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ABSTRACT 

The measurement and modeling of the nonlinear absorption and refractive index 

of bulk and multiple-quantum-wells of Gallium Arsenide is the subject of this thesis. 

The experimental set-up and procedures for data collection are described in 

detail. The samples studied are both bulk GaAs and various GaAs/AlGaAs multiple-

quantum-well (MQW) samples. The nonlinear absorption spectra of MQWs are fit to a 

combination of two Gaussians, simulating the heavy hole and light hole excitons and the 

Sommerfeld factor which models the band-to-band absorption. The evolution of the fit

ting parameters is charted as a function of the well size and the carrier concentration. 

For bulk GaAs, the experimental absorption and refractive index spectra are compared 

with a plasma theory that takes into account the many body effects of bandgap renor-

malization, band filling and Coulomb enhancement of the continuum states. 

viii 



CHAPTER I 

INTRODUCTION 

Since the first observation of optical bistability in semiconductors, (Gibbs et al., 

1979), there has been extensive work done on device applications (iOptical Bistability: 

Controlling Light with Light by Gibbs, 1985). Bistable elements have been used to dem

onstrate many logic configurations. Arrays of devices have been fabricated together 

allowing simultaneous operation in parallel (Lee et al„ 1986c). 

More recent work has been aimed at understanding the origins of the bistability 

and determining the optical properties of the semiconductors (Peyghambarian and Gibbs, 

1985). This type of research will facilitate in the engineering of devices with the 

desired properties for applications such as optical logic gating and bistability. 

The final objective of the present research is to measure the nonlinear index of 

the material and understand the origin of the nonlinearity. Interferometers have been 

employed for direct measurements of the index. Olbright and Peyghambarian (1986) 

used a Twymann-Green interferometer to study colored glass samples. A Fabry-Perot 

interferometer has been used to determine to determine the nonlinear index of bulk 

GaAs (Lee et al., 1986a). In the present work, a two-beam pump-and-probe experiment 

is used. The pump beam changes the number of carriers in the semiconductor while 

the probe beam measures the absorption over a range of frequencies. 

The samples studied were grown by molecular beam epitaxy (MBE). This 

method allows for the deposition of thin layers of the compound with precise control of 

layer thickness and stoicheometry. Since layer thickness and composition can be care

1 
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fully controlled, novel structures can be fabricated. One such structure of current in

terest is the GaAs/AlGaAs multiple-quantum-well (MQW). The MQW consists of alt

ernating layers of low gap and higher gap semiconductors. The frequencies of light 

used in the experiment are above the band edge of the lower gap material (GaAs) and 

below the band edge of the higher gap material (AlGaAs). The large gap material 

serves to isolate the GaAs layers from each other and to provide a potential barrier that 

low energy electrons in the conduction band can not penetrate. A relatively large value 

for the nonlinear index at one wavelength (Miller et al., 1982b) and optical bistability 

(Gibbs et al., 1982) have been reported in MQW samples. However, a systematic study 

of the effect of the well size on the nonlinear behavior has not been done. In this 

thesis is reported a study of the nonlinear behavior of a range of samples varying in 

well size from bulk to 76 Angstroms. The samples are studied under identical excita

tion and over a range of frequencies near the fundamental band edge. 

Modeling of the absorption for the different samples is an important step in 

understanding the origin of the nonlinearity. Chemla et al. (1984) have obtained an 

excellent fit to the linear absorption spectrum of a GaAs/AlGaAs MQW using a func

tion consisting of two Gaussians and a broadened two dimensional continuum. In this 

thesis the same basic functional form is used but it is fit to three different MQW sam

ples and over a complete range of carrier densities. 

The plasma theory (Banyai and Koch, 1986) has been used to model the nonlinear 

absorption and refractive index of bulk GaAs (Lee et al., 1986a). In this thesis, this 

same theory is compared to the experimentally determined absorption and index of bulk 

GaAs. 



CHAPTER 2 

THEORY OF NONLINEAR ABSORPTION IN SEMICONDUCTORS 

The optical properties of a dilute gas are given by the properties of the indivi

dual atoms or molecules. The behavior of such a system is determined by the electro

magnetic wave interactions with a particle. The atomic interactions do not play a 

major role. However, this is not the situation in highly excited semiconductors. When 

a photon causes an electron to go from the valence band to the conduction band, two 

charged quasiparticles, that can move relatively freely through the crystal, are created. 

The high density of charged carriers within the excited semiconductor make it a true 

many body problem (Haug and Schmitt-Rink, 1985). 

