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Abstract 

Ultrafast All-Optical Switching Using 

Low-Temperature-Grown Gallium Arsenide 

by 
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A dissertation submitted in partial satisfaction 
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Doctor of Philosophy 

in 

The Department of Electrical and Computer Engineering 

University of Toronto 

@Copyright 1998 

For low-temperature-grown GaAs (LT-GaAs) the temperature in molecular beam 

epitaxy (MBE) growth is reduced from the standard 550-650°C range to substrate temperatures 

between 200°C and 300°C. LT-GaAs is a high quality single crystal with as much as 1-2 % 

excess arsenic incorporation, which gives the material its unique properties. We show that LT- 

GaAs is a promising material for all-optical switching devices due to its outstanding optical 

characteristics. 

We formulate a phenomenological rate equation model to describe the dynamics of the 

carriers in LT-GaAs. A series of experiments are performed to measure the constants for the 

model and to optically characterize the material. Our model is very successful in accurately 



predicting the camer dynamics over a wide range of time frames, optical intensities and 

wavelengths. We anticipate that by making minor modifications to the model, we can apply it 

to similar materials in the telecommunications regime around 1.55 pm. 

The control of growth and annealing temperatures can be used to tailor the different 

material constants to fulfill the requirements for different all-optical devices. We investigate 

the influence of the excitation pulse width on the different dynamics in LT-GaAs. We also use 

the rate equation model to optimize the material for all-optical switching. By using LT-GaAs 

one can overcome most of the problems inherent with other materials for all-optical switching. 

In this thesis we thoroughly examine the use of LT-GaAs as the active layer in a 

compact and polarization independent asymmetric Fabry-Pkot (AFP) device operating at a 

center wavelength h = 850 nm. The device shows some attractive characteristics such as fast 

switching speed (3ps), large bandwidth (40 nm), low insertion loss (2.8 dB) and high contrast 

ratio (15 dB) using low average energy flux (200 f ~ / ~ r n ~ ) .  Possible applications of this device 

are in optical logic gates for ultrafast all-optical time division multiplexing with extremely 

wide bandwidth and high contrast ratio. 
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Chapter I Motivation and Aim of Thesis 

1.1 Motivation 

In recent years, researchers have been dreaming of making the 

telecommunications bandwidth an inexpensive and virtually limitless commodity to fulfil 

the demand for increasingly sophisticated and bandwidth-intensive services. Researchers 

found that by using lightwaves to carry the information signal rather than an electric 

current or radio wave, they could surpass the limitations of purely electronic syslems. 

Actually, the use of lightwaves is not a new concept. As early as 1880 Alexander 

Graham Eel1 invented the "photophone", a telephonic device that transmitted its 

information signal over a beam of light. However, the photophone suffered from two 

serious limitations: neither a reliable light source nor a consistent light path was 

available. He used sunlight as the light source and air as the optical path. Of course, both 

of these vary from hour to hour and point to point, making reliable communication 

impossible. 

In 1960 a reliable light source for lightwave systems, the laser, was invented [I]. 

The laser provided an intense source of monochromatic, highly collimated, phase- 

coherent and polarized light. A-bout ten years later, the optical path problem was solved 

by the advent of optical fibers [2]. Optical fibers offer substantially less signal attenuation 

and phase distortion compared with the transmission of electronic signals over a 

conducting cable. Optical fibers are also a major step toward the goal of limitless 

bandwidth (bandwidth up to 40 THz), which translates into more transmission and greater 

signal-handling capacity. Since then photonic technology has developed steadily. Even 



the name photonics, which nicely parallels electronics and accurately describes a system 

in which the signal is carried by photons of light rather than by electrons, has evolved 

over the samc period of time. 

In the late 1980s the next major breakthrough in photonic systems was achieved: 

the development of the erbium-doped fiber amplifiers (EDFAs) [3-61 replacing repeaters 

on fiber transmission lines to achieve a repeaterless transmission system and avoid the 

problem of multiple optical-to-electrical and electrical-to-optical conversion. The key 

features of the EDFAs are polarization independence, negligible cross talk and compact 

diode laser pumping (either at 0.98 pm or at 1.48 pm). Among the most important 

advantages cf  EDFAs are linearity, bi-directionality and gain clamping. 

Recently, there have been numerous trends that predict photonic switching and 

signal processing elements are likely to become the next breakthrough components in 

future communication and information processing systems. In the upcoming years, 

telecommunications will rely on light as heavily in switching as it does today on light in 

transmission. In current-day optical communications systems, the capacity is limited by 

the capability of electronics to handle high bit rates. On the other hand, using optical 

signal processing elements would dramatically increase the capacity of such systems. 

For future ultrafast optical communications and computer systems to take full 

advantage of the available optical fiber bandwidth, it will be necessary to have 

components that respond with picosecond speeds. The only way currently known to 

achieve these speeds is using all-optical switching [7,8]. The advantage of all-optical 

switching is that speeds greater than 50 Gbls, which is beyond the rates at which 

electronics can operate, can be achieved. Furthermore, by processing optically one can 



avoid bottlenecks caused by conversion between optics and electronics. And the losses in 

these devices especially when cascaded can be easily overcome by using optical 

amplifiers. 

Merging the optical properties of semiconductor materials and using them in all- 

optical switching devices is as significant as the transistor in electronics and is an exciting 

and a very current research area in the field of photonics. To achieve this goal, however, 

close collaboration between experts in device design; systems applications; and testing 

and fabrication with those in material growth and characterization is required. For these 

applications to become practical, we have to find a suitable nonlinear material. 

Nonlinearity, here, refers to a change in the refractive index andlor absorption of a 

material with a change in the intensity of the incident light. A separate (stronger) pump 

beam provides optical control by invoking nonlinear effects in the material which are 

subsequently sensed by a (weaker) probe beam. For the case in which only one beam is 

present, the beam's own intensity changes the nonlinearity that it experiences. The 

simplest form of this nonlinearity is the Kerr response, written as n =no + An(I), where no 

is the linear refractive index and An(1) = n,I is the index change induced by an intensity I. 

Semiconductors have been the medium of choice in part because a well-developed 

material technology has already been built around them. Also, one can design 

semiconductor structures easily and predict their performance accurately. The material 

aspects of the all-optical switching device are very crucial. 



1.2 Nonlinear Optical Materials 

There are a number of material characteristics that would be desirable for an 

ultrafast compact device. An ideal material would have a large nonlinear refractive index 

change (or absorption change) and a fast response time. Another important characteristic 

of such a material is low loss, especially for waveguide-type devices. We would also like 

a material which has no competing effects, for example thermal effects. Optical powers 

required to drive this device should be around a milliwatt (compatible with laser diode 

outputs) for efficient performance. Finally, the material should be compatible with the 

other technologies with which it must interface. Thus, the material would potentially 

enable us to perform electronic, optical and optoelectronic functions all on the same chip. 

A major challenge lies in finding an appropriate material for implementing all-optical 

devices. 

Semiconductors have been receiving an increasing amount of attention as possible 

nonlinear materials due to their large nonlinear coefficient and easier integration with 

other components. To date there have been two areas of interest, namely, resonant and 

nonresonant nonlinearities. Resonant effects deal with photon energies close to the 

fundamental absorption edge in semiconductors and are caused by photogenerated 

carriers, whereas nonresonant effects are at photon energies well below the fundamental 

absorption edge. Response times for nonresonant nonlinearities are determined by the 

dielectric relaxation time. On the other hand, the response times for resonant 

nonlinearities are determined by the relaxation time of the excitation (recombination of 

the photogenerated carriers). Nonresonant nonlinearities are generally orders of 

magnitude smaller than their resonant counterparts, however, they respond on a much 



faster time scale (- 10'" s compared with - s for typical resonant case). The reason 

for this is that the response time for nonresonant nonlinearity depends on the dielectric 

relaxation time, whereas in the case of resonant nonlinearity it depends on the 

recombination rate of the excited electron-hole pairs. 

Much work has involved the use of glass [9] or semiconductor materials at 

wavelengths far from the band edge (nonresonant nonlinearity) [lo]. This allows for a 

very rapid response. The relatively weak nonlinearity can be compensated for by 

maintaining the high optical intensities over long propagation distances so that the 

required phase change builds up. 

Ideally, however, one would like to develop rapidly responding photonic devices 

that are also compact. We are looking for a material that can overcome the trade offs 

between large nonlinearity and rapid response. The main reasons there have not been 

more interest in semiconductor nonlinearities near the band edge are the relatively slow 

response times imposed by the carrier recombination and the optical losses of the incident 

signal due to absorption. There have been demonstrations, however, of techniques for 

substantially speeding up carrier recombination times without significantly reducing the 

nonlinear recovery time. 

One such way is doping the material with compensating impurities to introduce 

deep levels (e.g. Cr:doped GaAs with carrier lifetime - 60 ps) [ll]. Another method is 

using amorphous or polycrystalline material [12]. We can also induce damage in the 

material by proton-bombardment to create deep level trappinglrecombination centers 

[13]. Other materials such as CdTe grown by organometallic vapor phase epitaxy (carrier 

lifetimes - 0.5 ps) [14] have been studied. Problems with these materials are the trade off 



between sensitivity and speed; the low canier mobilities of the amorphous material; the 

nonconventional growth process of 11-VI materials; the difficulty of integrating them with 

existing 111-V technology; and the instability of the damaged materials at room 

temperature. 

Recently, there has been quite a tremendous amount of research conducted on 

polymer materials [15]. These materials, though are incompatible with the existing 

technologies used in telecommunications. On the other hand, by using low-temperature 

molecular-beam epitaxy (MBE) materials [16], we can overcome most of the problems 

inherent with the materials mentioned above. In Table 1.1, we present a comparison 

between some of the optical properties of different materials. 

In particular we compare the Kerr-like nonlinear effect n,, the response time, the 

compatibility with existing technologies with which these materials will interface, the 

absorption at the operating wavelength and finally the crystalline quality of the material. 





1.3 Organization of Thesis 

The work done throughout the thesis is threefold. The first part involves the 

optical characterization of the low-temperature GaAs (LT-GaAs) and the development of 

a model to describe the different dynamics in the material. The second part is 

concentrated on the optimization of the material using the model and investigating the 

trade-offs involved in designing an ultrafast all-optical switching device. Finally, 

ultrafast all-optical switching is demonstrated in an asymmetric nonlinear Fabry-PBrot 

Btalon. 

Chapter 2 is a review of the work done by other researchers on LT-GaAs. 

Molecular beam epitaxy growth conditions of LT-GaAs are summarized. The different 

defects present in LT-GaAs are reviewed. The electrical and optical characterizationof 

LT-GaAs in the literature are briefly discussed. Then a survey of the different electrical 

and optical devices implementing LT-GaAs is performed. This discussion shows that 

previous work on LT-GaAs has concentrated primarily on the electrical properties of the 

material and its application in electronic devices. 

The phenomenological model describing the different dynamics in the material is 

presented in Chapter 3. Section 3.2 shows the optical measurements used to determine 

the different constants for the model. This is followed by validating the model through a 

complete set of measurements covering a wide range of wavelengths and growth and 

annealing conditions. 

Chapter 4 discusses the trade offs involved in designing an all-optical device 

using LT-GaAs. We investigate the effect of the excitation pulse width and growth and 

annealing conditions on the refractive index and absorption changes. Also, the model 



developed earlier is used to optimize the material for all-optical switching. The optical 

characterization of LT-GaAs along with the applications of the rate equation model open 

new avenues for optimizing the material for different all-optical applications. 

The main goal of the thesis is to demonstrate ultrafast all-optical switching using 

LT-GaAs. In chapter 5 we show that by using LT-GaAs as the active layer in an 

asymmetric Fabry- PCrot device we can achieve ultrafast all-optical switching with large 

bandwidth, high contrast ratio and low insertion loss using low switching energy fluxes. 

The dependence of the switch performance on the mirror bandwidth and reflectivity, the 

LT-GaAs layer thickness and growth conditions are discussed. Optimization of the 

device design to maximize the bandwidth and the contrast ratio is presented. Application 

of the AFP device in optical time division multiplexing is discussed. Lastly, we briefly 

compare the more popular devices, which use either fibers or semiconductors as the 

active material, and our AFP device. 

Finally the main conclusions of the work presented in this thesis are summarized 

in chapter 6 and suggestions for future work are proposed. 



Chapter I1 Review of Low-Temperature-Grown GaAs 

2.1 Low-Temperature Molecular Beam Epitaxy Grown GaAs 

For many semiconductors, molecular beam epitaxy (MBE) can be a layer-by- 

layer growth process. This layer-by-layer growth, along with the ability to turn the 

beams on and off abruptly with shutters, allows almost monolayer control. The 

development of MBE has allowed the fabrication and study of structures that were 

previously considered only to be textbook examples (for example, quantum wells). The 

main parameters that determine the final electrical, structural and optical properties of the 

epitaxial film in the MBE process are (i) the growth temperature, (ii) the group 111 to 

group V beam equivalent pressure (BEP), which is a measurement of the arrival rate of 

the group I11 element and the amount of group V element to form the compound, (iii) the 

growth rate, (iv) the purity of the starting source material and (v) the integrity of the 

vacuum system. In modem MBE machines, the latter two conditions are easily met, 

leaving (i) to (iii) as the only main variables to influence the properties of the epitaxial 

film. The most important aspects of the MBE technique are the epitaxial nature of the 

growth as well as the material and growth condition control achievable. The MBE 

growth of GaAs has traditionally been performed at temperatures of 550-G50°C, which 

usually yields material of extremely high quality. 

In 1978 Mortani et al. 1171 were the first to investigate the growth of GaAs by 

molecular beam epitaxy at temperatures lower than the regular material growth 

temperature and predicted it to be a useful buffer layer for GaAs field effect transistors 

(FET). Their experiments indicated that GaAs grown at 410°C can achieve a resistivity 



of (p) - 3x10~ R-cm. In this early work, however. they did not adequately characterize 

the material to achieve the optimum growth conditions. In 1983, Metze and Calawa [I81 

grew GaAs at even lower temperatures (380°C) but at the impractical growth rate of 0.02 

pm/h. It is only in 1988, when F.W. Smith et al. [19] successfidly used GaAs grown at 

200°C and rates of - 1 pmih as a buffer layer in the fabrication of GaAs FETs and 

showed that this material eliminated backgating between such devices. Shortly 

thereafter, photoconductive detectors fabricated with GaAs grown at 200°C and annealed 

at 600°C were shown to have switching speeds less than 500 fs with excellent sensitivity 

[20]. Since then there has been an increasing number of papers investigating the 

electrical, structural and optical properties of GaAs grown by molecular beam epitaxy at 

very low substrate temperatures and the processing and device applications of this 

material (for a recent review paper see Melloch et al. 1211). 

The growth of low-temperature-grown GaAs (LT-GaAs) is performed at substrate 

temperatures between 200 and 300°C at rates of - 1 pm/h and As-stable condition (BEP 

of 10 to 20, which are the values for growing regular GaAs at high temperature giving the 

right amounts required to form high quality material). The growth temperatures are 

substantially lower than normal GaAs MBE growth temperatures of 550-650°C. In 

typical MBE systems these low substrate temperatures are difficult to monitor accurately. 

The problem is that the optical pyrometers have a lower limit of 400°C and one is then 

left with the task of extrapolating down to 200°C using the higher temperature 

thermocouple readings. The thermocouple is in contact with the substrate holder, and the 

GaAs wafer is indium-bonded to the holder so that the thermocouple (if well calibrated) 

should give an approximate reading of the wafer temperature. The problem is even 



worse for an indium-free mounted substrate where the thermocouple sits behind the 

wafers. Here, the thermocouple is positioned in vacuum space between the substrate and 

the resistive heating element and does not give the true temperature of the substrate. Due 

to the inevitable uncertainty associated with the accurate determination of the substrate 

temperature at such low values, we propose to use the amount of excess arsenic 

incorporated in the material using x-ray difftaction and particle induced x-ray emission 

measurements [22] as a more accurate way to characterize LT-GaAs growth. We have 

found that this allows the comparison of different samples from different growth 

facilities. 

X-ray diffraction is commonly used for the composition measurement of closely 

lattice-matched thin epitaxially-grown semiconductor layers on thick substrates [23]. 

The method is relatively simple in that it involves the measurements of the peak 

separation in a high-resolution difffactogram and calculation, taking into account layer 

distortion effects. The diffraction profiles are usually obtained on a double-crystal 

diffractometer. Generally, the substrate and layer peaks in the diffraction profile can be 

labeled and their separation determined. The angular separation of the peaks, Aw, can be 

related to the lattice mismatch through the differential form of Bragg's Law 

= - cot 0~o/cos*+ (2.1) 

where 0 is the Bragg angle and cosZ+ accounts for diffraction from planes inclined at 

4 from the crystal surface. (Ada)L represents the mismatch perpendicular to the crystal 

surface. 



2.2 Structural Properties 

Low temperature grown GaAs (LT-GaAs) is a high quality single crystal with as 

much as 1-2 % excess arsenic incorporation [24,25], which gives the material its unique 

properties. Although the material is non-stoichoimetric and strained, high-resolution 

transmission-electron-microscopy cross-sectional images indicate a high degree of 

crystalline perfection of this material [24]. 

The incorporation of excess arsenic makes it possible to form a very broad 

spectrum of materials, ranging from highly defected materials to multiphase material 

systems. These excess arsenic atoms in the lattice also cause the as-grown material to 

exhibit a lattice strain of about 0.1 % which is shown in the x-ray diffraction curve in Fig. 

2.1. Two peaks due to Bragg reflection were found for the as-grown samples. The two 

peaks are attributed to x-ray diffraction from planes with two different lattice parameters. 

The stronger peak corresponds to the GaAs substrate, for which the lattice constant a, = 

5.653 A [26], and the lattice constant of the LT-GaAs layer is calculated to be a, = 

5.659 A.  This value corresponds to a relative increase in the lattice parameter A d  a, = 

0.001 for the LT-GaAs layer, which is attributed to the excess arsenic incorporated in the 

material. This value is hvo orders of magnitude greater than has ever been measured for 

liquid-encapsulated Czochralski GaAs [27]. Kaminska et al. [28] also measured the 

parallel lattice constant and, by observing the diffraction from (400) and (224) planes, 

they found that both a,, and a1 lattice parameters are equal for the same layer within 

experimental error. The identity of a, and a1 lattice parameters indicates that the LT layer 

is relaxed and that the strain is relaxed by means of a misfit dislocation generated at the 

interface [28]. 



angle (deg) 
Figure 2.1 X-ray double crystal rocking curve for an %-gown sample at 200°C urwnneled [24]. 

In Table 2.1 the x-ray diffraction and particle induced x-ray emission 

measurements for the different growth temperatures to measure the excess arsenic in the 

material are shown. Due to the lattice mismatch the material will tun into polycrystalline 

at a critical thickness. This critical thickness is a function of the percentage excess 

arsenic (i.e. a function of the growth temperature and the beam equivalent pressure 

(BEP)). At lower growth temperatures a higher amount of As is incorporated and larger 

changes in the lattice parameter are observed [30]. The arsenic content in the film can be 

systematically varied by changing the growth temperature. 



Table 2.1 A summary of the off-stoichiometry, excess arsenic measured by particle induced x-ray emission 

and the corresponding change in lattice parameter Aa/ab obtained from x-ray rocking curves for samples 

grown at different temperatures [29]. 

Detailed convergent beam electron diffraction studies [31,32] of LT-GaAs 

showed that the layers are under compressive strain in the area close to the interface with 

the substrate. Further, the crystallographic symmetry of the layer can even be described 

as tetragonal. It follows that the growth of LT-GaAs layer on a GaAs substrate is 

somehow similar to that of a mismatched layer on a substrate. With increasing thickness, 

extended defects are found, as revealed by high-resolution electron microscopy [33]. 

