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ABSTRACT 

As a means of studying semiconductor photoluminescence, Fourier 

transform interferometry offers resolution and signal throughput 

capabilities which are superior to those of conventional dispersive 

spectroscopy. In this thesis, Fourier transform photoluminescence 

spectroscopy studies of the donor bound exciton in GaAs will be 

presented. The behaviour of the donor related photoluminescence 

transitions is studied as a function of magnetic field strength, 

orientation and excitation wavelength. 

Furthermore, the application of Fourier transform photoluminescence 

to donor species identification in GaAs at high magnetic field is 

demonstrated. The energies of the various species-dependent transitions 

important for characterization are measured with unprecedented 

precision? and should provide a standard for such studies, 

Finally, a straightforward and reliable method, using resonant 

excitation, is developed for donor identification in less pure 

materials. This method is based on results obtained for high purity 

epitaxial GaAs. The resonant technique is demonstrated for bulk 

semi-insulating GaAs. 
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CHAPTER 1. INTRODUCTION 

1.1 Rationale 

Photoluminescence (PL) is one of the most widely used techniques 

for studying semiconductors. Its applicability to this field derives 

from the precise measurements of transition energies which it can 

provide, and the importance of these measurements in studying both the 

fundamental and technologically important properties of these materials. 

The topics of fundamental physics and materials characterization are 

often closely related, as the detailed study of impurities and defects 

can reveal both their structure and their effect upon the electrical 

properties of the semiconductor. Since the utility of semiconductors in 

electronics is based on their electrical characteristics, it follows 

that materials characterization plays a crucial role in the development 

of the industry as a whole. 

The particular interest in the characterization of GaAs stems from 

its widespread use in the field of optical devices, and its suitability 

for high-speed electronics. It has even been opined that GaAs would 

eventually replace silicon in even conventional electronic applications, 

but because of the the advanced state of Si processing technology, the 

superiority of Si for device processing, and recent advances in Si-based 

heterostructures, this has not yet happened, and probably never will. 

However, due to its direct band gap, GaAs is the material used for a 

large number of electro-optical applications, especially in the 

telecommunications and recording industries. Also, the higher electron 

mobilities attainable in GaAs make it the choice 'material for ultra-fast 



semiconductor devices. 

The interest in donor related photoluminescence in GaAs does not 

arise solely from its applicability to the semiconductor industry. It 

is also due to its suitability as a test of unconventional (for PL) 

spectroscopic techniques, i .e .  Fourier transform interferometry, because 

of the high resolution required to study the rich donor bound exciton 

spectrum. Furthermore, there is a fundamental interest in the behaviour 

of this bound exciton system in the presence of a magnetic field, as 

well as the challenge presented by one of the most difficult problems in 

the characterization of semiconductors by optical techniques. 

1.2 Background 

Later chapters of this thesis require understanding of the basics of 

semiconductor physics. Descriptions of the properties of semiconductors 

are given in many textbooks (e.g. Kittel [86Kll), and a knowledge of 

what is meant by such terms as band gap, donor and acceptor, etc. will 

be assumed. A more in-depth understanding of some topics such as 

impurity energy levels, excitons and bound excitons is also needed. 

This section will be devoted to a review of such subjects. 

The momentum dependence of the electron and hole energies gives a 

dispersion relation for the energy bands. Most electronic and optical 

properties depend on the behaviour of electrons (holes) which have the 

minimum allowable energies, having relaxed by scattering with lattice 

phonons, to the band extrema. For many calculations, the bands are 

assumed parabolic at these extrema, and we can calculate their energies 

as if they were free electrons (holes) with 



h2k2 E(k) = - 2 m 
eff 

(hole). 

This is usually a good assumption near the the band extrema, and 

m is simply the inverse of the curvature of the band in the E-k 
ef f 

diagram. Thus sharply curved bands will have lighter effective masses 

(and therefore higher intrinsic mobilities) than bands with less 

curvature. The equation for the effective mass may be tensorial in 

nature, which means that anisotropic band edges will result in effective 

masses which vary depending on the direction of carrier motion. 

Much of the success of semiconductor physics derives from the 

analogies which can be made between impurity spectra and atomic physics. 

The analogy with hydrogen is exploited fully when studying shallow 

donors (acceptors) [81R11, where the charged impurity core weakly binds 

an electron (hole). The weak nature of the bond, relative to atomic 

hydrogen, is due mostly to the screening effect of the high-dielectric- 

constant semiconductor ( c  = 12.56 in GaAs [71Sll). The energy levels of 

such donors are thus only slightly below the free-electron states which 

form the conduction band. Acceptor energy levels behave in a similar 

manner. Because weakly bound impurity states can be represented as a 

linear combination of states taken near the band extrema, they exhibit 

an effective mass similar to the free carriers at the band edges. This 



effective mass must also be considered in calculating the hydrogen-like 

ionization energy. The energy levels are calculated theoretically 

(called effective mass theory) to give: 

where m = effective mass (-0.07 m for e in GaAs) 
eff 0 

E = dielectric constant 

These result in a theoretical donor ionization energy of 31.27 meV 

in Si and 5.715 meV in GaAs. The actual values observed in far infrared 

(FIR) absorption, vary between 30 and 45 meV for shallow donors in Si 

depending on the chemical identity. The differences in the observed 

values are due to the so-called central-cell potential V , which is 
C 

usually considered as a perturbation to effective-mass theory. This is 

an effect of the different environment existing for different chemical 

species, even though they are all donors. In this case the charge of 

the bound particle, p , in the vicinity of V causes an increase in the 
C C 

ionization energy E of the impurity states (whose energy is given by 
i 

eq. 1.2) by an amount [73D1,76Bll 

The shift of the ionization energy is different for each energy 



level, as the amount of charge in the central-cell region will decrease 

as the wavefunctions become more extended. Such a species dependent 

difference in ionization energy allows the use of FIR absorption or PL 

measurements to determine donor impurity identities in Si. 

However, in GaAs, experimental ionization energies vary only over 

the range of 5.752 to 5.913 meV. Such donors are said to be 

"effective-mass-like" , because the Bohr-radius (-50 A in GaAs [8lRl I 1 

extends over many lattice spacings (-6 A [82Lll) and AE in eq. 1.3 is 
i 

small, even for the lowest states. This insensitivity of the binding 

energy to the nature of the chemical identity of the donor atom in GaAs 

is the reason why donor identification by spectroscopic means is so 

difficult. 

In analogy with the donor case, shallow acceptor bound holes take on 

the effective mass of the valence band, resulting in effective-mass-like 

energy levels. Because the effective mass (curv~ture) of the valence 

band is different from that of conduction band, the ionization energy 

for acceptors are different than for donors. In GaAs, the effective 

mass theory gives 26.0 meV [90S11 for the acceptor ionization energies. 

The experimentally measured values are 26 to 40 meV. 

The basis of optical characterization in semiconductors is the 

impurity- or defect-specific nature of energy levels within the 

forbidden energy gap of the semiconductor. These energy levels are also 

responsible for the electrical behavior, which is of primary interest in 

these materials. By observing the emission or absorption of light due to 

transitions between these levels, or associated levels such as bound 

excitons, a great deal of information can be obtained. 



The technique used throughout this work is photoluminescence, in 

which optical excitation is used to populate higher energy states of the 

crystal. The luminescent decay of the these excited states is then 

monitored. The photoluminescence of excitons bound to donors in GaAs is 

the subject of this thesis. 

As discussed in the preceding section, simple donors and acceptors 

form energy levels within the energy gap and close to the band edges. 

Such levels are called "shallow". Energy levels closer to the middle of 

the band gap can also exist, caused by the presence of other impurities 

and defects (or combinations thereof). These levels within the band gap 

can also have major effects on the electrical and optical properties of 

the material. However, in this thesis, only the shallow donor bound 

excitons will be considered. 

The simplest form of photoluminescence is performed by exciting an 

electron from deep within the valence band to high in the conductien 

band. The resulting energetic, mobile electron and hole then relax to 

the band edges by emission of phonons (i.e. they cool down or 

"thermalize"). The electron and hole can then recombine, giving off a 

photon in luminescence, whose energy is equal to the band gap energy. 

At room temperature, this is the dominant photoluminescence process. 

The electron and hole can also recombine via non-radiative paths, 

especially if the defect or impurity concentration is high. 

If the temperature is lowered to near 0 K, (e.g. by immersing the 

sample in liquid helium), other processes can occur. In the regime of 

reduced thermal excitations, carriers will lower their energy by binding 

to impurities, defects, or other particles. One of the most important 



processes is the case where electrons and holes bind together in a 

hydrogen-like entity called an exciton. The binding energy is small due 

to the small effective masses and high dielectric constant as was the 

case for shallow donors and acceptors. In addition, because it is made 

up of two light particles (unlike donors and acceptors) the effective 

mass used in calculating the energy spectrum must be the reduced 

effective mass p of the electron and hole given by: 

where: m = electron effective mass 
e 

m = hole effective mass 
h 

This results in a lower binding energy than for a donor or acceptor, 

and is the reason why even lower temperatures are required to form 

excitons than to trap carriers onto ionized donors and acceptors. At 

high temperature excitons would be dissociated by the thermal lattice 

vibrations (phonons). The free exciton (FE) is a mobile, neutral, 

hydrogen-like particle, but like positronium, the constituents of the 

exciton recombine within a finite lifetime, giving luminescence at a 

characteristic energy 

where: E = the semiconductor energy band gap 
9 



- - /Je - 
Ex - 2 2 2  

is the hydrogen-like bound state 
2c n h 

energy spectrum 

Ekin = the kinetic energy 

The kinetic energy term reflects the fact that the FE is made up of 

mobile electrons and holes and will display a thermal distribution. In 

Si, the kinetic energy is very well represented by the classical 

Boltzmann distribution. In GaAs, the direct-gap results in complicated 

behaviour for E -+ 0, because of the exciton polariton effect. 
kin 

Since excitons are mobile, they are free to diffuse through the 

crystal, and can become localized onto impurities, a process which 

further lowers their energy. This localized particle is a bound exciton 

(BE). The recombination of a bound exciton would result in photons of 

even lower energy: 

where: EFE = the minimum FE energy (i. e. n = 1, E = 0) 1 kln 

E = the BE localization energy 
1 oc 

Like impurity ionization energies, the localization energy may also 

display impurity dependence, due to the effect of the central-cell 

potential V on the charge associated with the BE wavefunction. The 
C 

impurity specific differences in E can be related to eq. 1.3 through 
BE 



E = a E i + b  
l o c  

which is an empirical relation called Haynes' rule [60H11. 

A schematic diagram of some possible excitonic transitions is shown 

in Fig. 1.1. For shallow donors and acceptors in Si and GaAs, the 

localization energy is about 1/10 the donor or acceptor ionization 

energy (i. e. a = . 1 ) , while b - 0 .  Thus, if the donors or acceptors due 

to different chemical species have different ionization energies, then 

the recombination luminescence of their BE'S will be impurity specific 

as well. This forms the basis for much of the optical characterization 

of semiconductors by PL. It should be noted that in contrast to FE 

luminescence, the BE recombination transitions are very narrow, as the 

binding eliminates the kinetic energy distribution associated with free 

particles. 

The BE luminescence was described above as if there were only one 

possible initial state and one possible final state. However, as 

depicted in Fig. 1.1, the bound exciton has an excited-state spectrum, 

as do the binding centers which form the final states in such 

recombination transitions. In the case of donor or acceptor binding 

centers, the spectrum of the final state is that described earlier for 

such impurities. 

The initial state may thus in general be any one of the possible BE 

energy levels. The population of the initial levels is usually 

determined by the temperature, as such systems often reach thermal 

equilibrium before recombination. However, for centers exhibiting very 



Figure 1.1 

Schematic diagram of the important BE photoluminescence transitions. 

The excited states for the binding center and the bound exciton are 

shown. Two-electron satellites refers to donor BE, for acceptor BE the 

corresponding transitions are referred to as two-hole satellites. 
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fast recombination, the excited states may represent a greater 

proportion of the initial state population than that dictated by the 

thermal distribution in equilibrium. 

These thermally depopulated BE excited states can be better observed 

in more complicated experiments. The most common is photoluminescence 

excitation (PLE) spectroscopy, where the BE is created directly by 

absorption of a photon at one of its excited state energies, and then 

relaxes to the BE ground state. The luminescence of the ground state 

recombination transition is detected. The dependence of the ground 

state luminescence intensity on the excitation energy gives the BE 

excited state spectrum. There are many examples of the use of this 

technique. Two of the earliest are by Faulkner and Dean [70F11 and 

Cohen and Sturge [77Cl I. 

Another approach developed recently by Thewalt and co-workers 

[84L1,85T11 is far infrared excit.cn abscrptim spectrosc~py (FIEAS]. In 

this technique, the bound excitons are created by near band gap 

excitation, and the BE ground state to excited state absorption spectrum 

is measured in the FIR, in analogy with impurity FIR absorption. 

These two methods provide complementary information, as the 

selection rules result in the creation of BE in the even parity excited 

states for PLE and odd parity for FIEAS. However, FIEAS may be 

restricted to systems which have a long BE ground state lifetime, such 

as isoelectronic BE in Si, in order to increase the probability of such 

a two-step process. For this reason, the technique was not attempted 

for the donor BE in GaAs. 

In addition to the complications of the excited initial state, the 



final state of the transition may also be an excited state of the 

impurity binding center. Such PL transitions are often referred to as 

two-electron transitions or satellites (TES) for donors, since both 

electrons in the donor BE complex take part in the transition. For 

acceptors, the label two-hole transition or satellite is used. Such 

transitions are shown in Fig. 1.1. The occurrence of such excited final 

state transitions is governed both by conventional selection rules as 

well as the spatial overlap of the initial state wave function with that 

of the final state. 

The result of such an excited-final-state transition is a 

luminescence photon whose energy has been reduced (compared to the 

ground state to ground state, or principal transition energy) by the 

impurity excitation energy. Thus a series of luminescence lines to lower 

energy can often be observed, converging to an ionization energy equal 

to that observed in the far infrared absorption spectrum of the binding 

center. The observation of such transitions in the PL spectrum provides 

definitive proof that a luminescence transition corresponds to a 

particular binding center seen in FIR absorption, and thus such 

transitions are important for characterization studies. 