In semiconductors with narrow energy gaps (e.g. InSb), the binding energy for 

the exciton is small, resulting in a large exciton Bohr radius. The screening of the long 

range Coulomb interaction is thus very effective and exciton resonances are absent in 

the linear spectra. Semiconductors with larger gaps (e.g. ZnSe), on the other hand, have 

larger exciton binding energies and smaller exciton Bohr radii, resulting in pronounced 

excitonic features. 

As the concentration of carriers in a semiconductor increases, the shorter range 

exchange and correlation effects become more prominent. The spins of the electrons in 

the conduction band align themselves so as to keep the electrons as far away from each 

other as possible. When the electrons are far apart, the energy of the system is 

reduced. This is the reason that the bandgap reduces under increasing excitation. 

3 
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As the bandgap shrinks under increasing excitation, the screening effects 

become more prominent. This results in a decrease in the exciton binding energy. 

Other effects that are occurring simultaneously are the broadening of the exciton 

absorption line, screening of the Coulomb enhancement and band filling in both the 

bound and unbound states. The latter two effects lead to a general reduction in the 

near band edge absorption. 

Modeling of Bulk GaAs 

As is apparent from the above discussion, it is necessary to do theoretical model

ing and analysis to understand the nonlinearities in the system. This has been done 

successfully using a quantum mechanical Green's function theory (Haug and Schmitt-

Rink, 1984). The main problem with the Green's function approach is that one has to 

evaluate complex integral equations numerically. 

A partly phenomenological theory of the optical nonlinearities of semiconductors 

has been developed by Banyai and Koch (1986). The theory is based on the concept 

that nonlinear response can be thought of as an extension of the linear response theory. 

The main advantage of the theory is that it results in an easily evaluable expression for 

the nonlinear absorption spectrum. 

The linear optical response of a semiconductor at zero temperature is given by 

the Elliot formula (Ellliot, 1957), 

Im X(w) = 2rr r*v 2 10X (f-0)|' 5 (ilo> - Ex - E°) (2.1) 

where rcv is the interband matrix element, 0x(r) are the eigenfunctions which describe 

the relative motion of the electron and hole, E° is the unrenormalized energy gap, and 

E^ is the energy eigenvalue of the Wannier equation. 
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Banyai and Koch make the assumption that the wave functions obey a modified 

Wannier equation in which the potential is given by (e/e0r) exp(-icr). This means that 
(V 

Coulombic interactions are reduced by a screening term. The energy eigenvalue 

becomes the eigenvalue of the modified Wannier equation. With inclusion of bandgap 

renormalization and the band filling term A(co), the generalized Elliot formula becomes 

Im X(w) - 2n r*v AM 2 | ̂  (f - 0)|' 5r (flu - Ex - Eg). (2.2) 
X 

Here the 5-function from the Elliot formula has been replaced by 

Sr(x) = ER/|Vr cosh (x Er/D] (2.3) 

which approximates the Urbach tail of the excitons and Eg ° E° - 6Eg to take into 

account bandgap renormalization. Note that A(co) = tanh[(ftw-/i)/2kBT] and that 

fi " fie + % which is the sum of the quasichemicat potentials of the electrons and holes. 

T is actually the sum of a constant term (at a particular temperature) and a term linear 

in N, the carrier concentration. The parametric nature and relative simplicity of the 

equations lend them to straightforward analysis. 

By using the relation ct{co) ° ^no> Im X(w), (Lee, 1986) the generalized Elliot 

formula can be written 

»M - AM Z I ?> (f - 0) r «r (flu - Ek - Es). (2.4) 

J^c X 

The spectra obtained by evaluating equation (2.4) are in good agreement with the cor

responding Green's function results. However, the generalized Elliot formula has the 

advantage of being easier to evaluate and to apply to analyze semiconductor experi
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ments. 

Modeling of the MQWs 

This analysis can be applied to bulk semiconductors such as GaAs (Lee et al., 

1986a) or ZnSe. For MQWs, where the carriers are confined quasi-two-dimensionally, 

a different approach should be employed. The long range Coulomb screening is much 

weaker in two dimensions than in three dimensions. A simple reason for this is that a 

carrier is not able to move in one of the directions in response to an applied force 

(Schmitt-Rink, Chemla and Miller, 1985). Another effect apparent in MQWs is that the 

carrier confinement to thin layers causes an increase in the exciton binding energy. 