These defects consist mostly of stacking faults and microtwins on (1 11) planes, which 

ultimately change the growth direction in some part of the layer. As the thickness 

increases, specific defects, called pyramidal defects, are formed [30]. The pyramidal 

defects are defects with a well-established core from which other defects such as 

secondary microtwins, stacking faults or dislocations are formed [34]. Boundaries 

between GaAs grains are sometimes filled with hexagonal As [34]. These defects are also 

observed when samples of a given thickness are grown at lower temperatures or with 

higher BEP. With a lower growth temperature, the thickness of the defect-free material is 

reduced and pyramidal defects are formed. The measurement of this critical thickness as 

a function of growth parameters is required to understand the mechanism responsible for 



the breakdown of crystallinity in LT layers [34,35]. In Fig. 2.2(a) the thickness of the 

monocrystalline sublayer is shown as a function of growth temperature for a BEP of 20 

[33]. The temperature was varied from 180 to 210°C at 10°C intervals. The lower the 

growth temperature, the more As can be incorporated, and the thinner the layer of high 

crystalline perfection that can be grown. Figure 2.2 (b) shows the dependence of 

monocrystalline layer thickness on BEP for a growth temperature of 200°C. It also 

shows that the thickness of the defect-free sublayer can be increased (e.g. from 320 nm to 

1 pm when the BEP is reduced 1361). The breakdown of crystallinity when exceeding the 

critical thickness can arise from one or more of several possible causes [34-371. First of 

all, it is well known, that a layer which is not lattice matched to its substrate will 

eventually form misfit dislocations at the surface which, under normal conditions, would 

propagate to the substrate-layer interface to relieve the strain. However, at low substrate 

temperatures, the dislocations cannot move as easily and may instead simply initiate 

polycrystalline growth. A second possible mechanism is surface roughening if the 

growth temperature is too low. It should be noted that such a phenomenon would have to 

be considered an intrinsic feature of the MBE growth at low temperatures and would be 

hard to avoid. Finally, a third potential reason is the formation of arsenic microclusters 

which could lead to misoriented growth. Since only so much excess As can be 

accommodated by the lattice, the rest must be transported to the surface. It is not clear 

yet which mechanism is the dominant cause of polycrystallinity in LT-GaAs. 





For LT-GaAs the deep centers increase rapidly, as compared to regular GaAs, primarily 

because the As species have a more difficult time finding the proper lattice site before being 

permanently incorporated into the growing layer. The defect concentration increases from 1012 

to lo2' cm-' as the growth temperature decreases from 600°C to 200°C. 

The first point defect to be identified in LT-GaAs was the arsenic antisite (AsGJ [24]. 

Early studies by electron paramagnetic resonance revealed 5x10'~ cm-' arsenic antisite (AsG,) 

defects in as-grown LT-GaAs at 200°C [24]. The electron paramagnetic resonance spectrum 

for LT-GaAs had the same parameters as that found previously for as-grown bulk GaAs and 

was identified as originating from single ionized, (As=,+) defects [24]. Van Bardeleben et al. 

1381 showed by using electron paramagnetic resonance measurements that the ( A S G , ~  defect 

concentration decreases by an order of magnitude when the growth temperature is increased to 

3OO0C. 

The near infrared absorption of LT-GaAs revealed spectra similar to the well known 

absorption in SI-GaAs related to the EL2 defect (arsenic antisite in neutral charge state (AsG.")) 

[39]. The main differences between the defects in LT-GaAs and EL2 defects in SI-GaAs were 

the lack of the fine structure (zero phonon line) at about 1 eV energy, the reduction of the 

temperatures (from 1000°C down to 600°C ) at which photoquenching anneals out and the 

broadening of the central band at 1.2 eV. The reason for such differences was most probably 

related to the high local strain in LT-GaAs, which broadens energy levels. The intensity of this 

absorption concentration of (ASG;) was estimated to be aproximately lo2' cmS3 for LT layer 

grown at 200°C. Bliss et al. [40] explained the lower thermal stability of (AsG,)-related defects 

using a model which accounts for the enhanced diffusion of (As=,) defects to precipitates via 

the excess (VGJ defects present in the material. The mobile (VG,) facilitate the diffusion of 



(AsG~) defects toward precipitates acting as As sinks. Since (Vod defects already exist in the 

material, only the energy of migration must be overcome, and not the formation energy of 

(VQ). The concentration of (AsG:) has a maximum of 2x10" cm" at a growth temperature of 

190°C and decreases to 2x10'~ cm" at a growth temperature of 270°C [41]. 

Annealing of LT-GaAs led to a gradual decrease of (AsGa) defect concentration starting 

from annealing at temperature of about 300°C. It was impossible for some time to determine 

the concentration of (AsGJ defect in layers annealed at 600°C since this value was below the 

sensitivity of optical absorption experiments. Magnetic circular dichroism absorption is known 

to be more sensitive than electron paramagentic resonance and it was first employed by Liu et 

al. [29] to measure   AS^,^) in LT-GaAs. They measured a  AS^,+) concentration of - 10" cm-3 

in the as-grown sample consistent with previous electron paramagentic resonance results [24]. 

After annealing the sample at 600°C for 10 min, the   AS^^^ was still high and it only dropped 

to - 2.5~10" cm". They also studied the effect of annealing and they found that both (Asc:) 

and ( A S G , ~  in LT-GaAs decrease upon increasing the annealing temperature and (AsG:) > 

(ASG;) for all the samples investigated. The data presented by Liu et al. [42] monitoring the 

decrease in neutral and ionized arsenic antisite concentration for anneals of 400 to 600°C have 

to be considered as an upper limit on the arsenic antisite density because they did not consider 

absorption scattering by the arsenic precipitate. 

Evidently, (AsGJ is the main native donor in LT-GaAs and is activated at 

concentrations greater than 10" cm". To compensate the   AS^^^ centers, native acceptors are 

needed. Evidence of an intrinsic acceptor level at E, + 0.3 eV has been given [28], which 

could be due to gallium vacancies (VG~). The slow-positron annihilation technique, which is a 

suitable tool for studying vacancy defects in thin layers [43], has been used to demonstrate the 



existence of (v~3. These positron annihilation measurements have directly shown the 

existence of vacancy-type defects in as-grown GaAs [44-461. 

Hautojiirvi et al. [44] showed concentrations of 10 '~-10'~ cmS3 of ( V G ~  defects for 

layers grown at 200°C. Recently, Gebauer et al. [46] have shown that for a growth temperature 

of 200°C the (VGJ density is about 1-2x10'~ cm-3 and it reduces with increasing the growth 

temperature (it is - 10" cm-3 for a growth temperature of 300°C). 

It is generally believed that the concentration of (AsGa) is not enough to account for the 

excess As, so a high concentration of interstitial defects (Asi) is present in LT-GaAs. 

According to Rutherford backscattering studies, some of the excess As atoms with a 

concentration of about 3x10'~ cm-3 are irregular (Aq), sitting close to the normal As sites in the 

lattice [22]. The analysis of convergent beam electron diffraction patterns yielded fiuther 

evidence for the presence of low symmetry arsenic split interstitials along the < I l l >  axis 

[31,32]. Both rapid diffbsion [47] and ion channelling [22] experiments showed that 

substantial fractions of the excess As atoms are located in interstitial positions close to 

substitutional As atoms with a projected displacement of about 0.3 A into the 4 10> channel. 

However, (Asi) has been frequently employed to describe the dynamics of As precipitation in 

the annealing process of the material [48]. 

M. Missous et al. [49] investigated the effect of varying the BEP on the amount of 

excess arsenic incorporated in the epilayers. Figure 2.3 shows the double crystal x-ray rocking 

curves of the layers grown at various BEP. It is clear that the effect of BEP ratio is very small 

until one gets very close to stoichiometric conditions (BEP - 3). It is also clear from Fig. 2.3 

that a decrease in the BEP ratio from 6 to 3 leads to the complete removal of the second peak 

(and presumably strain in the lattice) meaning that the excess arsenic incorporated is decreased. 
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Figure 2 3  Effect of As to Ga BEP on excess arsenic incorporation in LT-GaAs. lbe  thichess of the layen is 1 

except for the sample with BEP = 6, which is 3 pm 1491. 

Melloch et al. have shown that by annealing the LT-GaAs (either in situ or ex situ) the 

excess arsenic precipitates and forms arsenic clusters [50]. The number of point defects in the 

epilayers varies inversely with the growth and annealing temperatures [22]. On the other hand, 

the sue of the arsenic precipitates increases with increasing annealing temperature and time 

[51-531, but the total amount of arsenic in the precipitates stays the same for the different 

annealing conditions. 

The annealing effect on the microstructure of the layers is the formation of As 

precipitates to accommodate the As excess. The average sue of the clusters depends on the 

growth and annealing temperatures and the duration of the annealing as shown in Tables 2.2- 

2.4. 



Table 2.2 Results from transmission electron microscopy for LT-GaAs rapid them1 annealed at different 

temperatures 1521. 

Table 2.3 Results from transmission electron microscopy for LT-GaAs grown at 250°C and rapid thermal 

annealed at 700°C for different times [53]. 

Annealing Temperature 

Average precipitate diameter (A) 

Average spacing (A) 

Precipitate density (x10I6 cm-') 

Volume fraction 

6OO0C 

55 

180 

17 

0.015 

Annealing Time 

Average precipitate diameter (A) 

Average spacing (A) 

Volume fraction 

7OO0C 

70 

225 

8.7 

0.016 

5 min 

70 

364 

0.37 % 

800°C 

150 

475 

0.93 

0.016 

30min 

79 

442 

0.30 % 

9OO0C 

200 

675 

0.325 

0.014 

3 h 

88 

490 

0.31 % 

30 h 

103 

568 

0.31 % 



Table 2.4 Results 'om transmission electron microscopy for LT-GaAs as a function of the growth temperature 

after 1 h 600°C anneal 1511. 

Annealing LT-GaAs decreases the defect concentration and also relaxes the strain as 

shown in the x-ray diffraction curve in Fig. 2.4. After the excess arsenic precipitates, 

continued annealing results in a coarsening ofthe arsenic precipitates [54]. 

Clearly a broad spectrum of materials can be formed by low-temperature MBE growth. 

For the as-grown material, a nonstoichiometric semiconductor is formed with the excess 

arsenic concentration up to 2 %. By annealing, the point defect concentration is reduced as the 

excess arsenic precipitates. With increased annealing, the material is converted into a hvo- 

phase system consisting of arsenic precipitates in a GaAs semiconductor matrix. After hrther 

annealing, additional change in the material occurs due to the coarsening of the precipitates. 

Growth Temperature (OC) 

Average precipitate diameter (A) 

Density (x10Ib cm-j) 

Volume fraction (x10" ) 

300 

76 

0.78 

0.56 

225 

74 

4.3 

3.41 

325 

46 

0.52 

0.077 

350 

29 

0.39 

0.016 

250 

55 

3.9 

0.95 

275 

61 

1.7 

0.64 
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Figure 2.4 X-ray rocking curve for the sample grown at 200°C and annealed for 10 min at 600°C [24]. 

2.3 Electrical Properties 

Due to the large concentration of point defects in as-grown LT-GaAs, it exhibits 

hopping conductivity within a defect band of arsenic antisites with resistivities as low as 10 

R-cm 1551. However, with annealing, the resistivities increase dramatically to values as high 

as 10'R-cm and the material becomes semi-insulating [56,57]. 

The resistivity and Hall-effect measurements performed by Look et al. [55] show that 

the unannealed material grown at 200°C is conductive (p - 14 R-cm at 300 K) and not 

temperature dependent. On the other hand, the measured carrier concentration is anomalous in 

that it is strongly temperature dependent and decreases with temperature increase. They have 



also measured the mobility which is quite low in as-grown material (few hundreds of cm2Ns) 

and varies inversely with the concentration of No centers. Upon annealing the relevant defect 

concentration decreases destroying the hopping conduction and the conduction band 

contribution becomes dominant. They measured a resistivity of lo6 Q-cm for the 550°C 

annealed material. It has been also shown that the mobility for material grown at 250°C and 

annealed at 650°C increases to values around 1400 cm2Ns [58]. Another important electrical 

property is the dielectric breakdown field which was found to be in excess of 3x10' Vlcm for 

LT-GaAs [19]. 

There is considerable controversy surrounding the role of point defects versus arsenic 

precipitates in explaining the semi-insulating nature of annealed LT-GaAs [59,60]. The point 

defect model predicts a decrease in hopping conductivity as the excess arsenic precipitates. 

However, it assumes that the arsenic precipitates play little role and that the the Fermi level is 

pinned at the level of the arsenic antisites because the arsenic antisites are partially 

compensated by the lower concentration of gallium vacancies. The Schottky barrier model is 

based on arsenic (metallic) precipitates as embedded Schottky contacts with a depletion region 

around each arsenic precipitate. If the background doping is low enough, compared with the 

spacing of the precipitates, the material will be completely depleted, as illustrated in Fig. 

2.5(a), and will exhibit a high resistivity. Hence the buried Schottky barrier model proposes 

that the high resistivity can be understood in terms of the As precipitates, believed to be 

metallic, acting as internal Schottky bamers with overlapping depletion regions. The degree to 

which the defects or the embedded Schottky bamers control the material properties depends on 

the annealing conditions. The transition from a material dominated by point defects to one 

dominated by the arsenic precipitates occurs at around 600°C. 
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Figure 2.5 (a) Depletion regions around arsenic precipitates sucb that the depletion regions just overlap. @) 

Depletion regions around arsenic precipitates with spacing sucb that there is undepleted material between the 

precipitates [54]. 



The majority of the measurements done on LT-GaAs suggest that the defect model 

dominates for as-grown and weakly annealed conditions, whereas the internal Schottky model 

tends to dominate for more strongly annealed materials. This continuous evolution from the 

point defect to the internal Schottky model is accompanied by a smooth evolution of the 

optical and electrical properties. 

2.4 Optical Properties 

The presence of excess arsenic in LT-GaAs may be expected to affect the optical 

properties of the material due to the additional energy levels introduced by the excess arsenic. 

Photoluminescence spectra associated with impurities and defects in LT-GaAs has been 

recorded by several investigators [61-631. In these studies, they used an .4r+ laser (514.5 nm) as 

the excitation source and therefore the luminescence in the near band edge region was not 

observed. The incident light was absorbed within the top layer to a depth of - 0.2 pm in which 

non-radiative processes dominate due to the high concentration of deep traps. On the other 

hand, Abe et al. 1641 investigated the near band edge emission in detail by using a Tisapphire 

laser (780 nm) so thht the incident light passes through the top layer and reaches the underlying 

layers of the LT-GaAs. The underlying layers are of higher crystalline quality, and therefore 

radiative transitions occur efficiently in the bound exciton energy region. They observed a 

sharp dip in the emission band for LT-GaAs grown at 250°C and post-annealed at 600°C for 5 

min. They attributed this dip to absorption of the light emitted &om the underlying layer, 

which is caused by the creation of free excitons in the polycrystalline top layer. The depth and 

width of the dip for LT-GaAs depend strongly on the crystal quality of the top layer. 



Several groups have used the pump probe technique to measure the carrier lifetimes in 

LT-GaAs and they have shown that LT-GaAs can be tailored to have subpicosecond carrier 

lifetimes [65-691. This is a commonly used technique to measure optical processes that occur 

at short times that cannot be measured by detectors or electronic measurement techniques. 

As the intensity of the pump pulse is increased, a sahuation of the trap states occurs. 

This saturation occurs from more electron-hole pairs being created than the number of trapping 

sites. The traps fill with electrons, and further removal of electrons from the conduction band 

can occur only after recombination. Harmon et al. [66] investigated the effect of annealing on 

the carrier lifetime in LT-GaAs. They have shown that the lifetime decreases with the increase 

in annealing temperature. These ultrafast response measurements initiated our interest in 

investigating the optical characteristics of this material and its potential for ultrafast all-optical 

switching devices. In our early work, Benjamin et al. [69] showed that LT-GaAs overcomes 

the trade-off problem between sensitivity and response. They lzported index changes as large 

as 0.1 with picosecond responses. 

In LT-GaAs the initial fast response is due to removal of electrons from the conduction 

band, but it does not imply electron-hole recombination. Recently, researchers have conducted 

experiments to measure the recombination times in LT-GaAs [70-731. The most extensive 

investigation was done by Lochtefeld et al. [70], who looked at the role of point defects and 

arsenic precipitates on trapping and recombination times. In their measurements, they 

observed a saturation of the trap states as the intensity of the pump pulse is increased (i.e. more 

electron-hole pairs are created than the recombination centers). The investigation by Siegner et 

al. [71] was limited to unannealed samples and suggested that electrons and holes were trapped 

in different point defects. Note that both groups used optical excitation at energy larger than 



the band gap of the material. Under those conditions they are probing the transients of the 

carriers in the conduction band and are not directly probing the carriers in the mid-gap states 

were the recombination occurs. Even by moving a few nm to wavelengths longer than the 

absorption edge one will be probing the carriers in the conduction band and the localized states 

below the conduction band and above the valence band. On the other hand Smith et al. [72] 

investigated the recombination process by probing the carriers in the mid-gap states by using a 

wavelength well below the band edge. They also showed that for probing at wavelengths closer 

to the band edge, one must take into account the large absorption tail. Grenier et al. [73] used 

also a subband-gap probe beam wavelength in their measurements. They interpreted the fast 

and slow decay times resulting from two different defect structures. Arsenic precipitate defects, 

which lead to recombination as soon as electrons and holes are trapped at the defects (fast 

component). Point defects, and especially As antisites, are believed to yield a fast trapping time 

but a slower recombination time. Sosnowski et al. [74] investigated the effect of high intensity 

pump pulses that create carrier densities sufficient to saturate the trapping states in LT-GaAs. 

At extremely high carrier densities in annealed samples, they observe that the initial free- 

electron lifetime decreases with increasing carrier density. They modelled this effect by 

including an Auger recombination term in the rate equations. The Auger coefficient for these 

samples is many orders of magnitude larger than in standard GaAs. They claim that the 

increased Auger rates are due to the large concentration of defects in LT-GaAs which reduces 

the clystallinity of the material and therefore relaxes the momentum conservation requirement 

for carrier scattering. This relaxation creates a much wider range of momentum states into 

which the excited electrons may scatter, drastically increasing the Auger rate [74]. 



Dankowski et al. [75] used Fabry-PCrot oscillations caused by the index mismatch 

behveen the LT-GaAs layer and the substrate to measure the absorption and refractive index 

changes induced by annealing LT-GaAs. The Fabry-PCrot oscillations were extracted by 

comparing the reflectivity measured from the top face of the epilayer to the reflectivity 

measured from the substrate when the epilayer was etched away. The change in the Fabry- 

PCrot Cnges were investigated for a set of GaAs grown at 230°C and annealed for 1 min at 

temperatures between 200 and 700°C. They observed strong changes in the refractive index of 

nearly 0.25, and changes of the absorption at X = 900 nm of 16000 cm". These changes were 

changes measured as a fimction of the annealing temperatures. The absorption changes 

measurements were then extended by Streb et al. [76] from 440 nm to 1550 nm, but they only 

used samples that were annealed at temperatures behveen 400°C and 600°C. 

Nolte 1771 has done a theoretical investigation on optical absorption in a composite 

material of dilute spherical particles embedded in an absorbing medium. As shown in Fig. 2.6, 

near the bandgap for a 1 % excess arsenic, there is a residual absorption that would be 

insensitive to further annealing unless the dielectric function of the precipitates themselves 

change under continued annealing. 

The first investigation of the photorefiactive properties of LT-GaAs was carried out by 

Nolte et al. [78]. The photorefractive properties were characterized by using two-wave and 

four-wave mixing. Wave mixing in thin films is a coherent nonlinear optical process in which 

two coherent laser beams write gratings off of which the beams self-diffract. They observed a 

saturation intensity (a measure of the material sensitivity) of 2 mw/cm2, a photorefiactive 

resprnse time of 2 ms, and a minimum fringe spacing of 0.5 pm [78]. 
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Figure 2.6 Calculated absorption of spherical arsenic precipitates imbedded in GaAs with a volume fraction of 

1%. Results from the optical theorem and Maxwell-Garnet theory are compared with inhinsic GaAs [77]. 