1.3. Donor Identification in 111-V Semiconductors by Photoluminescence 

As explained in section 1.1, the donors in GaAs are almost perfectly 

described by effective-mass theory. The small conduction band effective 

mass results in wavefunctions which extend over many lattice spacings 

and thus exhibit very little sensitivity to the identity of the binding 

center. As such, donors have very little chemical-species-dependant 



shift, which makes them difficult to identify, even by optical means. 

It has been found that the application of a strong magnetic field 

enhances the central-cell splitting, allowing the species dependent 

resolution of the FIR transitions of different donors. This enhancement 

is due to the compression of the donor wavefunction in the magnetic 

field and the consequent increased dependence of the ground state energy 

on the chemical identity of the binding center. 

A variant of FIR absorption called photo-thermal ionization 

spectroscopy (PTIS) has been applied very successfully to this problem. 

PTIS is a photo-conductivity technique in which the FIR optical 

excitation of an electron (in the case of a donor) from the impurity 

ground state to one of the lower excited states is followed by thermal 

ionization of the impurity. This ionization results in an increase in 

the conductivity which is very sensitive to the energy of the incident 

FIR photons. PTIS has a predicted sensitivity of as low as lo8 

impuri tie~/cm-~, well beyond the purl ty level of any semiconductor ever 

grown. 

As described previously, the donor energy spectrum, which is in the 

FIR spectral region, can also be observed in the near infrared (NIR) PL 

by means of the TES of the donor BE. When carried out at the same 

magnetic field, the TES are separated from the lowest PL principal 

transition by the same energy as measured by PTIS (less the energy of an 

electron spin-flip, due to selection rules). In addition, there is a 

slight augmentation of the TES central-cell splitting over that observed 

in PTIS, due to a magnetic-field-induced central-cell splitting of the 

donor bound exciton initial state. For very pure samples, species 



dependent splittings can be observed even in the principal BE 

transitions. 

The BE spectrum for GaAs (and InP) is complicated by the existence 

of excited hole states. These states are analogous with those of the 

hydrogen molecule, and the BE can be modeled as a nonrigid rotator 

[78R11. This model, due to Ruhle and Klingenstein ( R K ) ,  is successful 

in explaining the observed luminescence transitions of the donor BE. 

The model classifies the states according to the rotational quantum 

number ! and gives the following zero-field spectrum (valid for 
rot' 

small! I :  
rot 

where: a and D are distance and energy parameters 

of the potential well used in the model 

m is the hole effective mass. 
h 

The value of energy for ! = 0 is calculated using the mean 
rot 

effective hole mass (as is used to calculate the acceptor ionization 

energy in the effective mass approximation). This is the ground state, 

with the non-zero energy being the zero-point energy in the potential 

used in the model. However, the quantities which are most relevant are 

the energy separations for levels with different ! 
rot' 



It is useful to note that different values for the hole effective 

mass (m ) are used for l > 0. The so-called heavy and light holes are 
h rot 

3 1 
identified with the m = f- and m = +- projections respectively, of the 

J 2 J 2 
3 

j = - angular momentum of the 4-fold degenerate valence band edge. The 
2 

degeneracies of the hole angular momentum (and hence the effective 

masses) are lifted by the quantizing axis of the rotational angular 

momentum in the nonrigid rotator model. This will be of some 

significance in Chapter 4. 

This thesis will be concentrated in two areas. One is the study of 

0 the energy levels involved in the donor bound exciton (D ,XI 

recombination transitions in GaAs at high magnetic fields. The second 

is the investigation of the use of magneto-photoluminescence (MPL) as a 

technique for donor identification in both epitaxial and bulk GaAs, with 

emphasis placed on the role of Fourier transform interferometry. 

One of the most attractive features of photoluminescence 

characterization is that it is one of the most sensitive techniques for 

identifying impurities in semiconductors which are pure enough to be 

technologically important. A comparison of other common techniques for 

impurity identification techniques gives the following minimum 

-3 detectable impurity concentrations: PL lower than 10'' cm ; secondary 

-3 ion mass spectroscopy (SIMS) high lox3 cm ; local vibrational mode 

(LVM) infrared absorption mid 10l~cm-~; atomic absorption spectroscopy 

15 -3 mid 10l~cm-~; and glow discharge mass spectroscopy 10 cm . Thus only 

PL and PTIS are sensitive enough to reach the low impurity levels of the 

11 -3 purest semiconductors, which can be less than 10 cm . 

Another important advantage of all-optical characterization is its 



inherent non-destructive nature. This is in contrast with conductivity 

techniques such as PTIS, which require the application of ohmic 

electrical contacts. This is obviously undesirable in cases where other 

processing is to follow, such as on a piece of substrate material. 

One area in which PL techniques have been difficult to apply, 

however, is to donor identification in 111-V materials. The very small 

species-dependent central-cell shifts, combined with the reduction of 

this shift for BE implied by Haynes' rule, makes the donor BE PL lines 

occur at very nearly the same energy in GaAs. Even with the application 

of a high magnetic field, resolving the different donor transitions is 

very difficult, and until now has been limited by the dispersive 

spectroscopic methods normally used for GaAs PL. It will be shown that 

FTPL removes this limitation. 

The course of action taken in this research has been to follow the 

best of the previous work with a comprehensive and exhaustive study of 

the transitions upon which donor identification by PL is based. This 

has required the study of very high quality epitaxial GaAs films. 

Hopefully, this work has set the standard for such characterization in 

the future, has resulted in some meaningful insight into donor bound 

exciton physics in 111-V semiconductors, and has also allowed the 

clarification of a number of important controversies related to the 

high-field technique itself. In addition, the information gained in the 

study of high quality epitaxial material has allowed the application of 

the technique to the systematic and unambiguous identification of donors 

in bulk semi-insulating ( S I )  GaAs. 



1.4 Spectroscopy 

Every spectrum obtained for this thesis was collected by a method 

which is quite new to GaAs PL spectroscopy, namely Fourier transform 

interferometry. Special attention will be given to the role played by 

this technique, as without its use, this work could simply not have been 

completed. 

The advantages of interferometry can be loosely classified as those 

intrinsic to the technique, or those which are due to technical and 

convenience limitations which are much less constraining for 

interferometry than for dispersive spectroscopy. In the first category 

are the the multiplex, or Fellgett advantage, and the throughput, or 

Jacquinot advantage [72B1,86Gll. The Fellgett advantage arises from the 

fact that in FT spectroscopy, every spectral resolution element is being 

collected simultaneously. This means that, for N spectral elements, 

this is equivalent to spending a factor of N times as much time on each 

spectral element as would be the case for the dispersive technique. 

This is only an advantage however, when the major source of noise is 

detector noise, which is often the case for spectral regions where 

photomultiplier tubes (PMT) are unavailable: i.e. at wavelengths longer 

than 1.2pm. The multiplex advantage in the signal-to-noise ratio (SNR) 

is expected to be in this case. 

A different situation occurs when the dominant noise is in the 

actual light signal. The shot-noise limit has noise which is 

proportional to the square-root of the signal intensity, and the 

multiplex advantage is exactly canceled. However, if there is noise 

which is directly proportional to the signal, e.g. as caused by unstable 



excitation power, then there is a .IN' disadvantage in using FT 

techniques. This underlines the need for highly stable laser sources 

for FTPL. 

In the case of near gap GaAs PL, FT spectroscopy should offer no 

multiplex advantage, as the wavelengths are well within the range of PM 

tubes. However the throughput advantage still makes FTPL a superior 

choice, as demonstrated in the example given by Thewalt et al. [gOTl I ,  

comparing an interferometer with a high quality dispersive (grating) 

spectrometer under identical conditions. For a 1 m double spectrometer, 

with f/8 optics and 1800 groove/mrn gratings operated at 0.1 cm-' 

resolution, the entrance slit would be 30 pm wide, and 20 mm high giving 

2 an area of 0.6 mm . This represents a -600: 1 1ength:width ratio, and is 

very difficult to utilize fully. A typical interferometer at this 

resolution has a circular entrance aperture 1.7 mm in diameter, or 

2 2.3 mm in area. 

The other advantages of interferometry, are detailed in ref. 90T1. 

They include spectral capabilities from the FIR to the ultraviolet (UV), 

the ability to perform very wide spectral scans with no collection time 

penalty, high spectral accuracy (with no calibration! 1 and high 

flexibility in choosing the tradeoffs between SNR and resolution. 

Perhaps the most important feature of interferometry as it relates 

to this thesis, is its unparalleled high resolution capability, which is 

achieved without sacrificing signal strength. The resolution is simply 

a function of the distance over which the scanning mirror is moved, and 

the quality of the optics used. In the instrument used in this work, 

spectral energy:resolution ratios of 500 000:l are possible, which 



translates into a best resolution of 0.024 cm-' in the GaAs excitonic PL 

region. 

Due to the exclusive use of interferometric techniques in this 

work, reciprocal wavelength (wavenumbers or cm-'1 will be used as the 

energy units. These units are the most accurate, as the spectral data 

is referenced during collection against the interference signal of a 

single mode, frequency stabilized HeNe laser. In addition, using 

wavenumbers obviates the need for conversion factors, which may change 

as international standards are updated. For reference purposes, the 

conversion factor from cm-' to the more customary (for PL) meV is: 

hc value in meV = (value in cm-'1 x - x 10 
5 

e 

(with h, c and e in SI units). 

= (value in cm-'1 x 0.1239813 

or 1 meV = 8.065541 cm-' using the latest values for 

h, c and e [90C1 I. 



CHAPTER 2. LITERATURE REVIEW 

2.1 Introduction 

In Chapter 1, the physics of hydrogen-like shallow donors was 

described, as were the basics of donor identification by PL. In this 

chapter, a review of the literature is presented, outlining the 

achievements of previous workers. A short review of the use of FT 

spectroscopy for PL will also be given. 

2.2 PTIS 

As described in the previous chapter, photo-thermal ionization 

spectroscopy is an FIR photoconductivity technique, in which the 

conductivity signal arises from the ionization of the neutral donor by a 

combination of an FIR photon and thermal energy [77K11. The temperature 

must be controlled so that the thermal energy is large enough to ionize 

the donor from its excited states, but not high enough to cause 

transitions from its ground state. The conductivity is then strongly 

dependent on FIR absorption at the ground-state-to-excited-state 

energies. In contrast with the more conventional FIR absorption, the 

PTIS signal can be shown to increase with decreasing impurity 

concentration [77K11. This makes PTIS less useful for less pure 

materials such as bulk SI GaAs, but an extremely sensitive technique for 

high purity epitaxial material. Aside from being a useful method of 

donor identification in 111-V semiconductors in its own right, PTIS has 

also played an important role in the development of PL as a technique 

for this application. 



PTIS was first used for studying shallow impurities in Ge, as 

described in a review of the early use of this technique [77K11. 

Stillman and coworkers extended the technique to GaAs [69S1, review 

77S11 where the near-perfect effective-mass-like behaviour of donors in 

GaAs was verified. The observation of the chemical dependence of 

transition energies for different donor species in GaAs was first 

reported by Fetterman et al. [71F11 in a PTIS-like technique, in which 

the magnetic field was varied and a fixed-frequency FIR laser was used 

as the light source. As summarized by Skromme e t  al. [85S1 I ,  most of 

the shallow donor species have since been correlated with 1s to 2p - 
( i .e .  1s to m = -1 Zeeman split level of 2p) hydrogenic transition e 
observed in PTIS by selectively back-doping high purity epitaxial 

material. 

While PTIS is a sensitive technique for donor identification, the 

variety of samples which can be successfully analyzed is somewhat 

limited. PTIS is a majority-carrier technique [87B11, and thus is 

limited to n-type samples for donor identification. In addition, a 

serious problem encountered in PTIS measurements is the so-called 

"absorbance saturation" effect. It has been shown [85S21 that the 

complex refractive index at the FIR transition energies is very 

dependent on the donor concentration. In less pure samples, this can 

result in broadened, or even notched spectral features, and is a 

hindrance to the unambiguous identification of donors by PTIS. The 

absorbance saturation effect can be overcome in some cases by thinning 

the sample, but is thus completely destructive, and not feasible for 

higher impurity concentrations. Thus for p-type and SI samples, donor 



identification by PTIS is precluded. 

2.3 Donor Identification by Photoluminescence 

In this thesis, donor identification measurements by PL were 

performed at a magnetic field of 12T. In order to make a direct 

comparison with PTIS, transition energies at the same field are 

required. Following the example of Skromme, Bhat, Cox and Colas (SBCC) 

[89S11, PTIS values at B=12 T were extracted from graphs in the work of 

Afsar e t  a l .  I80A1,80A2,81AlI, with the currently accepted donor 

identities being assigned to the corresponding transition energies. 

This work has proven very useful as a check that the energy difference 

measured in PL between the 1s and 2p transitions corresponds with the - 
PTIS energies at this high field. It also serves as a way of confirming 

the electron spin-flip energy, as the 1s to 2p energy differences - 
observed in PL in Faraday configuration differ from the PTIS values by 

that amount. 

The first published results demonstrating the use of the TES for 

donor identification in GaAs were by Almassy et a l .  [81A21. These were 

0 zero field measurements of the TES of the (D , X )  second excited rotator 

states. Zero field results have also been reported by Watkins et a l .  

[87W11, in which resonant excitation of one of the rotator states was 

used. Such resonant excitation removes the interference caused by other 

rotator state TES. The laser excitation was sufficiently narrow in this 

latter study to demonstrate species dependent absorption energies in the 

principal transitions, although this splitting was unresolved in PL. At 

zero field, however, the TES of different donor species are still very 



closely spaced, making resolution of different species only possible for 

the more widely spaced transitions (e.g. Ge and Si) and only in very 

pure material. 

Since the resolution of different donor species by PTIS was aided 

by the application of a magnetic field, a logical step was to do the 

same with PL. This was in fact done by Reynolds et a l .  [83R1,84RlI, and 

showed the effect of the magnetic field in narrowing transitions and 

increasing the separation between transitions. In ref. 84R1, the first 

report of donor identification by optical techniques in p-type GaAs was 

given. 