The large binding energy gives a strong excitonic character to the near band edge nonli-

nearity. This makes the MQW interesting from the physics point of view because exci

tonic effects can be isolated more easily by use of novel experimental set-ups such as 

resonant pumping. 

Another effect observed in MQW samples, which becomes more significant as 

the well size decreases, is a blue-shift in the absorption edge (quantum confinement 

effect). The condition of vanishing electron-hole wave functions at the crystal boundar-

y causes an increasing energy with decreasing well size. This means that it requires a 

more energetic photon to cause a transition from the valence band to the conduction 

band. As an electron makes the transition (within a particular GaAs layer), its wave 

function has to change from a localized binding wave function to a delocalized non-

binding one. The wave function blows up in real space. If the potential barriers, 

which result from the two adjacent AlGaAs layers, are separated by a distance signifi

cantly smaller than the exciton Bohr radius, a force is applied on the conduction band 

electron. This force opposes the tendency for the wave function to become delocalized 

and thus opposes the transition. The result is that a more energetic (or blue-shifted) 



photon is required to cause the transition. 

A many body theory of the nonlinear behavior of MQW structures has been 

done (Schmitt-Rink. Chemla, and Miller, 1984). However a simplified approach has been 

presented (Chemla et al., 1984 and Chemla and Miller, 1985) where a empirical fit is 

used for the absorption of MQW samples. The fit consists of two Gaussians, simulating 

the heavy-hole and light-hole excitons, together with a broadened two-dimensional con

tinuum (Sommerfeld factor), to simulate the band-to-band transitions. Figure 2-1 shows 

the experimental linear absorption spectrum for one of the samples along with the 

empirical fit. Also shown are the three components of the fit. The mathematical form 

of the function is 

q(X) = CEH exp -2tt2C2 /<rh ) + otf exp -2nc2 l _L 
xf 

2a. 

/<r,)> 

-
A r 

1 + exp 2nc 1 1 
> " \ 

m 

/Tc 1 + exp -2n (Ry)/ he | ' I f 
Xc ~ X 1 

* 
* * 

. (2.5) 

Here the alphas (ah, ctjand ac) are the absorption factors, the gammas are the widths of 

the excitonic resonances (1^ and Tj) or of the continuum (rc), and the lambdas are the 

locations of the Gaussians or the continuum. Here, 1 refers to the light hole, h refers to 

the heavy hole and c refers to the continuum. Since equation (2.5) represents an empir

ical fit it is not possible to directly correlate all the parameters to physical processes 

that occur under increasing excitation such as screening of the Coulomb enhancement, 

bandgap reduction, band filling in bound or unbound states, and reduction in the exci

tonic binding energy. However, some of the processes have a predictable general effect 
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Fig. 2-1 A linear absorption spectrum with the empirical fit. The two Gaussians and 
the two dimensional continuum are shown below. 
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on the parameters. 

The screening of the Coulomb enhancement results in a reduction in the band-

to-band absorption over a range of frequencies. This is very well modeled by the con

tinuum absorption factor, ac. One would expect this factor to decrease under increas

ing excitation for samples in which screening of the Coulomb enhancement is an impor

tant intensity dependent effect. 

Band filling is an important effect that serves to block band-to-band transitions 

in accordance with the exclusion principle. This process can be modeled as a blue-shift 

of the continuum position. This is opposed by bandgap reduction which tends to red-

shift the continuum position. In samples in which band filling dominates one would 

expect a blue-shift of the continuum. If the band filling becomes less significant then 

the bandgap reduction can compensate for the band filling or even result in a slight 

red-shift in the continuum position. 

The decrease in the excitonic absorption factors (ah and cej) results from screen

ing of the bound states. This effect together with broadening of the excitonic resonance 

is referred to as bleaching of the exciton. The reduction in the excitonic absorption 

factors (under increasing excitation) should be apparent in all the samples because the 

exclusion principle for the bound states applies regardless of the well size. 

By fitting equation (2.5) to a range of linear and nonlinear absorption spectra of 

samples with different well sizes, one can chart the evolution of the parameters as a 

function of intensity and well size. By correlating these parameters to physical 

processes one can get some feeling for the origin of the nonlinearity. 