2.5 Applications of LT-GaAs 

2.5.1 LT-GaAs as a Buffer 

The first application of LT-GaAs by Smith et al. [19] was as a buffer for a GaAs 

MESFET. The most dramatic impact is the elimination of sidegating (or backgating) in these 

MESFETs compared to those fabricated on proton implanted undoped buffers. The LT-GaAs 

buffer has also been shown to markedly reduce the coupling of pulse trains and RF signals 

between devices, which is an important consideration for both analog and digital ICs [79]. 

Thus, the LT-GaAs buffer should provide much better isolation between digital control signals 

and the active devices in monolithic microwave ICs (MMICs). 

Hewelett Packard has applied the LT-GaAs buffer to their HEMT and MESFET 

MMICs and have found that sidegating effects and light sensitivity are eliminated. They 

showed that no sidegating in HEMT MMICs was observed even for 70V applied across a 3 pm 

spacing [SO]. In fact, they found that dielectric breakdown occurs in their structures before 

sidegating is observed. Hewelett Packard has performed extensive reliability tests on LT- 

GaAs and has found that the material meets their stability criteria for commercial product use 

W I .  

2.5.2 LT-GaAs as a Gate Insulator 

The major issue in power MESFETs is the breakdown voltage of the gate-drain diode. 

Yin et al. 1821 utilized the high breakdown strength of a surface layer of LT-GaAs placed 

under the gate to delay the onset of surface breakdown. This resulted in the doubling of the 

gate-drain breakdown voltage over a conventional MESFET. They also used an AlAs layer as 

a barrier between the LT-GaAs and the underlying channel to prevent the back diffusion of As 



from the LT-GaAs into the channel. Chen et al. [83] fabricated MISFETs using a similar 

technology and obtained a record power output 1.57 Wlmm at 1.1 GHz. 

2.5.3 Picosecond Pulse Generation Using LT-GaAs 

A convenient way to generate electrical picosecond pulses is by generating a short 

circuit in a transmission line through electron-hole pair generation via mode-locked laser 

illumination. Frankel et al. [84] used this technique implementing LT-GaAs. The rise time 

and fall time of the voltage transient is determined by the electron mobility and recombination 

time of the material respectively. The materials of choice until the development of LT-GaAs, 

have been proton implanted Si or GaAs. The implant damage reduced the electron lifetime but 

also reduced the electron mobility increasing the rise time while reducing the fall time of the 

pulse. LT-GaAs, however, has adequate electron mobility while still having a large trap 

density and short recombination lifetime. These two properties together, along with the high 

dielectric breakdown strength of the material, leads to large pulses with extremely fast 

responses. Chwalek et al. [85] have demonstrated a FWHM of 440 fs using LT-GaAs grown at 

190°C with an associated radiated spectrum beyond 2.5 THz. 

2.5.4 LT-GaAs as Epitaxial Isolation Layers in Solar Cells 

Efficient integration of solar cells to provide large output power requires either current 

matching or voltage matching. Subramanium et al. 1861 utilized LT-GaAs between component 

cells to achieve electrical isolation, which could be achieved previously with only hybrid 

mechanically stacked structures. This technology enables the integration of subcells that absorb 

different portions of the solar spectrum onto a single substrate increasing not only the output 

power but also the power conversion efficiency. 



2.5.5 Picosecond Photoconductivity Using LT-GaAs 

The combination of fast recombination lifetime, high carrier mobility and high 

resistivity are the ideal requirements for a photoconductive switch. To get picosecond 

response from photoconductors, it is necessary to reduce the lifetime of the photoconductive 

material. This requires damaging the semiconductor, which in turn affects the electron 

transport properties. The reduced electron velocity results in a reduced electron transit time 

and hence a long photoconductive response. The other problem with these damaged materials 

is their instability at room temperature. 

Morse et al. [87] alleviated this problem by using a graded AlGaAs layer grown on top 

of the LT-GaAs layer. Here the electrodes for the photoconductor are placed on the graded 

AlGaAs region, which serves as the transport layer. The built-in field in the AlGaAs is 

directed towards the underlying LT-GaAs layer. The photogenerated carriers drift in the 

AlGaAs and are collected by the electrodes. When the incident radiation is switched off the 

electron-hole pairs drift towards the underlying LT-GaAs layer where they recombine. The 

peak output current was increased by a factor of six and the responsivity by a factor of ten 

compared to conventional photodetectors. 

Electrical pulses having FWHM less than 0.5 ps have been generated by using LT- 

GaAs photoconductive switches having a 20 pm gap between conductors [65]. Also, 

researchers at the University of Michigan have demonstrated the generation of - 1 kV 

electrical pulses having FWHM values of less than 3 ps using a LT-GaAs photoconductive 

switch having a 60 pm gap 1881. This is the largest voltage ever switched at picosecond 

speeds. Applications for such pulses include millimeter-wave radar, switched power supplies, 

and ultrafast instrumentation. The researchers at the University of Michigan have also 



developed a metal-semiconductor-metal photoconductive detector based on LT-GaAs a 3-dB 

bandwidth of 375 GHz (1.2 ps) and a responsivity of 0.1 AIW [89]. Another group reduced the 

finger width and spacing to achieve a 3-dB bandwidth of 510 GHz (0.87 ps) [go]. Light of 

wavelength longer than that corresponding to the bandgap of GaAs has been detected using P- 

i-N photodetectors fabricated with LT-GaAs [91]. 

2.5.6 Influence of LT-GaAs on the Interdiffusion of Heterostructures 

A unique use of LT-GaAs layers was investigated by Hwang et al. 1921 where the 

excess As and its related defects in the LT-GaAs layer was used to intermix AlGaAs IGaAs 

heteroshuctures. Intermixing of heterostructures is in prevalent use to provide lateral optical 

confinement in lasers. Here the selective conversion of a superlattice into random alloy 

increases its bandgap and hence provides the lateral confinement. The disordering is 

conventionally achieved via defects generated while selec!ively diffusing dopants such as Si 

and Zn through the structures using SiN as a mask. A single AIGaAs-GaAs quantum well was 

grown on an LT-GaAs buffer and the interdiffusion coefficient of the group 111 elements was 

determined by the change in the photoluminescence characteristic of the quantum well. 

Assuming an error function composition profile, the states of the quantum well were calculated 

by using Schrijdinger's equation and fit to the observed emission wavelength. The buffers 

investigated were an unannealed LT-GaAs buffer, an annealed LT-GaAs buffer and a normal 

GaAs buffer. 

2.5.7 Intermediate Layer in Laser Diodes Grown on Silicon 

The application of LT-GaAs as an intermediate layer in laser diodes grown on Si by 

MBE reduces the threshold currents to half of that obtained in the same device without the LT- 

GaAs layer 1931. The typical emission spectra of the laser diode structure with the LT-GaAs 



intermediate layer were predominantly single mode up to about 1.2 times the threshold currents 

using regular GaAs, whereas multimode operations were typically obtained from the samples 

without the LT-GaAs layer. 

2.5.8 Non-Alloyed Ohmfc Contacts 

The dominant contact technology for GaAs-based devices includes an alloying step, 

which makes these contacts unsuitable as optical mirrors. Yamamoto et al. [94] have shown 

that ex situ non-alloyed contacts can be formed on LT-GaAs with a specific resistivity of 1 . 5 ~  

10" Q-cm2. Patkar et al. [95] have further developed non-alloyed contacts technology based 

on LT epilayers for both p- and n-GaAs, demonstrating a three order of magnitude reduction in 

specific contact resistivity as compared with the results by Yamamoto et al. [94]. The fact that 

these contacts are non-alloyed opens the possibility of their use as optical mirrors in 

applications such as solar cells, light emitting diodes (LED), and vertical cavity surface 

emitting lasers (VCSELs). 

2.5.9 Photomixing 

The photomixer is a compact solid-state source that uses two single-frequency tunable 

lasers to generate a THz difference frequency by photoconductive mixing in LT-GaAs [96-981. 

Photomixers can be used in a tunable LO for superconducting heterodyne receivers operating 

in the submillimeter band. Photomixer LO'S are being considered for use with satellite-based 

receivers operating in 0.4-2.7 THz range. The advantage of the photomixer LO over the 

Gum-diodes is the all-solid-state design, the HF capacity and the wide tuning range. 



Chapter 111 Rate Equation Model for LT-GaAs 

In this chapter we develop a phenomenological rate equation model describing the 

different dynamics in LT-GaAs. Then we validate the model by performing a wide range 

of optical measurements covering different wavelengths, intensities and excitation pulse 

widths. 

3.1 Rate Equation Model 

Figure 3.1 shows schematically the important excitation and decay processes for 

excitation with optical signals having energies (hv) larger than the band gap. In this 

model, we assume a large density of mid-gap trap states. Carriers trapped in these mid- 

gap states can be excited high into the conduction band by absorption of incident (hv) 

radiation. Our measurements show that for most conditions, carriers excited to states 

high in the conduction band will decay to trap states (24) before they have time to reach 

the bottom of the conduction band (23). Both the carrier trapping times (2, and 24) and 

the trap emptying time (n) are strongly affected by material growth and annealing 

conditions. The model can be applied irrespective of the details of the processes 

responsible for the carrier trapping and recombination. For unannealed LT-GaAs the 

dynamics are dominated by As point defects. For weakly annealed LT-GaAs the As 

clusters start to form and for strongly annealed LT-GaAs the As clusters dominate the 

dynamics. For the simplicity of the model we do not include the complex details of the 

trapping mechanism and they are all folded into a single trapping time for a given 

material. We are phenomenologically describing the mechanism as due to mid-gap states 

with an effective trapping times (21 and 24) and trap emptying time (22). 



Figure 3.1 Band diagram or'LT-GaAs showing the key excitation and decay processes in the rate equation 

model. 



In order to apply the rate equation model to the study of the dynamics of the 

optical properties of this material, we make the following assumptions: (a) N, the density 

of carriers at the bottom of the conduction band and n, the density of carriers excited to 

higher states in the conduction band, both contribute to refractive index changes; @) NT, 

the density of carriers in the mid-gap states contribute to induced absorption; (c) N, the 

carriers excited at the bottom of the conduction band contribute to absorption saturation. 

The equations describing the time dynamics of the carriers in LT-GaAs are given by 

where a is the band-to-band absorption coefficient, I is the intensity of incident light with 

photon energy hv; 

where a~ is the absorption coefficient from the traps to excited states in the conduction 

band; and 

where p is the two-photon absorption coefficient. In all cases the decay times refer to the 

relaxation processes indicated in Fig. 3.1. The total absorption is given by 

a ,o,o, = a + a , + ~ I = o N , ( l - N I N , ) + o , N , + P I  (3.4) 

where o is the cross section for the band-to-band transitions, No is the saturation carrier 

density, and OT is the cross section for absorption from the traps to the (n) excited states 

in the conduction band. 



3.2 Preliminary Measurements 

A series of LT-GaAs samples are grown by MBE at substrate temperatures of 

250, 300 and 350°C. The samples consist of a thin AlAs lift-off layer, 0.1 pm of 

AIosGso..~As, 2.0 pm of LT-GaAs and 0.1 pm of Si-doped (2x10'' cm-') GaAs, wi~h  all 

layers grown at 580°C except for the LT-GaAs. The epitaxial layers are lifted off the 

substrates [99], cemented onto glass slides, and antireflection coated on one side to 

eliminate Fabry-PBrot resonances. Due to the growth of t.he thin cap layer on top of the 

LT-GaAs, these samples are lightly annealed. A series of these samples are furthermore 

annealed ex situ for l h  at 600°C. 

These samples are used for preliminary measurements to characterize the material 

and determine if the material can be used for all-optical applications in 

telecommunications. In this section we only use the 300°C grown, lightly-annealed 

sample in our measurements. Unfortunately, we can not determine the amount of excess 

arsenic in this material, which would have helped us to compare these initial results with 

other work. 

3.2.1 Quasi Steady-State Measurements 

The dependence of the index change in LT-GaAs on the intensity of 3 ps pulses is 

measured for a series of wavelengths that span the band edge of LT-GaAs. The data 

points are obtained by using z-scan measurements [loo] and represent the average index 

change induced in the material during the time the pulse is passing through the sample. 

For these measurements we use the z-scan setup shown in Fig. 3.2 and the details are 

given in Ref. [loll.  
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Figure 3.2 Z-scan experimental setup where the ratio D2/D1 is measured as a function of the sample 

position z with respect to the focal plane. 

The index changes saturate at high intensities as shown by curves in Fig. 3.3. 

Index changes approaching - 0.1 are observed for laser pulses at 870 nm, which is 

resonant with the band gap of the LT-GaAs. These changes are 3 times larger than those 

observed for regular GaAs [102]. Figure 3.4 shows the dependence of the absorption on 

the light intensity for a series of wavelengths using the same sample used for the previous 

measurement. The data points represent the absorption during the passage of the 3 ps 

pulses through the sample. Our rate equation model has been fitted to the experimental 

data. We will not go into details in this section of how the model is used because we will 

discuss it thoroughly and systematically in the next section. 
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Figure 33 Average index changes as a function of average light intensity in a 300°C-grown lightly- 

annealed GaAs during the passage of 3 ps pulses at a series of wavelengths that span the band edge of the 

material. 
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Figure 3.4 Avenge absorption coefficient as a function of average light intensity in a 300°C-grown sample 

of lightly-annealed LT-GaAs during the passage of 3 ps pulses at a series of wavelengths that span the band 

edge of the material. 



3.2.2 Ultrafast Dynamic Measurements 

Experiments are performed using 150 fs pulses tunable around the band edge of 

the sample material. The studies described in the previous section were done with pulses 

of the order of, or longer than, the key relaxation rates. Thus the detailed ultrafast 

dynamics were not revealed. The measurements we discuss in this section allowed us, 

for the first time, to estimate the trap emptying time in this material. The absorption is 

probed with a variable delay afier an intense saturating pump pulse centered at zero delay 

(typical pump-probe setup shown in Fig. 3.5). 

Figure 3.5 Pump-probe experimental setup to measure transmission changes. 



1 I I I I I 

GaAs grown at 300°C . 0.8 - 
Y1 and lightly annealed 

- 

I I I I I 

-2.0 0.0 2.0 4.0 6.0 8.0 10.0 

Delay (PSI 

Figure 3.6 Measurement of the trapping time (TI) using pump-probe experiment with a weakly saturating 

150 fs pulse at 870 nm for the sample grown at 300°C. 

A conventional lock-in amplifier technique is used, where the time delay between 

pump and probe pulses is achieved via an optical delay path. Experiments with a weak 

saturating pulse exhibit a fast rise followed by a single exponential decay of absorption 

(due to band filling) providing a measure of the trapping time (7,) as seen in Fig. 3.6. 

At higher pump intensities the dynamics are quite complex as shown in Fig. 3.7 

by our experimental pump-probe measurements at 870 nm of the absorption dynamics of 

low-temperature-grown GaAs. Absorption saturation due to band filling is present; 

however, it is offset early on by an increase in absorption that decays away in time and 

causes a negative dip as seen in Fig. 3.7. This additional absorption process is optical 

excitation of carriers from the trap levels back into the conduction band. The dynamics 

of this additional absorption can be described as follows. Near zero delay, two-photon 

absorption of the pump places carriers high in the conduction band where they are then 



rapidly trapped in a time (rd) comparable to the resolution of our experiment. This leads 

to a rapid increase in the trap-related absorption as evidenced by the rapid decrease in 

transmission near zero delay (falling edge of sharp peak). The related increase in 

absorption due to carriers in the traps then decays away as the traps empty with a time 

(Q). The solid lines show a fit of our rate equation model to the experimental data. 
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Figure 3.7 Absorption dynamics of lightly-annealed GaAs grown at 300°C after excitation by intense 150 

fs pulse at 870 nm. The solid lines are the dynamic behavior predicted by our nte-equation model. 

Relatively good agreement with the experimental measurements is found for the 

following conditions: the trapping time of the camers at the bottom of the conduction 

band to the mid-gap states is rl = 1.4 ps; the decay time of the camers high in the 

conduction band, dominated by the trapping process to the mid-gap states as compared to 

relaxation time to the bottom of the conduction band (r3 >> .ra) is 54 = 0.31 ps; and the 

decay time of the carriers in the mid-gap states to the valence band is rz = 2.8 ps. 



3.3 Detailed Experimental Measurements 

The measurements and simulations in the previous section showed that LT-GaAs 

produces the largest known refractive index changes with ps response time. By using the 

300°C grown sample we have shown that the rate equation model can be used to describe 

the different dynamics in the material. 

Our previous measurements were obtained using a sample with different growth 

temperatures and annealing conditions than the samples we report here, which have a 

broader range of annealing conditions. Since the samples are grown in different reactors 

and since the determination of the substrate temperature is inaccurate at these 

temperatures, it is difficult to directly compare the work we are going to present in the 

next sections to the work discussed in the previous section. As well the previous samples 

were annealed in situ, so x-ray difiction cannot be used to characterize the samples. 

However, the general trends we observe are consistent and the model can be used to 

predict the dynamics of the optical properties of samples from either set equally well. 

The samples we characterize in this work are grown on an n-type (n > 1018 cm-') 

GaAs substrate by MBE, and consist of a 500 A AlAs lift off layer and either a 1.5pm 

LT-GaAs layer grown at 270°C or a 1.07 pm LT-GaAs layer grown at 220°C. Because 

of the inevitable uncertainty associated with the accurate determination of the substrate 

temperature at such low values as mentioned in chapter two, we use the amount of excess 

arsenic incorporated in the material as the true measure to compare materials grown by 

different systems. 

The amount of excess arsenic can be estimated by using the x-ray diffraction 

measurement together with the expression derived by X. Liu et al. [29] relating the x-ray 



splitting to the concentration of arsenic antisite (A%,) defects. The x-ray diffraction 

measurements for the two samples in Fig. 3.8 show a splitting of 80 and 110 arcsec 

corresponding to (AsGa) concenhation of 4 .83~10 '~  cm" and 6 . 6 4 ~ 1 0 ' ~  cm-' for the 

270°C and 220°C, respectively. 

The hvo samples are cleaved into 4x10 mm pieces then rapid thermal annealed for 

30 seconds at temperatures from 500 to 900°C with 100°C steps. To avoid effision of As 

during annealing the samples are placed upside down onto a GaAs wafer. The LT-GaAs 

layer is then lifted off the substrate 1991, cemented onto a glass slide and antireflection 

coated on one side to eliminate Fabry-PCrot resonances. The following measurements are 

obtained using a mode-locked Ti:sapphire laser as the excitation source. 

As we mentioned earlier there is a broad spectrum of materials that can be 

produced by controlling the growth and annealing conditions. First we can have 

unannealed LT-GaAs, where the material does not undergo any annealing and the excess 

arsenic is incorporated in the form of point defects. Second type is the lightly-annealed 

LT-GaAs, which is annealed for short time (30-60 sec) at low temperatures (T, 5 600°C). 

In this material the point defects start to form arsenic clusters and one has a combination 

of both point defects and small arsenic clusters. The third type is the heavily-annealed 

LT-GaAs, which is formed by either annealing the material for longer times or at higher 

temperatures (T, > 700°C). In this material the excess arsenic is dominated by the arsenic 

clusters. In our work we differentiate between the lightly- and heavily-annealed LT- 

GaAs by using the linear absorption measurements. For the lightly-annealed material the 

band edge is smeared out, whereas for the heavily-annealed material there is a sharp band 

edge similar what has been observed for regular GaAs. 





3.3.1 Model Constants 

In this section we determine the constants needed for the rate equation model in 

order to use it to describe our experimental results. 

(a) Two-Photon Absorption (TPA) Measurements 

We demonstrate the first direct measurement of the two-photon absorption (TPA) 

coefficient in LT-GaAs and show how it varies with growth and annealing temperatures. 