The advantages of even higher magnetic fields were first explored 

in experiments on InP [84D11. The application of higher fields to GaAs 

followed, in the first experiments on donor identification in bulk 

material [86H1,88HlI. Additional work on epitaxial material was also 

reported in these references, as it was by Bose et a l .  [87Bll. For 

these studies, PTIS and PL were performed on the same samples, providing 

an important check on the PL species assignments. 

Reynolds et a l .  [83R11, Bose et a l .  [87BlI, Shastry et a1. [88S11 

and Watkins et a l .  [88W21 found that the TES had larger central-cell 

shifts for a given donor species than did the PTIS transitions. These 

enhanced shifts, as well as the species dependent excitation energies 

observed at zero-field by Watkins et a l .  [88W11, and high field by 

Harris et a l .  [86H1,88HlI were explained by SBCC as being due to 

central-cell splitting of the donor bound exciton states. The 

0 
observation of this (D ,XI central-cell splitting in actual PL spectra 

of the principal transitions was first reported by SBCC. These authors 



also reported resonant narrowing of the TES when exciting into the 

principal transitions. 

The validity of PL as a donor identification technique has been 

well proven in the above literature. However, there still remains some 

0 controversy as to which (D ,X) principal transitions correspond to the 

2p TES used in donor identification. - 
The behaviour of the donor BE states in a magnetic field is little 

understood, although some models have been proposed. One is that of a 

simple 4-fold degenerate donor BE rotator state split by the magnetic 

field, put forward by Reynolds e t  al. [89R11, but this completely 

ignores the complications of the existence of many rotator states. In a 

more involved theoretical treatment developed for InP, Rorison e t  a l .  

[84R21 model the donor bound exciton as a free exciton orbiting a 

neutral-donor. This model implies, and even builds on, the 

inequivalence of the two electrons in the donor BE complex, and is thus 

somewhat counterintuitive. Neither model incorporates the non-rigid 

rotator model of RK, who themselves use MPL to confirm the symmetries of 

the rotator states in their zero-field model. However, RK say that the 

rotator model does not extend to high fields, as the high field tends to 

allow the mixing of normally forbidden states. 

Given the paucity of theoretical models, we must turn to experiment 

as a step toward a better understanding of this system. This requires 

both higher resolution spectroscopy and better signal-to-noise, such as 

is offered by FTPL. The former requirement comes about because of the 

small splittings which must be resolved if any useful information is to 

be obtained, and the latter due to the vast number of spectra which must 



be collected in such a study. (Certainly any one spectrum can be 

averaged for an arbitrary period to obtain the desired SNR, but to 

collect hundreds at a resolution of 0.1 cm-' and better would be 

impossible on a dispersive instrument, even if time were the only 

considerat ion. 1 

Taking full advantage of the power of interferometric PL, it is 

hoped that this present study will both provide new insight into the 

physics of the ( D O , X )  system in GaAs under the application of high 

magnetic fields, as well as set a standard for donor identification by 

PL. 

2.4 FTPL 

Having stated the importance of FTPL to this work, it must be said 

that the use of interferometry is not new in the field of semiconductor 

Pi spectroscopy i87C1,88Rlj. There are even commercial interferometric 

systems specifically configured for PL characterization work, offered by 

such companies as Midac and Bio-Rad. What is new in this and recent 

work by Thewalt and co-workers [this work,90T1,90B11 is the application 

of FTPL to GaAs spectroscopy, which until now has been considered the 

preserve of dispersive spectrometers and photomultipliers. Also, the 

exploitation of the unparalleled combination of resolution and signal 

throughput achieved with FTPL [90T1,90Nl,90T21 has not been reported by 

others. The advantages of FTPL will be explained further in Chapter 3 

and demonstrated throughout this thesis. 



CHAPTER 3. EXPERIMENTAL PROCEDURE 

3.1 Introduction 

The standard photoluminescence set-up consists of an above-band-gap 

light source, a light detector, as well as some type of spectrometer 

with which to analyze the luminescence as a function of energy. For 

impurity-specific studies, a cryostat is necessary to maintain the 

sample at low temperature. The list of equipment grows rapidly as the 

requirements for more control of the many parameters of excitation, 

detection and sample environment increase. Thus the best equipped 

photoluminescence laboratory will have many lasers, detectors, 

spectrometers, cryostats, magnets, optical filters, and more. In 

addition, a vast array of electronics is required with which to control 

equipment, and collect, analyze and store data. 

In collecting the data fsr this thesis, m s t  of the items in the 

above list were utilized. In the following sections a description of 

the equipment and the reasons for its use will be given. 

3.2 Fourier Transform Interferometry and Photoluminescence 

The goal of experimental spectroscopy is to obtain data with a very 

high signal-to-noise ratio without compromising the spectral resolution. 

As explained in Chapter 1, there are many advantages to using 

interferometric techniques to achieve this. Fourier transform 

spectroscopy has long been recognized as being superior for spectroscopy 

in the far- and mid-infrared, where detector noise is often the limiting 

factor. Due to the throughput advantage, as well as the higher 



attainable spectral resolution, FT interferometry is superior even in 

the spectral region where low-noise photomultipliers tubes operate. 

However, until recently, technological limitations have prevented the 

application of this technique to spectral regions with wavelengths in 

the near-infrared (NIR) and shorter. This problem is evident when one 

considers that a high resolution (0.02 cm-'1 spectrum requires that two 

mirrors must be kept parallel within a fraction of the wavelength of 

interest, while one of these mirrors is moved a distance of 25 cm. As 

the wavelength decreases, the difficulty in maintaining alignment 

increases. Recent advances in this area, involving clever optical and 

mechanical alignment techniques, have resulted in the commercial 

availability of FT interferometers which are useful into the UV region 

of the spectrum. 

The interferometer used for this thesis was a BOMEM model DA3.02 

interferometer system, with scme simple external additions. A schematic 

diagram of the optical setup for FTPL is given in Fig. 3.1. This is 

basically a Michelson interferometer. The light path chosen for PL is 

actually the reverse of that normally used for this instrument, which 

enables the internal interferometer light sources to be used to align 

the collection optics onto the sample: a very convenient feature. 

Two features distinguish the Bomem machine from other commercial 

systems: the use of real-time numerical filtering while collecting data, 

and its active optical alignment system [89B11. The first feature 

enables very rapid data collection and subsequent Fourier transform 

calculation. The second gives the Bomem its short-wavelength 

high-resolution capability. This system uses a single-mode HeNe laser 



Figure 3.1 

Schematic diagram of the interferometric PL apparatus. Central to this 

technique is the Bomem DA3.02 interferometer, which features dynamic 

alignment of the "fixed" mirror with respect to the scanning mirror. 

This allows the alignment to be maintained during high resolution scans. 

Also shown are the internal light sources which can be imaged backwards 

along the PL collection path to allow for simple alignment onto the 

sample. 





( A  - 633nm) which is guided onto the interferometer optical path by a 
system of prisms. The interference pattern (interferogram) due to the 

laser is optically filtered from light related to the experiment and fed 

onto an array of detectors. The modulation level of the laser 

interference signal is maximized through the use of feedback circuits 

driving galvanometric motors on the so-called "fixed" mirror. In this 

way the fixed mirror is kept parallel to the scanning mirror. This 

causes the maximum amount of modulation in the signal interferogram as 

well, which translates directly into signal level. 

The PL is collimated before being directed into the interferometer 

through a 4 ipch quartz window. For some of the preliminary zero field 

work, an off-axis paraboloidal mirror was used for collimation, with the 

cryostat placed beside the interferometer. For the magneto-PL, the 

collimation was performed with a simple plano-convex lens, and directed 

over the 4 m path to the interferometer with aiuminized front surface 

plane mirrors. The 14.5 T magnet was placed at this distance to avoid 

magnetic interference with the interferometer. 

In all cases the samples were immersed in superfluid He (T between 

1.6 and 2.2 K). 

3.3 Magneto-photoluminescence 

High magnetic fields are required to remove the degeneracies in the 

donor and donor bound exciton states, increase the sensitivity of the BE 

wavefunction to the binding center central-cell potential, and resolve 

the transitions due to different donors and due to different states. 

For this purpose a 14.5T Oxford Instruments hybrid NbTi/Nb3Sn 



superconducting solenoid was used. The magnet cryostat was designed and 

built at Simon Fraser University. In addition to the high field 

capability, this magnet also features a large (2 inch) bore. This 

permits a large optical aperture (-f/4) even with the reduction imposed 

by having the sample-chamber separate from the magnet reservoir. 

The uniformity of the magnetic field was rated at in a 

3 1 cm volume around the center of the field. The accuracy of the field 

was verified by comparing various transition energies with those of 

other workers. This will be discussed further in Chapter 4. Line 

broadening or shifting due to field inhomogeneity or day-to-day changes 

were never observed, provided care was taken to place the samples at the 

same position in the magnet, and to avoid the use of potentially 

ferromagnetic materials in the sample holder. 

3.4 Excitation soiirces 

The excitation conditions have been shown to have a large effect on 

both the strength and width of the PL transitions in the GaAs excitonic 

system. The intensity is enhanced greatly by pumping nearer the band 

edge. This effect is due to the larger excitation volume obtained with 

longer wavelengths, as the absorption length increases. In addition, 

the cooler, less dense excited electron and hole populations will tend 

to form excitonic species rather than recombine via other paths. For 

resonant excitation studies, the laser source should exhibit ease of 

tuning, narrow linewidth and high power. 

The A1203:Ti (Ti doped sapphire or Ti-sapphire) laser is a near 

ideal laser for this application. This laser has made conventional dye 



lasers obsolete in the 700-1000 nm range. In addition, the Ti-sapphire 

laser can be tuned to at least 1150 nm, limited at present only by the 

available cavity mirror sets. This tuning range is well beyond any 

available dye. Even in the range accessible by dyes, the Ti-sapphire 

laser is more powerful by about a factor of 10. It should be noted that 

sapphire makes an excellent laser host medium. It is inert, rugged, and 

has a very high thermal conductivity. 

The Ti-sapphire laser used in this study was a Spectra-Physics model 

3900, pumped with a 20 W Spectra-Physics model 171 ~r+-ion laser. Such 

a combination is capable of producing up to 3 W of tunable laser output 

at 800 nm, well above any normal semiconductor spectroscopic 

requirements. The laser system is shown schematically in Fig. 3.2. The 

present full tuning range of 700 nm to 1150 nm can be obtained with only 

3 different mirror sets. For the purposes of GaAs donor identification, 

wavelengths from 720 nm to 820 nm were used. This tuning range could be 

obtained using a single mirror set. 

For resonant excitation, narrowed laser linewidths of approximately 

0.03 cm-' were achieved by using an etalon in the laser cavity. Tuning 

over a 5 cm-' range was obtained by tilt-tuning the etalon, while coarse 

tuning was controlled by the 3-plate birefringent tuner supplied with 

the laser. 

3.5 Wavemeter 

A device which proved invaluable to this work, especially for the 

resonant and excitation spectra, was the Laser Technics model lOOF 

Fizeau wavemeter. With this instrument the wavelength of the tunable 



Figure 3.2 

Schematic diagram of the Ti-sapphire laser system used for this study. 

The use of the wavemeter and the power stabilizer are explained in the 

text. The laser could be tuned from 700 to 1150 nm, with linewidths as 

narrow as 0.03 cm-l. 
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Ti-sapphire laser could be continuously monitored, with a precision of 

better than 3 parts in lo6. Calibrating the wavemeter against the 

interferometer allowed for convenient setting of the laser wavelength, 

to an accuracy within the laser linewidth or the interferometer 

resolution, whichever was larger. 

The precision and accuracy of the wavemeter are remarkable 

considering that no moving parts are required for the wavelength 

measurement. This is accomplished by using a wedge (Fizeau) 

interferometer formed by two optically flat glass plates, near but not 

exactly parallel to one another. The spatial interference pattern is 

formed by the change in optical path across the plates. This pattern is 

imaged onto a 1024-element silicon photodiode array and digitized. By 

using a fitting algorithm and careful calibration, the intensity 

distribution falling on the array is translated into a value for the 

wavelength. A pick-off beam-splitter was placed in the laser beam path 

to direct a small fraction of the laser light into the wavemeter, as 

shown in Fig. 3.2. 

3.6 Noise-Eater 

In Chapter 1, the need for stable laser power was outlined, as the 

multiplex advantage of interferometry becomes a disadvantage when noise 

proportional to the signal is present. To reduce variations in the 

laser intensity, a power-stabilizer was used in the laser light path. 

The output laser power, as measured using a photo-diode, was compared 

with an adjustable set-point, and variations were compensated for by 

controlling the radio-frequency power being fed back to an acousto-optic 



Bragg-cell deflector. The laser power is thus controlled by the amount 

of light which is diffracted out of the beam by the 

standing-wave-induced variation in the refractive index of the cell. 

The stabilizer is also shown in Fig. 3.2. 

3.7 Photoluminescence Excitation 

In conventional excitation spectroscopy using grating spectrometers, 

a single transition is monitored while the wavelength of a tunable 

excitation source (tunable laser or monochromatized white light) is 

continuously varied. The response of the monitored transition due to 

absorption into its related excited states is then obtained. 

When using an interferometer for PLE, however, a different approach 

must be taken. This is because there is no way of continuously 

monitoring only one wavelength, as an interferometer has no intrinsic 

means of wavelength seiection or rejection. Fourier transform PLE 

(FTPLE) can be performed by interferometrically modulating a white light 

source over the excited state spectral region [90T11 while monitoring 

the ground state response, as above. As with dispersive PLE, this is 

very difficult for weak transitions, or those which occur very close to 

other transitions since a sequence of optical filters or dispersive 

spectrometers must be used to both select the ground state transition 

and reject the modulated interferometer light at the the ground state 

energy. This introduces the resolution and throughput deficiencies of 

dispersive technique, and is not the method of choice when a tunable 

laser source is available in the spectral region of interest. 