Carrier Concentration Calculation 

Since all of the nonlinear effects observed in the semiconductors studied arise 

from the electron-hole (eh) pairs created by the pump beam (at least in the present 
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experimental arrangement), the first step in the data analysis is to convert all the power 

densities into corresponding electron-hole pair concentrations. This problem is compli

cated by the fact that the recombination time of the eh pairs is a function of the power 

density, the MQW well thickness and the quality of the GaAs/AlGaAs interface. A 

recombination time of 21 nanoseconds for 102 Angstrom MQW samples has been rep

orted (Miller, 1982a). Schmitt-Rink et al. (1985) used a carrier lifetime of 20 nanose

conds for their calculations. For the carrier concentration calculations done here the 

carrier lifetime is assumed to be 20 nanoseconds for all of the samples and at all power 

densities. Another assumption that will be made is that the absorption coefficient is 

static during the pump pulse. In reality the absorption coefficient decreases (or 

saturates) as the pump beam intensity increases during the pulse. However, the calcula

tion will take into account the fact that the absorption coefficient is different for differ

ent samples and power densities. The absorption coefficient used in the carrier concen

tration equation is determined by extrapolating the nonlinear absorption data to the 

pump wavelength (8160 Angstroms). 

The calculation of carrier concentration is done using the simple rate equation: 

* S L  M  dt r iiu 

where N is the carrier concentration, T is the lifetime of the electron-hole pairs, a is the 

intensity-dependent absorption coefficient at the pump wavelength and o> is the angular 

frequency of the pump beam. 

The pump beam is assumed to be a Gaussian in time and the solution of equa

tion (2.6) is given by 

N (t) - N(t) e't/T 
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(2.7) 

fi(,) • Sw £ exp ' "[ (FWHM) 
(2.8) 

-t/r T 
KI/t\ e 0 f1 t'/T 
N(t) - T /b e exp 

1.6651 f, 
(FWHM) 

(2.9) 

or numerically 

x™ e*t/r aIo ^ t'/r N(t) ° exp 

(FWHM) 
(2.10) 

In this notation I0 is the pump peak power density, b is chosen to be 2(FWHM) in order 

to start the summation before a significant number of eh pairs are created, t is the 

amount of time that the probe is later than the pump (delay), and FWHM is the full 

width at half maximum of the pump pulse. In all the calculations done for this experi

ment, t is one nanosecond and FWHM is three nanoseconds. A program was written to 

solve equation (2.10) and the results are listed along with the corresponding pump beam 

intensities in table 2-1. 

One disadvantage of the pump-and-probe method for determining the nonlinear 

refractive index is that it is indirect. The changes in the index of refraction are obta

ined by the Kramers-Kronig transformation of the observed absorption changes. How

ever, the validity of this indirect method has been confirmed (Lee et al„ 1986b). 

The Kramers-Kronig transformation is given by 

The Kramers-Kronig Transformation 



Sample I (W/cm2) N (x I016 cm-3) 

76 Angstroms 0 0 
160 3.63 
330 7.48 
660 14.8 
1270 26.7 
2550 49.6 
5300 100 

152 Angstroms 0 0 
159 1.33 
329 2.71 
668 5.30 
1273 10.0 
2653 21.3 
5411 37.5 
11671 67.9 
21221 103 
42441 187 

299 Angstroms 0 0 
159 1.15 
329 2.33 
668 4.74 
1273 9.03 
2546 17.7 
5517 38.3 
11671 70.9 
22282 122 
42441 176 

Table 2-1 The power densities and the corresponding carrier concentra
tions for the 3 MQW samples. 
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0.1,1 

where P stands for the principal value of the integration, Act is the difference between 

the linear absorption and the absorption at the pump power of interest, and An is the 

resulting change in refractive index. One experimental limitation is the finite band 

width of the probe beam luminescence (about 30 nanometers). To be completely accu

rate, the change in absorption should be known over all frequencies. For the data pre

sented in this thesis, the error introduced by having a finite interval is less than five 

percent in the region of interest in the vicinity of the exciton. This was verified by 

numerically integrating the fitted absorption changes over an infinite frequency range 

and comparing this with the An resulting from the use of finite limits of integration 

(Morhange et al., 1986). 



CHAPTER 3 

EXPERIMENTAL SET-UP AND DATA COLLECTION PROCEDURES 

The standard pump-and-probe experimental arrangement is used to measure the 

nonlinear absorption coefficient of the semiconductors. This novel two beam arrange

ment involves the careful alignment of two beams onto the sample. One beam (pump) 

serves to change the intensity and hence the carrier concentration in the sample. The 

other beam (probe) is used to determine the absorption of the semiconductor over a 

range of wavelengths near the band edge. The pump-and-probe arrangement is used in 

systems that range in pulse duration from quasicontinuous to about 100 femtoseconds. 

