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CHAPTER I 

INTRODUCTION 

After Esaki and Tsu proposed new semiconductor microstructures in 1970 

[1], a great amount of work has been done on these heterostructures in a wide 

range of material systems to investigate the underlying physics and to explore po

tential device applications. The development of epitaxial growth techniques, such 

as molecular beam epitaxy (MBE) and metal organic chemical vapor deposition 

(MOCVD), has allowed the growth of semiconductor epitaxial layered structures 

with very thin layers. The layer thickness can now be controlled tQ, nearly an 

atomic scale (e.g. to a monolayer). These epitaxial growth techniques allow new 

·artificial semiconductor microstructures such as quantum wells (QW's) and su

perlattices (SL's) which have exhibited new and interesting properties important 

in physics as well as in device applications. Before we discuss the semiconductor 

heterostructures in detail, a brief description of the crystal and band structures of 

bulk semiconductors will be given. 

Electronic band structures 

Bulk semiconductor 

The crystal structure and its Brillouin zone for a zinc blende bulk semicon

ductor such as GaAs, GaP, or ZnSe, are shown in Fig. 1 [2]. Calculated electronic 

band structures along the (111) and (100) directions in bulk zinc blende GaAs and 

GaP are also shown in Fig. 2 [3]. The high symmetry points, which are of most 

importance in optical properties in semiconductors, are valleys in the conduction 

band at the zone center (f-point) and at the zone edge in the (100) direction 

1 
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Figure 1. (a) The crystal structure and (b) the Brillouin zone for a zinc blende bulk 
semiconductor, such as GaAs, GaP, and ZnSe. The lattice constant 
a is the same as length of two monolayers (ML), 1 ML=0.5a (From 
[2]). 
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Figure 2. Band structure for (a) GaAs and (b) GaP. GaAs is a direct band gap 
semiconductor in which f-point is the lowest conduction band edge. 
GaP is an indirect band gap semiconductor in which conduction 
band edges at X-point are the lowest (From [3]). 
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(X-point) and in the (111) direction (L-point), that is, 

f-point k=(0,0,0)~, 

X-point k = (l, 0, 0) ~' (1) 

L-point k = (1,1,1) f 

In most bulk semiconductors such as GaAs, the f-conduction band edge is 

located at the lowest among these conduction band edges (Fig. 2a). This kind 

of semiconductor material is called a direct band gap semiconductor. In some 

bulk semiconductors such as GaP, the X-point is located lower than any other 

conduction band edges becoming an indirect band gap semiconductor (Fig. 2b ). 

An important property of these three conduction band edges related to exter

nally applied hydrostatic pressure is that they have different pressure coefficients. 

The f- and L-points have positive pressure coefficients while the X-point has a 

negative one. As pressure is increased, the f- and L-points move toward higher en

ergy while the X-point moves toward lower energy. The different responses of these 

conduction band edges with hydrostatic pressure is a useful tool for determining 

important physical properties in a semiconductor, for example, band alignments 

in a QW structure. 

Heterostructures 

Semiconductor QW structures can be constructed by alternately growing two 

semiconducting materials with different band gap energies, that is, by embedding a 

single thin layer of material A ( E:) between thick layers of material B with a larger 

band gap, E:, (Fig. 3b ). In this case, the material B becomes the barrier while 

the material A becomes a well. A structure with a series of single QW's is known 

as a multiple quantum well (MQW) if the thickness of the barriers is large enough 

so that the resonant coupling of the wave functions between neighboring wells 

through the barrier is negligible. Then, the individual single QW's are isolated 

from others and the MQW structure shows the same characteristics as the single 

QW. However, if the thickness of the barriers is thin enough so that the well-to-well 
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Figure 3. Schematic representation of semiconductor QW structures: ( a) bulk, 
(b) single QW, and ( c) SL. For simplicity, the Coulomb interaction 
( excitonic effect) is not included. ,6.Ev ( ,6.Ec) denotes a band offset 
for the valence ( conduction) banp.. The absorption edges for each 
structure denoted as E:ULK, EJW = E:ULK + E 1e + E1hh and 
EffL = EJW - 0.5(,6.1e + .6.1hh) for bulk, QW and SL, respectvely. 
Here le, lhh and llh are respectively the first confined electron, 
heavy-hole and light-hole levels and their corresponing confinement 
energies are E 1e, Eihh and E11h· Their miniband widths are denoted 
as ,6.Ie, ,6.Ihh and ,6.Ilh· The sum of the thicknesses of a well and a 
barrier is defined as a period of a MQW structure, d = Lz + Lb. 
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coupling of wave functions can occur, this structure is called a superlattice (SL) 

(Fig. 3c). In this case, the well-to-well coupling of the wave functions results in 

the formation of minibands. The SL structure exhibits novel properties not seen 

in uncoupled QW's. 

The resulting QW structure, in general, forms wells in both the conduction 

band and the valence band in mater;ial A, while the material B becomes a barrier 

for both bands (Fig. 3b ). Thus, both carriers ( electrons and holes) are confined 

in the material A. This confinement of carriers in a well results in the well-known 

quantum mechanical discrete energy levels. The number of the confinement levels 

and their energies in a QW depend on the well thickness and the barrier height. 

