can be observed. As an example, consider two levels,
A and B. Let the populations produced by a single laser pulse be a(t) and b(t).
Assuming the responses to two pulses to be independent, the populations generated

by two pulses separated by delay time, v, are

A(t) =a(t) +a(t —v) and B(t)=b(t)+b(t —7) .
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If the instantaneous, radiative recombination between levels A and B is propor-

tional to A(£)B(t), then at the wavelength of the radiative recombination,

Troa(ws — wy) o /[a(t)b(t — ) + aft — 7)b(t)] dt . (3.13)

Thus, fioe(wz — w1 ) is proportional to the cross-correlation of a(t) and b(¢).

If the response to two adjacent pulses is not independent, then the situation
is more complicated. A simple case occurs when the decay of the population is
so slow that it can be neglected over times t > #,,, but is much faster than
the chopping time. Then, when either chopper allows light to pass through it,
successive pulses quickly build up the population of levels A and B until they
are saturated. This saturation implies that we obtain the same signal when one
chopper or both choppers are on, and no signal when they are both off. Under these
circumstances, instead of mixing the populations by straightforward multiplication
(a logical AND), they are combined in a logical OR. That is, the same signal is
obtained if either the pulse train chopped at w; or the pulse train chopped at w,
is on the sample. This gives rise to a negative signal independent of delay time, v,
or a constant negative background.

The model developed above is for an idealized three-level system. The valence
and conduction bands are treated as levels, not bands, and only radiative band-to-
band recombination and recombination through a single trap are considered. The
remaining paragraphs in this section discuss the application of this model to a real
experiment in a real semiconductor.

What are the effects of valence and conduction bands rather than discrete lev-
els? In a PL experiment, the photons used to excite carriers is above bandgap,
so the carriers created will not necessarily be at the edge of the bands. The cre-
ated carriers initially will be hot, but they will quickly establish a quasi-thermal
equilibrium with a temperature above the initial lattice temperature within the

bands. This equilibrium is established via intravalley scattering involving phonons
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and should be attained in a few pic:osecc‘)nds.11 This quasi-thermal equilibrium will
cool to the lattice temperature over hundreds of pic:oseco::lds.2 The carriers will
be distributed in the bands, depending on the temperature of the quasi-thermal
equilibrium. The higher states in the bands will be occupied only at higher tem-
peratures. Thus, the luminescence from the band-to-band recombination will be
spread in wavelength. The occupancy of the bottom of the bands should be fairly
independent of temperature, and should give the largest contribution to the band-
to-band recombination. Thus, the PECS signal from the peak of the luminescence
spectrum should behave as in the simple three-level system. However, the oc-
cupancy of the higher levels in the bands changes with temperature because of
intraband transitions, so they do not behave as in the simple three-level system.
Instead, the intraband transitions ihemselves can be thought of as providing a de-
cay mechanism parallel to the direct recombination. hence, a PECS signal should
be seen from the part of the spectra associated with the recombination of these hot
carriers. This idea was used by von der Linde et al. 2 to investigate the relaxation
of hot carriers in GaAs. In the work reported in the experimental section, we are
interested only in the PECS signal because of the peak of the PL spectra. As

described above, this will behave as in the simple three-level system.

There are other parallel processes that can act between the bands that are
not considered in the model. Examples of these are free or bound exciton recom-
bination. These processes will be seen only at low temperatures. However, at
low temperatures the effect of the hot carriers is most pronounced, so that for
long times after a laser pulse, the populations of excitons are thermalized with
carrier populations, n and p. In this case, the decay rates of these processes are

proportional to the np product, so they do not contribute to a PECS signal.

What is the effect of different types of traps on the simple model? If the popula-

tions of the excited carriers are much greater than the densities of the different bulk
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traps, then as discussed earlier, each trap can be characterized by a single lifetime
for both electrons and holes. The effect of all the traps is to act in parallel, so the
total trapping rate is just the sum of the rates for each trap. Then Eqns. 3.11 still
hold, where now 7 is due to all of the traps. Thus, the decay of the PECS signal
observed should still be a single exponential. Usually, the recombination rate of
one trap will dominate the others, so that one trap dominates the lifetime. In the
case of higher trap densities, Ny, Eqns. 3.2 do not simplify to Eqns. 3.3. This is
more difficult to solve for and is not attempted here. In this case the saturation of
the process may be observed and the decay of the carriers and, hence, the PECS
signal may be multimoded.

Diffusion and surface recombination were ignored in the rate equations used in
the model. The two together give rise to surface capture. This is a parallel decay
mechanism, which affects the decay of the PECS signal and hence, the lifetime
measured. To see whether these effects are important, the size of the carrier
diffusion length and the surface recombination velocity must be considered. It is
important to do this in order to be able to associate unambiguously the lifetimes

measured by PECS with bulk trapping rather than with surface capture.