The pulse duration in the present experimental arrangement is three nanoseconds 

FWHM. A nitrogen laser, which is operated at a frequency of 20 Hz, is used as a 

pump source for two dye cells (see figure 3-1). 

The first dye cell produces a luminescence which is collimated and reflected off 

of a diffraction grating. This produces a single wavelength (less than one Angstrom 

FWHM) pump beam which is tuneable over the wavelength range of the luminescence. 

After emerging from the tuneable dye laser, the pump beam is focused by lens LI 

through a pinhole and then is recollimated by lens L2. This arrangement serves to spa

tially filter the beam. 

Next the pump beam travels through a linear polarizer and half-wave plate com

bination which allows for the rotation of the pump beam polarization. This combina

tion is adjusted so as to result in maximum reflection of the pump beam at PBS1. The 

variable neutral density filter is the next element the pump beam travels through. This 

14 
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allows for the careful control of the pump beam power. 

The other dye cell in the arrangement is used for the probe beam. The wave

length range of the dye cell luminescence is typically 30 nanomenters (see figure 3-2). 

This probe luminescence is collimated by lenses L4 and L5 and then propagates towards 

the first polarization beam splitter, PBS1. The component of the probe beam with hori

zontal polarization travels through PBS1. Mirrors Ml and M2 and PBS1 are carefully 

adjusted so that the two beams are collinear and coincident. 

At this point (after both beams have passed through PBS1), an oscilloscope can 

be used to check the coincidence of the two beams in the temporal domain. The optical 

path lengths of the two beams are adjusted so that the pump beam maximum precedes 

the probe beam maximum by one nanosecond. 

Now the two beams (with orthogonal polarizations) are focused onto the sample 

by lens L6 so that the pump beam is of 200 micron diameter and the probe beam is of 

about 35 micron diameter. The coincidence of the two beams is checked with a TV 

camera which detects visible and near IR radiation. 

One convenient feature of the experimental arrangement is that the frequency 

range of the pump-and-probe beams can be changed by simply changing the dye in the 

cells. The only limitations are the frequency of the pump source (the dye luminescence 

spectrum should be at a lower frequency than the pump source) and the availability of 

the proper dye for the spectral range desired. 

The size of the probe beam is determined by placing a pinhole at the probe 

waist and measuring the energy of the beam with and without the pinhole. By observ

ing the proportion of the beam that travels through a pinhole of known size a fairly 

accurate estimate can be made of the probe beam spot size. This same procedure is 

repeated with a bigger pinhole to determine the size of the pump beam. 
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Fig. 3-2 Typical probe beam spectrum resulting from luminescence from the dye cell. 



After leaving the sample the beams are recollimated by lens L7. Next the ortho

gonality of the polarizations of the two beams is used to reflect out the pump beam. 

Finally, the probe beam is focused by lens L8 into the spectrometer. 

Inside the spectrometer, the different wavelengths are separated spatially and 

allowed to fall upon the linear detector array. 

The linear detector array is part of the Optical Multichannel Analyzer (OMA). 

This device displays on a screen the intensities of light as a function of channel number 

(each channel number corresponds to one of the individual detector elements of which 

there are 1024). The channel numbers can be correlated to wavelength so that the in

tensity of light as a function of wavelength can be displayed. 

The OMA used for most of the data is the Tracor Northern TN-1710A. There 

are 16 channels in which data can be stored. The intensity of light on the detectors can 

be seen in real time or can be accumulated to give a better signal-to-noise ratio. The 

accumulated data is digitized which lends the OMA to easy serial interface to an IBM 

PC through RS-232 serial communication links. 

In a pulsed experiment, synchronization of the laser and the detector apparatus 

is critical. The OMA has an external trigger which is amplified and used to trigger the 

nitrogen laser. 

Data Collection Procedures 

Positioning the sample in its correct place is the first step in the data collection 

procedure. A TV camera is used to image the probe beam at its waist. The sample is 

next moved in until it is in focus on the TV screen, This insures that the sample and 

beam waist are at the same position. Next the pump beam is fine adjusted so that it is 

centered on the probe beam. 
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Once the sample is positioned the pump beam is blocked and the probe is 

allowed to propagate through the sample. The OMA has been set to accumulate 500 

successive pulses of the probe beam. After these pulses are accumulated the probe 

beam is blocked and the optical background signal (noise) is subtracted for another 500 

pulses of the laser. This resulting spectrum is stored in one of the memories of the 

OMA and is called the linear intensity transmitted, It. 