For this reason, a brute force method was chosen for the excitation 



spectroscopy in this work. A spectrum of the 2p TES region was - 
recorded for over two hundred laser pump wavelengths corresponding to 

energies in the principal transition region. The PLE spectrum for a 

given 2p transition was then constructed by plotting the intensities of - 
that transition from each of the recorded spectra as a function of the 

excitation energy. (Care must be taken to maintain the sample 

conditions constant throughout the experiment.) 

For such a method to be feasible, rapid collection time is required. 

Interferometry offers an immediate advantage in this regard. Rapid 

collection time necessitates a fast detector so that the scanning mirror 

speed can be increased without sacrificing detector response. For a 

given resolution, the time to collect a spectrum is determined by the 

mirror velocity (in cases where the SNR requires only a single scan), 

which in turn determines the electronic frequencies present in the 

interferogram. Rapid tuning of the laser wavelength was also necessary 

to reduce the time required for collecting such PLE spectra. The 

wavemeter was thus an essential component in the collection of the PL 

spectra used for PLE. 

Collecting and constructing a PLE spectrum in this manner is 

somewhat tedious, but has the advantage of allowing the construction of 

a PLE spectrum for any feature in the collection passband. It also 

enables the monitoring of the evolution of the various spectral features 

as the excitation energy is changed. 

3.8 Detectors 

For some of the earlier MPL work, an InGaAs photoconductive detector 



(Epitaxx model ETX 1000 TV) was used to convert the luminescence 

interferogram signal into an electrical signal to be fed into the 

interferometer analog-to-digital converter. This detector was mounted 

in a liquid nitrogen (LN 1 cooled cold-finger cryostat plate, as was a 
2 

2N6483 dual channel J-FET and 100 MR feedback resistor configured to be 

compatible with a Cincinnati Electronics detector/amplifier (model 

Later, a Si avalanche photo-diode (APD) (RCA model C30872) was used 

in the same manner, but biased with a variable battery-powered 

high-voltage supply. This proved to be a superior detector 

configuration. For equal collection times, spectra obtained with the 

APD exhibited a SNR which was approximately three times higher than with 

the InGaAs diode. Similar results were obtained when comparing the APD 

to a GaAs-cathode photomultiplier tube. This is not surprising, as in 

most cases the luminescence was in the high signal limit i . e .  shot-noise 

limited. In this limit, the SNR is increased more by improving the 

photon detection probability (>50% for the APD, (20% for the PMT) than 

by decreasing the detector background noise. Even with this higher 

efficiency, the APD also had a higher electronic bandwidth (- 6kHz, 

determined by the size of the feedback resistor) than the InGaAs diode 

(-1 kHz) enabling more rapid collection of spectra. 

3.9 Optical Filters 

A drawback of interferometry, as compared to dispersive 

spectroscopy, is the total lack of rejection of light in spectral 

regions which are outside the range of interest. Such rejection is 



often necessary, not only to avoid detector saturation, e.g. from 

scattered laser light, but also to reduce noise. This is because noise 

on the signal occurring in one spectral region affects other regions as 

well, and is particularly detrimental when trying to observe weak 

features, while also collecting light from much more intense regions. 

Thus, indispensable components of the resonant and excitation 

spectroscopy setups were the optical interference filters used to reject 

the scattered laser light and pass the spectral regions of interest. In 

particular, a high performance four cavity interference filter from 

Andover Inc. was most useful for the GaAs 2p TES transitions at 12T. - 
This filter has a 1 nm pass band, centered at 820 mm when at normal 

incidence. A 3m-wide passband filter centered at 818.5 nm was also 

used to select the excitonic region in GaAs while rejecting the near-gap 

laser excitation. 

Each of these filters could be tilt-tuned in a specially made 

light-tight box placed between the interferometer and the detector. 

Lenses were used to ensure that the luminescence was collimated while 

passing through the filter, which is necessary for optimum performance. 

The filter itself was mounted in a removable holder on a wormscrew 

driven turntable to enable tilt-tuning, and the tilt-angle was 

calibrated against an external dial setting. It was found that the 

filter could be set most conveniently, however, by simply tuning the 

laser to the desired filter setting and maximizing the signal due to 

scattered laser light. 

For above gap excitation (always at 720 nm in this work) a Schott 

RG780 colour glass filter was used for laser rejection. For 



polarization studies, iodine-dyed stretched-film sheets laminated 

between polished glass (Oriel model no. 27300) were used as linear 

polarizers. Birefringent polymer sheets, also laminated between glass 

plates (Oriel model no. 275201, were used as quarter-wave retarders 

required to analyze circularly polarized light. Both of these materials 

are available as sheets or in mounted format. 



Chapter 4 RESULTS and DISCUSSION I: Donor Bound Excitons in GaAs at 

High Magnetic Field 

4.1 Introduction 

In this chapter, photoluminescence spectra will be presented 

showing the many transitions associated with the recombination of 

excitons bound to donors in GaAs. The dependence of the transition 

energies and intensities on magnetic field strength, excitation energy, 

crystal orientation and polarization will be shown, These results will 

be used to provide insight into the nature of the bound exciton states 

responsible for the luminescence. The relationship of the PL 

transitions with those observed in PTIS will be given, although results 

relating strictly to donor identification will be presented in Chapters 

5 and 6. The spectra presented in Chapters 4 and 5 were obtained from 

high quality epitaxial GaAs gram by metal-organic chemical vapour 

deposition (MOCVDI. 

4.2 Zero-field Transitions 

The use of FTPL enables the rapid collection of high resolution 

spectra. An example of this is given in Fig. 4.l(al, where the 

excitonic region of GaAs at zero magnetic field is shown. The need for 

high resolution is evident, when one considers that the two lowest 

rotator states [78R I are separated by only 0.3 cm-' (0.04 meV). This 

spectrum was collected at a resolution of 0.1 cm-l, a moderate 

resolution on the interferometer used in these studies. The wide-band 

spectrum of the near-gap PL shown in Fig. 4 . l f b l  demonstrates the 



Figure 4.1 

(a) Photoluminescence spectrum of the excitonic region in high purity 

GaAs at zero magnetic field, taken at a resolution of 0.1 cm-'. (b) 

Wider view of the same spectrum as in (a). There is no collection time 

penalty in increasing the spectral coverage. The labels are described 

on page 41. 
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advantage of parallel collection. There is no collection-time penalty 

for increasing the energy-range of a spectrum at a given resolution. 

There is of course a time penalty in performing the Fourier transform, 

but this is of little consequence with the capabilities of modern 

computers and software, and the numerical filtering technique. 

The various labels of Fig. 4.1 indicate the following recombination 

transitions: 

(Do, X) - neutral donor bound exciton; 
principaltransitions 

(A', X) - neutral acceptor bound exciton; 
(D+,X) - ionized donor bound exciton; 

(DO,h) - free hole to neutral donor; 
0 

(e,C ) - free electron to neutral carbon acceptor; 

0 0 0 0 (D , C ) ,  (D ,Zn ) - donor-acceptor pairs involving C and Zn 

acceptors respectively 

The spectra of Fig. 4.1 are given for comparison with spectra in the 

0 next section, where the (D ,X) system will be studied under the 

application of a magnetic field. 

An example of the resolution capabilities of FTPL is given in Fig. 

0 
4.2, where the two lowest (D ,X) rotator states are shown for two 

samples known from magneto-PL studies (Chapter 5) to contain mostly Ge 

(top), and mostly Sn/Se/Si (bottom). Sn and Se are referred to 

together because they have very similar ionization energies, and have 

never been resolved by PTIS or PL. Si can only be resolved from Sn/Se 

at high magnetic field. The energy of the lowest two rotator states has 

a species-dependent shift of 0.186 + 0.010 cm-l. This is the first 



Figure 4.2 

High resolution photoluminescence spectra of GaAs at zero magnetic 

field, taken at a resolution of 0.025 cm-' for (a) a sample known to 

contain mostly Ge donors, and (b) a sample known to contain mostly Sn 

and Si donors. On the left in each case is the luminescence due to 

carbon acceptor bound excitons, which demonstrates the spectral accuracy 

of the interferometer, and the species-dependence of the (DO, X) 

energies. 
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direct observation by PL of such a shift at zero magnetic field, and is 

a demonstration of the resolution and spectral accuracy of FTPL. This 

0 is verified by comparison of the neutral carbon acceptor BE (C ,X) 

transitions for the same two samples, whose energies agree within the 

measurement limits of the instrument (0.005 cm-'1. The (cO, X) 

transitions are shown on the left hand side of Fig. 4.2. The 

(species-dependent) rotator state transition energies are given in Table 

4.1. 

4.3 Donor Bound Excitons at High Magnetic Field 

The behavior of the donor bound excitons in the presence of a 

magnetic field is a subject of both fundamental and applied interest. 

Until now, the studies of this system in a magnetic field have produced 

little more than general observations, rather than definitive 

conclusions regarding the origin of the field-split transitions. This 

absence of information is due to the proximity of the transitions, both 

at zero and higher magnetic fields. Because of the close spacing of the 

luminescence transitions, high quality material is required to produce 

narrow transition linewidths, and very high resolution spectroscopy is 

required to resolve them. 

High quality material has been available for a number of years, 

produced by a number of epitaxial techniques. However, the spectroscopy 

has been limited by the SNR and resolution available with dispersive 

instruments. With the use of interferometric techniques, the limitation 

has now been shifted back to the actual linewidths of the transitions. 

In most cases, these can be shown to be limited by strains or impurity 



Table 4.1 Transitions energies for the various rotator states of 
excitons bound to Ge and Sn/Si in GaAs at zero magnetic 
field. 

rotator 

e 
r o t  

Transit ion Energy ( cm- ' 1 



levels in the samples. However, some evidence will be given which will 

show that the observed transition linewidths are under some conditions 

limited by the finite life-times of the states. 

A representative spectrum of GaAs at 12T is given in Fig 4.3. 

Unless otherwise specified, all spectra shown in this thesis will be for 

B 11 <loo>. The spectrum of Fig. 4.3 is taken in Voigt configuration 

( i . e .  the collected luminescence is emitted perpendicular to the field 

direction) for an MOCVD-grown sample with very low acceptor 

concentration. Fig 4.3(a) is a wide spectrum showing the (Do, XI 

principal lines as well as the 2p and 2p TES transitions. - 0 

The principal 1s region is shown on an expanded scale in part (b) of 

the same figure, while Fig 4.3(c) shows the 2p TES on an expanded - 

scale. These expanded spectra are from the same spectrum as in 

part (a). The strongest features visible in the principal region are 

due to the different field-split energy levels of the (DO,x) manifold. 

More precisely in this sample, the strong features are all due to the 

recombination of excitons bound to Sn/Se or Si donors, while some of the 

weaker features are due to other impurities. Such splitting between 

different donor species is observable even in the principal region, as 

was reported previously by SBCC. 

The structure visible in the 2p TES (Fig 4.3(c)) is due to both - 
the different donors species and to different BE initial states, with 

the strong doublet due to the resolution of Se/Sn from Si. The 

different occurrences of this doublet (as well as the repetition of 

features due to other donor species) arise from the different initial 

and final states of the three-particle recombination process. 



Figure 4.3 

Photoluminescence spectra of high-purity GaAs taken in Voigt 

configuration at a magnetic field of 12 T. (a) wide spectrum showing 

the principal and donor TES transitions. (b) expanded view of the 

principal region from part (a). (c) expanded view of the 2p - TES region 

from part (a). The labels are explained in the text. 
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In the following discussion, certain spectral features will be 

referred to repeatedly. The labelling system will be systematic, 

although based on the one used previously by SBCC. In this scheme, the 

following conventions will be used: 

(1) Transitions from the same initial state will use the same letter, 

upper-case for principal transitions, and lower-case for the TES 

transitions, which in this study only involve 2p final states. 

(2) To retain compatibility with the labelling scheme of SBCC, we retain 

some of the subscripted principal transitions where this is not in 

conflict with (1) (e.g. Ao, B1, El, E 1, but these subscripts have 
2 

no physical significance. On the other hand, the TES label 

subscripts will be "-" and "0" for the 2p and 2po final states - 
respectively, e.g. principal transition A and TES transitions 2p a - - 
and 2po a all have the same initial state. (Ao is an unrelated 

0 

transiti~n) ; 

(3) The superscript "*"  will be used to indicate transitions which leave 

the donor in a spin ground state. This is a higher energy PL 

transition than those resulting in a spin excited state, which will 

* 
carry no superscript. e.g. A and A are two transitions from the 

same BE initial state, but A is to the spin excited donor 1s state, 
* 

while A is to the ground spin state of 1s. The spin-flip energy at 

121 is of the order of 2 cm-', while the splitting between is, 2p- 

and 2po is 30 to 40 cm-'. 

An example of this labelling scheme is given in Fig. 4.4 for the 

lowest (D',x) level. This level is seen to be the initial state for 



Figure 4.4 

Schematic diagram showing the labelling convention used in this thesis 

for PL transitions originating from the same initial state. The up and 

0 down arrows on the right of the neutral donor (D 1 states indicate spin . 

1 1 projections of +- and -- respectively. The bi-directional arrows for 
2 2 

the 1s transitions indicates that these transitions may also be observed 

in absorption via PLE type experiments. The higher DO states would not 

be thermally populated at the temperatures used in this work. 





* * 
five observable PL transitions: A , A, a_, a and a in order of - 0 

decreasing energy. The labels for most of the observed states are given 

in Table 4.2, along with the previous labels of SBCC. These transitions 

will be discussed later. 

An expanded view of the principal 1s BE PL region is given in Fig. 

4.5, where part (a) shows the spectrum for Voigt configuration, while 

part (b) shows the same sample in Faraday configuration ( i . e .  the 

collected luminescence is emitted parallel to the magnetic field 

direction). The inset will be discussed in a following section. All of 

the transitions visible in Faraday configuration are also visible in 

Voigt configuration, which in addition includes the n-polarized 

transitions which are invisible in the Faraday configuration. The 

transitions observed in Voigt configuration are seen to be linearly 

polarized, and can be of either n polarization (EIIB) or o polarization 

(EiB). This can be compared to the spectra collected in Faraday 

configuration, in which case, the observed polarizations are right- or 

left-circularly polarized (RCP or LCP) and are labeled c- and c+ 

respectively. 