The quantum confinement energy levels and their wave functions can be easily 

calculated using the envelope function approximations [4-6). In an infinitely deep 

quantum well, the energy levels and wave functions can be expressed as: 

_ ~ (n1r)2 
En - 2m Lz n=l,2,3 ..... (2) 

and 
n1rz 

?fn=Acos-y;. (3) 

Here Lz denotes the well width of the QW. For a finite well with a potential barrier 

Vo, the confinement energy levels are the solution of the transcendental equations 

with boundary conditions at z = ± i: 
for even states, 

for odd states, 

with wavevectors kw and kb in the well and barrier: 

2m* 
~(E+ Vo), 

(4) 

(5) 

Therefore, from these equations we can calculate the confinement energies in a 

QW which depend on Lz and Vo . 
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Band offsets in QW structures 

The difference in energies between the bands, that is the potential barrier 
. 

height in a well due to the spatial variation in potential, is called the band offset. 

These band offsets are denoted by !).Ee and !).Ev, for the conduction and the 

valence band, respectively. For a semiconductor heterojunction, one usually defines 

the fraction Qv = !).Ev/ b,.E9 and Qc = !).Ee/ b,.E9 , which are respectively known as 

the valence and conduction band offset ratios. Here, b,.E9 is the difference between 

band gap energies of the constituent semiconductor materials, b,.E9 = E: - Ef. 

Depending on the band alignment between the two materials, meaning the 

sign of the band offsets in conduction and valence bands, the QW structure is 

classified as a Type-I or a Type-II. Fig. 4 shows a schematic representation of 

these two types of QW structures. In a Type-I QW, both electrons and holes are 

confined in the same layer (here material A) and thus electrons excited into the 

conduction band recombine with the holes in the valence band resulting in a direct 

transition. In a Type-II QW, on the other hand, electrons and holes are confined 

in different layers which are spatially separated. 

Since the band offset in a heterostructure can be critical for device perfor

mance [7] in which carrier transfer is the major factor, the determination of the 

band offset in the heterostructure is very important for both fundamental study 

and device applications. In spite of the importance of the band offset values in 

heterostructures, the values obtained using different methods do not agree in many 

cases. These discrepancies might be due to the fact that most techniques for de

termining band offsets are indirect methods such as the use of theoretical fittings 

to spectral results [8]. A new pressure-optical technique has been discovered to 

be a direct method to determine the band offset iri QW structures. In this tech

nique, a hydrostatic pressure is applied to samples using a diamond anvil pressure 

cell and photoluminescence is measured. This technique utilizes the different pres

sure dependent characteristics of band edges (f and X) in semiconductors. This 

technique will be described in detail in later chapters. 
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Figure 4. Different types of QW structures, (a) Type-I and (b) Type-II. Both 
electrons and holes are confined in well material A in the Type-I 
QW. For the Type-II QW, electrons are confined in material A, 
while holes are confined in the material B. Euh is the energy of 
an interband transition between lowest confined electron subband 
(le) and lowest confined heavy-hole sub band (lhh ). Here, the only 
heavy-hole subbands in the conduction band are shown and the 
excitonic effect is not included. 
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Strained layer semiconductor heterostructures 

During the last decade, tremendous developments have occurred in the field 

of semiconductor heterojunctions and their applications in electronic devices. The 

most extensively studied heterostructures are lattice matched systems such as 

GaAs/ AlxGa1-xAs QW structures [9]. For lattice matched systems, however, de

vice applications are limited due to the few choices of possible combination of 

heterostructure materials. As seen in Fig. 5, there are only a few combinations 

of materials for lattice matched heterostructures, limiting the range of device ap

plications. If lattice mismatched systems with large strain can be grown, different 

material combinations become possible allowing flexible band gap tailoring. 

The great improvement of epitaxial growth techniques with precise layer 

control nearly on the atomic scale, allows high quality ( device quality in some 

cases) heterostructures to be grown, not only for lattice matched but also for 

lattice mismatched systems. For example, highly strained heterostructures, such 

as ZnSe/CdSe QW structures with about 6.8 % of lattice mismatch, have been 

successfully grown [11,12]. 

Accommodation of lattice mismatched heterostructures 

Strained layers can be grown pseudomorphically on a substrate with their 

thickness below a certain value ( called the critical thickness). When the thickness 

of an epitaxial layer grown on a substrate exceeds the critical value, both elastic 

strain and misfit dislocations will result. Fig. 6 illustrates a simple concept of 

the growth of a single strained layer. If the lattice mismatch between an epilayer 

and a substrate is small and the epilayer is sufficiently thin, the epilayer will 

be accommodated with homogeneous in-plane elastic strain by keeping the same 

lattice constant of the substrate throughout the structure (Fig. 6b). When the 

epilayer exceeds the critical thickness, misfit dislocations are formed at or near 

the heterojunction because the energy associated with the homogeneous strain 

exceeds the energy sustaining the crystal bonds (Fig. 6c ). These strain-relaxed 
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misfit dislocations will relax the lattice constant of the epilayer to its bulk value. 