Once the intensity transmitted has been recorded, the sample, which is mounted 

on an X-Y-Z stage, is removed and the unattenuated probe beam is allowed into the 

spectrometer. This quantity, called the intensity incident or I; is also accumulated for 

500 cycles. After the noise has been subtracted as mentioned above this quantity is 

stored in another OMA memory. 

These two quantities are related by the relation 

It = Iie~aL (3.1) 

where It, I; and a are functions of wavelength and L is the sample thickness. The 

OMA next performs the calculation 

logiodi/It). (3.2) 

This quantity, which is related to the absorption coefficient by 

a«[(2.30258)/L][log10(Ij/It)] (3.3) 

is stored in one of the OMA memories. 

When the absorption coefficient has been determined with the pump beam 

blocked (linear absorption), the procedure is repeated with the pump beam present. 

When the noise is subtracted the pump beam is included so that the only effect of the 
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pump on the absorption coefficient is to change the number of carriers in the conduc

tion band. 

After the absorption coefficient has been determined with the pump beam pre

sent, the sample is removed and the energy of the pump beam is measured. This pro

cedure is repeated for up to 10 different pump beam intensities from linear (no pump) 

to full pump power. 



CHAPTER 4 

BULK GaAs AND GaAs/AlGaAs MULTIPLE QUANTUM WELL: 

DATA ANALYSIS AND CURVE FITTING 

One of the main objectives of this research was to obtain a clear understanding 

of the effect of the well thickness in the multiple-quantum-well samples. The well 

thickness is the thickness of the GaAs layer in the MQW structure. The first sample 

studied consists of 63 layers of GaAs of 76 Angstrom thickness. Each GaAs layer is 

followed by a layer of AlGaAs. The total GaAs thickness of this sample is 0.48 

microns. The next sample consists of 100 layers of 152 Angstrom thick GaAs. This 

sample consequently had a total GaAs thickness of 1.52 microns. The third sample 

has 61 layers of GaAs with 299 Angstrom thickness, resulting in a total GaAs thick

ness of 1.8 microns. The final sample is bulk GaAs of 2.05 micron thickness. These 

four samples will heretofore be called 76, 152, 299 Angstrom and bulk respectively. 

For the pump beam, LDS 821 was used as the dye. The probe beam dye had 

to match the frequency range of the band edge of the sample under study. The probe 

dye was IR 144 for the bulk, 299 Angstrom, and 152 Angstrom samples. HITC was 

used for the 76 Angstrom sample. 

Absorption and Index Data 

Figure 4-1 shows the experimental absorption coefficients for the bulk and the 

299 Angstrom samples as a function of wavelength and intensity. The exciton peak, 

which is barely resolvable in bulk, becomes more apparent in the 299 Angstrom 

sample. Also note the slight blue-shift in the band edge in going from bulk to 299 

Angstroms. 
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Fig. 4-1 Absorption spectra of the bulk and 299 Angstrom samples. The correspond
ing pump beam intensities are indicated. 



In figure 4-2 are displayed similar curves for the 152 Angstrom and 76 Ang

strom samples. The increase in the excitonic absorption is very apparent. Due to 

confinement, the effective mass of the holes is different for motion parallel and per

pendicular to the layers. This causes a splitting of the excitonic absorption line, 

which is barely noticeable in the 152 Angstrom sample but is very clear in the 76 

Angstrom sample. Also note the blue-shift in the absorption edge as the quantum 

well becomes smaller. 

The corresponding variation in refractive index is displayed in figures 4-3 and 

4-4. The divergence observed towards the small wavelength side is due to the use of 

a finite interval in the integral of the Kramers-Kronig transformation. 

The theoretical absorption and index spectra for bulk GaAs are displayed in 

figure 4-5. The spectra (modified from Lee et al, 1986a) were computed by Professor 

Koch using the plasma theory (Banyai and Koch. 1986). Note the similarity between 

the theoretical spectra and the experimental spectra for bulk in figures 4-1 and 4-3. 

The values of the maximum in An are plotted versus the intensity of the pump 

in figure 4-6. This figure shows that the smaller the well size of the MQW the gre

ater the value of the nonlinear index at any particular intensity. The values for the 

299 Angstrom MQW are very close to the values for the bulk sample so they are plot

ted together. 