These polarizations and labels derive from atomic spectroscopy, 

where the polarizations arise from transitions between states with 

different projections m of the orbital angular momentum e on the e 
magnetic field direction. n polarization corresponds to transitions 

+ 
with Am, = 0, while Am = fl results in cr- polarization respectively. e 
The linear c polarization observed in Voigt configuration is a linear 

combination of the two circularly polarized components observed in 

Faraday configuration, while n polarized transitions are not observed in 



Table 4.2 Labels used in this thesis for the various (D',x) transitions 
observed at B = 12 T. PL transitions sharing the same 
initial state are placed in the same row. Related TES 
transitions are given, as are the previous assignments of 
SBCC. 

Principal t Skromme et al. Related TES 
transitions princ. trans. transitions 

A,' A; 

t The "--" indicates transitions which were not previously 
reported. 



Figure 4.5 

12 T magneto-photoluminescence spectra of the same sample as in Fig. 

4.3, taken at a resolution of 0.1 cm-' to compare (a) Voigt 

configuration and (b) Faraday configuration. The labelled transitions 

in part (a) are all n polarized. The CT polarization labels in part (b) 

are explained in detail in the text. The inset is a higher resolution 

version of part of spectrum (a), and shows the similarity of the A and 

* 
A transitions. 
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Faraday configuration, as this would require the polarization of the 

emitted light to be along the direction of propagation. 

The Faraday configuration is experimentally more convenient in 

magnets where the optical access is along the bore, as is the case for 

high field solenoids. The spectra collected in this direction also 

contain fewer lines, as the a-polarized transitions are absent. For 

these reasons, the majority of the spectroscopy performed was in the 

Faraday configuration. However, the results obtained were most useful 

when compared with selected spectra obtained in Voigt configuration. 

The TES for both configurations are shown in Fig. 4.6 for 

transitions which result in the donor being left in the excited 2p - 
state. The corresponding spectra for the 2p TES region are given in 

0 

Fig 4.7. These spectra show the impurity-specific transitions in the 

same sample as shown previously in Fig. 4.3. In addition, the TES 

recombinations i~volving higher !D',x) initial states can also be seen. 

These transitions can be enhanced by resonant excitation, which is the 

most useful method of determining their relation with principal lines. 

An example of resonant excitation will be given in a later section. 

The problem addressed in this chapter is the identification of the 

various energy levels responsible for the different transitions. The 

observed splittings may arise from two sources: the splitting of the 

0 rather complicated (two electrons and one hole) bound exciton (D , X )  

initial state, or the splitting of the final DO state (one electron) in 

the magnetic field. As discussed previously, the splitting of the final 

state consists of the different possible l and m values of the donor e 
electron, i .e. Is, 2p - or 2po, leading to the principal or TES 



Figure 4.6 

12 T magneto-photoluminescence spectra in the same manner as Fig. 4.5, 

but for the 2p TES region. The prominent doublets are due to identical - 
transitions involving Sn/Se donors (lower E component) and Si donors 

(higher E component). The weaker features which do not show the same 

doublet structure are due to Ge and S donors, as will be discussed in 

Chapter 5. 
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Figure 4.7 

12 T magneto-photoluminescence spectra in the same manner as Fig. 4.6, 

but for the 2po TES region. As in Fig. 4.6, the labelled peaks are 

n-polarized in (a) and c-polarized in (b). 
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transitions. In addition, the electron spin may be aligned parallel or 

anti-parallel to the B-field, with corresponding differences in energy. 

The magnitude of this electron spin-flip energy in the final state 

will now be discussed. An important result of this work has been the 

precise measurement of the energy of an electron spin flip, and as a 

consequence, the value of the GaAs electron g-factor, ge. Values of ge 

in the literature range from -0.46 + 0.02 as measured for the deep Sn 
acceptor BE by Schairer e t  al. [76S11 to -0.43 +- 0.05 measured earlier 

by White e t  al. [72W11 for the same transitions. The value measured by 

electron spin resonance experiments [82L11 is -0.44 + 0.2 in agreement 
with the above values. In the present experiments g is found to be : 

e 

in agreement with White e t  al. 

This value was obtained by identifying PL transitions which are 
* 

spin flip pairs, such as A and A in the Fig. 4.4. The g value is then 
e 

calculated from the difference AE in these transition energies using the 

relation: 

where B= magnetic field strength 

m = - +' 
S 2 

pB = Bohr magneton 

= 9.2740154 J T-' 



=O. 466864 cm-' T-' in wavenumber units. 

The observed spin flip pairs are given in Table 4.2: (A, A*); 

* * * 
(a - ,a - 1; (Ao,Ao); (B1,B1); (bO,b*) - and (f - ,f*). - The most important of 

these transitions are the A series seen in Fig. 4.4, since as the lowest 

initial state, these are observed most easily by PL and PLE. The A and 

* 
A transitions also have narrower linewidths than any of the other 

principal transitions. In this work, the identification of spin flip 

pairs was made first with these transitions, and the pairing of other 

transitions followed. 

* * 
The assignment of A, A ,  a and a to the same initial state is - - 

made using spectra such as those shown in Figs. 4.5 and 4.6. The 

* 
emergence of the A transition in Voigt configuration (Fig. 4.5(a)) at 

an energy 2.26 cm-I above the A transition is accompanied by the 

simultaneous emergence of a (Fig. 4.6(a) ) 2.26 cm-l below the a* - 

transition. This in itself is strong evidence that these states share 

the same initial state, and are related as shown in Fig. 4.4. 

* 
Furthermore, the A and A transitions are seen in the inset to Fig. 

4.5 to have similar appearance and narrow linewidths, narrow enough to 

resolve Sn/Se from Si even though these are principal transitions. 

These linewidths are smaller by a factor of 5 from those of the nearby 

* 
A and B transitions. These similarities in A and A support the 
0 1 

pairing of these transitions. (Full-width at half maximum is AE - 0.06 
-1 

cm for A or A*, and AE - 0.3 c n l  for B1. This suggests that the A. 

and B linewidths may in fact be transform limited.) 
1 

Further evidence that the electron spin flip energy is 2.26 cm-I at B = 



* 
12T is given by comparing the A to a - separation to the 1s to 2p - 

separation measured for the same donor by PTIS. The two values should 

differ by the energy of an electron spin flip [89Sll. The only 

high-field PTIS measurements found in the literature are given in a 

series of papers by Afsar and co-workers [80A1,80A2,81AlI. Following 

the procedure of SBCC, the PTIS transition energies of the various 

impurities were interpolated from graphs in these references, and given 

the currently accepted impurity assignments. A comparison of these 

values with the A to a* separation measured by FTPL (the subject of - 

Chapter 5) gives agreement only if the electron spin flip energy at 12T 

is 2.26 f 0.05 cm-l, in agreement with the value of g = -0.402 f 0.008. 

* 
The evidence is thus very convincing that the pairing of (A,A 1 and 

(a ,a*) is correct, and repeated measurements of these PL transitions in - - 
a number of samples then give a precise value of the spin flip energy as 

2.255 f 0.006 cm-l. This in turn gives a value of g = -0.4024 + 
0.0011. 

The final value for g can not be quoted with the same relative 
e 

error, however, due to the inability to confirm the accuracy of the 

magnetic field strength B. Comparison with PL transition energy values 

from SBCC, and the PTIS measurements discussed above, does allow an 

estimate of 2 1.8% as an upper bound on the accuracy of the magnetic 

field. Using this value for the relative error, the value of g is 

calculated to be -0.402 + 0.008 as given in eq. 4.1. Due to the 

near-perfect effective-mass-like behaviour of the donor-bound electron 

[71S1], this value also represents the g-factor of the conduction band. 



4.4 Fan Diagram 

To investigate the nature and zero-field origin of the high field 

energy levels, the spectral positions of transitions in the 1s-manifold 

were measured as a function of magnetic field strength. The line 

positions obtained from this set of measurements are plotted in Fig. 

4.8. The spectra for this fan diagram were recorded in Voigt 

configuration. In order to reduce the effects of the diamagnetic shift 

of the luminescence energy, the plotted transitions energies are not 

absolute but rather measured relative to the A transition. This is the 

lowest energy transition and is seen to be separated, even at low 

fields, from the remainder of the transitions, making it a good 

reference for relative energy measurements. 

Although using relative measurements results in a removal of the 

diamagnetic shift for the A line, there is still a relative diamagnetic 

shift between the various energy levels. This effect has been reported 

previously for the deep Sn acceptor bound exciton system in GaAs [76S11 

where the m = +1/2 hole states were found to shift differently than the 
J 

m = f 3/2 states. Surprisingly, there is no observed state whose 
J 

* 
separation from the (A,A I state is completely linear in B. Thus there 

is no obvious centroid around which to center the Zeeman split states. 

Hence, in addition to reducing the effect of diamagnetic shift by 

measuring transition energies relative to the A line, the points in Fig 

4.4 have been shifted linearly according to AE (cm-'I = -. 375 x B (TI. 

This value is arbitrary and is done only to aid in the tracking of the 

various transitions as the field is varied, by roughly centering the fan 

diagram around AE = 0. 



Figure 4.8 

Graph of peak energies versus magnetic field strength for the principal 

0 (D ,X) transitions in GaAs. The peaks are measured relative to the A 

transition, in Voigt configuration. In addition, the energies have been 

arbitrarily shifted by -0.375 x B, in order to roughly center the fan 

diagram around AE = 0. This shift is helpful when visually connecting 

related points, as shown by the solid lines. The origins of some of the 

high-field components can be traced back to the zero-field rotator 

states, which are shown on the left, where 1 and 1 indicate the heavy 
t t  e 

and light hole l = 1 nonrigid rotator excited states of (D',x) 
rot 

respectively. The light and heavy hole masses are used separately in 

eqn. 1.8 for e + 0, as the different masses correspond to different 
rot 

projections of the hoie anguiar momentum on the rotational angular 

momentum vector. For the other states, additional information must be 

used to assign the shown labels. 
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The difficulties in making such measurements are evident when one 

considers that the entire fan diagram shown spans only 10 cm-' (or about 

1.25 meV). Even the high resolution of FTPL and the narrow linewidths 

of the sample are not sufficient to give unambiguous results in all 

cases. However, by using the polarization dependence, the (corrected) 

electron spin flip energy, and the orientation dependence of the 

transitions (to be shown later) a self-consistent picture of the field 

dependence of the various transitions may be realized. The lines shown 

in Fig. 4.8 represent the information gleaned from hundreds of spectra 

recorded in many different conditions of orientation, polarization, 

magnetic field, temperature and excitation. 

The non-rigid rotator model of the (D',x) states in InP and GaAs 

[78R11 successfully explains the observed energy of the various 

transitions at zero-field, even though the authors, Ruhle and 

Klingenstein, express surprise at this success, given the approximations 

made. The purpose of constructing the fan diagram was to study the 

evolution of the various ( D O , X )  rotator states as the magnetic field was 

increased. It was hoped that by doing so, some picture could be 

developed which would help to explain the selection rules and 

polarization dependence of both the principal and TES transitions. 

Comments regarding such a picture will be made in section 4.7, but 

unfortunately the results are not conclusive. Even with FTPL, the 

behaviour of the various components at fields less than 3T is still 

unresolvable in GaAs. Thus choices as to which rotator state the 

transitions belong is based on an extrapolation of the high-field 

behaviour. In retrospect, such a study would perhaps have been more 



informative if the Zeeman experiments of Riihle and Klingenstein on InP 

had been repeated using the higher resolution of FTPL and the higher 

purity samples now available. 

Despite these difficulties, the following assignments can be made. 

* 
The (A,A 1 state is clearly seen to evolve from the C = 0 rotator 

rot 
* 

state. The (B ,B 1 state is seen to evolve from the C = 1 heavy hole 
1 1  rot 

state (trot = 1 1 based on the extrapolation of B* to zero field. 
h 1 

The origin of the other states is less certain, although C seems to 

originate from C = 1 as well. In Fig. 4.8 there is a transition 
rot h 

* 
labelled "B?" which is resolved from A. below B = 9T, and is also 

separated from C by slightly less than the energy of an electron spin 

flip for 6T < B < 9T. This transition clearly extrapolates to C = 
rot 

0, and is significant because in the 

* 
the same initial state as the b TES - 
of the fan diagram reveal that the E 

next section it will be assigned 

transition. Further observations 

transition (seen in PL in Fig. 

* 
4.5(a)) and the D transition (seen in PLE) originate from the lowest 

two rotator states. 

The E; and E2 states (seen in PL in Fig. 4.5(b)) are the lowest 

observed transitions which clearly originate from the t = 1 light 
rot 

hole state (C = le). The fact that these transitions have very 
rot 

little TES response when resonantly excited (aside from enhancing 

0 transitions from lower energy (D ,X) states) indicates that the -! 
rot 

value may play some role in determining the strengths of TES replicas. 

This will be discussed further in section 4.7. 



4.5 Orientation Dependence 

The identification of the principal transitions which share the 

* 
initial state with the b TES transition has been the subject of some - 
discussion [89S11. Energetically, the b* transition is separated from - 

* 
the a transition by an energy which is very slightly (less than - 
0.2 cm-'1 higher than the A to A* separation in the principal region. 

0 
* * 

It is tempting to dismiss this small discrepancy and assign b and A. - 

same initial state. However, the evidence of section 4.3 is very 

convincing that the A transition is made to a spin excited final state, 

(being paired with the A* transition) while the A* transition, paired 
0 

with Ao, is to the 1s spin ground state. This is important when making 

* 
the state assignment for b . - 

Based on the assignment of A and A. to spin excited final states 

and the energy separation of a* - and b* - , the (A ,A*) transition pair and 
0 0 

* 
the b TES can not share the  same initial state. The b* transition must - - 
share an initial state whose spin excited final state principal 

* 
transition would appear very slightly above the A transition energy. 

0 

The spin ground state principal transition from this energy level 

* 
(labelled B 1 would be very slightly above the C transition energy. 