3.3 Experiment

3.3.1 Apparatus

Figure 3.3 shows the experimental setup used for the PECS measurements.*
The ultrafast pulses are produced using the colliding-pulse mode-locked (CPM)8
ring dye laser described in Chapter 2. This output is a train of pulses with a pulse
width of 250 to 400 fs full-width at half-maximum (FWHM), depending on the

alignment of the laser, with a repetition rate of 120 MHz, wavelength of about

*For detailed information about the apparatus, see Appendix D.
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Figure 3.3: Schematic of the photoluminescence excitation correlation spectroscopy
apparatus. Pulses are generated by a colliding-pulse mode-locked (CPM) laser.
BS is a beamsplitter, L1 is a focusing lens, L2, L3 are PL collecting lenses, CC
are corner cubes, ND is a neutral density filter, and PM is a current-sensitive

preamplifier. The two choppers are operating at frequencies f; and f;.
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6200 A, and a maximum average power in the range of 20 mW, or 17 pJ of energy
per pulse. The power of this beam is adjusted using the variable attenuator, shown
as ND This pulse train is input into a Michelson interferometer. The output of the
interferometer is two equal intensity collinear pulse trains, one called the pump
beam the other the probe beam. The delay time between pulses of the two trains,
4, is controlled by varying the path length of the interferometer arm, which gives
rise to the probe beam. This length is controlled by a programmable stepper
motor, which has a travel of 20 cm (1300 ps) and step size of 1 pm (7 fs). The
pulse trains are individually chopped, one at 2005 Hz, the other at 1603 Hz. The
output of the interferometer is focused using a 150 mm lens to a 25 pm (diameter)
spot on the sample’s surface. The average power of either unchopped beam at the
sample is typically 1 to 2 mW (the energy per pulse is 8 to 16 pJ). The sample
is held in a dewar to allow temperatures of 5 to 300 K to be maintained. The
photoluminescence (PL) is collected using the two collecting lenses shown. Two
different geometries of input beam, sample, and PL collection were used. Figure 3.3
shows one geometry. This has an input beam angle of incidence of 45° with the
PL collection axis at an angle of 45°to the sample normal. In the other geometry
used, the input beam angle of incidence was about 20° and the PL collection axis
was along the sample normal. There was no apparent difference in the features of
the signals measured in these two geometries, so no distinction is made between
them. Two different dewar systems were used, one an immersion dewar and the
other a cold finger dewar. Both were operated at temperatures of about 5, 77, and
300 K. Spectral resolution was provided by a Spex 1404 double pass spectrometer
with a GaAs photomultiplier tube (PMT) monitoring the PL at the exit slit.
The current signal output from the PMT was converted to a voltage signal using
a current sensitive preamplifier, and this signal was input into a programmable

lock-in amplifier. The lock-in amplifier could lock on to frequencies wy, wy, wy —
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Figure 3.4: Schematic Band Diagram of In-alloyed GaAs. This shows the electron-

ically active levels, including surface states. Energies are in eV. See Ref. 9.

wy, or w3 + wy. Frequencies wy and w, are called fundamental frequencies, while
w3 + w; and w; — wy are the sum and difference frequencies, respectively. The
lock-in amplifier, spectrometer, and delay time stepper motor were controlled by
a computer so that scans of signal versus wavelength or delay time could be made
automatically. The overall temporal resolution of our PECS system was the laser

pulse width.

3.3.2 Samples

Two samples are used in this case study. Both samples are semi-insulating (SI),
liquid-encapsulated Czochralski (LEC)-grown substrate materials. One is GaAs,
while the other is In-alloyed GaAs with a 0.3% mole fraction of InAs. The electron-
ically active centers for the In-alloyed sample are known from earlier work? and
are shown in Fig. 3.4. This shows carbon, a 26 meV deep acceptor, with a concen-
tration of approximately 3 x 10'® cm~3; shallow donors with a total concentration

of no more than 1 x 10" cm™3

; and EL2, which pins the Fermi level near midgap
and has a concentration somewhat greater than 2 x 10® cm™2. The electronically

active centers for the nonalloyed sample are similar to the alloyed sample in en-
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ergy level and concentration. The major difference between the two samples is the
dislocation density. For the In-alloyed material the density is 10? cm™?, while for
the nonalloyed material it is 10* to 10° cm~2. This difference gives rise to large
variations in the PL intensity across the In-alloyed materials surface, while the
PL from the nonalloyed samples are more uniform.* In this study, the areas of
the In-alloyed samples studied corresponded to bright areas or regions with large
PL signals. Both of the wafers were polished with a chem-mechanical polish. For
more details on the alloyed sample and its preparation, see Ref. 9. The samples
were investigated at 5, 77 and 300 K, with most of the experiments done at 5 and
77 K. The optical penetration depth at 6200 A is 0.25 pmlo, so that the average
electron-hole density excited by a typical single pulse, with energy of 12 pJ in
the excited volume of 25 pm, in diameter by a depth of 0.25 ym is in the range
of 107 cm™2. Comments on the importance of carrier diffusion are made in the

discussion section.