When the incident field wavelength is such that Eg/2 < hc/h < E, , electrons make the 

transition from the valence band to the conduction band by simultaneously absorbing two 

photons. The strength of this process is described by the TPA coefficient P ( a ~ p ~  = PI). 

To estimate the TPA coefficient we use the z-scan setup (single beam 

measurement) as shown in Fig. 3.2, but without the aperture and measure the light 

transmitted through the sample (as described in details in App. A). Since we are using 

high intensities and operating at the band tail (wavelength between 880 and 900 nm), we 

expect two-photon absorption to dominate over single photon absorption. Using the 

linearly increasing dependence of the two-photon absorption on intensity, we can easily 

distinguish it from single-photon absorption (direct band-to-band absorption or a two step 

mid-gap state mediated process) which decreases with intensity. 

By fitting the simulations (the two-photon absorption coefficient is the only 

unknown) to the experiments we can obtain the values for the TPA coefficient. In Fig. 

3.9 we show the normalized transmittance as a function of sample position for the sample 

grown at 220°C and annealed at 800°C and the sample grown at 270°C and annealed at 

700°C at h = 900 nm. The best fit for the two samples is achieved by using TPA 

coefficient equal to 34 and 35 c d G W  respectively. 
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Figure 3.9 Normalized transmittance as a function of sample position (2-scan data) using 150 fs pulses at 

A = 900 nm for (a) sample grown at 220°C and annealed at 800°C and the average power is - 9 pW with a 

spot size - 2 pm and (b) sample grown at 270°C and annealed at 700°C and the average power is - 1: pW 

with a spot size - 1.6 pm. The solid l i e s  are the theoretical results and with (a) P = 34 c d G W  and (b) P = 

35 cdGW. 



In Fig. 3.10 we show that the samples annealed at low temperatures have a TPA 

coefficient almost double the values reported for regular GaAs [103]. The TPA 

coefficient decreases with increasing annealing temperatures and approaches the values 

for regular GaAs (-26 cm1GW [103]) under substantial annealing. We also observe that 

the value of the TPA coefficient is smaller for higher growth temperatures as shown in 

Fig. 3.10. We have verified that the measured TPA coefficient is independent of the 

excitation spot size and laser peak intensity as illustrated in Table 3.1. The large TPA 

coefficient we measure in LT-GaAs could be used to advantage in optical limiting [I031 

and autocorrelation devices [104]. 
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Figure 3.10 Experimental measurements of the two-photon absorption (TPA) coefficient as a function of 

annealing temperatures for LT-GaAs grown at 220°C and 270°C. 



Table 3.1 TPA coefficient measured using different beam spot sizes and peak intensities for the sample 

grown at 270°C and annealed at 900°C. 

@) Trapping Times 

The electron trapping time (7,) is measured with a typical pump-probe experiment 

as shown in Fig. 3.5. Carriers at the bottom of the conduction band are created by a 

pump at a wavelength resonant with the band gap (870 nm), while the probe (at the same 

wavelength) is used to monitor the dynamics of the carriers at the bottom of the 

condustion band. This technique is sensitive to the electron population in the conduction 

band due to the much larger density of states in the valence band. The pump beam is 

chopped at 2 H z  and focused to a 14 pm diameter spot on the samples and the delayed 

probe beam is focused to a slightly smaller area inside the pump spot. Pump and probe 

average power levels are 1 mW and 4 pW, respectively. Changes in the transmitted 

probe power that are caused by the presence of photogenerated carriers from the pump 

beam are recorded using a lock in amplifier as a function of the time delay between the 

pump and probe pulses. 

The photocarrier lifetime (TI) for the material is defined as the time it takes the 

transmission change to drop to lle its maximum value. From Figs. 3.11 (a) and @) we 

see that the trapping rates increase with lower growth and annealing temperatures. 
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Figure 3.11 Normalized dynamic bansmission changes after excitation with a 150 fs pulse at a wavelength 

(h = 870 nm) resonant with hand gap for (a) the sample grown at 220°C and @) the sample grown at 270°C. 

The optically-excited carrier density is - 10" mi3. 



These measurements are consistent with what has been reported in the literature 

[65-691. For lower growth temperatures the amount of excess As (point defects and As 

clusters) incorporated into the material is increased leading to an increased trapping rate. 

Under higher temperature anneals the number of point defects decreases and the number 

of As precipitates decreases as they coarsen, leading to a reduced probability of the 

carriers being trapped and a longer carrier lifetime. 

Two features are observed in the measurements shown in Fig. 3.1 1 @) for the 

sample grown at 270°C. For the annealed samples the initial fast decay for times less 

than 1 ps is due to redistribution of the carriers out of their initial states by carrier-canier 

scattering. This is followed by a longer decay representing the trapping of the carriers at 

the bottom of the conduction band (TI). Another observation is the induced absorption 

(AT/T < 0) for the unannealed sample and this is attributed to a build up of population in 

the trap states. The slow decay fiom the trap states leads to a large excess population of 

trapped carriers (>> annealed samples), which can build up as a result of the fast (74) 

trapping process. 

(c) Trap Emptying Times 

Rapid trap emptying times are essential for any application, which requires not 

only a material that has a fast response, but also one that recovers to its equilibrium state 

rapidly. 

For direct measurement of the trap emptying times we used the same pump-probe 

experimental setup but at a wavelengths well below the GaAs band edge (> 870 nm) 

where the sample is relatively transparent and thus does not exhibit the absorption 

saturation observed for the band gap resonant pumping. By using a high intensity pump 



we can excite carriers in the conduction band primarily through two-photon absorption. 

These carriers have high excess energy and are rapidly trapped (74) into the mid-gap 

states. This build-up of population in the mid-gap states results in an increase in the trap 

related absorption, which subsequently decays with a time constant 72 (recombination 

time for the trapped electrons or trapping time for holes). 

We plot this increase in absorption as a function of pump-probe delay in Fig. 

3.12. From Figs. 3.12 it can be seen that with the different annealing temperatures, the 

trap emptying times vary from - 1 ps to 7 ps for the sample grown at 220°C and from - 2 

ps to 10 ps for the sample grown at 270°C. For the more strongly annealed samples, the 

trap emptying times are slower. This can be understood in terms of the reduced number 

of mid-gap states present in the more strongly annealed samples. The times needed to 

capture a hole and thus "empty" the trap with fewer mid-gap states will be longer. The 

trapping times also increase with increasing the growth temperatures since the number of 

mid-gap states is less for the higher growth temperatures. 

This is different than what Siegner et al. [71] observed in their measurements. 

But this is simple to explain since they used unannealed samples in their study. The long 

negative tail they measure is due to the induced absorption resulting from the excessive 

concentration of defects in their samples. Also, for the unannealed (and lightly annealed) 

samples the localized states play an important role in the recombination process. By 

increasing the growth temperature the point defects and localized states concentration are 

reduced and therefore the decay times measured are reduced. 



Figure 3.12 Normalized dynamic absorption changes aRer excitation with a 150 fs pulse at a wavelength (h 

= 970 nm) well below the band gap for (a) sample grown at 270°C and @) sample grown at 220°C. The 

optically-excited carrier density is - 10'~crn''. 



On the other hand, Lochtefeld et al. [70] performed a more extensive study and 

they observed the same recombination time dependence for unannealed LT-GaAs as 

Siegner's measurements and for annealed LT-GaAs as our work. 

Both groups are using optical excitation at energies larger than the band gap of the 

material and therefore they are not getting accurate measurements of the recombination 

times. In our case we are directly measuring the trap emptying times. 

For all the samples grown at 220°C and the samples grown at 270°C and are 

weakly annealed (30 seconds at 500°C and 600°C), absorption increases in a time on the 

order of the 150 fs pump pulse indicating that carriers high in the conduction band are 

trapped rapidly (y) compared to those near the bottom of the band, which are trapped in 

1 ps or more for these same samples. The samples grown at 270°C and are strongly 

annealed (30 seconds at 800°C and 900°C) show a pronounced rising edge (with a time 

constant of ~4 - 0.6 and 1 ps respectively) to the onset of the induced absorption, which 

indicates that the trapping time of carriers placed high in the conduction band also 

increases with stronger anneals. 

For wavelengths closer to the band edge, significant long time constant 

phenomena are observed, as shown in Fig. 3.13. For the weak (low temperature) 

annealing samples, a substantial long-term absorption saturation component is observed. 

This can be understood by taking into account the large absorption increase, which 

extends over the whole wavelength range for weakly annealed samples as shown in Fig. 

3.14. This absorption increase is primarily due to the existence of localized (shallow) 

states formed by potential fluctuations, which are weakly coupled to their respective 

bands and the mid-gap states [105]. We would expect carriers in these states to have 



relatively long lifetimes, and absorption saturation due to carriers in these states to be 

relatively long lasting [73]. 

For the lightly annealed samples we observe smearing of the band edge due to the 

substantial concentration of defects resulting in a significant increase in one-photon 

absorption from these defects. Only at annealing temperatures above - 600°C we see 

clear indication of a band edge structure. 

Thus, we interpret the long absorption saturation tails seen near the band edge in 

weakly annealed samples (Figs. 3.13 (a)) to carriers excited to these shallow states by 

one-photon absorption from the pump pulse. For the lower growth temperature (220°C) 

we expect that the long term absorption saturation component will be more pronounced 

due to the higher concentration of localized states as compared to the higher growth 

temperature (270°C). This is shown in Fig. 3.13 @), where we measure the absorption 

increase at a wavelength close to the band edge (905 nm) where we observe that the 

bleaching of the absorption is more pronounced and longer lasting for the sample grown 

at 220°C and annealed at 500°C. 

The absorption measurements in Figs. 3.14 also show that for photon energies 

above the band gap, the defect absorption is strongly reduced by annealing due to the 

reduction of the point defects, which is similar to the measurements reported by Streb et 

al. [76]. For the higher annealing temperatures (800°C and 900°C) the band edge 

structure becomes more pronounced and it starts to approach the sharpness of regular 

GaAs. 



Figure 3.13 Normalized dynamic absorption changes after excitation with a 150 fs pulse at a wavelength (I 

= 905 nm) below the band gap for (a) the sample grown at 270°C and (b) the sample grown at 220°C. The 

optically-excited carrier density is -3% 10'~crn-'. 
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Figure 3.14 Absorption coefficient of the samples grown at (a) 220°C and (b) 270°C and annealed at 

different temperatures as a function of the wavelength. 



For the stronger (higher temperature) annealed samples the Q decay process is 

nonexponential, and has a long tail of induced absorption due to the reduced 

concentration of mid-gap states. In these samples the arsenic clusters have to be 

considered. From Nolte's calculation 1771 the arsenic (metallic) clusters contribute to an 

extra absorption component, which is proportional to cube of the diameter of the arsenic 

clusters. The size and density of clusters is higher for the samples grown at lower 

temperatures 1511. This may explain why in Fig. 3.13 @) we observe for the sample 

grown at 220°C and annealed at 900°C a longer induced absorption tail compared to the 

sample grown at 270°C and annealed at 800°C. 

Experiments are performed on the 500°C and 800°C annealed samples over a 

range of excitation intensities to study the effects of the photoexcited carrier density on 

the decay processes. Our measurements show that the weakly annealed (500°C) sample 

has significant effects due to one-photon absorption of the incident 880 nm light, while 

for the more strongly annealed (800°C) sample, two-photon effects is dominant. For the 

500°C sample, the trap emptying does not depend on the excited carrier density, and 

consists of a fast (- 3 ps) decay with a slow (- 100 ps) tail. For the 800°C sample, the 

trap emptying time depends strongly on the excited carrier density, as shown in Fig. 3.15. 

The large increase at carrier densities approaching 10" is interpreted as a bottleneck 

associated with the limited number of hap/recombination centers available in strongly 

annealed material. 

There is a trade-off between long lasting caniers in the shallow states for weakly 

annealed material and the reduced number of mid-gap states for strongly annealed 

material. Another trade-off is the higher concentration of shallow states for samples 



grown at lower temperatures (220°C) and the reduced number of mid-gap states for 

samples grown at higher temperatures (270°C) increasing the recombination times. 

Therefore, optimum growth and annealing temperatures have to be considered to 

reduce the localized states and to avoid the bottleneck due to the reduced number of mid- 

gap states. 

120 

100 - z - 80 ; 
F 
p 60 .- 

40 
W 
a 

20 

0 
I 0  l8 10 " 10 10 lo 

Carrier Density (ern") 

Figure 3.15 Mid-gap trap emptying times (Q) measured at h = 880 nm as a function of initial excited 

carrier density for sample grown at 270°C and annealed at 80O0C. For optically-excited carrier densities 

above -2x10'~cm~~,  the decay exhibited fast and slow components. 



(d) Absorption Cross-Section Measurements 

Absolute measurements of the changes in probe absorption observed in the 

previous experiment are used to characterize the strength of the cross-section for 

absorption from the trap states back into the conduction band. This additional absorption 

is described by 

a, = oTNT (3.5) 

where cT is the absorption cross-section for the mid-gap states. 

To measure the strength of the absorption cross-section for the sample grown at 

270°C and annealed at 700°C and 800°C, we use an intense pump at 880 nm to pump 

carriers via TPA high in the conduction band producing - 10" cm-' carriers. These 

carriers are trapped in the mid-gap states in less than 1 ps, generating carrier 

concentration in the mid-gap states of NT - 10" cm". For the weak probe at 880 nm we 

measure at this carrier density aT of 4600 cm" giving a corresponding c r ~  - 5 x 1 ~ ' ~  cm2 

from Eq. 3.5. 

From our measurements along with the simulations using the rate equation model 

we find that GT is not affected by the annealing temperatures. We believe that this is due 

to the fact that the amount of excess arsenic is the same (either in the form of point 

defects or arsenic clusters) for a specific growth temperature. For the samples grown at 

220°C the absorption cross-section c r ~  is measured to be - 3 x 1 ~ ' ~  cm2. 



3.3.2 Model Validation 

In this section we present measurements of the nonlinear optical properties that 

are most critical for optical switching device design and operation and use these 

measurements to validate our model. 

3.3.2.1 Quasi-Steady State Experiments 

In these measurements a steady-state population distribution is assumed to be 

reached during the 3 ps pump pulse. All measurements are averaged over the pulse 

duration. 

(a) Absorption Saturation 

As shown in Fig. 3.16 we measure in a sample grown at 270°C and annealed at 

800°C the absorption coefficient as a function of light intensity from a wavelength 

resonant with the band gap (870 nm) to excitation energies higher than the energy gap of 

the material (830 nrn). From the absorption measurements and the fits with the model we 

found that the absorption saturation carrier density at the bottom of the conduction band 

is close to a linear function of the wavelength as shown in Table 3.2. 

Absorption saturation for longer wavelengths can be achieved at lower powers 

since less photons are needed to saturate the reduced number of states available at the 

bottom of the conduction band for these wavelengths. 

In Fig. 3.17 we show how different growth and annealing conditions affect the 

absorption saturation in LT-GaAs. The measurements are done at a wavelength resonant 

with the band gap (870 nm) for the samples grown at 270°C and annealed at 700,800 and 

900°C and the sample grown at 220°C and annealed at 900°C. 



Intensity (GW/crn2) 

Figure 3.16 Average absorption coefficient as a function of average light intensity in a sample grown at 

270°C and annealed at 800°C during the passage of 3 ps pulses at various wavelengths. Solid curve is 'om 

the computer simulation based on rate equations. 

Table 3.2 The saturation carrier density No change with wavelength for the sample grown at 270°C and 

annealed at 80O0C obtained from the simulations used to fit the quasi-steady state measurements. 
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Figure 3.17 Average absorption coefficient changes induced by 3 ps pulses as a function of average light 

intensity nt a wavelength = 870 nm in (a) the samples grown at 270°C and annealed at 700°C, 8CO°C and 

90O0C, and (b) the sample grown at 220°C and annealed at 900°C. Solid curve is from computer simulation 

of rate equations. 



For the measurements in Figs. 3.16 and 3.17 the absorption saturation is only 

partial, in contrast to the complete saturation observed in regular GaAs [102]. The 

incomplete absorption saturation in LT-GaAs is due to the large number of mid-gap 

states. We also observe that the change in absorption is increased for the samples grown 

and annealed at higher temperatures since the concentration of mid-gap states is 

decreased. But still the absorption saturation is incomplete for the strongly annealed 

samples resulting from the excess residual absorption due to optical absorption in a 

composite material of dilute spherical particles (As clusters) embedded in an absorbing 

medium (GaAs) (Nolte [77]). 

In Figs. 3.16 and 3.17, no variations with respect to time is assumed in our model 

(Eqs. 3.1-3.3) to obtain the steady state carrier densities. These values along with the 

assumption of no two-photon absorption are then applied in Eq. 3.4 to calculate the total 

absorption in the material. 

(b) Refractive Index Changes 

In Figs. 3.18 we show the results of measurements, using the z-scan technique 

[100,101], of the average index change induced in the material during the time the pulse 

is passing through the samples, as a function of the incident light intensity. In the 

previous measurements presented in section 3.2 for different growth conditions we have 

observed the largest known refractive index changes with ps response. For the growth 

and annealing conditions used in this section we measure index changes that are 

approximately two times larger than those observed for regular-temperature grown GaAs 

[102]. 



The index changes measured are not caused by thermal effects because the z-scan 

signature is opposite for a thermal nonlinearity (positive) and the laser pulse repetition 

rate is reduced to 4 kHz to minimize any possible thermal problems. 

From Figs. 3.18 (a) and @) it is obvious that the refractive index changes for a 

given light intensity increase as the growth and annealing temperatures increase except 

for the sample grown at 270°C and annealed at 900°C. Z. Liliental-Weber et al. 11061 

have shown a degradation in the quality of LT-GaAs annealed at high temperatures due 

to As effusion. Some indication for the degradation of the sample grown at 270°C and 

axmaled at 900°C can be seen in the absorption measurements shown in Fig. 3.14, where 

we obtain a higher value for the absorption coefficient over the whole wavelength range. 

But still for this sample the pronounced band edge structure is obtained with a slight red 

shift. 

For the simulations we calculate the total number of carriers excited in the 

conduction band (n +N) by using the rate equation model for steady state conditions. 

Then we calculate the carrier induced refractive index changes by using the theory of 

Banyai and Koch [I071 for GaAs which takes into account exciton effects, band filling 

and band gap renormalization. We believe that using Banyai and Koch theory reasonably 

depicts the refractive index changes in LT-GaAs due to the material's good crystalline 

quality. 

Good agreement is found between the quasi-CW experimental measurements 

(absorption saturation and refractive index changes) and the predictions of the model in 

steady state for the conditions shown in Table 3.3. 
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Figure 3.18 Avenge refractive index changes induced by 3 ps pulses of varying light intensity at a 

wavelength h = 870 nm in (a) the samples grown at 270°C and annealed at 700DC, 800°C and 900°C, and 

(b) the sample grown at 220°C and annealed at 900°C. Solid curve is from computer simulation of nte 

equations. 



Table 3 3  Comparison of the time constants for the samples grown at 270°C and annealed at 700°C, 800°C 

and 900°C and the sample flown at 220DC and annealed at 900°C. 

Sample grown at 270°C and Sample grown at 

annealed for 30 sec at 220°C and annealed for 30 sec at 

900°C 

2.5 ps 

From the reeactive index changes we measured in this section and the ones 

reported in the previous section, we find that index changes increase with annealirrg 

temperatures. We also conclude that index changes increase with the growth temperature 

up to an optimum growth value and then decrease, approaching regular GaAs index 

changes. This is important because it allows us to optimize index changes achievable. 

3.3.2.2 Ultrafast Dynamic Measurements 

Here we are using a 150 fs pump-probe setup to reveal the detailed ultrafast 

dynamics and for each case our rate-equation model is fitted to the experimental data. 