With further growth, the epilayer will be completely relaxed resulting in a free 

standing situation (in equilibrium) where the lattice constant of the epilayer will 

be the same as that of the bulk. 

For the strained system, the lattice mismatch induced in-plane strain c is 

defined as 
a.L - a0 

c=--- (6) 

where a.L and a0 are strained and unstrained lattice constants of the epilayer, 

respectively. 

Effects of strain on the band structures of heterostructures 

The effects of built-in strain on a strained epilayer (here, limited to f-point) 

with a zinc blende structure are: (1) the changes in the band gap, (2) the strain

induced splitting of the top of valence band at the f-point into the heavy-hole 

and light-hole band edges by reducing the degeneracy. In Fig. 7, the effects of 

the strain on the band structure are shown near k = 0 for (a) biaxial compressive 

strain and ( c) biaxial tensile strain. The biaxial compressive (tensile) strain on 

the epilayer is caused by its larger (smaller) equilibrium lattice constant than that 

of the substrate. For comparison, the band structure for an unstrained system 

is also shown in Fig. 7b. These strain-induced changes in the energy band gap 

can be accessible through the greater freedom in choice of materials and alloy 

compositions [13]. The properties of the whole heterostructure, especially in QW's, 

may be changed depending on the type and amount of strain. Sometimes, the QW 

structure becomes Type-II for one or both hole bands. The light-hole band can 

also be located above the heavy-hole band for the tensile strain case (Fig. 7c). 

This homogeneous strain can change the electronic properties in the strained 

layer and provides a large flexibility in device design. Thus, the strain effects on 

the heterostructure microstructures ( QW and SL structures) can offer important 

benefits in device applications utilizing the changes in the electronic and resultant 
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Figure 7. The effects of a biaxial strain in zinc blende semiconductor band struc
tures near k = 0 for (a) biaxial compressive strain, (b) no strain, 
and ( c) biaxial tensile strain. HH, LH, and SO represent heavy-hole, 
light-hole, and spin-orbit split-off bands, respectively. In (b ), the en
ergy difference between the r 6 (bottom of the conduction band) and 
rs (top of the valence band) is denoted as E0 , the fundamental di
rect gap . .6.0 denotes the spin-orbit splitting of the top of the valence 
band rs. 
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transport properties. In the last few years, a vast number of studies have been re

ported demonstrating the great advantage of the stra1ned system in many devices, 

such as photodetectors, high speed transistors, QW lasers, etc. In photodetectors 

utilizing strain effects, appropriately designed strained layers modify the band gap 

of the photodetector and thus provide for operation at the desired optical fre

quency or bandwidth [14-16]. The emission wavelength of a strained QW laser 

structure can also be modified by using a strained layer as the active region and 

by modifying the band gap of the active material utilizing the strain effect [17]. 

It was also demonstrated that the accumulation of carriers ( electrons and holes) 

due to the strain induced increment of the band offset and the change of the hole 

transport properties by the splitting of the heavy-hole and light-hole bands could 

improve the performance in fast electronic devices such as modulation-doped field 

effect transistors (MODFET's ), heterojunction bipolar transistors (HBT's ), and 

resonant tunneling structures [7,17]. 

Motivation of this study 

In this thesis, optical properties of strained heterostructures, including III-V 

and II-VI compounds, are investigated using various optical spectroscopic tech

niques such as photoluminescence (PL), photoluminescence excitation (PLE), pho

toreflectance (PR), and photomodulated transmission (PT) spectroscopy. The ef

fect of the hydrostatic pressure on the optical transitions using a high pressure 

diamond anvil cell is also investigated for most of the samples. In chapter II, 

strain effects on the semiconductor heterostructure are discussed. In chapter III, 

the experimental techniques employed in this study are described. In chapter IV, 

GaAsP /GaAs strained multiple quantum well (SMQW) structures are extensively 

investigated giving several valuable results such as the band offset ratio in the het

erojunction and the origin of the optical transitions. The interband transitions in 

the InAsP /InP SMQW's are discussed in chapter V. Chapter VI shows the results 

of an intensive study for different QW structures of highly strained CdSe/ZnSe 
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QW samples. The critical layer thickness of the CdSe well layer in the QW struc

ture is estimated from results of the pressure dependent PL data. In chapter VII, 

the first pressure dependent PL study on bulk GaN in cubic structure is given. 

GaN is very interesting because of its large band gap energy which can be used for 

device applications in the UV-blue region. Finally, chapter VIII will conclude this 

thesis with a summary of results. 

The GaAsP /GaAs strained QW structure has been studied due to the poten

tial of its wide application in devices such as diode lasers and MODFETs [18-22]. 

Despite its crucial importance in device design, however, the band offset at the 

heterojunction is not well known in GaAsP /GaAs material systems. The applica

tion of the hytdrostatic pressures on the sample can be used to determine the band 

offset ratio at the heterojunction by utilizing the different pressure coefficients of 

the conduction band edges. The observation of the pressure-induced band-edge

crossover in the GaAsP /GaAs strained MQW allowed the determination of the 

band offset. 