This transition is indeed observed as the high energy n-polarized 

shoulder on the C-line in Fig 4.5(a). In addition, the transition which 

* 
is obscured by A. may well be the transition labelled "B?" in the fan 

diagram, Fig. 4.8. 

Additional evidence for this interpretation is obtained from the 

plot of transition energies versus crystal orientation which is given in 

Fig 4.9(a), (b) and ( c )  for the three spectral regions corresponding to 



Figure 4.9 

Graph of peak energies versus the angle between the <110> crystal axis 

and the magnetic field for (althe principal Is, (b) the 2p TES and (c) - 
the 2p TES regions. The <loo> crystal direction is 45' from <110>. 

0 

The energies are on the same scale for all three regions. Points 

representing transitions which are discussed in the text have been 

connected to aid the eye. 



le from < I  10> (degrees) 



Is, 2p and 2p final states respectively. Observation in Fig 4.9 of - 0 
* 

the orientation dependence of the (A,A*) and (a ,a pairs and the lone - - 
2p TES transition (a again supports the interpretation given 
0 0 

previously that these five states all originate from the same initial 

state. Unfortunately, the SNR in the 2p TES region was insufficient to 
0 

observe transitions other than a 
0' 

* 
The orientation dependence of the b transition is more complex. - 

Superimposing the (a ,a*) curves from Fig. 4.9(b) onto those for (A,A*) - - 
* 

in Fig. 4.9(a) supports the claim that b is not from the same initial - 
4€ * * * 

state as A i. e. b aligns with neither A nor A . However, the b 
0' - 0 0 - 

* 
orientation dependence (which admittedly mirrors that of (A ,A 1)  is 

0 0 

also seen in a transition to higher energy, in exactly the correct 

* 
position to correspond to the B transition. From this and the previous 

arguments based on energy separations, b- is judged to have the same - 
* * 

initial state as (B,B 1, rather than (A,,A,) as previously assigned by 
V V 

SBCC. 

* 
It is worth mentioning that the (A ,A ) state becomes the lowest 

0 0 

energy state as the crystal is turned toward <110> 11 B. Even though 

this should energetically favour the population of this state, no TES 

transitions are observed which would correspond to this level. The 

0 differences in the (D ,XI luminescence when the sample is rotated from 

B 11 <loo> to B 11 <110> are shown in Fig. 4.10. These spectra are 

represented by the end points in part (a) of Fig. 4.9. The changes in 

transition energies is attributed to the anisotropy of the hole 

wavefunctions with respect to the various crystal directions [76Sll. 



Figure 4.10 

Spectra showing the difference in PL for the principal (DO, X) 

transitions when the magnetic field B is aligned (a) parallel to one of 

the <loo> crystal axes, and (b) parallel to one of the <110> crystal 

axes. The lowest energy transition changes from A to A on going from 
0 

B I1  <loo> to B I1 <110>. 
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4.6 Resonant and Excitation Spectroscopies 

Further information can be obtained by studying the 2p TES - 

response as each of the principal transitions are resonantly excited 

using the tunable laser source. In the manner described in Chapter 3, a 

PLE spectrum was constructed out of over 200 separate spectra. This PLE 

* 
spectrum is given in Fig. 4.11, and shows how the intensity of the a - 

TES transition for the Ge donor varies as the excitation energy is 

scanned over the principal region. Such a spectrum is particularly 

informative for the higher energy portion of the principal region, as 

most of these states are weak in normal PL spectra due to thermal 

depopulation. 

* * 
Enhancements are most evident for the D and F transitions. From 

* 
the fan diagram of Fig 4.8, the D transition is seen to originate from 

one of the two lowest energy rotator states at zero field. It is 
* 

unclear at this time what is the origin of the F transition, although 

one of the -! = 2 rotator states is a good possibility. The F* 
rot 

transition is not seen in the fan diagram of Fig. 4.8 as it is weak in 

PL and is also obscured by the FE luminescence. 

Another interesting result which comes out of the PLE spectrum of 

Fig. 4.11 is the complete absence of the "G" line reported in PLE by 

SBCC. A reasonable explanation could be that the G line is really due 

to excitation into the FE and this can be strongly dependent on the 

sample used. The most important result of this PLE data however, 

relates to donor identification and the impurity-specific nature of the 

PLE transitions. This will be dealt with further in Chapter 5. 

A precursor to the construction of the PLE spectrum of Fig. 4.11 



Figure 4.11 

* 
Photoluminescence excitation (PLE) spectrum for the Ge 2p a TES - - 
transition. The spectrum has been constructed by extracting the Ge 

* 
a - intensity from a series of over two hundred PL spectra, collected as 

the excitation energy was stepped through the principal transition 

spectral region. 
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was the collection of a number of resonant spectra. Such spectra are 

shown in Fig. 4.12(b)-(d) for a sample in which the dominant donor 

impurity is Ge. For purposes of indicating the resonant excitation 

energies, a PL spectrum of the principal 1s region is shown in Fig. 

4.12(a). The excitation energy for parts (b),(c) and (dl of Fig. 4.12 

are shown with arrows labelled "(b)", and " (c), (dl". 

Spectrum (b) is of the 2p TES region while exciting near the A* 
0 

and B states. Although the spectrum seems crowded, each and every 

transition can be positively identified as one of several TES replicas 

of different donor species. (In this case, transitions due to the lower 

concentrations of S, Sn/Se and Si have been selectively enhanced with 

respect to the dominant Ge donor.) Another resonant 2p TES spectrum - 
from the same sample is shown in Fig. 4.12(c), for excitation at the 

* 
energy of the F transition seen in PLE in Fig. 4.11. This time the Ge 

donor is selectively pumped. The 2p TES region from the same spectrum 
0 

is shown on the same energy scale in Fig. 4.11(d), and is positioned to 

* 
align the a and a transitions. 

0 - 
The horizontal arrow under Fig.4.12(a) indicates the energy 

separation of the laser from the principal A transition. The same 

* 
separation from the respective a - and a transitions is shown by the 

0 

horizontal arrow between Fig. 4.12(c) and (d). The enhanced TES 

transitions (f*, - f - , and f ) are assigned to the same initial state as 
0 

the F* transition. 

This assignment may require some explanation, as the f - transition 

is two times the spin flip energy below the translated laser position, 

as indicated by the multi-bracket element in Fig. 4.12(~). However, one 



Figure 4.12 

Resonant photoluminescence spectra of the TES regions at B = 12T. Fig. 

4.12(a) gives a non-resonant principal 1s spectrum in which the labelled 

arrows refer to the features excited to give: (b) the 2p region while - 
* 

pumping primarily S/Sn/Si of the A transition, and simultaneously S of 
0 

the B transition so that the TES spectrum has separate contributions 

from S, Sn/Se, Si, and Ge (since Ge is dominant, it appears strongly 

even though it is not resonantly pumped); (c) the 2p region and (dl the - 
* 

2p region while pumping at the Ge F transition energy, resulting in 
0 

the complete dominance of Ge in the TES spectra. The significance of 

each spectrum as well as the multibracket element in (c) and the 

horizontal arrows under (a) and (c) is discussed in the text. 
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spin flip is accounted for since A is to a spin excited final state and 

* 
if F is not. The other spin flip is accounted for if f - is to a spin 

* 
excited state, since a is not. Using the above information, the a. - 

transition must also be identified as the transition leaving the donor 

in the excited spin state of 2po. Thus with one spectrum, three 

transitions can be assigned the correct final state. Unfortunately, not 

all spectra taken for this thesis were so informative! 

4.7 Energy levels 

Using the information presented in Sections 4.1 - 4.6, an energy 

level diagram has been constructed for the (DO, X) transitions in GaAs at 

12T. This level scheme, shown in Fig. 4.13, is the first such detailed 

diagram reported for this system. In addition, the most important TES 

transitions are also shown. Most of these transitions have already been 

discussed. The levels with strong TES transitions are grouped together 

in Fig. 4.13(a). These levels can be placed with the greatest degree of 

confidence, using arguments such as the one in the previous section. 

The next group of states, Fig. 4.13(b), is made up of the remaining 

levels which originate from the lowest two rotator states. These levels 

do not display strong TES transitions. The placement of the C 

transition is somewhat uncertain, as it is the only one to be observed 

from that (D',x) state. The other two states in (b) are placed with 

greater confidence, since two transitions are observed from each state. 

* 
The E and E levels are shown separately in Fig. 4.13(c) as they 

1 2 

are clearly observed to originate from the higher l = 1 rotator 
rot t 

state. The assignment of spin excited or spin ground final states is 



Figure 4.13 

Energy level diagram of the (D',x) states in GaAs at B = 12T showing (a) 

transitions to the DO Is, 2p and 2p states for states which have been - 0 

observed to have strong TES transitions; (b) for the transitions not 

shown in (a) which can be seen to originate from the lowest two 

zero-field rotator states; and (c) the states which are seen to 

originate from-the .! = 1 light hole rotator state. The energy 
rot .! 

within each vertically separated section is to the same scale. The 

placement of the levels is based on arguments made in the text. 

Transitions terminated by arrows at the upper ends are those which can 

be resonantly excited, since both spin states of the donor 1s state will 

be thermally populated at liquid helium temperatures (in contrast, none 

of the donor 2p states will be populated). 





based on the difference in strength of these transitions as observed in 

PLE versus PL. Note that while the (DO,x) states may not be in thermal 

equilibrium due to their short lifetimes, the DO states, which are the 

initial states of PLE transitions, will certainly be in thermal 

equilibrium. Since E is much weaker in PLE, it is judged to come from 
2 

the spin excited 1s donor state, as this state would have a lower 

thermal population than would the Is spin ground state. (The population 

ratio of spin excited:ground states would be -0.45 using T = 2K and the 

spin flip energy of 2.26 cm-'. ) 

The selection rules for transitions from these (Do, XI levels to 

donor ground and excited states seem to be strongly governed by angular 

momentum selection rules, judging from the polarization behavior, and 

the complete absence of n-states in Faraday configuration. However, 

proposing a scheme for assigning angular momentum quantum numbers to the 

states in Fig. 4.13 is a challenging task. Tt is doubtful that the 

non-rigid rotator model holds at high magnetic field, as admitted by the 

authors of the model. But as outlined in Chapter 1, no alternative 

theoretical model exists which successfully predicts the behaviour of 

this complicated system in a magnetic field. 

Despite this lack of theoretical models, some phenomenological 

observations can be made regarding the selection rules and angular 

momentum properties of the (DO,X) states, based on the known values of 

the Do final states. Consider for example the A series of PL 

transitions, shown in Fig. 4.4. The polarization behaviour of all but 

the A* state can be explained if the (DO,x) state (initial state in PL) 

3 
has a total angular momentum projection on the field of mJ = -5. This 



is seen, for example, by considering the r+ polarization of the A 

1 transition, which has as a final state L = 0, m = -; (remember ge is 
1 1 negative, so the spin excited state has m = -- rather than +;I. BY 

S 2 

arbitrarily adding the projections mt and m to obtain a value of m for 
s J 

the final state, we obtain Am = +1, in agreement with the observed 
J 

Polarization of this transition. Extending this model further, the 

0 3 
(D ,XI initial state would then come from the t = 0 and m -- 

rot J 2  

rotator and hole states respectively, given the observed evolution of 

the A transition in the fan diagram of Fig. 4.8. 

Similar calculations for a*, a and a. agree with this simple - - 
scheme. The A* state would violate this selection rule (Aq = +2), 

then A* is weaker in PL than the other n polarized transitions, and 

could be due to a higher order transition induced in the presence of the 

strong magnetic field. 

This si~plistic model is contrary to the rules governing the 

relation between angular momentum quantum numbers of the e, s 

representation and the J representation. Normally, one would expect 

that the angular momentum and spin would be coupled at low magnetic 

field, i. e. where the spin-orbit interaction energy is comparable to the 

scale of the interaction with the external field. This justifies the 

use of the total angular momentum (J) representation, and one would 

expect the various projections m of J on the magnetic field to be the 
J 

determining factor in the polarization and selection rules. At higher 

fields, ! and s are uncoupled and treated independently, so the use of 

selection rules for m is contraindicated. 
J 

In this case, however, the use of total angular moment- 



projections constructed from the independent orbital and spin 

projections does seem to produce the correct polarizations for many of 

the transitions, and it does provide a starting point for further 

models. Hence, a tentative selection rule argument is proposed, in 

which the following postulates are used: 

(1)  The projection m of the angular momentum J on the magnetic 
J 

field direction for the case of (DO, X) is considered to be the sum 

of the projections on the magnetic field direction ml of the ( D O , X )  

non-rigid rotator quantum number t? (ml) and of the j = 2 hole 
rot 2 

3 
angular momentum (m ). The heavy hole has m = 2- while the light 

J J 2' 
1 hole has m = 2; [88A1,89G11. However, even at zero magnetic field, 

J 

the excited rotator states have the light/heavy degeneracy removed 

by the quantization of the hole spin along the angular momentum 

direction [78R11. 

The mJ final state values are taken to be those obtained by 

adding the projections of the angular momentum and spin of the 

1 3 
single donor electron ( e . g .  2p-, spin -- would have m = - - I .  

2 J 2 

(2) Secondly, TES replicas only occur strongly for initial states 

having l even. This postulate derives from the observation that 
rot 

the A and Btransitions extrapolate to trot = 0 in the fan diagram 

1 
of Fig. 4.8, and the assignment of mJ = +- to the B transition 

2 

initial state using the method of the postulate 1. That the TES 

transition only occur for Lrot even is not unreasonable, since the 

existence of TES (in any semiconductor BE recombination) is 



dependent not only on the angular-momentum selection rules, but on 

the overlap of the wave functions of the BE and the remaining 

electron excited final state. This postulate is also based on the 

observation that the (Ao, B2) and (B1, B:) states most probably 

originate from the l = lh rotator state in the fan diagram of 

Fig. 4.8, and these states do not display strong TES. 

0 
Proposed quantum number assignments for some of the lowest (D ,X) 

states are given in Table 4.3. Further work will be needed to 

investigate the validity of such a scheme. 