Initial experiments with a relatively weak saturating pulse at a wavelength resonant with 

the band gap (h = 870 nm) exhibit a fast rise followed by a single exponential decay of 

absorption saturation (due to band filling) providing a direct measurement of the trapping 

time (TI) as seen in Fig. 3.19 (a). In the experiment initially the camer scatter out of their 

initial excited states by carrier-carrier scattering and assume a broad distribution in 



energy within several tens of femtoseconds. This process is not included in our model 

since we are concentrating on the interaction of the excited states with the mid-gap states 

and therefore our rate-equations did not model these initial processes in Fig. 3.19 (a). 

In Fig. 3.19 @) we show different pump-probe dynamics where we ate measuring 

the increase in absorption at a longer wavelength (970 nm). The initial fast rise in 

absorption increase is due to the fast trapping of the carriers excited high in the 

conduction band and the slow exponential decay represents t!e recombination (trap 

emptying) process (72). For this case (1 = 970 nm), the carriers pumped via the TPA 

mechanism will be excited lower in tile conduction band (i.e. lower carriers velocity) than 

the previous case ( 1  = 870 nm). We would expect the trapping time u to be longer at 

longer pump wavelengths, since we expect the carrier trapping time by the mid-gap states 

to be inversely proportional to the carrier velocity [log]. In the model fit we use a 

trapping time (74) - 1 ps which is longer then 74 measured for the 870 nm case (74 - 0.5 

ps). We extrapolate the value for the saturation carrier density at 970 nm (No = 

1.2~10 '~cm~)  from the data in Table 3.2. 

The long 73 process can be understood as a manifestation of the phonon 

bottleneck effects in LT-GaAs reported in Ref. [log]. 

For the sample grown at 270°C and annealed at 800°C, Table 3.4 compares the 

time constants found from the rate equation fits for the dynamic data with the quasi-CW 

data. It can be seen that very good agreement is obtained, even though, for the 150 fs 

case, two-photon absorption effects play an important role, and no assumptions of steady 

state camer concentrations under the optical excitation are made. 
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Figure 3.19 (a) Probe transmission change versus delay from pump at a wavelength h = 870 nm for GaAs 

grown at 270°C and annealed for 30 seconds at 800°C. 

(b) Normalized dynamic absorption change versus delay from pump at a wavelength h = 970 nm for GaAs 

grown at 270°C and annealed for 30 seconds at 800°C. 

The continuous line is the dynamic behavior predicted by our rate equation model. 



Table 3.4 Comparison of the time constants used to fit rate-equation model to experimental data at a 

wavelength h = 870 nm using a) 3 ps pulses (quasi-CW); and b) 150 fs pulses for GaAs grown at 270°C 

and annealed for 30 seconds at 800°C. 

In the simulations for the rate equation model in both the quasi-steady state and 

ultrafast dynamic cases q , 5 4 ,  No and o were used as fitting parameters. With our rate 

TI 

72 

T3  

Q 

equation model we succeeded in fitting experimental measurements obtained with 

different pulse widths and wavelengths. This gives us confidence in the validity of our 

model since a good fit cannot be obtained if any of the fitting parameters are varied by 

more than 10 %. 

Quasi-CW 

(3 PSI 
4.5 ps 

9.5 ps 

a (>> 7 4  ) 

0.6 ps 

Dynamic 

(1 50 fs) 

4.5 ps 

8 PS 

900 ps 

0.5 ps 



Chapter IV Optimization of LT-GaAs for Ultrafast All-Optical Switching 

In this chapter we discuss the different aspects involved in optimizing LT-GaAs for 

ultrafast all-optical switching devices. We investigate the influence of the pulse width and the 

excitation pulse intensity on the material using two sets of pulse widths. One is the 3 ps pulse 

set where steady state distribution is reached since these pulses are of the order of, or longer 

than, the key relaxation rates. The other is the 150 fs pulse set where the variations with 

respect to time have to be considered and the two-photon absorption has an important role in 

our measurements. 

We consider the effect of the growth and annealing temperatures on achieving optimum 

device operation. The rate equation model developed in the previous chapter is used to 

validate our interpretations for the index changes and absorption changes in the material. We 

also use the model to try and minimize the absorption, and thus the loss in a device fabricated 

from this material. 

4.1 Refractive Index Changes 

In this section we will discuss the effect of growth and annealing conditions and the 

excitation pulse width on the refractive index changes obtained in LT-GaAs. 

4.1.1 Excitation Pulse Width Effect 

For optimum operation of all-optical switching devices, the inflaence of the excitation 

pulse width on the optical characteristics of the material is important. Using the z-scan setup 

shown in Fig. 3.2, we measure the refractive index changes in LT-GaAs using either 150 fs or 

3 ps pulses. The index changes measured in Figs. 4.1 and 4.2 show that the index changes 

induced by the 150 fs pulses are smaller than those induced by 3 ps pulses. 
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Figure 4.1 Avenge index changes measured as a function of average light intensity incident on a 270°C grown 

sample during the passage of (a) 150 fs pukes and (b) 3 ps pulses at h = 870 na 
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Figure 4.2 Average index changes measured as a function of average light intensity incident on a 220°C grown 

sample during the passage of (a) 150 fs pulses and @) 3 ps pulses at I = 870 nm. 



This behaviour can be explained by considering that there is sufficient time in the case 

of the 3 ps pulses for carriers to build up in the mid-gap states, and the additional absorption 

due to these carriers leads to a higher carrier concentration in the conduction band and finally 

to larger index changes. On the other hand, for the 150 fs pulses, by the time the carriers get 

trapped the pulse has already exited the sample and there is no source to induce the extra 

absorption component available in the case of the longer pulse. 

To illustrate the detailed dynamics in the material we pick an incident intensity value in 

the saturation region shown in Figs. 4.1 and 4.2. Using the rate equation model that we have 

developed in the previous chapter we calculate the total number of carriers created in the 

conduction band (n + N) for both pulse widths. According to our rate equation model 

assumptions, the total number of carriers excited into the conduction band contributes to the 

refractive index changes. For the calculations in Figs. 4.3 we use the model constants 

measured for the sample grown at 270°C and annealed at 800°C in chapter 3. Then we 

calculate the camer-induced refractive index changes by using the theory of Banyai and Koch 

[I071 for GaAs. 

As seen in Figs. 4.3, we saturate the band-to-band absorption at carrier densities equal 

to No = 2.2 x 10" at a 870 nm wavelength (Table 3.2). From Fig. 4.3 the peak carrier 

density excited into higher states in the conduction band (n) from the mid-gap states for the 3 

ps pulse is - 2.4 x 10" cm-3 whereas the value drops to - 8 x 10" cmS3 for the 150 fs pulse. 

For the 150 fs pulse this value is obtained at the peak of the pulse and for the 3 ps pulse this 

value is created at the trailing edge of the pulse emphasizing the fact that the carriers (n) need 

some time to build up. These values are peak values and to compare our calculations to the z- 

scan measurements one must average the carrier density values over the pulse width. 
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Figure 4 3  Calculated carrier density created at the bonom of the conduction band (N), at higher states in the 

conduction band (n) and total carrier density in the conduction band (n+N) by (a) 150 fs and I = 9 Gw/cm2 and 

(b) 3 ps and I = 0.9 G W / C ~ '  pulses at A = 870 nrn using the rate equation model for the sample grown at 270°C 

and annealed for 30 sec at 800°C. 



The total average carrier concentration in the conduction band obtained from the 

calculations shown in Fig. 4.3 is equal to - 3.65 x 10" and - 2.5 x 10" cmS3 for the 3 ps 

and 150 fs pulse cases, respectively. The corresponding index change values for the 150 fs and 

3 ps total average carrier density calculated by the rate equation model are (- 0.047) and 

(- 0.071). These results are very close to the measured values as shown in Fig. 4.1, validating 

our interpretation for the larger index changes for the 3 ps case. 

The index change pulse width dependence decreases by decreasing growth and 

annealing temperaturps. We observe the minimum increase for the sample grown at 220°C and 

annealed at 500°C (- 8 %) whereas the maximum is observed for the sample grown at 270°C 

and annealed at 800°C (- 57 %). 

For the samples grown and annealed at lower temperature the index change dependence 

is not as large as in the case of the higher growth temperature since the trapping and trap 

emptying times are faster and therefore there is not enough time for a large population to build 

up in the conduction band. 

4.1.2 Influence of Growth and Annealing Temperatures 

In this study we are using two different sets of samples grown in different MBE 

reactors. The first is a series of samples grown with a cap layer as described in section 3.2. 

The other set is samples grown without a cap layer and annealed at different temperatures ex 

situ as described in section 3.3. By using the two sets in this study we cover a wide range of 

growth and annealing conditions. 

The samples with the cap layer cover a wider range of growth temperatures. One of the 

samples (350°C) is even outside what is actually defined as low-temperature-grown MBE 

GaAs (200°C < T, < 300°C) and lies in the lower limit of the intermediate-temperature growth 



region of MBE GaAs (300°C < T, < 500°C). On the other hand the samples without the cap 

layer cover a wider range of annealing temperatures and have the advantage of no in situ 

annealing and therefore they can be compared to unannealed LT-GaAs studied by other 

researchers. 

From Figs. 4.1 and 4.2 it is clear that the index changes increase with higher growth 

and annealing temperatures except for the sample grown at 270°C and annealed at 900°C as 

discussed earlier in section 3.3.2.1 (b). 

By performing the same z-scan measurements for the refractive index changes on the 

samp!es with the cap layer using 3 ps pulses we obtain the results shown in Figs. 4.n, 4.5 and 

4.6. We can see the same index change trends as for the other set of sam~!es. The index 

change increases as the growth temperature increases until a certain growth temperature 

(300°C < T, < 350°C), where it starts decreasing and eventually it will reach the values 

reported for regular GaAs at growth temperatures close to 580°C. It is obvious that annealing 

also increases the rekactive index change until the material starts to turn into polycrystalline as 

the case for the sample grown at 270°C and annealed at 900°C. For the capped samples with 

the extra l h  ex situ annealing at 600°C (heavily-annealed) we see the same trend of increased 

index changes due to annealing. 

The sample grown at 300°C and annealed at 600°C for lh  exhibits an index change, as 

high as (- 0.13) at 870 nrn and high intensities as shown in Fig. 4.5. Also the index change 

saturates much more easily, so that large index changes are obtained at lower intensities. For 

the capped samples with the extra l h  ex situ annealing at 600°C (heavily-annealed) we see the 

same trend of increased index changes due to annealing. 
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Figure 4.4 Average index changes measured as a function of average light in (a) 250°C lightly-annealed sample 

and (b) 250°C heavily-annealed sample during the passage of 3 ps pulses at a series of wavelengths that span the 

band edge of the material. 
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Figure 4.5 Avenge index changes measured as a function of avenge light in (a) 300°C lightly-annealed sample 

and (b) 300°C heavily-annealed sample during the passage of 3 ps pulses at a series of wavelengths that span the 

band edge of the material. 
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Figure 4.6 Average index changes measured as a function of average light in (a) 350°C lightly-annealed sample 

and (b) 350°C heavily-annealed sample during the passage o f  3 ps pulses at a series of wavelengths that span the 

band edge of the material. 



These are both desirable effects but are offset by a substantial increase in loss (- 2000 

cm-') in the annealed samples as can be seen in Fig. 4.7. This increase in loss appears to vary 

as 111 and is likely due to Rayleigh scattering from the As precipitates formed during 

annealing. 

A high density of large precipitates would also be expected to form in the thin Si doped 

cap layer [48]. A major part of the loss increase may be due to scattering from this surface 

layer. There is a clear indication that the index change can be maximized at a certain growth 

and annealing conditions. 

EM1 880 900 920 
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Figure 4.7 Measured loss per unit length versus wavelength curves for the lightly-annealed LT-GaAs samples 

grown at 300°C and the sample grown at 300°C and further annealed for Ih at 600°C. 



To understand the influence of growth and annealing temperatures on the refractive 

index changes we have to consider the measurements in Secs. 3.3.1 @) and (c) for the trapping 

and trap emptying times and their dependence on both the growth and annealing temperatures. 

We have shown that both times increase with increasing the growth and annealing 

temperatures. The refractive index changes we measure are larger for higher growth and 

annealing temperatures since both times increase and therefore a larger population of carriers 

can build up in the conduction band (n + N). 

For the measurements shown in Figs. 4.4 to 4.6 the refractive index changes decrease 

with increasing the wavelength since the number of states available for the shorter wavelength 

is higher and therefore a larger population of carriers will build up in the conduction band. 

To check the validity of our index change measurements for the different growth 

temperatures we use the time constants measured in chapter 3 for the sample grown at 220°C 

and annealed at 900°C in the rate equation model. To compare these calculations to the ones 

done for the sample at 270°C and annealed at 800°C we use the same intensities. For these 

values we saturate the band-to-band absorption for both samples (No = 2.2 x 10" cmS at h = 

870 nm). For the higher growth temperature in Fig. 4.8 we obtain larger carrier density in the 

states high in the conduction band (n) due to the slower trapping times. 

The average over the pulse width for the total carrier density in Fig. 4.8 is - 2.28 x 10" 

cm-3 and - 2.66 x 10" cm" corresponding to index changes (- 0.042) and (-0.050) for the 150 

fs and 3 ps cases, respec:iGcly. 
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Figure 4.8 Calculated carrier density created at the bottom of the conduction band (N), at higher states in the 

conduction band (n) and total carrier density in the conduction band (n+N) by (a) 150 fs and I = 9 G W I C ~  and 

(b) 3 ps and I = 0.9 G ~ l c d  pulses at A = 870 nm using the rate equation model for the sample grown at 220°C 

and annealed for 30 sec at 900°C. 



As shown in Figs. 4.8 and compared to Figs. 4.3 the total carrier density in the 

conduction band calculated for both samples show that we obtain a higher carrier density for 

the sample grown at higher temperature resulting in a higher index change 

We can see that very good agreement is obtained between both the calculated and 

measured refractive index changes. 

If the growth temperature is increased further the number of mid-gap states is reduced 

resulting in a decreased number of trapped carriers and hence decreasing the additional 

absorption available from the traps, reducing the refractive index obtained. 

4.2 Absorption Changes 

The absorption changes and saturation in LT-GaAs is another important factor which 

has to be considered in all-optical device design. In case of designing a guiding structure the 

absorption has to be minimized. On the other hand for a Fabry-PCrot device the absorption is 

crucial for the active layer thickness and the antireflection coating. 

4.2.1 Excitation Pulse Width Effect 

In Figs. 4.9 and 4.10 we measured the absorption as a function of pulse intensity, for 

both the 150 fs and 3 ps pulses in the samples grown at 220°C and 270°C and annealed ex situ 

at different temperatures at a wavelength resonant with the bandgap (870 nm). To obtain the 

absorption changes we measure the transmitted and reflected powers as a function of the 

incident power. 
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Figure 4.9 Measured absorption changes as a function of average light in a 270°C grown sample during the 

passage of (a) 150 fs pulses and @) 3 ps pulses at h = 870 nm. 
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Figure 4.10 Measured absorption changes as a function of avenge light in a 220°C grown sample during the 

passage of (a) 150 fs pulses and @) 3 ps pulses at h = 870 nm. 



For each input power value and by knowing the sample thickness and assuming no 

Fabry-PBrot effect since the samples are antireflection coated we calculate the absorption value 

by using 

a,, = 1 L  In {(PI - PT - PR)/ PI } (4.1) 

where L is the sample thickness, PI is the incident power, PT is the transmitted power and PR is 

the reflected power. 

For the 3 ps pulses we measure less absorption saturation because of the build up of 

carriers in the mid-gap states (NT) resulting in an extra induced absorption term which reduces 

the absorption saturation obtained. 

From our measurements we see that the absorption saturation is only partial, in contrast 

to the complete saturation observed in regular GaAs [102]. The incomplete absorption 

saturation in LT-GaAs is due to the large number of mid-gap states. We also observe that the 

change in absorption is increased for the samples grown and annealed at higher temperatures 

since the concentration of mid-gap states is decreased. But still the absorption saturation is 

incomplete for strongly annealed samples resulting kom the excess residual absorption due to 

optical absorption in a composite material of dilute spherical particles embedded in an 

absorbing medium wolte [77]). 

The total absorption in the rate equation model is represented by Eq. 3.4. From our 

previous measurements for the trap emptying times we have shown that at wavelengths close 

to the band edge and at high carrier densities we have to include the influence of the band tail 

states and hence consider two time constants for the trap emptying times in our calculations. 

In Fig. i l l  we applied the rate equation model using the time constants for the sample 

grown at 270°C and annealed at 800°C to show the effect of the pulse widths on the different 



absorption dynamics at the same intensities used for the index change calculations. As can be 

seen in Fig. 4.1 1 (a) there is not sufficient time for the carriers to build up in the mid-gap states 

and their contribution to the total absorption is small in case of 150 fs pulses. Conversely in 

Fig. 4.1 1 @) we observe that there is enough time for a population to build up in the mid-gap 

states at the trailing edge of the 3 ps pulse resulting in a large induced absorption. 

To compare the calculations for the absorption with the measured values we have to 

average the calculated total absorption over the whole pulse width. We obtain average 

absorption values of - 1230 cm-' and - 2600 cm-' for 150 fs and 3 ps pulse widths 

respectively. The measured values for the absorption are slightly higher than the ones 

calculated (- 15 %) due to either light scattering from the arsenic clusters or surface scattering 

due to the material inhomogenities when lifted off. 

Another observation from the absorption changes measured in Figs. 4.9 and 4.10 is that 

the pulse width dependence of the absorption change increases with decreasing growth and 

annealing temperatures. The absorption change for the sample grown at 220°C and annealed at 

700°C is - 74 % , whereas it drops to - 38 % for the sample grown at 270°C and annealed at 

800°C. 

4.2.2 Influence of Growth and Annealing Temperatures 

In this section we are using the same set of samples used in Sec. 4.1.2, but we only use 

the lightly annealed samples for the capped set since the heavily annealed samples have a 

pronounced scattering component affecting the absorption saturation measurements. 



Figure 4.11 Calculated dynamic conhibution to absorption for single band-to-band, traps-to-band, and two- 

photon processes for the sample grown at 270°C and annealed at 800°C using (a) 150 fs and I = 9 G W I C ~ '  and (b) 

3 ps and I = 0.9 GW/cm2 pulses. 



From Figs. 4.9, 4.10 and 4.12 it is clear that for higher growth and annealing 

temperatures we obtain larger absorption changes. By increasing the temperatures we reduce 

the number of mid-gap states and hence reduce the extra trap-related induced absorption 

component resulting in higher absorption saturation. We expect this change to be gradual until 

we obtain complete absorption saturation when the growth temperatures close to regular GaAs 

are reached. As mentioned earlier in Sec. 3.3.1 (d) the absorption cross section for the mid-gap 

states is increased by approximately an order of magnitude for the sample grown at 220°C as 

compared to the one grown at 270°C. 

Clearly for the higher temperature grown sample the induced zhoiption from the mid- 

gap states is reduced resulting in an increase in the absorption change due to the decrease of 

the mid-gap states concentration. 

GaAs grown at 

25O0c - 
Figure 4.12 Absorption changes as a function of avenge light in a sample grown at 250°C, 300°C and 3S0°C 

during the passage of 3 ps pulses at 1 = 870 nm. 



In Figs. 4.13 we calculate the various absorption dynamics for two samples having 

different growth and annealing temperatures (one grown at 270°C and annealed at 800°C and 

the other grown at 220°C and annealed at 900°C) using the rate equation model at the 

saturation intensities used for the index change calculations. 

We chose the above mentioned samples for the absorption change comparison since the 

two-photon absorption coefficient is almost the same for both samples. The average value for 

the total absorption for the sample grown at 220°C and annealed at 900°C is - 3800 cm-I and - 
1700 cm'l for 3 ps and 150 fs pulses, respectively. 

For the lower growth temperature sample the trapping times are faster and therefore the 

build up of carriers in the mid-gap states starts earlier. Also, the trap absorption cross section 

increases for the lower growth temperature sample. These two effects combined produce a 

higher population in the mid-gap states resulting in higher induced absorption as shown in 

Figs. 4.1 1 and 4.13. 