Due to the strong demand for fiber optical communication in the range of 1.3-

1.5 µm, materials using phosphorus (such as InAsP /InP heterostructures) would 

be very attractive for devices such as optical modulators. Understanding the phys

ical properties of these material systems, such as interband transitions, and band 

alignment (band offset), is therefore very important for both scientific aspects and 

device applications. 

Another strong demand in material science is developing devices in the UV 

and blue range for under water communications and for light emitting devices. 

Materials based on ZnSe and wide bandgap nitrides have been extensively studied 

because their band gap energies are in this spectral region. For instance, the 

band gap energies are at about 2.82 eV and 3.4 eV for ZnSe and wurtzite GaN, 

respectively. In the last few years, a great amount of work in this area has been 

done around the world resulting in the development of the blue-green lasers. These 

lasers are mainly based upon the ZnSe material system which includes materials, 

such as bulk ZnSe, ZnSe/CdSe and ZnSe/ZnS. Very recently, GaN based materials 



16 

have been studied for their potential use in device applications due to their high 

band gap energy. Therefore, the characterization of these new material systems is 

essential in evaluating their potential for device applications. 



CHAPTER II 

ELECTRONIC PROPERTIES OF STRAINED 

HETEROSTRUCTURES 

In this chapter, the effects of strain on semiconductor band structures de

scribed by the deformation potential theory will be followed by a brief summary of 

the envelope function approximation (EFA) for calculations of confinement energy 

levels in a QW. The hydrostatic pressure technique to determine band offsets in a 

heterostructure is then discussed along with the pressure effect on the band edges. 

Strain effects on band structures 

Effects of homogeneous strain on electronic energy levels 

The introduction of homogeneous strain in a solid changes the lattice param

eter and crystal symmetry of the material thereby producing changes in the energy 

band gap and a splitting of the bands caused by a reduction of crystal symmetry. 

In order to fully describe the electronic energy levels of strained QW's and SLs, 

it is important to have information about the effects of strain on the properties 

of the materials. A great amount of work has been done on these strain effects. 

In this section, a brief summary based on Pollak's review will be presented [23]. 

The strain induced changes in band extrema will be discussed for the zinc blende 

structure only because this is the structure of the samples used in this study. The 

discussion will also be limited to the biaxial strain in the (001) plane (uniaxial 

strain along [001]), the conduction and valence bands extrema at k = 0 (f-point), 

and the conduction band extrema at k =JO (X-point). 

Critical Point Near k = 0 (f-point) Without any strain or spin-orbit split-

ting, the valence band edge at the center of the Brillouin zone (k = 0) in zinc 

17 
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blende materials is a six-fold degenerate multiplet with orbital symmetry r 15 . The 

spin-orbit interaction will lift this six-fold degenerate multiplet into a four-fold de

generate P3; 2 multiplet (f 8, hole bands including heavy-hole and light-hole bands; 

J = 1, M1 = ±1, ±1) and a two-fold degenerate Pi;2 multiplet (f7 , spin-orbit 

split-off band; J = 1, M1 = ±1). Both multiplets include a doubly degenerate 

state due to the spin. 

The strain effect on semiconductor materials can be divided by two compo

nents as shown in Fig. 7: (1) hydrostatic component (or isotropic term), which 

does not change any crystal symmetry but produces changes in the energy band 

gap, and (2) shear component (or anisotropic term), which in general reduces the 

crystal symmetry resulting in the splitting of the top of valence band and the k =/:- 0 

conduction band edges. The shear component splits the four-fold degenerate state 

(J = 1 multiplet band) into two doubly degenerate states as J = 3/2 (heavy-hole) 

and J = 1/2 (light-hole). 

For a layer with a uniaxial compressive strain (Fig. 7a), the heavy-hole band 

edge moves to higher energies than the light-hole band while the light-hole band is 

higher than the heavy-hole band in the case of a biaxial tensile strain (Fig. 7c). In 

the latter case, the band mixing between heavy-hole and light-hole bands will be 

expected at k -=j:. 0 due to the different effective mass for heavy-hole and light-hole 

bands. 

In order to characterize the effect of the strain on the semiconductor band 

structure, we start with the strain Hamiltonian He for a p-like multiplet which can 

be expressed as [24]: 

H = H(1) + H(2) e e e , (7) 

where HP)is the orbital strain Hamiltonian and H!2)is the strain-dependent spin

orbit Hamiltonian. 
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The orbital strain Hamiltonian HJ1>of the valence bands can be described as 

[24]: 

H(1) 
e -a1 (exx + eyy + Czz) (8) 

-3h1 [(L;- !L2) C:xx + c.p.] 

-J3d1 [(LxLy + LyLx) C:xy + c.p.]. 

In Eq.(8), C:ij are the components of the strain tensor, Lis the angular momentum 

operator and c.p. represents the cyclic permutations with respect to x, y, z. The 

a1 is absolute hydrostatic deformation potential which represents the intraband 

(absolute) shift of the orbital valence bands due to the hydrostatic component of 

the strain. The h1 and d1 are orbital uniaxial deformation potentials appropriate 

to strains of tetragonal and rhombohedral symmetries, respectively. 