Table 4.3 Possible stake assignments using the postulates of section 
4.7. The (D ,X) state is labelled by the principal 
transitions involving that state. 



CHAPTER 5 RESULTS AND DISCUSSION 11: Donor Identification in GaAs by 

Fourier-Transform Photoluminescence 

5.1 Introduction 

0 
Now that we have some idea of the behaviour of (D ,X) states in a 

magnetic field, we turn to the applied side of this thesis: donor 

identification. As outlined in Chapter 2, a number of previous workers 

have shown the usefulness of PL as a means of identifying donor species 

in GaAs. The most thorough account to date is that of SBCC [89SlI which 

describes results for a number of samples grown by MBE and MOCVD. The 

use of dispersive spectroscopy for this application, however, means 

working at the resolution limit of the instruments, with the resulting 

problems of signal-to-noise ratio and spectral accuracy. In addition, 

the optical set-up required for the dispersive system may be quite 

complicated due to the necessity of collecting as much of the PL light 

as possible [89S11. 

FTPL, on the other hand, can use a much simpler system. In the 

set-up used for this work, only one simple plano-convex lens was used to 

collect the luminescence, and initial alignment was easily achieved by 

imaging the internal light source of the interferometer onto the sample. 

The large signal strength obtained in this study often required closing 

the interferometer aperture below the size dictated by the desired 

resolution, in order to avoid saturating the detector. Most spectra 

were collected in a single interferometer scan, which varied from 30 

1 seconds to 2- minutes in length, depending on the resolution. Even for 
2 

figure-quality spectra, averages were rarely longer than 15 minutes. 



As has been demonstrated by SBCC, a field of 12T is sufficient for 

the resolution of all of the known donor species (except Sn/Se) in GaAs 

in the TES region. Due to the expense of superconducting magnet 

systems, optical cryostats with operating fields higher than 12T are 

uncommon. For these reasons, all of the spectra which are reported here 

are for fields between 0 and 12T. This should enable other workers to 

use the results given here for characterization purposes. 

The most commonly followed method of donor identification uses the 

central-cell splitting observed in the 2p TES transitions. The - 

identities of the (D',x) states which are the origin of these 2p 

transitions has been addressed in Chapter 4. 

As first observed in PL by SBCC, central-cell structure is visible 

in the principal transitions, due to the chemical dependent localization 

0 
energies of the donor BE. This central-cell dependence of the (D , X )  

0 
states augments the splittings of the central-cell of the D final 

state, and makes the 2p splittings observed in PL larger than those - 
observed in PTIS. When studying very high quality samples ( i .e .  ones 

with very narrow transition linewidths), the (D',x) 1s central-cell 

splitting is sufficient for donor-identification purposes, provided that 

the spectral resolution is high enough. 

However, when samples on the other end of the purity scale are 

studied, even the 2p transitions begin to overlap. In this case - 
resonant line-narrowing, as described by SBCC, is required, as the use 

of resonant excitation into the principal 1s transitions has been found 

to result in narrowed 2p TES transitions (89Sll. However, such - 
resonant excitation can be rife with complications, as impurity-specific 



0 resonant enhancement effects are observed for all (D ,XI 1s states below 

the FE energy. Any single spectrum taken under resonant conditions will 

therefore not give a true representation of the relative concentrations 

of the donor impurities. In addition, interpretation of the actual 

identities is done slightly differently than is the case with 

non-resonant excitation. Thus, the resonant line-narrowing should be 

used only when absolutely necessary, and this will be discussed in 

detail in Chapter 6, where results on bulk SI GaAs will be presented. 

The most straightforward method of performing rapid identification 

of donors in a number of samples is achieved by using the Faraday 

configuration. This removes the problem of orienting the sample with 

respect to the field, as the growth direction of epitaxial GaAs is 

almost always along the <001> crystal axis, or within a few degrees of 

cool>. Thus a sample holder need only allow the samples to lie flat, in 

an unstrained manner, and the field and <001> crystal direction will be 

very nearly parallel. 

5.2 Donor identification in high-purity epitaxial n-type GaAs. 

The high-field PL technique has been well proven as a technique for 

donor identification. The point to be taken in this thesis is that the 

use of FT spectroscopy at high field makes PL a superior method to PTIS 

in all respects, except perhaps for samples which contain a high 

concentration of defect or impurity transitions in the donor 2p - region 

(such as are observed in some MBE grown samples). Even in this 

situation, the Zpo TES may suffice. The FTPL technique also lends 

itself to situations where a large number of samples are to be 



characterized, with the potential for simultaneous acceptor 

characterization. We now consider the case for performing donor 

identification in normal, high-purity epitaxial GaAs. 

In high quality epitaxial samples, the identification of d~nors can 

be a straightforward measurement. (The following assumes FaradaY 

configuration 1. A typical measurement would include a wide-band 

spectrum collected using above-gap excitation. Such a spectrum is shown 

in Fig. 5.1, taken at an ultra-high resolution of 0.025 cm-1 (-0. o3 

mev). The entire excitonic region is shown in Fig. 5.l(a), for the same 

low-acceptor sample shown previously in Figs. 4.2-4.4. An expanded view 

0 
of the (D , X) principal region is shown in Fig. 5.1 (b). Such high 

resolution is not absolutely necessary, but is included in this case to 

demonstrate the resolution of the Se/Sn from Si bound excitons even in 

the principal Is A region. The wide-band spectrum is used to ensure 

that the crystal orientation is reasonably close to B I1 <001>, and that 

the field is at 12T. Any differences from these conditions will result 

in relative shifts of the Is transition energies. The transition 

energies measured by FTPL for the known donor impurities in GaAs are 

given for reference purposes in Table 5.1. The transition linewidths 

are also a measure of the sample quality, with line broadening resulting 

f ram higher impurity concentrations, and energy shifts resulting from 

strain in the sample, or possibly alloying effects. 

The next step in the donor identification process is the collection 

of a spectrum of the 2p - region, with cleaner spectra obtained by using 

an interference filter to remove luminescence at all other energies. 

Such a spectrum can be made more intense by pumping into the FE, which 



Figure 5.1 

(a) Wide, high resolution photoluminescence spectrum of high purity 

at B= 12 T for a sample with very low acceptor concentration. (b) 

0 Expanded view of the low-energy portion of the (D ,X) region from the 

same spectrum as in (a). The resolution in the A lines of Sn/Se from Si. 

is reported for the first time. Resolution is 0.025 cm-l. The time 

required to collect and transform this spectrum was less than three 

minutes. 
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0 Table 5.1 Energies and separations for species-dependent (D ,X) 
PL transitions in GaAs at B = 12T. In the last column, the 
observed 2p shifts of all the donors are given relative to 
the Si line: 

Donor Energy (ern-' ) 

Impur . e 
1s A 2p- a- AE ( A  - a*) 2p - shift - 



is located at -12285 cm-' and -12350 cm-' for the n = 1 and n = 2 FE states 

respectively at B = 12T. For the purposes of donor identification this 

is still considered non-resonant excitation, as it is non-selective. A 

2p - TES spectrum is given in Fig. 5.2(a) for the same sample as shown in 

Fig. 5.1. Fig. 5.2(b) contains the 2p - spectrum for another sample, 

collected under similar conditions. The spectral line positions for the 

impurities in these and other samples are given in Table 5.1 for both 

the 1s A and the 2p a* transitions. - - 
* 

In addition, the 1s A to 2p a energy separations are also given, - - 

with lower uncertainty, due to the insensitivity of this energy 

difference to changes in the sample orientation, or minor band-gap 

changes due to strains and alloying effects. This value is the most 

important measurement for donor identification purposes, and it will 

remain constant (at 12T) even if the sample orientation is not exactly 

<001>, provided the Is A transition is properly identified. This 

insensitivity of the 1s to 2p energy difference to the various - 
perturbations is a consequence of the spherical nature of the conduction 

band minimum in GaAs. The values listed in Table 5.1 for the 1s A to 

* 
2p a separation agree within experimental error in every case with the - - 
values taken from the graphs of PTIS transition energies at 12T 

[80A1,80A2,81AlI, taking into account the electron spin-flip energy. 

This agreement is achieved using the value of 2.255 + 0.008 cm-1 for the 
electron spin-flip energy at 12T given in Chapter 4. 

For high purity samples, donor identification can be determined 

from a principal line spectrum. However, more reliable identification 

can be made using the 2p - TES, with the 1s A to 2p a* separation giving - - 



Figure 5.2 

Photoluminescence spectra of the 2p TES region in GaAs at B = 12T for - 
(a) the same sample used for the fan diagram in Fig. 4.7 and (b) the 

same sample used for the orientation dependence diagram Fig. 4.8, and 

the PLE spectrum, Fig. 4.9. The resolution in the present spectra is - 

0.1 cm-'. 
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the donor species conclusively when compared to the values in T~~~~ 5. 

TO further demonstrate the use of FTPL for donor identification, 

2p TES spectra of two other high-purity epitaxial samples are in - 
Fig. 5.3. The top spectrum was taken at relatively low resolution of 

0.1 . The bottom spectrum was taken at the highest Possible 

resolution for the interferometer at this wavelength: 0.025 cm-'. 
This 

sample is remarkable for MOCVD-grown GaAs, due to its complete lack of 

Ge . 

sub 

5.4 

due 

5.3 Donor identification in p-type GaAs 

One of the drawbacks of PTIS measurements is its inutility for 

identifying donors in p-type samples. This is attributed to the fact 

that PTIS is only useful for the identification of majority carriers 

188~11, as well as to the absence of neutral donors in such samples. 

The situation for PL is different, however, as the creation of 

free-carriers is ensured by the use of near- or above-gap excitation, 

and some population of neutral donors will result, making donor 

0 
identification possible via the (D ,X) transitions. In addition, the 

(D', X) transitions exhibit a central-cell shift, as reported by others 

[ m i ,  89Sll and may also be used for identification purposes, but this 

ject will not be addressed here. 
J 

The wide-band PL spectrum of a p-type GaAs sample is shown in Fig. 

0 
(a), in which the (A ,X) recombination obviously dominates Over that 

to (DO, XI. Note the weakness of the (DO, X) transitions. 

using the same technique as in Section 5.2, the identity of the donors 

can be obtained from the 2p transition when pumping 
into the FE. 

- 



Figure 5.3 

Photoluminescence spectra of the 2p - TES region in GaAs at B = 12T (a) 

taken at 0.1 cm-I for a sample from a different laboratory than the 

other epitaxial samples presented here and (b) taken at 0.025 cm-' for a 

sample with zero detectable Ge donors. 
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Figure 5 . 4  

Photoluminescence spectra of a p-type GaAs sample at B = 12T showing (a) 

the principal 1s region, which is dominated by acceptor bound exciton 

emission and (b) the 2p - TES region when pumping non-selectively at the 
* 

FE energy. This sample shows the presence of Te donors, whose a - 
ff 

transition occurs at the same energy as would the Ge b transition. - 
ff 

However, since there is no Ge a transition present, and thus no Ge, the - 
luminescence must be due to Te. The 2p TES region in (b) is selected - 
optically by a high performance, narrow band pass interference fil tdr. 

The broad background is common in p-type and bulk semi-insulating 

samples. 
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Such a spectrum is shown in Fig. 5.4(b) for the same sample. The 

wide background follows the through-put of the narrow band pass 

interference filter, and is common in spectra for p-type and 

semi-insulating samples. The donors in this sample are seen to be S and 
* 

Te. It is worth noting that the Te 2p a TES energy overlaps that due - - 
to the Ge 2p b* TES. This is not a problem in this particular sample, - - 

* 
due to the absence of Ge (note that there is no Ge 2p a TES). - - 
However, in samples with Ge and Te, circular polarization would be 

* * 
required to suppress the b transitions. The b transition due to S is - - 

also visible in this sample, indicating that the S luminescence may be 

coming partly from the substrate, and is visible due to the relatively 

weak nature of the (DO, X) luminescence from the epilayer. Similar 

spectra have been obtained from other p-type samples. 

5.4 Conclusions 

In this chapter, methods for the identification of donors by FTPL 

in high purity epitaxial GaAs are described. The most important 

measurement for such purposes is the separation of the principal 1s A 

* 
line from its 2p a TES counterpart, measured for each donor species. - - 

A measurement of this energy difference gives unambiguously the identity 

of the donor species present in both n- and p-type samples. The energy 

separations for all of the known shallow donors in GaAs is given in 

Table 5.1. 

In Chapter 6, methods for identification of donors in bulk SI 

samples will be described. These methods are also useful for epitaxial 

samples with broadened transitions, which do not lend themselves to 



non-resonant techniques. 



6.1 Introduction 

The identification of donors in bulk GaAs (e.g. from a boule) is a 

more difficult problem than in higher purity material. This is because 

the impurity concentrations are sufficiently large and inhomogeneous to 

cause significant broadening of the transitions, both in the principal 

(lI0,X) 1s transitions and the corresponding 2 ~ -  TES. This broadening 

requires the use of resonant excitation to narrow the luminescence 

transitions to the point where useful information can be extracted. 

Such narrowing has been reported previously by SBCC, where the narrowing 

was explained as being due to the slow migration time between donors, of 

the resonantly created BE, relative to the (D',x) radiative lifetime. 

However, as mentioned in Chapters 4 and 5, resonant excitation can not 

be applied at any arbitrary energy, as this may result in misleading, or 

even incorrect interpretation of the 2p spectra. - 

Given the impurity specific nature of the excited states, it is 

clear that resonantly exciting into these states may result in 

misleading intensity ratios in the 2p - TES, such as was shown in Fig. 

4.11(b), i . e .  ratios which are unrelated to the true impurity ratios. 