Figure 4.13 Calculated dynamic contribution to absorption for single band-to-band, traps-to-band, and two- 

photon processes for the sample grown at 220°C and annealed at 90O0C using (a) IS0 fs and I = 9 GW/cm2 and (b) 

3 ps and I = 0.9 GW/cm2 pulses. 



4.3 Device Issues Using LT-GaAs 

In this section we will focus on the device issues for designing an all-optical switch that 

can be used for utrafast signal processing based on LT-GaAs. In this thesis we concentrate on 

two types of all-optical switching devices using LT-GaAs. The first is a routing switch (device 

based on refractive index changes) in which the input is connected to one of several output 

ports, and routing is based on either the intensity of the signals or an externally supplied 

control beam. If only one output port is employed, then the routing switch works like an on- 

off switch. The second is a logic gate (device based on absorption changes) in which a 

Boolean operation is performed based on the values of the input signals. In this section we will 

concentrate on the design issues for a refractive index change-based device. 

For an ultrafast compact all-optical waveguide-based device, such as the one shown in 

Fig. 4.14, an ideal material would have a large nonlinear rekactive index change, fast response 

time and no competing effects (e.g. thermal effects). It should also be compatible with other 

technologies with which it must interface and have low loss at the wavelength of interest. For 

the nonlinear optical materials that are currently available there is typically a trade-off between 

sensitivity and speed. 

We have shown that with LT-GaAs, it is possible to obtain both large nonlinear effects 

and ultrafast response. This material exhibits an enhanced band gap resonant index change 

with a recovery time of - 1 ps. LT-GaAs satisfies many of the requirements of an ideal 

material for ultrafast all-optical device applications except for the substantial loss due to the 

unsaturated absorption even for the highly annealed material as discussed earlier in Sec. 4.2. 

For waveguide-based devices using a resonant nonlinearity there is a trade-off between 

the absorptive loss and the index change obtained and accordingly the excitation beam for a 



single wavelength operation has to be detuned below the band gap energy. For our case, we 

will operate at h = 900 nrn since starting at this wavelength, the unsaturated absorption is 

constant as shown in Fig. 3.15. And by moving to a longer wavelength, the refractive index 

change is reduced. On the other hand, by moving to a shorter wavelength, we will incur higher 

absorption losses. Thus we expect that optimum operation (minimum loss and maximum 

refractive index change) will occur in the region around h = 900 nm. 

We use our model to investigate the dynamic behaviour of the various absorption 

mechanisms in LT-GaAs and try to tailor the material to minimize the unsaturated absorption. 

We consider a generic waveguide device configuration as shown in Fig. 4.14 in which an 

optically induced 271 phase shift is required for switching to occur [I 101. 

TOR View 

Figure 4.14 Strip-loaded nonlinear directional coupler (NLDC) configurntion and the schematic diagram of its 

operation. 



We use o w  model to investigate the effect of changing the values of the different 

constants for the sample grown at 270°C and annealed at 800°C on the optical properties of the 

material. We find that changing the values for r2 and r4 does not substantially affect the 

absorption saturation. Changing 72 mainly affects the number of carriers building up in the 

traps. By reducing r2 we decrease the number of carriers in the mid-gap states (NT) as seen in 

Fig. 4.15, which leads to higher repetition rate for all-optical switching device. 
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Figure 4.15 Calculated carrier density in the traps (NT) at h = 900 nm using the time constants of GaAs grown at 

270°C and annealed for 30 sec at 800°C after excitation by a 3 ps pulse and Ii = 3 G W I C ~ '  showing the effect of 

changing the trap emptying time (Q). 



On the other hand 54 has a small effect on (NT) but it mainly affects the number of 

carriers created high in the conduction band (n) where an increase in results in an increase in 

(n) as shown in Fig. 4.16. 
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Figure 4.16 Calculated camer density high in the conduction band (n) at A = 900 nm using the time constants of 

GaAs grown at 270°C and annealed for 30 sec at 800°C after excitation by a 3 ps pulse and li = 1 G ~ l c m '  

showing the effect of changing the trapping time (q). 

But changing 51 has a pronounced effect on the amount of absorption saturation (see 

Fig. 4.17) consistent with the analysis and measurements presented in Sec. 4.2.2. An increase 

in the trapping time 5, results in decreased band-to-band absorption since thc carriers stay for a 

longer time at the bottom of the conduction band. 
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Figure 4.17 Calculated total absorption at h = 900 tun due to single-photon band-to-band absorption, traps-to- 

band absorption, and two-photon absorption processes using the time constants of GaAs grown at 270°C and 

annealed for 30 seconds at 800°C after excitation by a 1 ps pulse and Ij = 1 G W I C ~ ~  showing the effect of 

changing the trapping time (7,). 

Figures 4.18 (a) and (b) show the behaviour of the various pertinent absorption 

mechanisms using the parameters measured for the sample grown at 270°C and annealed at 

800°C for different pulse widths and input intensities, respectively. From Fig. 4.17 we see that 

the total absorption near the pulse maximum for TI = 4.5 ps is - 50 cmm'. This absorption 

saturation occurs for a peak power of 10 W, assuming a cross-sectional area of - 1 pm2 in a 

waveguide. This power is enough to saturate the band-to-band absorption but it still keeps the 

two-photon absorption to a reasonable low value. 
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Figure 4.18 Calculated total absorption at h= 900 nm due to single-photon band-to-band absorption, mps-to- 

band absorption, and two-photon absorption processes using the time constants of GaAs grown at 270°C and 

annealed for 30 seconds at 800°C after excitation by a 1 ps pulse and Ii = 1 G W / C ~ '  showing the effect of 

changing (a) pulse width and @) incident intensity. 



The maximum waveguide length is limited by the absorption length to - 200 pm. For 

the conditions of Figs. 4.18, the total carrier concentration generated in the conduction band of 

the LT-GaAs is approximately 1 0 ' ~  cm-', which corresponds to an average refractive index 

change equal to 0.025. With this index change, we can produce a nonlinear phase change of 

several times 2x in our maximum waveguide length. 

Various figures of merit have been used in the literature to compare nonlinear optical 

materials. In the case where both the one- and the two-photon absorption processes affect the 

absorption length, a figure of merit is defined by [ I l l ]  

W = Anlath (4.2) 

where An is the light-induced index change, a, is the total absorption, and h is the incident light 

wavelength. For An = 0.025, a, = 50 cm-' and h = 900 nm, the figure of merit is equal to 5.5. 

A figure of merit greater than 1 is required for effective operation of most types of switching 

devices. 

This value was calculated at the peak of the control pulse assuming constant absorption 

and refractive index change values along the guiding medium. In reality this is not the case 

and the waveguide has to be divided into shorter sections, then the rate equation can be applied 

separately for each division with the results of the previous section as the new initial 

conditions. By performing a crude calculation of propagating the pulse along the guide, we 

find that only 10 % throughput for the maximum absorption length (200 pm) is obtained. 

Also, the figure of merit will decrease along the waveguide from 5.5 to 0.5. On the other hand 

we could not increase the input power in order to keep the absorption and index change values 

in the saturation region because the two-photon absorption effect will then increase 

dramatically. One way to overcome this problem is to use a shorter waveguide. 



With a 100 pm long waveguide we will be mostly operating in the saturation region 

since the input power will only drop by a factor of 3 and we find that the figure of merit will 

only decrease to 3.0. It should be noted that a shorter waveguide device may be harder to 

fabricate. 

Another way of reducing the absorption can be accomplished by "diluting" the active 

material with another material that is lattice-matched but has the band edge far from the 

operating wavelength as shown in Fig. 4.19. If the material is diluted by a factor of 10, so that 

the linear absorption only occurs in 10 % of the waveguide, the total absorption will behave as 

shown in Fig. 4.20. If the diluting material is a similar semiconductor (such as AlGaAs), we 

would expect that its two-photon absorption coefficient would be of the same order as that for 

LT-GaAs, and it will thus play a key role in the absorption dynamics. 

Figure 4.19 Diluted strip-loaded nonlinear directional coupler. 



For the case shown in Fig. 4.20, assuming equal two-photon absorption coefficients, the 

optimum peak power is - 6 W which is lower than the conditions defined in Fig. 4.18 because 

of the enhanced role two-photon absorption plays in the diluted shcture. Nevertheless, the 

total absorption near the pulse maximum is reduced to - 25 cm-', and the maximum device 

length is increased to - 400 pm. For this case the total number of carriers is approximately 

10" cmS, which corresponds to an average rehctive index change equal to 0.0025. With this 

index change we can still produce a nonlinear phase change of several times 2x in the 

maximum waveguide length. The figure of merit for this case is 1.1. 

Figure 4.20 Calculated total absorption for a diluted waveguide by a factor of 10 at h = 900 nm due to single- 

photon band-to-band absorption, traps-to-band absorption, and two-photon absorption processes using the time 

constants of GaAs grown at 270°C and annealed for 30 seconds at 800°C after excitatim by a 1 ps pulse and li = 

0.6 GW/cm2. 



Another figure of merit, which is related to the TPA, is given by [I121 

T = 2PWn2 (4.3) 

where p is the TPA coefficient, is the wavelength of operation and n2 is the third order 

nonlinear coefficient. 

For the undiluted waveguide n2 = AdI - 2.5~10'" cm2/w giving T - 0.24. On the other 

hand for the diluted waveguide where the TPA is more pronounced, T - 1.47. Accordingly, it 

is clear that using a diluted waveguide will not be of great help due to the pronounced TPA 

role. The figure of merit T is greater than 1 (for a coupler T c I), and W - 1 (for a coupler W 

> 1). Therefore a diluted waveguide does not improve the device operation as compared to the 

undiluted waveguides. 

The "practicality index" is another figure of merit that has been introduced in Ref. 113 

to compare the relative lengths of nonlinear devices based on different nonlinear materials. 

Since for a given device, the switching power, P,, is inversely proportional to the device 

length, L, for a given material, the authors of Ref. 113 defined 

Practicality index = P, x L (4.4) 

Where P, is the peak switching power in watts and L is the device length in centimetres. A low 

value of the index is important for a compact device technology. The values of t h ~  practicality 

index for LT-GaAs (0.2 and 0.25 W.cm for the diluted and undiluted cases, respectively) are at 

least one order of magnitude lower than the best values previously reported [113]. 

Yet another figure of merit, F, is used to indicate the relative importance of fast, light- 

induced nonlinear effects and slow thermal heating effects [114]. We estimate that under 

suitable conditions, F for LT-GaAs can be as high as 1000 --- indicating that roughly 1000 

switching operations can be performed in a thermal lifetime. 



The figures of merit calculated show that LT-GaAs can be used in a waveguide device. 

But with the inherent problem of unsaturated absorption in the material the device operation is 

not efficient and the powers needed are impractical. 

This material is more suitable for fabricating short nonguiding structures (1-2 pm long) 

which use the absorption saturation for switching. In the next chapter we will investigate a 

more practical all-optical switching device for this material where we can accommodate high 

absorption values and make use of the high absorption changes obtained in LT-GaAs. 



Chapter V Asymmetric Fabry-P6rot Device 

5.1 Introduction 

To obtain all-optical switching in a Fabry-PCrot Ctalon, the active layer must be nonlinear 

and there must exist a feedback mechanism. The most common way to hlfill these requirements 

is to put a material that has an intensity-dependent absorption andtor rehctive index, in an 

optical cavity as shown below in Fig. 5.1. The material is optically nonlinear in the sense that the 

value of its rekactive index andlor absorption coefficient depends on the light intensity within 

the cavity. Optical switching can be achieved for both the transmitted and the reflected power. 
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Figure 5.1 Nonlinear Fabry-Ptrot Ctalon. 

The system could be either intrinsic or hybrid. In intrinsic systems the nonlinearity arises 

from direct interaction between light and matter, whereas in hybrid systems, light is detected and 

converted to an electric signal which in turn controls the optical properties of the intra-cavity 

element. 



The first reports on using electronic nonlinearities in a semiconductor-based Fabry-PCrot 

to obtain optical switching were given by Gibbs et al. [I151 for GaAs and Miller et al. [I161 for 

InSb in 1979. The use of bandgap resonant nonlinearities in semiconductors aroused prospects 

of realizing low-power pm-sized resonators. A hybrid optically bistable component that relies on 

electrical feedback is the self-electro-optic effect device (SEED) [I 171. 

Operating in the reflection mode has proven to be better suited for device purposes. For 

reflection mode, switching is achieved if the back facet of the sample is highly reflective. 

Usually one is dealing with an asymmetric Fabry-PCrot (AFP) device to enhance the operation as 

will be discussed later. The AFP device is composed of a pair of asymmetric mirrors separated 

by an active space layer. The front end is made less reflective (usually just an air-semiconductor 

interface) than the bottom mirror. Mathematically, if the cavity has no loss and the bottom 

mirror has reflectivity of one, the reflectivity of the AFP device is unity. The off-level is 

provided by increasing the loss in the cavity so that the effective reflection from the bottom 

mirror viewed through the lossy cavity cancels the reflection from the front end. Since the 

bandwidth is determined by the resonance width at the off-level, the bandwidth of the AFP 

device is generally wider than high-finesse Fabry-PCrots which use index modulation, due to its 

less reflective m i ~ ~ o r s  at resonance. 

Several groups demonstrated AFP devices using the quantum-confined Stark effect in 

multiple quantum wells [118-1201. The device operation is based on the shift of excitonic 

absorption resonances in MQWs due to an electric field. These devices have speeds that are 

limited by the RC time constant. 

Heffeman et al. [I211 used the strong optically excited nonlinear absorption changes at 

the band edge of a GaAsIAlGaAs MQW structure to demonstrate switching in an asymmetric 



Fably-P6rot Ctalon. In the last few years, researchers at NTT Japan have been investigating 

extensively all-optical ultrafast switching in LT-grown multiquantum wells (LT-MQW) [122- 

1241 using AFP devices. 

In our work, we use LT-GaAs (bulk material) as the active material in AFP device 

configuration. For the device design we have to consider some of the previous measurements 

obtained in chapters three and four to optimize the operation. Since we would like to make 

complete use of the material and to achieve a wide bandwidth, we design the device to operate at 

wavelengths with energies higher than the band edge energy to take full advantage of the large 

absorption changes obtained at these wavelengths. We will be working in reflection rather than 

transmission so we can accommodate the higher absorption in the sample. Absorption reduces 

the absolute transmission but need not lead to either a low maximum reflection or to a small 

difference between maximum and minimum reflectivity [125]. Another advantage of operating 

in the reflection mode is the reduction of the critical switching power [125]. 

5.2 Asym~netric Fabry-P6rot (AFP) Device Using LT-GaAs 

5.2.1 Design 

For the design of the AFP device we have to start by analyzing the case where we get 

multiple reflections as shown in Fig. 5.2. As seen in Fig. 5.2 (b) the two reflected waves 

emerging &om the etalon are parallel with a path length difference 

A = n. [(AB) + PC)]  - ni [(AD)] 

Since (AB) = (BC) = LIcosO, and using Snell's law, the optical path difference is given by 



A=2qLcos0 ,  (5.1) 

The phase difference, 4, between two adjacent reflected rays is the product of the free-space 

propagation number k, and the path difference A. 

4 = (2nlh) q (2L) cos0, (5.2) 

Figure 5.2 Asymmetric Fabry-Ptot (AFP) device. 

There is a n phase shift between E,, and the waves travelling though the active layer and 

reflecting off the back mirror (E, ,E,] ,EM etc ...). 

Assuming normal incidence (Bi = 0, = 0) the total electric field can be represented by 

E ,=E, ,+E,+E,+E,+  ... (5.3) 



where r, and r, are the amplitude reflection coefficients of the front and back mirror respectively 

and a is the absorption in the active layer. 

We derive the reflectivity of the device to be 

R = I , / I ~ = ( E , / E ~ ) ~  

= (A + F sin2($/2))/(1 + F sin2($/2)) (5.5) 

where F = 4%/(1- RJ2, A = RF[l-( RF)]2/(1- RJ2and R,, = (R,R,)'" eeL is the effective mpan 

reflectivity. Here R, and R, are the front and back mirror reflectance. 

Following similar steps, the transmittance of the etalon is given by 

T = I , / I ~ = ( E , / E ~ ) ~  

= BI(1 + F sin2($/2)) (5.6) 

where B = eUL (1-RF)(l-R,)/(l- RJ2 

In Fig. 5.3 the ratio of the reflected intensity and the transmitted intensity to the incident intensity 

is illustrated as a function of the roud-trip phase delay $. The calculations were done for RE- 1, 

R,- 0.02 and the absorption was extracted from Figs. 3.15. 

The maximum reflection occurs when $ is an odd integer multiple of n 

R-=(A+F)/(l + F )  (5.7) 

The location of these maxima can be determined by equating Eq. 5.2 to an odd integer multiple 

ofx  

= 412LIq (5.8) 

where q = 1,3,5,7 ,... is an odd integer. 

On the other hand reflection is minimized when $ is an even integer multiple of x 

(5.9) 

The location of the minima is also given by Eq. 5.8 but in this case q is an even integer. 



F'hase Delay (xn) 

- 2 - 1 0 1 2 3 4  

Phase Delay (x n) 

Figure 5 3  (a) Reflection and (b) transmission of asymmetric Fabry-PCrot (Am) device using R, = 0.02, R. - 0.99, 

L = 1.5 pm, 71 = 850 nm and for the absorption we used the corresponding value from Fig. 3.15. 



The wavelength difference between two adjacent peaks, referred to as the ffee spectral range 

(FSR) is calculated by subtracting $(q+l) ffom I)I(q) and equating it to 2n 

FSR, = A1 = h21(212L) (5.10) 

It is clear from the previous equation that decreasing L will increase the FSR. 

The bandwidth of these peaks (FWHM) can be found by setting the denominator in Eq. 5.5 to 2 

and considering that for small arguments sin (4) - I)I  

FWHM, - h 2 / ( ~  n,LF) (5.11) 

From the latter equation it is obvious that either decreasing the values of F or L leads to broader 

bandwidths. A parameter that is used extensively in the discussion of Btalon structures is the 

finesse, 7, of the cavity. The finesse is defined as the ratio of the FSR to the FWHM of the 

resonances and is written as 

7 = d 2  .F=n%/(l-&) (5.12) 

By considering the absorption loss we can observe one advantage of using Fab~y-PCrot devices in 

reflection 

Abs = 1 - R - T = (1 - A - B)l ( l+  F sin2(I)I/2)) (5.13) 

It can be seen that the loss is largest on resonance for transmission, that is, for 4 = 0. On the 

contrary, the loss is minimum on resonance for reflection, I)I = n. This shows why it is better to 

operate in reflection; loss is less significant in high-power operation. 

From Eq. 5.5 it is clear that the reflectivity goes to zero on resonance if A = 0, which implies that 

RF = % resulting in 

RF = Ro e-2aL (5.14) 

For designing the device measurements ffom the previous chapters have to be considered, 

absorption versus wavelength and absorption and reffactive index changes as function of the 



input power at different wavelengths. These measurements are needed to calculate the active 

layer thickness, the contrast ratio and the energy needed for switching the device. 

For the preliminary device we use for the back mirror (high reflectivity) a stack of 

alternating high and low index layers, approximately one quarter-wavelength (U4) thick. This 

kind of mirror was first demonstrated in the mid-1970s by Van der Ziel and Ilegems [126,127] 

and later in the mid-1980s researchers had renewed interest in these structures for nonlinear 

optical logic gates and lasers. For the high index material we use Al,,,Ga,,As with 60.67 nm 

thickness and for the low index we use Al,,G~,As with 68.32 nm thickness. Both of the 

materials are transparent at the wavelength of operation for the AFP device. The theoretical 

calculation for the reflection of the mirror using 25 layers is shown in Fig. 5.4. The center 

wavelength is at h = 850 nm and the bandwidth is.. 50 nm. 
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Figure 5.4 Calculated reflection of a quarter-wavelength slack with 25 layer pairs of A& ,,Ga.,,,As and AI,,Ga.,,As 

and the center wavelength at 850 nm. 