The strain-dependent spin-orbit Hamiltonian can be expressed as [24]: 

HJ2> = -a2 (.l-a) (exx+ eyy + Czz) 

-3h2 [ (LxO"x + iL·u) exx + c.p.J 

-J3d2 [(LxO"y + LyO"x) C:xy + c.p.], 

(9) 

where a2, h2, and d2 represent additional deformation potentials which describe 

the effects of a strain on the spin-orbit interaction, and u is the Pauli matrix vector. 

Since the conduction band minima for the zinc blende type solid is an an

tibonding s-state with symmetry f 2, the strain-induced hydrostatic shift of this 

band minima can be given by: 

(10) 

where ac is the inter band (absolute) hydrostatic deformation potential of the lowest 

conduction band. 

For the structure of the conduction and valence bands near k = 0, Kane's 

k·p perturbation approach can be used where the Hamiltonian is given by [25]: 

( t,,2 ) 2 (n2 k) (;,,) ... Hk = -2m v' + V(r) + 2m + m k·p. (11) 

Therefore, the total Hamiltonian can be written as: 

H = Hk + H + H(c) + H(1> + H(2> w e e e , (12) 



where Hsa is the effect of the spin-orbit interaction. 

For biaxial strain in the (001) plane, we have 

a1. - a0 
€xx = cyy = c = --

ao 

cxy = cyz = czx = 0, 
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(13) 

where al. is the in-plane lattice constant of the epilayer, a 0 the lattice constant of 

the epilayer without strain, and Cij are elastic stiffness constants. For an epilayer 

coherently grown on a substrate ( or buffer layer), the in-plane lattice constant is 

the same as that of the substrate, al. = asubstrate· With equations (13) for this 

direction of the strain, equations (8) and (9) for the strain Hamiltonian reduce to 

(14) 

HP) -a2 ( 2 + 2~ 112 ) ( .l.a) c 

-3b2 ( 1 - 2gi,12 ) ( (Lzaz) - ~.l.a) c. 
(15) 

Now we want find energy eigenvalues of the Hamiltonian for the transition 

energy with uniaxial strain between conduction band and valence bands. First, we 

need to find the eigenfunctions of the Hamiltonian. 

When a perturbation theory is used, the choice of the set of unperturbed 

wave functions is very important. If we can choose a set of basis functions so that 

the unperturbed term in the Hamiltonian is already diagonalized, the treatment 

will be much simpler. Hence, if the energy changes produced by the Hk + He 

are much smaller than the spin-orbit splitting, then the most convenient set of 

basis functions for a perturbation expansion are those that makes H80 diagonal. 

Conversely, if the spin-orbit splitting is small compared with the energy changes 

produced by the other terms, functions that make Hk + He diagonal are the most 

convenient set of unperturbed wave functions for the problem. Here, variations of 

spin-orbit splitting with k are neglected. 

We now start with wave functions that make Hso diagonal. These are func

tions that have the same transformation properties as the eigenfunctions of the 
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total angular momentum operators J ( = L + §) , i.e., IJ, MJ). These wave func

tions are for s-like conduction band (r1) [25): 

I!,!\ - IS i)' 

j!,-!)c - IS!), 
(16) 

while for the p-like valence bands (rs, r 7) the wave functions can be written as: 

li,it - 72 l(X + iY) i), 

li,!t - fa l(X + iY) !) -A IZ i)' 
,~ _!) 
2 l 2 V - i l(X -iY) i)-/IIZ !) , ,~ -~) - - )i l(X - iY) !) , (17) 2l 2 V 

l!,!t - -13 l(X + iY) !) + ~ IZ i)' 

11 _!) 
2l 2 V - -rs l(X - iY) i) - }s IZ !) , 

where the arrows j and ! represent spin-up and spin-down, respectively. 

In many zinc blende materials, the conduction band is close to the valence 

bands and they are far away from all other bands. Therefore, we shall diagonalize 

the Hamiltonian exactly for sets of conduction band and valence bands and treat 

the coupling between this group of bands with the rest of the bands as a second 

order perturbation. A detailed account of the Kane model is given in Ref. [25]. 

Taking the wave functions in Eq. (17), the Hamiltonian matrix of Eqs. (14) 

and ( 15) becomes a simple form at k = 0 for a strain with a uniaxial component 

along [ 100): 

Ii, ±!)c li,±it li,±!t l!,±!t 

I!, ±!)c Eo + SEH,c 0 0 0 
(18) 

11,±1\ 0 -SEH,v -SEs 0 0 

11, ±!)v 0 0 -SEH,v + SEs ±v2SE~ 

I!,±!) V 0 0 ±y2SE~ -~o - SEs ,v 
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where Eo is the band gap energy and Lio is spin-orbit split-off band energy of the 

material without strain. The energy E = 0 is set at the top of valence band in the 

unstrained system. In Eq. (18), the 8E's are defined as: 

8EH,c = ac (2 - 2g,_1
1
2 ) c = ac (2- >.) c, 

8EH,v = (a1 + a2) (2 - >.) c = a(2 - >.) s, 

8E';r,11 = (a1 - 2a2) (2 - >.) c = a' (2 - >.) s, 

8Es = - (b1 + 2h2) [1 + )] s = -b [1 + ).] s, 

8E~ = (h1 - h2) [1 + ).] C = -b' [1 + >.] c, 

with 

). = 2C12/C11, 

(19) 

where a and a' are interband hydrostatic deformation potentials, b and b' are 

shear deformation potentials. 