3.4 Results

3.4.1 Introduction

This section describes the results for various different PECS experiments on In-
alloyed GaAs, and on GaAs samples at temperatures of 5 and 77 K. The behavior
of the spectra and the delay time scans are very similar for the two samples. The
work presented at 5 K is for the In-alloyed GaAs samples, and most of the work
presented at 77 K is for the GaAs samples. This section starts with the description
of the results from conventional PL measurements made at 5, 77, and 300 K. Then
the results using PECS are described, first with the GaAs sample at 77 K, and
second with the In-alloyed GaAs sample at 5 K.

*This difference is of much technological interest and is discussed in detail in Chapter 4.
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3.4.2 Conventional Photoluminescence

Figures 3.5(a)-(c) show PL spectra for In-alloyed GaAs made using the PECS
apparatus to monitor the signal from one of the fundamental frequencies rather
than at the difference frequency. This corresponds to conventional non-time-
resolved PL using a pulsed laser. The spectra in Figs. 3.5(a),(b), and (c) are
for temperatures of 5, 77, and 300 K, respectively. The 5 K spectrum shows two
distinct sharp peaks, while at 77 K a single wider peak is observed, and at 300 K a
single peak, which is still wider than that at 77 K, is observed. These spectra are
all for the same pump power and the amplitude scales are the same in the three
plots. Thus, the 5 K signal is 3x larger than the 77 K signal, which is 30 times
that at 300 K.

The assignment of the peaks in Fig. 3.5 was determined using the bandgap
for the In-alloyed GaAs at 4.2 K, with a 5 meV free exciton, a 6 meV shallow
donor, and a 26 meV carbon acceptor. The higher energy peak (A ~ 82404) is
seen to be a combination of direct band-to-band recombination (e — k), the free
exciton (X), the donor-bound exciton (D° — X), and the donor-to-band (D° — k)
recombination with a low-energy shoulder, including the acceptor bound exciton
(A°—X). The lower-energy peak is a combination of band-to-acceptor (A%—e) and
donor-acceptor (A° — D°) recombination. In this study, the high-energy peak is
referred to as the near band-to-band peak and the low-energy peak as the acceptor
related peak.

The peak in the 77 K spectrum is the near band-to-band peak. Compared
to the peak in the 5 K spectra, the 77 K peak is: wider because it is thermally
broadened, and shifted in energy because of the decrease in the bandgap with
temperature. At 77 K, the near band-to-band peak is mainly due to direct band-
to-band recombination, since the excitons and donors are ionized at 77 K. The

lower energy, acceptor-related peak is a small bump on the low-energy shoulder of
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Figure 3.5: Photoluminescence spectra of In-alloyed GaAs taken using PECS at
the fundamental frequency. Spectra (a), (b), and (c) were taken at T= 5, 77, and

300 K, respectively.
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the band-to-band peak. The decrease in the size of the acceptor-related peak from
the 5 K spectrum is because the acceptor is mainly ionized at 77 K.

The 300 K spectrum shows only a broad peak corresponding to a near band-
to-band peak, which is thermally broadened and shifted in energy because of the
change in the bandgap with temperature. This near band-to-band peak is due
only to direct band-to-band recombination, because the acceptors and donors are
completely ionized at 300 K.

The behavior of the conventional PL spectra is more complicated for 5 K than
for 77 and 300 K because the acceptor is not ionized at 5 K. The same holds true
for the PECS results, so the 5 K results are more complicated than the 77 and
300 K results. For this reason, we first describe the PECS study of the nonalloyed
GaAs at 77 K, and then we look at the results for PECS of the alloyed GaAs at
5 K. The PECS behavior at 300 K is similar to that at 77 K and is not presented

in this work.

3.4.3 Time-resolved PL at 77 K

Figure 3.6 shows for comparison the PECS spectra of GaAs at 77 K for both the
fundamental and difference signals. The spectra are for delay time, -, near zero.
The peaks in both spectra are at 8240 A, and the shapes are very similar. The ratio
of t