Figure 4-7 shows the maximum change in refractive index per carrier concen

tration. The carrier concentration is obtained using equation (2.8). For low carrier 

concentrations, all of the samples have similar values of An/N. This means that all of 

the carriers, regardless of the well size, give approximately the same contribution to 

the nonlinear properties. The large index variation of the smaller well size sample (76 

Angstrom) does not necessarily mean that this is the best sample for seeing nonlinear 

dispersive effects because other factors like absorption also play a role (Morhange et 

al., 1986). 



24 

1.6 

1.2 

0.8 

£ 
° 0.4 

O 

0 - N o  p u m p  2 ,  

I -330W/cm243-
2-650W/cm2 5" 
3-2550W/cm2 

4-5350 W/cm2 

5-11670 W/cm2 

0- No pump 
1- 650 W/cm2 

2-1270 W/cm2 

3-2550 W/cm2 

4- 5350 W/cm2 

5-11670 W/cm2 

6-22280 W/cm2 

1 

840 

WAVELENGTH (nm) 
860 

Fig- 4-2 Absorption spectra of the 152 and 76 Angstrom samples. The corresponding 
pump beam intensities are indicated. 
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Fig. 4-3 Nonlinear index spectra of the bulk, and 299 Angstrom samples. Pump beam 
intensities are indicated. 
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Fig. 4-4 Nonlinear index spectra of the 152 and 76 Angstrom samples. Pump intensi
ties are indicated. 
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The mathematical function given in equation (2.5) was empirically fit to each 

of the nonlinear absorption spectra for the three MQW samples. Figures 4-8 and 4-9 

show the experimental absorption spectra and the corresponding semiempirical fits for 

the 76 Angstrom sample over a range of pump intensities. The corresponding curves 

for the 152 Angstrom sample are shown in figures 4-10, 4-11 and 4-12. Figures 4-13, 

4-14 and 4-15 show the same curves for the 299 Angstrom sample. In all the curve 

fitting Ry, the Rydberg has been assumed to be a constant 4.20 meV thus leaving a 

total of nine parameters that can be varied to give an optimum fit. As the experimen

tally determined absorption changes from spectrum to spectrum, the nine variable par

ameters also change. By plotting these parameters versus the carrier concentration, 

one can see how the nonlinear behavior changes as a function of well thickness. 

In figure 4-16 are displayed the light hole exciton widths for the 76 Angstrom 

and 152 Angstrom samples (the light hole and heavy hole excitons were not resolvable 

for the 299 Angstrom sample). The exciton resonances become broader with increas

ing carrier concentration. The reason for this is that the higher carrier concentrations 

result in more screening of the Coulomb attraction between the holes and the elec

trons. This in turn decreases the binding energy and makes the exciton more suscep

tible to being ionized by a LO phonon (Ovadia et al., 1985). Since the exciton lifetime 

becomes shorter the linewidth increases in accordance with the uncertainty principle. 

The leveling off of the width for increasing N values indicates that either the accurate 

width is hard to ascertain in a highly saturated spectrum or that the exciton lifetime 

and hence the linewidth levels off. 

Figure 4-17 shows a similar trend for the width of the heavy hole exciton. 

The local maximum for the 76 Angstrom sample at about 1017 carriers per cm3 is not 

thought to be of physical significance but reinforces the caveat made by Chemla et al. 

(1984) about putting too much significance in the results of an empirical curve fitting. 
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Figure 4-18 shows the decrease in the absorption at the exciton peaks as the 

carrier concentration is increased. In the small intensity limit, the absorption satura

tion at the spectral position of the exciton can be described as 

a(I) - a0/(l+I/Is) (4.1) 

where Is is the saturation intensity and a0 is the linear absorption. This is the same 

functional dependence as that for the absorption of a two-level homogeneously broa

dened medium (see e.g. Optical Resonance and Two-Level Atoms by Allen and Eberly, 

1975). If one makes the assumption that the carrier concentration follows the simple 

rate equation given in equation (2.6) and that the carrier concentration does not change 

in time then equation (4.1) is equivalent to 

a(N) - a0(l-N/Ns). (4.2) 

By fitting equation (4.2) to the data in figure 4-18 the best value for Ns can be deter

mined. The Ns values with the corresponding linear absorption values for the three 

MQW samples are indicated in table 4.2, Only the lowest five carrier concentrations 

were used in the curve fitting in order to stay reasonably well within the low inten

sity limit. 