Thus, the effects of the strain is to create a hydrostatic shift and to split the 

degeneracy of the top of the valence band, r 8 , into the v1 (heavy-hole) and v2 (light

hole) bands which correspond to the Ii, ±i) state and Ii,±}) state, respectively. 

Since the heavy-hole band does not couple to either the f 8 light-hole band or the 

r 7 spin-orbit split band at k = 0, it has a linear stress dependence while the states 

with MJ = ±} couple with each other giving non-linear stress-dependence caused 

by the off-diagonal terms in Eq. (18). 

Then, the strain dependent eigenfunctions for the k = 0 valence bands can 

be written as [26]: 

where 

1v1) = 11, ±i), 
Jv2) = a Ii,±})+ f3 I!,±}), 
Jv3) = -f3 l1, ±!)+a I!,±!), 

a= [2v'2 J8Esl] /qo, 

{3 = (mo - no)(8Es) /qo l8Esl, 
mo= [n5 + 8 (8Es) 2J112

, 

no= Lio+ 8Es, 

qo = [2mo (mo - no)]112 . 

(20) 

(21) 
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Normally, the strain dependence of the spin-orbit splitting is not very significant. 

For simplicity, we shall ignore this dependence (i.e., a 2 ~ 0, b 2 ~ 0) [24]. Under 

this approximation, 

8EH,v ~ 8E~,v ~ av (2 - ,\) c, 

8Es ~ 8E~ ~ -b(l + .\]c. 

(22) 

In this case, where we neglect the strain dependence of the spin-orbit splitting, 

we can write for the strain dependence of the conduction to v1 (hh), v2 (lh), and 

v3 (so) bands [23]: 

Eo (hh) = Eo + 8EH + 8Es, 
1 

Eo (lh) = Eo + 8EH + ! (~o - 8Es) - ! [~5 + 2~o8Es + 9 (8Es) 2]2, (23) 
1 

Eo (so)= Eo + 8EH + ! (~o - 8Es) + ! [~5 + 2~o8Es + 9 (8Es)2]2, 

where E0 is the zero-strain band gap. In the Eq. (23), the bandgap shifts of the 

hydrostatic component 8EH and of shear component 8E8 are: 

8EH = 8EH,c + 8EH,v = (ac + av) (2 - ,\) c = a {2 - ,\) c, 

8Es = -b [1 + .\] e, 
(24) 

where 8EH,c and 8EH,v are the hydrostatic shifts of the conduction and valence 

band edges, respectively. Sometimes, we neglect the coupling between light-hole 

and spin-orbit split-off bands, and then the light-hole band gap energy E0 (lh) in 

Eq. (23) becomes 

Eo (lh) = Eo + 8EH - 8Es. (25) 

Fig. 8 shows the schematic illustration of the strain effects on the band edges at 

k = 0. 

Critical Point at k =j:. 0 (X-point) For a biaxial strain in the (001) plane, 

the strain induced shifts for the X conduction band minima are given by [23] 

(26) 
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Figure 8. Schematic representation of the effects of compressive strain on the band 
edges. 



25 

for the [001] singlet band, and 

t::i.ED(Xz) = [-2ax (2 - ,\)+is; (1 + ,\)] c (27) 

for the [001,010] doublet bands. Here, ax is the X band gap hydrostatic defor

mation potential and 8;" is the shear deformation potential. For a compressive 

(tensile) biaxial strain in the ( 001) plane, the doublet bands move to higher (lower) 

energy than the singlet band. A more detailed discussion of the strain effects on 

the band structure for other directions and other band extrema can be found in 

Ref. [23]. Since all our samples studied are subject to biaxial strain in the (001) 

plane, only this type of strain will be considered in this thesis. 

Calculation of interband transitions: envelope function approximation 

In order to calculate the interband transition energies within QW's, we em

ployed the envelope function approximation (EFA) which was first developed by 

Bastard [4-6]. In this theory, heterostructure wave functions are factorized into 

bulk-like· Bloch functions and slowly varying envelope functions. The essential 

point of this EF A is to neglect any phenomena which is rapidly varying at the 

atomic scale, and to focus attention on the effective Hamiltonian which governs 

the slowly varying envelope functions. The EFA expands the Kane model [25,27-

29] of the bulk semiconductor band structure to QW conduction and valence lev

els. Since it is a relatively simple calculation compared with other microscopic 

approaches such as the empirical tight binding calculations [30] and pseudopoten

tial calculations [31], this EF A method has been applied to many heterostructures 

with great success and has become the most widely used theory on the electronic 

structure of semiconductor QW heterostructures. Since the detailed description of 

this EFA can be found in many papers and text books [4-6], this section presents 

only a brief summary of results of EFA which have been used for the calculation 

of the interband transitions in our QW structures. 