Figure 5.5 shows the calculated low-power reflectivity of AFP device as a function of 

cavity loss in the active region for two different front mirror reflectivities corresponding to air- 

LT-GaAs interface @, = 0.3) and low reflectivity front miror @, = 0.02) case. In these 

calculations we used the quarter-wavelength mirror analyzed earlier as the back mirror and the 

active layer thickness equal to 1.5 pm at h = 850 nm in Eq. 5.5. 

With no cavity loss, the low-power reflectivity is equal to the back mirror reflectivity (- 

99 %) for both cases. As can be seen, the low-power reflectivity for R, = 0.3 falls to zero when 

the loss in the cavity reaches 3500 cm" and stays close to zero for a small range of absorption 

due to the pronounced effect of the light reflected off the front facet. 
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Figure 5.5 Calculated low-power reflectivity of  AFP device as a function of cavity loss (a) with the back minor as 

shown in Fig. 5.3 and front mirror is either air-LT GaAs interface (R, = 0.3) or low reflectivity front mirror (R, = 

0.02) at h = 850 nm. 



Conversely, the low-power reflectivity for R, = 0.02 falls to zero when loss in the cavity 

is increased to 11000 cm-' and stays very close to zero for a, - 11000-16000 cm" as shown in 

Fig. 5.5. 

Another important calculation for characterizing the AFP device is the low-poaer 

reflectivity as a function of the active layer thickness as illustrated in Fig. 5.6. For these 

calculations we used the quarter-wavelength stack mirror of Fig. 5.4 as the back mirror and the 

absorption values for the active layer extracted from Figs. 3.15 at X = 850 nm in Eq. 5.5. 
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Figure 5.6 Calculated low-power reflectivity of AFP device as a Function of cavity thickness (L) with the back 

mirror as shown in Fig. 5.3 and front mirror is either air-LT GaAs interface (R, = 0.3) or low reflectivity front 

mirror (R, = 0.02) at A =  850 nm. 



It is clear from the calculations that for the lower front mirror reflectance the change in 

the active layer thickness between 1.5 and 2 pm does not severely affect the low-power 

reflectivity and therefore insensitive to small fabrication errors. Whereas, for the higher front 

mirror reflectance case changing the active layer thickness from 1 pm to 2 pm has a pronounced 

effect on the low-power reflectivity. For sufficiently thick active layers most of the light 

travelling through the front facet into the active layer will be absorbed and the total reflected 

power is mostly due to the light being reflected offthe front mirror. 

5.2.2 Measurements 

The calibration used for growing the samples characterized in the previous chapters could 

not be used here due to the extra quarter-wave stack mirror grown on top of the GaAs substrate, 

which decreases the growth temperatures. For the first few runs, the growth temperature was too 

low, resulting in amorphous material growth. The first successful growth which is far from the 

optimal device is used for our preliminary measurements to demonstrate the concept of 

operation. 

To characterize the LT-GaAs we use x-ray difliaction measurements [23]. As mentioned 

earlier in chapter two, x-ray difiaction measurements are very useful to estimate the excess 

arsenic incorporated in the material. In Fig. 5.7, we show the x-ray difFraction curves obtained 

for the mirror with and without the growth of the LT-GaAs layer. From these measurements we 

see only broadening of the substrate peak indicating that the growth temperature is not low 

enough to show splitting. The other peaks observed in the figure are due to the different layers 

of the stack mirror. 





Clearly with the LT-GaAs specified here, the density of trap states is lower than that for 

the samples characterized in chapter 3 due to the higher growth temperature. Accordingly, we 

expect the material to have slower response times. But still we can demonstrate the idea of 

operation and then improve the performance by including a low reflectivity front mirror (to 

increase contrast ratio) and growing the LT-GaAs layer at lower growth temperatures (to increase 

the speed). 

For the first measurements, we used the air-LT-GaAs interface as the low reflectivity 

mirror (R, = 0.3). We use the experimental setup shown in Fig. 5.8 to measure the reflectivity of 

the device. In Fig. 5.9 we show low-power measurements of the reflectivity as a function of the 

wavelength. There is clear evidence of FabyPCrot fringes. 

Reflected 
Power 4 

Figure 5.8 Experimental arrangement to measure reflectivity of the AFP device. 



We measure the speed of the AFP device by using the pump-probe technique in reflection 

mode. From the low power measurements shown in Fig. 5.9 we expect the highest contrast ratio 

to be at - 865 nrn since we observe a reflectivity minimum around this wavelength. 

Figure 5.9 Measured low-power reflectivity as a fhction of wavelength for the slow device with air-LT-GaAs 

interface as the front mirror. 

The pump beam is chopped at 2 kHz and focused to a 28 pm diameter spot on the 

samples and the delayed probe beam is focused to a slightly smaller area (14 pm) inside the 

pump spot. Pump and probe pulse widths are 3 ps and the average power levels are 2 mW and 

50 pW, respectively. Changes in the reflected probe power that are caused by the presence of 

photogenerated carriers from the pump beam are recorded using a lock in amplifier as a function 

of the time delay between the pump and probe pulses. Accordingly, we calculate the average 



energy used for switching (repetition rate = 76 MHz) to equal 26 pJ. Since the pump size is 28 

pm, the average energy flux needed for switching is - 42 fJ/pm2. 

As shown in Fig. 5.10 we measure a response time of - 80 ps confirming our conclusion 

of slower response times fiom the x-ray diffraction. 
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Figure 5.10 Normalized reflectivity of the probe pulses measured for excitation by 3 ps pump pulse with average 

energy of 26 pJ. 

We also measured the contrast ratio (ratio between the reflectivity at high input power 

and the reflectivity at low input power) versus wavelength anc; as expected the contrast ratio 

decreases dramatically at - 820 nm and at - 880 nm. The lower limit is imposed by the back 

mirror bandwidth, whereas the upper limit is forced by the material absorption edge since, at 

wavelength values equal to or greater than 880 nm, we will be operating in the band tail and the 



absorption changes in the active layer are significantly reduced. For this preliminary device as 

shown in Fig. 5.1 1 we get contrast ratios of - 9 dB indicating that bulk LT-GaAs is a promising 

material to be used in nonlinear Fabry-PCrot devices. 

In the next section we will discuss how to improve the performance of the AFP device 

using LT-GaAs. To increase the speed we have to grow the LT-GaAs at lower temperatures. On 

the other hand, to increase the contrast ratio for this device we have to reduce the low-power 

reflectivity by including a low reflectivity front mirror. 

Wavelength (nm) 

Figure 5.11 Measured contrast ratio as a function of wavelength for the 80 ps AFP device with air-LT GaAs 

interface as the front minor. 



5.2.3 Performance Improvement 

(a) Contrast Ratio 

To maximize the contrast ratio for the AFP device at low input powers the reflected beam 

from the low reflectance facet has to be cancelled out by the beam reflected from the high 

reflectance mirror. This is known as the impedance matching condition and it produces the 

"OFF" state. To meet this requirement the amplitude of both beams has to be equal and the two 

beams must be out of phase. 

For the amplitude condition we require: 

RFZi = (1 - RF)2 x R,, x Ii exp(-2a L) 

where a is the absorption coefficient in the active layer. 

For the phase condition we require: 

(2xlh)(n)(2L) = mn (5.16) 

where m is an even integer. 

Under these circumstances the reflectivity is small when the input power is low. At high 

input powers the reflected beam from the back mirror increases due to the absorption saturation 

in LT-GaAs (Eq. 5.15 does not apply) and also the refractive index of the LT-GaAs is decreased 

(Eq. 5.16 does not apply). Accordingly the destructive interference condition is frustrated. 

Therefore if the input pulse power is substantially increased or a strong control pulse is input 

simultaneously, absorption saturation and refractive index changes occur, increasing the 

reflectivity and producing an "ON" sate. The process of changing from the "OFF" to the "ON" 

state is the operation principle of the all-optical switch. 

To improve the device used for the initial experiments, we need lower front facet 

reflectance, which can be obtained by depositing a U4 layer on top of the LT-GaAs. 



For a single quarter-wavelength thick coating the reflectance at normal incidence and 

center wavelength is given by 

Clearly from the above equation, the reflectivity vanishes when the refractive index of the 

coating layer is given by n, = (n, n2)In. The rekactive index for LT-GaAs at the center wavelength 

(850 nm) equals 3.7. Here we used a quarter-wavelength coating of SiON with refractive index 

equal to 1.9 and thickness - 0.1118 pm . In Fig. 5.12 we show the reflectivity calculation for this 

type of coating on LT-GaAs as a function of wavelength. In these calculations we assume that the 

refractive index of the coating layer is constant over the wavelength range and we calculate the 

refractive index of the LT-GaAs by using Adachi's papcr [I281 for regular GaAs (we assume n(LT- 

GaAs) = n(GaAs)). 

The low-power reflectivity measurements in Fig. 5.13 show clearly that the reflection is 

reduced from 0.3 to 0.022 at h = 850 nm. 
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Figure 5.12 Calculated reflection of a SiON quarter-wavelength layer deposited on LT-GaAs with the center 

wavelength at 850 nm. 
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Figure 5.13 Measured low-power reflectivity as a function of wavelength for AFP device using LT-GaAs as active 

layer with and without the h/4 layer. 



We also measure the contrast ratio for the preliminary device with low reflectivity front 

mirror in Fig. 5.14. As expected we obtain higher contrast ratios due to the decrease in the low- 

power reflectivity. We obtain a contrast ratio - 13 dB at 840 nm and 860 nm due to the active 

layer Fabry-PBrot fiinge minima. The bandwidth for the device with low reflectivity ~ o n t  mirror 

is - 40 rm. Clearly, by using a wider bandwidth back mirror, the bandwidth lower limit of the 

AFP can be extended to a shorter wavelength as will be discussed in Sec 5.3. 
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Figure 5.14 Measured conEast ratio as a function of wavelength for the Am device with low reflectivity Front 

mirror and 80 ps response time. 



@) Speed 

The next step is to grow the LT-GaAs at lower growth temperature to increase the speed. 

Two factors have to be considered in the process of growing LT-GaAs for the AFP device. The 

first one is the temperature reduction due to the stack mirror on top of the substrate as mentioned 

in Sec. 5.2.2. The other factor is the heat diffusion occurring during growth, which is affected by 

the aerial size of the sample. In Figs. 5.15 and 5.16 we show the x-ray diffraction measurements 

for two different growth runs. In each figure we present the measurement for LT-GaAs grown 

on the stack mirror along with LT-GaAs grown on just a G A S  substrate with no mirror grown 

on top. 

In Figs. 5.15 and 5.16, we observe splitting of 20 and 56 arcsec when growing directly on 

the substrate and increasing to 36 and 64 arcsec when growing on top of the stack mirror. This 

corresponds to arsenic antisite (As,,) concentration of 2.17x10I9 cm-3 and 3.86x10I9 

respectively. We measure less temperature reduction for the second sample since the aerial size 

is smaller, emphasizing the fact that the aerial size affects the growth temperature. 

For these low growth temperatures the LT-GaAs has to be lightly annealed to increase the 

absorption changes by reducing the concentration of mid-gap states. Care must be taken not to 

anneal at too high temperatures which result in a large increase in the response time as discussed 

in chapter 3. The LT-GaAs for these devices was ex-situ rapid thermal annealed for 30 sec at 

700°C. 
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Figure 5.15 X-ray diKraction measurements for LT-GaAs layer grown on lop of (a) GaAs substrate (b) quarter-wavelength stack mirror. 





In Fig. 5.17 we measure the low-power reflectivity for both samples. From the low-power 

reflectivity measurements we can observe that the free spectral range for these devices is wider 

than the free spectral range for the preliminary device which we attribute to smaller active layer 

thickness. 

Figure 5.17 Measured low-power reflectivity as a function of wavelength for AFP device with 36" and 64" splitting 

both annealed for 30 sec at 700°C and 64" splitting annealed for 30 sec at 700°C with low reflectivity front mirror. 

By using the same reflection-mode pump-probe experiment used in Sec. 5.2.2 but with 150 fs 

pulses, we measure the response times for these two samples as shown in Fig. 5.18 to be - 12 ps 

and 3 ps, respectively. The measurements are obatined at the low-power reflectivity minima, 

which is 840 nm for the 36" splitting device and 850 nm for the 64" splitting device. 



Figure 5.18 Measured normalized reflectivity of the probe pulses for excitation by 150 fs pump pulse with average 

energy 65 pJ for the devices with 36" and 64" splitting and both annealed for 30 sec at 700°C. 

As mentioned earlier the contrast ratio is limited by the low-power reflectivity, which can 

be reduced by impedance matching the device by including a U4 layer on top of the LT-GaAs 

layer. Therefore, we deposit a quarter wavelength single layer using SiON (n = 1.9) of thickness 

0.11 18 pm with the center wavelength at 850 nm on the device with 64" splitting. In Fig. 5.17 

we can see a substantial reduction in the low-power reflectivity which will directly increase the 

contrast ratio of the device. The low-power reflectivity is lowered from 0.152 to 0.015 at the 

center wavelength. 

Figure 5.19 (a) illustrates a pump probe measurement of the AFP device with 64" 

splitting and low reflectivity front mirror using 150 fs pulses at h = 850 nm showing that the 

photoresponse speed is - 3 ps. We use 5 mW average power at 76 MHz repetition rate and spot 



diameter 20 pm for the pump beam which results in average energy - 65 pJ. Hence the average 

energy flux needed for switching is 200 ff/pm2. The energy needed to sahmte the absorption in 

this case is higher than what was needed for the preliminary device due to the lower growth 

temperature resulting in a higher concentration of mid-gap states and accordingly higher induced 

absorption &om these states. In Fig. 5.19 @) we show how the reflectivity changes with 

increasing the input power. For this energy the absorption saturates and the reflectivity levels off 

as a function of input power at 52 % corresponding to an insertion loss of 2.8 dB. This value is 

higher than what is achieved for the preliminary device since the wavelength used was closer to 

the band tail (higher absorption saturation). Therefore, higher reflected power can be achieved 

for the preliminary device resulting in a lower insertion loss values. 

By measuring the contrast ratios as a function of wavelength as shown in Fig. 5.20 we 

obtain contrast ratios of 15 dB with 40 nm bandwidth. 

To our knowledge these are the first measurements to demonstrate ultrafast all-optical 

switching in low-temperature-grown bulk material. These results indicate that bulk LT-GaAs 

can be successfully utilized in AFF' devices. 

In the next section we will discuss the different factors involved in designing an AFP 

device and we will present the essential conditions to be considered to optimize the device 

operation. 
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Figure 5.20 Measured contrast ratio as a function of wavelength for AFP device with 64" splitting and low 

reflectivity front mirror. 



5.3 Device Optimization 

5.3.1 Front Mirror 

The change in reflectance, which occurs with the application of the thin film coating, is 

not only wavelength dependent, it is also angle of incidence dependent. To improve the 

efficiency and wavelength range of antireflection, multilayer coatings are used. One of the 

simplest techniques uses two quarter-wavelength layers of different materials (double ?J4 layer). 

Two cases will be discussed here. The first one has a single broad band minimum with the 

reflectance at normal incidence and center wavelength is given by 

From Eq. 5.18 the reflectivity equals zero if n, = n, (n2 In, )In. It is obvious that minimizing the 

reflectivity is easier achieved by using two ?J4 layers. 

In Fig. 5.21 we show the calculation for the reflectivity of a two-layer quarter-wavelength 

front mirror on LT-GaAs. In the calculations we used a material with a refractive index equal to 

2.78 for the layer right on the LT-GaAs (n,) and a material with a refractive index equal to 1.45 

for the layer closer to air (n,). The center wavelength for this low reflectivity mirror is 850 nm. 

In these calculations we assume that the rehctive index of the coating layers is constant over the 

wavelength range and we calculate the refractive index of LT-GaAs by using Adachi's paper for 



regular GaAs [128]. For bandwidth comparison we included the reflectivity of a single-layer 

quarter-wavelength coating from Sec. 5.2.3 (a). 
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Figure 5.21 Calculated reflection of two quarter-wavelength layers as compared to single quarter-wavelength layer 

shown in Fig. 5.12. 

We can also use the W two XI4 layer coating, which is more complicated in design but 

offers a variable front facet reflectivity over the region of operation. This type of coating 

requires that n, = n, n, In,. This coating has a small maximum at the center wavelength given by 

and two zero reflectance points. 



In Fig. 5.22 we illustrate the calculations for a W two quarter-wavelength layer coating 

with n, = 1.5 and n, = 2.34 on top of LT-GaAs and the center wavelength is 1 pm. 

Furthermore, we show in Fig. 5.23 how the reflectivity varies by changing the marerial 

indices and changing the center wavelength. For an application where higher fiont facet 

reflectivity is required we can either reduce the center wavelength or more effectively increase 

the refractive index of the material in the region closer to air. In Fig. 5.23 (a) we use three 

different values for the center wavelength (0.95 pm, lpm and 1.05 pm) with n, = 1.5. For Fig. 

5.23 @) we use three different values for n, (1.45, 1.5 and 1.55) with the center wavelength at 

1 pm. 
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Figure 5.22 Calculated reflectance of W two quarter-wavelength layers on LT-GaAs. 
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Figure 5.23 Calculated reflectance of W two quarter-wavelength layers on LT-GaAs showing the effect of changing 

(a) the center wavelength and (b) the refractive index of the coating material. 



5.3.2 Back Mirror 

(a) Multilayer Stack Mirror 

This type of mirrors consists of alternating quarter-wavelength-thick layers of two 

different materials. To achieve high reflectivity in these structures, it is necessary that the two 

materials that make up the alternating layers be transparent in the wavelength range of operation 

and , in addition exhibit a large refractive index difference. Using multilayer mirror stacks has 

the advantages of good thermal stability due to the efficient heat sinking ot'the substrate and 

monolithic device growth. 

To increase the bandwidth of the back mirror we must increase the index step between the 

two alternating materials. In Fig. 5.24 (a) we present the theoretical calculations for the 

reflectivity of a 20 pair quarter wavelength stack mirror using AlAs for the low index layer and 

Al,Ga,,As with low A1 concentration for the high index layers. It is obvious that increasing the 

index step increases the bandwidth and also the peak reflectivity at the center wavelength. 

The stack mirror consisting of 20 pairs of alternating AIo,,Ga,9As and AlAs layers has a 

reflectivity - 99.5% at the center wavelength (1, = 850nm) as shown in Fig. 5.24 (a). To ensure 

that there is no absorption with the AI,,Glb,& layers in the mirror, we used the Banyai and 

Koch model [I071 to calculate the absorption for this composition over the operating wavelength 

range. Clearly from Fig. 5.24 @) we note that the material is transparent in the region of interest. 

In Fig. 5.25 we investigate the influence of the layers thickness deviation during the 

growth process of the material. With an increase in the thickness we get a red shift of the 

reflectivity and conversely with a decrease we will observe a blue shift. 
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Figure 5.24 (a) Calculated reflection of a quarter-wavelength stack with 20 layer pairs (AI.Ga,.,As and ALAS) 

showing the effect of the different concenmtion of Al in the A&Ga,..As layer and (b) calculated absorption in 

A], ,G+& as compared to GaAs using Banyai and Koch model. 
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Figure 5.25 (a) Calculated reflection of a quarter-wavelength shck with 20 layer pairs (Ab,,G&&s and AIAs) 

showing the effect of thickness deviation and (b) an inset showing the reflectivity close to the center wavelength. 



The last investigation for this type of mirror is the consequence of changing the number 

of layer pairs used for the mirror as presented in Fig. 5.26. It is clear that increasing the number 

of layers will accordingly increase the peak reflectivity at the center wavelength. 
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Figure 5.26 Calculated reflection of a quarter-wavelength stack showing the effect of the different number of layer 

pairs (A& ,Ga&.s and AIAs). 