PLE spectra are useful in demonstrating the impurity specific nature of 

the principal transitions. Two such spectra are shown in Fig. 6.1. The 

top spectrum is the same one as was shown previously, in Fig. 4.10, and 

represents the intensity of the Ge 2p - a* - TES as a function of 

excitation energy. The bottom spectrum was collected simultaneously, 

and represents the intensity of the Si 2p - a* - TES. The lines joining 



Figure 6.1 

Photoluminescence excitation (PLE) spectra for high-purity epitaxial 

GaAs. The intensity of the two-electron satellites are plotted as a 

* * 
function of excitation energy for (a) Ge a and (b) Si a transitions. - - 
Ge is the dominant donor in this sample, so some feedthrough due to Ge - 

is visible in the spectrum for Si. The lines connecting similar 

spectral features highlight the impurity specific nature of even the 

highest (DO, X) states. 
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similar spectral features highlight the impurity-specific shift of the 

spectra. Since Ge is dominant in this sample, some features do line up, 

but these can be attributed to transfer of excitons from Ge to Si 

binding centers. 

As mentioned in Chapter 4, SBCC reported non-selective excitation 

into an excited state, labelled "G" in their PLE spectrum [89S11. 

However, we do not observe a strong TES response when pumping at this 

* 
energy, which is above the F line in Fig. 4.10, and postulate that this 

transition corresponds to FE absorption. 

6.2 Results and Discussion 

The problem of transition line broadening is typified by the 

comparison of the two spectra given in Fig. 6.2. The 12T 

photoluminescence spectrum of a high purity, MOCVD-grown GaAs sample is 

given for reference purposes in figure 6.2(a), where the principal Is 

(DPx) to crystal-ground-state transitions are shown. The labels are 

those described in detail in Chapters 4 and 5. The structure visible in 

the "A" and "C" regions is due to transitions from excitons bound to 

different chemical species. For comparison, the spectrum for a bulk SI 

GaAs sample is shown in figure 6.2(b). The broadening of the bound 

exciton bransitions is obvious. 

The corresponding ground-state to donor-excited-state 2 ~ -  TES 

transitions are shown in Fig. 6.3. The transitions due to different 

impurities are labelled for the epitaxial sample in Fig. 6.3(a). The 

increase in the chemical shifts, which is the advantage of studying the 

TES luminescence, is sufficient to resolve all of the donor species for 



Figure 6.2 

Photoluminescence spectra for the (DO, X) 1s region in (a) epitaxial GaAs 

and (b) bulk GaAs using non-resonant excitation. 
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Figure 6.3 

Photoluminescence spectra of the 2p TES region for the same samples as - 
in Fig. 6.2. The presence of S in the bulk sample is evident, but other 

donors may be obscured by S and the background level. These spectra 

were collected with non-resonant excitation. 
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this sample, except of course SdSe. However, the same can not be said 

for the bulk SI sample whose TES spectrum is shown in Fig. 6.3(b). The 

bulk sample is seen to be dominated by S donors (Fig. 2b), however any 

other donors are obscured by the broadened transitions and the strong 

background. All of the spectra in Figs. 6.2 and 6.3 were collected with 

non-resonant excitation. The broadness of the transitions in Fig. 6.3(b) 

suggests that resonant excitation is required. 

Other researchers [88H1, 86H11 have used the PLE technique to 

enhance resolution and increase the luminescence intensity of 

donor-related transitions in bulk GaAs. They report selectivity in the 

amplitude of the TES response for different donor species, but not in 

the spectral position. Their results show only one known donor, S, in 

addition to a shallower spectral feature, which they label as an as yet 

unidentified donor. S was found in all of the bulk samples which they 

studied. 

The process for (DO,X) TES luminescence can be understood more 

clearly when one considers the process occurring under resonant 

conditions. When using resonant excitation, bound excitons (D',x) are 

being created on a subset of the inhomogeneously broadened distribution 

of donors. The result of this is the creation of bound excitons on 

different donor species, but having the same energy. This is different 

than the non-resonant high purity epitaxial case, in which excitons 

bound to different donors have different energies, as evidenced by the 

central-cell splittings in the principal transitions. Thus. 

GaAs, the laser to 2p TES splitting will be the same as that measured - 
by PTIS (less the electron spin-flip energy), because the added 



central-cell splitting of the bound exciton ground state has been 

nullified. Thus the donor species must be identified by their TES 

separation from the excitation energy, which corresponds to the 

principal line to TES separation measured separately for each donor in 

epitaxial material. These separations are those given in Table 5.1. 

The bulk 2p TES also follow the laser energy, and thus do not, - 
except when pumping at the peak of the 1s distribution, occur at the 

same energy as the non-resonant case. The intensity of the satellites 

will vary with the laser energy as it pumps a different proportion of 

the concentration- or strain-broadened 1s BE states. The peak 2p - 
satellite intensity for a given donor species should thus occur for the 

same excitation energy as the 1s transition in higher purity material, 

assuming no band-gap shifts exist due to alloy effects. From this 

result, one can see that the presence of a particular donor species can 

be determined by pumping at one energy and measuring the corresponding 

separation between the laser and the 2p satellite. - 
To determine the relative concentrations of the various donor 

0 
populations, one must pump resonantly at the peaks of each of the (D , X) 

~o~ulations and compare the intensities of the 2p - response. This is 

accomplished by pumping the most pop~lo~s donor peak first (determined 

as having the largest 2p - response, e. g. s in Fig. 6 .3 (b )  1. Once its 

identity and 2p - intensity have been determined, the pump energies 

the other principal donors can be calculated from the splittings between 

the 1s ( D O , X )  energies in Table 5.1.  one can then PmP the Is *peak" Of 

each donor individually, and translate the intensity of its 'p - 
satellite, relative to the strongest, into a relative "Iue for the 



same results can be obtained, although not as conveniently, by observing 

the laser position in the spectra, and adjusting accordingly. 

The enhancement of the Zp transitions in this way is really an - 
exploitation of the resonant enhancement of BE transit ions also observed 

[89S1] for the high purity materials described in Chapter 4. In this 

case, however, the resonantly enhanced "shoulder" dominates over the 

much broader true distribution. 

The situation described above is shown schematically in ~ i g .  6.4. 

In figure 6.4(a) the case of high purity epitaxial materials with two 

donors in equal concentration, e.g. Ge and Si, is shown. The Is to 2p - 
splitting for each donor is shown, and correlates with that observed in 

PTIS. The TES splitting is the sum of the donor and the donor BE 

central-cell shifts, and is approximately 1.3 times that observed in 

PTIS, as reported by SBCC. The case of bulk material, where the 

transitions are broadened, is shown in Fig. 6.4(b). Excitons bound to 

different donor species are resonantly created at the same energy, 
thus 

the TES separation is identical to the PTIS-measured separation, and 



Figure 6.4 

Schematic diagram of the principal Is and 2p - TES regions for the case 
of a sample with identical concentrations of Ge and Si donors for 

(a) high-purity epitaxial GaAs, and (b) bulk GaAs. Fig. (b) shows the 

effect of resonant excitation into the broadened distribution of donors 

in bulk material. The 1s to 2p - separation is the same for the same 

donor species in each sample. 
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Excitation at the C transition energy may be advantageous when thin 

epitaxial samples are being studied by this method, as the weaker 

absorption of the A transition may allow laser excitation to penetrate 

into the substrate. 

0 Even though a particular (D ,X) state is resonantly selected, some 

redistribution to other (D',x) states will occur due to thermalization 

or tunneling. This leads not only to the presence of lower energy TES 

transitions, but also to enhancement of TES transitions originating from 

higher energy initial states. One of the these processes may be 

responsible for the unidentified shallow donor transition reported in 

references 88H1 and 86H1. 

Interpretation of resonantly pumped TES spectra using resonant 

excitation as depicted in Fig. 6.4 can result in rapid assessment of the 

presence of donor species in bulk GaAs. For quantitative measurements 

of the relative donor concentrations, the peak of each impurity- 

broadened principal transition must be resonantly excited, and the 

intensities of the TES response for each donor can then be compared. 

We have done this for a number of bulk SI GaAs samples from a 

variety of sources. As reported previously [88H1,86HlI, the dominant, 

and often only, donor was found to be S. A series of spectra for a bulk 

SI GaAs sample is shown in Fig. 6.5. This sample was chosen for 

demonstration purposes because it was one of the few which showed 

anything other than S. The non-resonant spectrum is shown in Fig. 

6.5(a), while in Figs. 6.5(b)-(d), the resonant enhancement of three 

different donors in the same sample is shown. This excitation was 

applied in the "A" region of the principal transitions. The relative 



Figure 6.5 

The use of resonant excitation and FTPL for the identification of 

donors in a bulk GaAs sample containing Ge, S and Si. (a) the spectrum 

for non-resonant excitation. (b)-(dl the spectra for excitation at the 

principal A transition energies for Ge, S and Si respectively. The 

absolute intensities (not shown) give the Ge:S:Si ratio as 10: 70: 20. 

1 OOa 
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concentrations were found by taking the absolute intensity (not shown) 

of the TES response as each donor is resonated. 1, this sample the 

relative concentrations were measured to be 10: 70: 20 for  el : [Sl : [Sil. 

While it is necessary to pump each donor individually in order to 

obtain relative concentrations, this is not strictly necessary in order 

to determine the identity of the TES features. The identities can be 

obtained by measuring laser-to-TES separations for a single excitation 

energy, and comparing these values with the 1s to 2p separations - 
measured very precisely for high purity epitaxial samples. The energy 

ff 

separations of the 1s A transitions and the 2p a TES at 12T for the 6 - - 
known shallow donor impurities in GaAs can be found in Table 5.1, in the 

previous chapter. 

6.3 Conclusions 

The above results demonstrate a reliable method for characterizing 

shallow donor impurities in bulk GaAs. This method relies on the high 

signal throughput and resolution capabilities of Fourier transform 

interferometry, as well as the intrinsic spectral accuracy of this 

method. In addition, the impurity specific energies of the ground and 

excited states of the donor bound exciton in GaAs has been demonstrated. 

This must be taken into account when interpreting resonantly excited 

spectra for donor characterization purposes. This method also relies on 

a precise and accurate knowledge of the excitation energy, demonstrating 

the convenience of a wavemeter. In agreement with previous publications 

[88H1, 86H11, the dominant donor in bulk SI GaAs was found to be S in 

all cases. 





CHAPTER 7 SUMMARY and CONCLUSIONS 

7.1 Donor Bound Excitons in GaAs. 

A comprehensive study of the shallow donor bound excitons in GaAs 

has been performed using Fourier transform ~hotoluminescence. The 

superior resolution and SNR obtained with FTPL have been repeatedly 

demonstrated. The study has made Use of PL spectra collected under 

varying conditions of magnetic field, excitation wavelength and sample 

orientation. The energetic positions of many of the (DO,X) energy 

levels have been measured. This may allow further theoretical work on 

the behaviour of this system in a magnetic field. A tentative scheme 

involving angular momentum-related selection rules has been proposed. 

As a result of this work, the donor electron spin-flip energy has 

been measured as 2.255 f 0.006 cm-' at B = 12T in our experimental 

apparatus. This translates into an electron g-value of 0.405 f 0.008, 

taking into account uncertainties in the magnetic field strength. This 

is approximately ten percent lower than previous measurements, although 

in agreement with one of those measurements, due to its larger 

uncertainty. 

In addition, the origins of the TES transitions have been 

positively identified. The 2p - a* - TES transition is seen to originate 

from the same energy level as the principal 1s "A" transition and it 

newly identified spin-flip counterpart, A*. The 2p - b* - TES corresponds 

to previously hidden principal transitions which lie very close 
the 



precision unprecedented for the PL technique, and are found to agree 

well with the values extracted from graphs of PTIS transition energies 

versus magnetic field, when the above value for the electron spin-flip 

energy is added. This tabulation of the energy separations in Table 5.1 

should prove useful for future donor identification work. 

The FTPL technique has also been extended to include reliable donor 

identification in bulk semi-insulating GaAs, where the application of 

resonant line narrowing is necessary. A technique requiring knowledge 

of the 1s to 2p - energy separations and the exact energy of the resonant 

excitation has been demonstrated. 

7.2 Future Work. 

The FTPL techniques promises to be very useful for future studies 

in GaAs and the related material InP. Of particular interest are the 

transition energies for InP in analogy with those given in Table 5.1. 

0 
InP should also prove to be a revealing material for the study of (D , X I  

states in a magnetic field. The (A',x) states in both materials could 

also be studied by this technique, both for characterization purposes 

and to better resolve the issue of the zero-field splitting of the 

(A',x) states. Transitions related to the ( D + , x )  states are also of 

some interest. 

In general, FTPL and related techniques are demonstrated to have 

important advantages for semiconductor spectroscopy. Thus this 

technique should rapidly become the standard for optical studies in this 

field. 
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APPENDIX: Comparison of Interferometric and Dispersive Spectra. 

Throughout this thesis, it has been stated that interferometry is a 

technique superior to dispersive spectroscopy for PL of GaAs. To make a 

direct comparison, examples of spectra from both techniques are given in 

Fig. A. 1. (The effect of increasing the magnetic field should also be 

noted. 1 

The upper spectrum (Fig. A.l(a)) was taken at B = 7 T using a Spex 

3/4-m double grating spectrometer with 1200 groove/mm gratings 

(88W2,89S2). The resolution with the grating spectrometer was 0.02 meV 

(0.16 cm-l) with the slits at 50 pm. The spectrum in Fig A.l(b) was 

collected from by FTPL at a moderate resolution of 0.1 cm-l. 

The improvement obtained with FTPL is striking especially when one 

considers that the interferometer resolution could still be increased by 

a factor of four. In addition. the spectra on the interferometer can be 

collected without need for calibration, which is a serious concern with 

the mechanically scanned grating instrument. 

Better dispersive spectra have been demonstrated with much more 

complicated optical collection systems (89'31). However, extending the 

resolution of a grating system to that (routinely) achieved with an 

interferometer will inevitably lead to much lower signal throughput. 

Thus, the best dispersive results do not compare favourably with those 

obtained with interferometry. 



Figure A. 1 

Comparison of magneto-PL spectra collected by dispersive and 

interferometric techniques. (a) PL of TES 2p - region in a high-quality 

MOCVD GaAs sample collected at B = 7 T using a dispersive grating 

spectrometer. Resolution is 0.16 cm-l. (b) PL of a similar sample 

collected by interferometric PL at B = 12 T. Resolution is 0.1 cm-'. 



MOCVD GaAs 
2p- TES 

Energy (crn-') 