Let us consider a heterostructure consisting of layers of bulk semiconductors 

A and B with the same crystal structure (zinc blende) with perfect lattice matching 
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between both materials. We also choose z as the growth direction of heterostruc

tures. As in the case of bulk semiconductors, we want to solve Schrodinger equation 

for the heterostructures: 

H (r) w(r) = Ew(r). (28) 

The band structure of each material A and B can be described with a dispersion 

relation by the Kane model. In this envelope function model, two key assumptions 

are made: 

(i) Inside each layer the wave function is expanded on the periodic parts of the 

Bloch functions of the edges under consideration 

(29) 
n 

where u:JB) are the Bloch functions for A and B at k=O. The summation 

over n runs over as many band edges as are included in the analysis. 

(ii) The periodic parts of the Bloch functions are assumed to be the same in each 

kind of layer which constitutes the heterostructure: 

(30) 

Since the lattice constants of the layers are assumed to be the same, the 

heterostructure becomes translationally invariant in the layer plane. Thus, 

the envelope functions fn's can be factorized into the form: 

(31) 

where Sis the sample area and the bi-dimensional wave vector k.J.. = (kx, ky) 

is the same in both A and B layers in order to comply with the in-plane 

transitional invariance. We will assume that xiA,B) (z) varies slowly at the 

scale of the unit cell of each material for all n. Thus, the wave function of the 

heterostructure \J!(r) is a sum of the products of rapidly varying functions, 

u~0s, and slowly varying functions f~s as Eq. (29). 
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We can write the heterostructure Hamiltonian as: 

(32) 

where YA (YB) are step functions which are unity when r corresponds to an A layer 

(to a B layer) and O elsewhere. Here we neglect the band bending in the interface 

region. Let si~) and c~) denote the energies of then-th band edge at the Brillouin 

zone center (k = 0) of layers A and B, respectively. We then have, at k = 0, 

(33) 

Then, using Eqs. (29)-(33), the Eq. (28) can be written as: 

The last term in the left is for the spin-orbit interaction and is very small. By 

neglecting this spin-orbit term, multiplying Eq. (34) by u;0(f') and integrating 

over the crystalline volume 0, we obtain: 

/~ { [s~oYA +s!oYB + 2~o -El Omn + ~o~n · p} 1:(B)(f')dr= 0 (35) 
0 

where 

P!n = ~ J Umo(f')puno(f')dr. 
0 00 

(36) 

Here the slowly varying property of JAA,B)(f') is used. The condition for non-trivial 

solutions of Eq. (35) is that JAA,B)(f') are eigenfunction of the following equations: 

~ { [s~oYA + s!oYB + 2~ 0 - El Omn + ~0 P!n · P} J1(B)(f') = 0. (37) 
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Since the heterostructure is translationally invariant in the xy-plane, by as

suming that the lattice parameters of the A and B materials are the same, we can 

rewrite the Eq. (37), using Eq. (31), as: 

(38) 

+-po . k1. + -p OPz jA(B)(f'I = jA(B)(f'I t,, ... 1 } 
mo l.m11, mo Z 11, I / ffl I / 

where 

Vn = { O c:0 - cto if z is in B 

if z is in A 
(39) 

In the case k1. = 0, and by choosing J II z and using the 8 basis states of the 

Kane Model, given in Eqs. (16) and (17), Eq. (38) can be expressed in the block 

diagonal form: 

[ H+ O ] [ x+ (z) ] = E [ x+ (z) ] , 
0 H- x- (z) x- (z) 

(40) 

where x+ ( z) and x- ( z) are 4 x 1 column vectors consisting of mJ > 0 and mJ < 0, 

respectively. H+ and H- are identical 4x4 matrices: 

p~ -.fl,Ppz 0 ,jIPpz Vs(z) +-2 -mo 

-APpz 
-EA+ g 

0 0 p~ Vs(z) +-2 -
H+= mo (41) 

' -EA+ 
0 0 

g 
0 2 

Vs(z) + tz 
mo 

/f Ppz 
-EA - .6.A+ 

0 0 
g 

p2 
Vs(z) +~ 

mo 

where Vs(z), Vp(z), Vs(z) are step functions describing the band offsets between A 

and B of the r6 , f 8, f 7 edges, respectively. It is easily seen that the heavy-hole 
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states are decoupled from other states and the envelope function equation for the 

heavy-holes is: 

For the heavy-hole levels, we will solve the eigenvalue equation with envelope 

functions which is of the form 

A(B) ( ) [ 1 EA u ( )] A(B) ( ) A(B) ( ) H Xhh z = Pz A(B)Pz - g + Vp z Xhh z = Exhh z 
2mhh 

( 43) 

where mhh is the heavy-hole effective mass. 