(b) Metallic Mirror 

Highly polished metal surfaces are good broadband reflectors. Metallic reflectors are 

made by vacuum depositing a thin coating of the metal. A typical coating is less than 100 nm 

thick. In Fig. 5.27, the reflectance of freshly deposited gold and silver reflector coatings are 

shown. A gold coating has a reflectance of more than 0.9 from 0.6 pm to beyond 10 pm. By 



using the easy process of depositing gold we can extensively increase the bandwidth of the back 

mirror in the AFP device. 

The disadvantages of this type of mirror are the poor heat sinking due to the removal of 

the substrate and the complexity of device fabrication. 

Figure 5.27 Typical near normal incidence reflecrvlce of silver and gold coatings deposited by ORIEL Corporation. 



5.3.3 Active Layer 

For the active layer two factors have to be considered to optimize the performance of the 

AFP device. First, depending on the application and consequently the speed requirements, one 

must decide on the growth temperature of the LT-GaAs. For lower growth temperatures (i.e. 

faster devices) the LT-GaAs has to be rapidly annealed at temperatures between 600°C and 

800°C to avoid the long absorption tail and smearing of the band edge as discussed in Sec. 3.3.1 

and observed in Figs. 3.11 and 3.12. 

The second design consideration for the active layer is the thickness. By decreasing the 

thickness the fringe spacing increases and by having a broadband front and back mirrors the 

device bandwidth can be extensively increased. On the other hand, decreasing the thickness 

produces a higher reflected power from the back mirror and hence increases the low-power 

reflectivity resulting in a decrease of the contrast ratio. To optimize the use of LT-GaAs in AFP 

device we have to maximize the contrast ratio as a function of the active layer thickness, the front 

mirror reflectivity, and the wavelength. 

In the following calculations we assume the back reflectivity to equal one and use the 

high- and low-power absorption values measured for the absorption changes in chapter 4. For 

the calculations in Figs. 5.28, 5.29 and 5.30 we use a wavelength step of 10 nm, an active layer 

thickness step of 0.25 pm and a front facet reflectivity step of 0.01. The first set of graphs show 

how the contrast ratio varies with front facet reflectivity and active layer thickness at different 

wavelengths covering the range from 800 to 880 nm. 

At 880 nm we observe small contrast ratio values due to the small absorption change. 

The contribution of the beam travelling though the active layer is more pronounced since the 

material is semi-transparent at this wavelength. 









For this case the contrast ratio is maximum at L = 2 pm and R, = 0.01 and is equal to 1.4. 

Clearly, 880 nm (band tail in general) can not be used for effective device operation. 

As mentioned earlier, an increase in the contrast ratio can be achieved by reducing the 

low-power reflectivity (theoretically for R,,,,,, = 0 the contrast ratio goes to inlinity). In our 

calculations we are using discrete steps for the layer thickness and front mirror reflectivity 

(practical computation conditions). Clearly, for the conditions of L = 1.5 pm, RF = 0.05 and 5 = 

860 nm we obtain the closest cancellation condition 2nd the contrast ratio goes up to - 200. 

The second set of simulations illustrates the effect of the active layer thickness and 

wavelength on the contrast ratio at different front mirror reflectivities. We start with RF = 0.3 

(air-LT-GaAs interface and no coatings) as shown in Fig. 5.29(a). The calculated values are 

close to the ones measured in section 5.2.2. By reducing the front facet reflectivity we observe a 

general increase in the contrast ratios as expected due to the low-power reflectivities. 

The last set of graphs in Figs. 5.30 shows how the wavelength and front facet reflectivity 

affect the contrast ratio for different active layer thickness. For the smallest thickness (L = 0.5 

pm) we observe that the contrast ratios are low and we attribute this to the high reflected power 

from the back mirror which is not cancelled by the front mirror reflectivities used in the 

calculations. 

For thickness L = I or 1.25 pm we observe a relatively constant contrast ratio over a 

broad bandwidth. On the other hand, when the thickness is further increased, we observe 

extremely high contrast ratios at selective conditions where the low-power cancellation condition 

is almost met but the bandwidth obtained is narrower. 

By using the graphs shown in Figs. 5.28, 5.29 and 5.30 we can choose the adequate 

design conditions for the application required. 











5.4 Potential Applications 

5.4.1 Optical Time Division Multiplexing (OTDM) 

Researchers currently are exploring optical time division multiplexing (OTDM) 

techniques to eliminate electrical V0 bottlenecks in telecommunication networks. OTDM may 

complement and provide enhanced functionality to other shared-medium multiple access 

protocols such as wavelength division multiplexing (WDM) or code division multiplexing 

(CDM). 

The throughput in OTDM can be increased by simply decreasing s since the total 

throughput is given by 11s. To accomplish this goal using lowlbandwidth electronics in the 

portion of the network that directly processes these short pulses has to be avoided. 

It is the intent of the OTDM architecture to use electronics at the baseband channel rates 

and photonically process the high-bandwidth, multiplexed data stream. One method to 

photonically process the multiplexed stream is to use the AFP device as an all-optical logic 

device. As shown in Fig. 5.31, incoming multiplexed data pulses have optical intensities below 

the threshold level and do not saturate the absorption of the Ctalon. Therefore these pulses are 

blocked. When the clock and data pulses coincide, a larger optical intensity is incident on the 

device saturating the absorption and switching the AFP device "ON" to form the demultiplexed 

data stream. The demultiplexed data would subsequently be photodetected and converted to the 

baseband electrical signal. These devices need high bandwidths in order to follow the rising 

edge of the incoming signals and recover before the next time slot anives. 

The AFP has a turn-on time of less than 1 ps and by using the LT-GaAs we can achieve 

recovery times of approximately 1 ps. This recovery time is on the order of what is necessary for 

an all-optical logical AND gate to work in terabit-ps optical OTDM network. 



Framing 
Puke Demultiplexed 

Low Reflectivity Mirror 
LT-GaAs 

114 Stack Mirror 
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Figure 591 Asymmetric Fabry-Pirot device performing all-optical demultiplexing. 



5.5 Comparison of Ultrafast All-Optical Switching Devices 

Numerous configurations have been reported in order to achieve ultrafast all-optical 

switching. In this section we are going to briefly compare the more popular devices, which use 

either fibers or semiconductors as the active material, and our AFP device. 

The nonlinear optical loop mirror (NOLM) is an example of a passive device using fibers 

[129]. The NOLM has two important properties, the inherent stability of its interferometer 

arrangement and the intrinsically low insertion loss. 

The NOLM needs long fiber lengths or large optical powers. To overcome this problem 

two active devices, namely the semiconductor laser amplifier in a loop mirror (SLALOM) [130] 

and the terahertz optical asymmetric demultiplexer (TOAD) [131], have been developed. These 

devices are based on the same interferometeric principle as the NOLM. However, their operation 

does not depend on the optical nonlinearity of the fiber but rather on the optical nonlinearity of a 

semiconductor laser amplifier placed within the fiber loop. Both devices are more compact than 

the NOLM and require less switching power. Furthermore, these devices are a few tens of 

meters long and can not be integrated with the interfacing technologies. 

Active semiconductor devices such as semiconductor amplifier devices require electrical 

inputs, and will not be considered here. Passive semiconductor devices are generally divided 

into two categories. The first is a routing switch in which the input is connected to one of several 

output ports like the nonlinear directional coupler (NLDC). Different research groups have 

investigated this type of device by using either the resonant nonlinearity [I321 or the nonresonant 

nonlinearity 11331. The disadvantages of these devices are polarization sensitivity, low contrast 

ratios, high insertion losses and high switching powers. 



The second category is a logic switch using a Fabry-PCrot Ctalon. The advantages of this 

device are polarization independence, small size and broad bandwidth. Furthermore, the average 

switching energy is low, especially if the device is operating in reflection. The AFP device is an 

example of a Fabry-PCrot Ctalon operating in reflection. 

The advantage of using LT-GaAs (bulk material) over LT-quantum wells [I221 for the 

active layer in an AFP device is the wider bandwidth achievable since one is not limited by the 

exciton linewidth as the case in quantum wells. By using bulk material we also avoid the 

complex growth process of the quantum wells where one has to strain and dope the material to 

achieve fast response times [122]. The use of a multilayer stack mirror as the back mirror has the 

advantage of providing good thermal stability due to the efficient heat sinking of the substrate 

and accommodating high repetition rates with no thermal problems. It also provides monolithic 

growth of the device. The disadvantage of our device is the operating wavelength around h = 

850 nm which is not the telecommunications wavelength (h= 1550 nm). But our prototype 

device can be extended to wavelengths of interest by using suitable bulk material. 

Apart &om the operating wavelength issue, our prototype device combines the best 

characteristics of the alternative devices mentioned. It is a compact and low-cost device that 

exhibits ultrafast switching, broad bandwidth, high contrast ratio, polarization independence and 

low switching energy. For all of these characteristics, its performar~ce is comparable to the best 

previously demonstrated with any device configuration, and the AFP device is the only one to 

combine all these features in a simple device. 



Chapter VI Conclusions and Future Work 

6.1 Summary 

h extensive investigation is done to optically characterize low-temperature- 

grown gallium arsenide (LT-GaAs) for designing ultrafast all-optical switching devices. 

Some of the notable properties of LT-GaAs are the very short trapping times 

(subpicosecond) and recombination times (few picoseconds) under the right excitation 

conditions, the large optically-induced rekactive index changes (- - 0.1) with picosecond 

response time, the large optically-induced absorption changes with picosecond response 

time and the large two-photon absorption coefficient (almost double the value for regular 

GaAs). 

We investigate the effect of growth and annealing temperatures on trapping times, 

recombination times and the two-photon absorption coefficient. We also perform the first 

direct measurement of the trap emptying times in LT-GaAs. The trapping and trap 

emptying times increase with the growth and annealing temperatures due to the reduced 

amount of excess arsenic. The trap emptying times are strongly dependent on the 

excitation wavelength. For wavelength closer to the band edge, significant long time 

constants are observed due to the existence of localized (shallow) states formed by 

potential fluctuations, which are weakly coupled to their respective bands and mid-gap 

states. We also show how the number of carriers excited can affect the trapping and trap 

emptying processes. 

There is a trade-off between long lasting carriers in the shallow states for weakly 

annealed material and the reduced number of mid gap states and the effect of the clusters 



in the strongly annealed material. Another trade-off is the higher concentration of shallow 

states for samples grown at lower temperatures (220°C) and the reduced number of mid 

gap states for samples grown at higher temperatures (270°C) decreasing the 

recombination times. Therefore, optimum growth and annealing conditions have to be 

considered to reduce the localized states and to avoid the bottleneck due to the reduced 

number of mid-gap states. 

We carry out the first direct measurement of the two-photon absorption 

coefficient in LT-GaAs. The two-photon absorption coefficient decreases with 

increasing growth and annealing temperatures and approaches the values for regular 

GaAs under substantial annealing or higher growth temperatures. 

For optimum operation of all-optical devices, we explored the effect of the growth 

and annealing conditions and the excitation pulse width on the refractive index and 

absorption changes in LT-GaAs. The refractive index change incredes with increasing 

the annealing temperatures until the material is degraded. It also increases with the 

growth temperature up to an optimum growth value and then it starts decreasing 

approaching regular GaAs index changes. 

For LT-GaAs the absorption saturation is only partially due to either the large 

number of mid-gap states (lightly-annealed samples) or due to the large arsenic 

precipitates embedded in the material (heavily-annealed samples). Increasing the growth 

temperature results in higher absorption saturation until we obtain compiete absorption 

saturation when reaching growth temperatures close to regular GaAs. 

For unannealed and lightly annealed samples we observe smearing of the band 

edge due the substantial concentration of defects resulting in a significant increase in one- 



photon absorption from these defects. For strongly annealed samples the band edge 

structure becomes more pronounced and it starts to approach the sharpness of regular 

GaAs. 

As a result of the numerous optical characterization experiments, we formulate a 

phenomenological rate equation model to describe the different dynamics in LT-GaAs. 

The comparison between the rate equation model and the measurements shows that this 

model is a powerful tool for predicting the ultrafast dynamics of the material over a wide 

range of material growth and annealing conditions, and optical excitation conditions 

(wavelength, incident power and pulse width). 

The best characteristic of the model is its ability to determine the different 

dynamics irrespective of the details of the processes responsible for the carrier trapping 

and recombination. For unannealed LT-GaAs the dynamics are dominated by arsenic 

point defects. For lightly annealed LT-GaAs arsenic clusters start to form and for 

stronger anneals the arsenic clusters that are formed begin to dominate the dynamics. 

The details of the trapping mechanism are not critical in our model since they can be all 

folded into a single trapping time for a given material. We are phenomenologically 

describing the mechanism as due to mid-gap states with effective trapping times (51 and 

54) and trap emptying time (52). 

We also use the model to try and minimize the absorption, and thus the loss in a 

refractive index based device fabricated from this material. We use our model to 

investigate the dynamic behavior of the various absorption mechanisms and try to tailor 

the material to minimize the unsaturated absorption. We examine the different figures of 



merit to evaluate the performance of the material if used in a guiding structure as the 

nonlinear directional coupler. 

The figures of merit calculated show that LT-GaAs can be used in a waveguide 

device. However, with the inherent problem of unsaturated absorption in the material, the 

device operation is not efficient and the powers needed are impractical. 

We thus investigate a more practical all-optical switching device for this material 

where we can accommodate high absorption values and make use of the high absorption 

changes obtained in LT-GaAs. The use of LT-GaAs in an absorption-based AFP device 

shows some profound performance improvements over a similar device using multiple 

quantum wells. Our AFP device structure consists of a high reflectivity quarter- 

wavelength stack mirror MBE-grown on the GaAs substrate. On top of the stack mirror a 

1.5 pm LT-GaAs layer is grown and finally a low reflectivity front mirror (W4 SON) is 

deposited on the LT-GaAs. 

We demonstrate the first ultrafast all-optical switching device using low- 

temperature-grown bulk material (LT-GaAs) in an asymmetric Fabry-PBrot (AFP) device. 

The device is polarization independent and compact. Using the multilayer mirror stack 

has the advantage of good thermal stability due to the efficient heat sinking of the 

substrate and one can accommodate high repetition rates with no thermal problems. 

The advantage of using bulk material over quantum wells for the active layer is 

the wider bandwidth since we are not limited by the linewidth of the exciton as the case 

of quantum wells. By using bulk material we avoid the complex growth process of the 

quantum wells where one has to strain and dope the material to achieve fast response 

times. 



We obtain fast switching speeds (3 ps), large bandwidth (40 nm), low insertion 

loss (2.8 dB) and high contrast ratios (15 dB) using low energy fluxes (200 fJlPmZ). This 

result is impoaant as it shows that AFPs using LT-bulk material show promise for an all- 

optical logical AND gate to work in terabit-ps optical time division multiplexing 

networks to eliminate electrical J./0 bottlenecks. 

6.2 Future Work 

Although this thesis concentrates on optical characterization of LT-GaAs to 

develop an ultrafast all-optical switching device, numerous opportunities for future 

investigation of LT-GaAs remain. Some of these material and device experiments are 

briefly discussed in the following few paragraphs. 

From the preliminary measurements by Fauchet et a1.[134] there are indications of 

large refractive index changes at wavelengths far from the absorption resonance (h - 
1.55 pm) which we attribute to the contribution associated with free carrier absorption. 

To get 3 good measurement of the refractive index change at these longer wavelengths, a 

two-wavelength z-scan experiment has to be performed where you create the carriers in 

the conduction band by the pump which is absorption resonant and then measure the 

absorption and refractive index changes at nonresonant wavelengths. 

For more accurate measurements of absorption and losses in the material, 

waveguide structures have to be used to avoid uncertainty in absorption measurements 

due to scattering and surface roughness losses in thin samples. Accordingly, a better 

decision can be taken of whether this material is useful for waveguide-based devices. 



The large TPA coefficient can be used in advantage for optical limiting [I031 and 

autocorrelation devices [104]. 

It has been shown that LT-M [135,136] and LT-InAIAs [136,137], LT-GaInP 

[I381 and LT-InGaAs [I391 belong to the same family as LT-GaAs and exhibit almost 

identical behaviors with respect to gowth and annealing conditions. The properties of 

these materials are due to their ability to include group V atoms in excess of regular 

stoichoimetty of the crystals. Another ultrafast material that is investigated in our lab is 

the He-plasma grown InGaAsP doped with Be showing lifetimes on the oder of a 

picosecond [140,141]. We anticipate that with minor changes in the rate equation model 

it can be utilized in these materials to optimize the material operation for the different 

applications. 

The AFP device should be utilized in an optical time division multiplexing system 

to demonstrate the operating principle of the device in ultrafast all-optical 

demultiplexing. 

To perform an OTDM system demonstration a suitable laser source is used as a 

clock producing a narrow return-to-zero optical pulses at a repetition rate which 

corresponds to the bit rate of the electronic data channels (typically 2.5-10 GHz). This 

optical train is split into separate trains and each of these is individually modulated at the 

same bit rate and delayed by a ftaction of the clock period and then interleaved to 

produce an aggregate bit rate NxM (N is the number of channels and M is the bit rate). 

After transmission over the fiber, the aggregate pulse train is demultiplexed by using the 

AND gates to the N distinct data channels which can then be individually received and 



processed electronically. Some means of clock recovery at the base rate M is needed to 

drive and synchronize the demultiplexers. 

The work done in the AFP devices should be extended to the telecommunications 

wavelength by using the above mentioned bulk materials for OTDM network 

applications and take advantage of the wide bandwidth and the high contrast ratios. 



Appendix A Two-Photon Absorption Calculation for Z-scan Setup 

When the incident field wavelength is such that E,/2 < hclh < E, , electrons make the 

transition from the valence band to the conduction band by simultaneously absorbing two 

photons. The strength of this process is described by the TPA coefficient P ( a ~ p *  = PI). 

To measure the TPA coefficient we used the z-scan technique with no aperture. Here 

we removed the aperture and therefore all the light will be collected into D2 in the setup shown 

in Fig. 3.2 resulting in a flat response for a purely refractive nonlinearity. However, if TPA is 

presert the transmitted signal will appear as an inverted Lorentzian with a minimum at z = 0 

(focal plane) where the intensity is maximum. 

Assuming TPA is the only mechanism for generating carriers then 

Here, we neglected the loss of carriers due to recombination and diffusion because these 

processes occur on longer time scales than the fs pulses we used in the experiments. 

Integrating equation A.l results in 



Figure A.l The coordimate system used in calculating the transmission of a Gaussian beam through a sample of 

thickness d. 

We have to keep in mind that z' is the coordinate along the sample and the sample itself 

is also moved in the same direction to obtain the z-scan and we use the z variable to represent 

the scan. 

Removing the aperture in Fig.3.2 implies placing the detector D* at the output surface 

of the sample. This allows us to ignore the phase changes; thus the ratio of the integration of 

Eq.A.2 over space and time for z' = 0 (sample entrance) and z' = d (sample exit) gives the 

normalized transmittance for a spatially and temporally Gaussian pulse as 

rn 2n I(z)exp(-(t 1 c,)~ exp(-2(r I u ) ~ )  
<&) = J l I rdr d 8  dt (A.4) , ,.oo.o l+I (z )P  dexp(-(t17J2 e x ~ ( - 2 ( r l 4 ~ )  



By integrating equations A.4 and AS we get 

7r 0' <.., = I-ln(l+ I(Z)P d exp(-(t /~,)~)  dt 
2P d 

Hence 

Where 

I(Z) = I, , I, is the peak intensity at the focus and 
1 + (z/z.Y 



By using Eq. A.8 and comparing it to the experimental data we can estimate P (the only 

unknown). In Fig. A.2 we show how the beam spot size affects the calculated normalized 

transmittance. Clearly, the uncertainty in the beam size measurement does not hinder the 

fitting since only one value results in a good fit. 

Figure A.2 The effect of the beam spot size on the calculated normalized transmittance. 
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