In figure 4-19 are plotted the ac values and figure 4-20 displays the change in 

the continuum position with respect to its linear position. The blue-shift of the con

tinuum and the decrease in cec with higher carrier concentration are due to the com

bined effects of state filling and screening of the Coulomb enhancement. In MQW 

samples with small well sizes (e.g. the 76 Angstrom sample), there is a step-like den

sity of states hence state filling effects are less apparent (Chemla et al., 1984). In the 

larger well size samples (e.g. 152 and 299 Angstrom), the behavior more closely resem

bles that of bulk and there is a significant shift in the continuum resulting from state 

filling. Figure 4-20 shows that the position of the continuum is essentially fixed for 
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Sample a0 (cm"3) Ns (x 1016 cm-3) 

76 Angstroms 28061 125.9 
152 Angstroms 14205 41.6 
299 Angstroms 7871 36.7 

Table 4-1 Values of a0 and Ns determined by least squares fit. Only 
the five lowest carrier concentrations were used in the fit. 
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the 76 Angstrom sample while there is a blue-shift in the continuum position for the 

larger well size samples. 

The results of the curve fitting have been in general agreement with theoretical 

predictions. The broadening of the excitonic resonance supports the idea that the 

binding energy and hence lifetime of the exciton decreases under higher excitation. 

The saturation of the exciton resonance follows the saturation seen in a two-level 

homogeneously broadened medium. The smooth decrease in csc with carrier concen

tration shows the effects of screening of the Coulomb enhancement. The shift in the 

continuum supports the idea that state filling is more important for larger well size 

samples. 



CHAPTER 5 

CONCLUSION 

The possibility of using a two beam experiment to study the nonlinear behavior of 

semiconductors was recognized by workers during the 1970's. The advantage of the 

experiment is that one beam (with a particular frequency range) can change the state of 

the sample while the other one (possibly at completely different frequencies) measures 

the resulting changes in the optical properties. The main disadvantage of the arrange

ment is the careful alignment that is necessary both in the spatial and (for pulsed 

experiments) temporal domains. In the present work the two beam experiment has 

proven to be a powerful tool at unlocking the secrets of the nonlinear behavior of semi

conductors. 

The plasma theory has proven to be useful for analysis of the nonlinear behavior 

of semiconductors. The experimental spectra are very similar to those produced theo

retically. 

The absorption spectra of the MQW samples have systematic variation in their 

character as the well size decreases. The exciton binding energy increases resulting in 

a separation between the exciton and the continuum in the absorption spectrum. This 

results in a strong excitonic character in the near band edge absorption coefficient. 

Another effect that becomes apparent when the well size decreases is a blue-

shift in the absorption edge. The total amount of the blue-shift in going from bulk to 

76 Angstrom MQW is about 30 nanometers. This gives the device designer some range 

in which to put the absorption edge. 
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Perhaps the most significant effect that occurs as the well size decreases is an 

increase in the nonlinear index. This effect is not too apparent in the 299 Angstrom 

sample but becomes clear as the well size is further reduced. The problem with look

ing at just the change in the index is that it does not take into account other effects 

such as absorption. Perhaps a better quantity to look at is the change in the nonlinear 

index per carrier concentration. A surprizing observation is that the value of An/N is 

about the same regardless of the well size. This indicates that if transmission of a sig

nificant amount of the pump beam energy is an important factor for a particular device, 

then the MQW may not be the best choice. 

When a sample is subjected to increasing excitation, the absorption spectrum 

changes. The increased number of carriers results in more screening of the Coulomb 

interactions. This lessens the attraction between the bound quasiparticles and results in 

a decrease in the binding energy. The decrease in the binding energy decreases the 

lifetime of the exciton which causes the subsequent broadening of the resonance. This 

broadening, together with state filling of the bound state is referred to as bleaching. 

Other effects that occur with higher carrier concentrations are bandgap reduc

tion, screening of the Coulomb enhancement and band filling. All of these effects serve 

to change the absorption at the exciton. For low carrier concentrations the absorption at 

the exciton is linear in N, the carrier concentration. The slopes of the linear fits, for 

all three MQW samples, are approximately the same. 

One limitation of the present experimental arrangement is that the three nanose

cond pulse width is too long to resolve the rapid changes that occur in semiconductors 

after the creation of the electron-hole pair. The exciton in GaAs at room temperature 

lives only about 400 femtoseconds before being ionized by lattice vibrations. The 

recent development of the femtosecond laser systems is precisely the tool that is needed. 

This allows workers to "see" the creation to the bound pair and its subsequent ioniza-



49 

tion. Other effects such as screening of the Coulomb enhancement, bandgap renormali-

zation, and band filling can be carefully scrutinized by the experimentalist. 
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