For the light particles states, we have 3 x 3 coupled second order differential 

equations. If we neglect the free electron energy term, these reduce to first order 

differential equations. This approximation is valid because the effective masses of 

the light particles are much smaller than the free electron mass and therefore the 

contribution of the free electron energy to the kinetic energy of these particles is 

negligible. Neglecting the free electron energy term, we obtain the following set of 

three coupled differential equations: 

V,(z)x1<B) (z) - ~Pp1Jf.> (z) + _}sPP1J!'} (z) = Ex1<B) (z) (44) 

- ~Pp,x:<B) (z) + [E: - V. (z)] x,';.<B) (z) = Ex,';.<B) (z) (45) 

_}sPPzxf(B) (z) + [-E: - ,6.A + Vs (z)] x!(B) (z) = Ex1c,(B) (z) (46) 

By substituting Eqs. ( 45) and ( 46) into Eq. ( 44), we obtain a second order 

differential equation for x1(B) (z ): 

( 47) 

where: 

1 2P2 
[ 2 1 l 

(E, z) = -3- E + Ef - Vz; (z) + E + Ef + ,6.A - Vs (z) (4S) 



30 

is the energy dependent effective mass. Similarly, we can obtain equations for 

x~(B) (z) and x:O(B) (z). Eq. ( 4 7) can be solved in layers A and B, using bound

ary conditions of continuity of the wave function and the particle current at the 

interface of A and B at z = z0 , that is: 

x1 (zo) = xf (zo) , where v = e, lh, so, ( 49) 

and 

1 d A ( ) .1 d B ( ) 
(E) dzxl/ z z=zo - µB(E) dzxl/ z (50) 

z=zo 

Therefore, we can get the general solutions of Eq. (47) as linear combinations 

of incoming and outgoing plane waves: 

(51) 

(52) 

where the wave vectors kA and kB can be obtained from the bulk Kane dispersion 

relations: 

E(E+E:) (E+E:+~A) =h2k!P2 (E+E:+ 2~A), (53) 

( ) ( B) ( B B) 2 2 2 ( B 2,6. B) E - Vs E - Vs + E9 E - Vs + E9 + .6. = h kBP E - Vs + E9 + - 3- . 

(54) 

A more simplified approach can be found in the Ben Daniel-Duke model, 

which assumes that the heterostructure envelope function is built from host quan

tum states which belong to a single parabolic band. In this model the envelope 

function equation is obtained by replacing µ(E, z) in Eq. (47) with the band edge 

effective mass of the corresponding layer, i.e., 

{ 
mA, if z coresponding to A 

µ(E, z) = 
mB, if z coresponding to B. 

(55) 

With both boundary conditions and the fact that the envelope functions 

XA(B) (z) satisfy the Bloch theorem, we can get a Kronig-Penney like dispersion 

relation for the Type-I QW structure as : 

cos ( qd) = cos (kALA) cos (kBLB) -1 ( e + e-1 ) sin ( kALA) sin (kB LB) (56) 
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with: 

(57) 

(58) 

(59) 

Now we consider a type I QW structure where Vs > 0, Vp < 0, and Vs < 0. 

Thus, for energies E such that O :::; E :::; Vs, Vp - E :::; E :::; -Et, or that 

Vs - E - ,6.A :::; E :::; -Et - ,6.A, the wave vector kB is imaginary. Therefore, by 

setting kB = iKB and e = -i{ in the above equations, we obtain their dispersion 

relations: 

(60) 

When the barrier thickness LB becomes infinitely thick resulting in an isolated 

QW structure, the dispersion relation becomes: 

(61) 

If we use the parity of the potentials 11s (z), Vp (z) and Vs (z) with respect to the 

center of the A layer in the above equation, this can be factorized into two equations 

corresponding to even and odd parity respectively: 

cos (ikALA) - ( sin (ikALA) = 0 

cos (ikALA) + (-1 sin (ikALA) = 0 

Therefore, the isolated QW bound states can be recovered. 

(62) 

(63) 

For the heavy-hole states, we will use the same form as the Eq. (60), except 

that: 

(64) 

with 

(65) 
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(66) 

where Mif) and Mif) are the effective mass of heavy-holes for layers A and B, 

respectively. Again, for energy less than barrier height, - E1 + Vp < E < -E1, the 

wave vector kB becomes imaginary. In this case, the equation should be modified, 

replacing kB by iKB and e by -if 

Band offset 

The band offset is one of the most important parameters in the design and 

characterization of heterostructures. However, accurate band offset values for most 

heterostructures are not well known. One of major reasons for the difficulties in 

experimentally determining accurate band offsets is that high quality samples with 

extremely sharp interfaces are required. Therefore, only a few heterostructures, 

such as GaAs/ AlGaAs, have been extensively studied. Various experimental and 

theoretical efforts have been made in determining band offsets in heterostructures 

[8]. 

The most typical experimental techniques for determining the band offset 

are spectroscopic techniques, such as absorption [32,33], photoluminescence exci

tation (PLE) [34-36], and photoconductivity (PC) [37]. In these methods, the 

interband transition energies are measured and then compared with values from 

theoretical calculation using the band offset as one of the fitting parameters. In 

these techniques, there are some problems in reliability of the resulting band offset 

values. One is that the theoretically calculated transition energies are not sensitive 

to the band offset values. Another significant problem would be that the theoreti

cal model itself may not be perfect, giving an error in the result which we can not 

verify. Even with these problems, the band offsets values for the GaAs/ AlGaAs 

system from theories and experiments are in a good agreement. However, for many 

other material systems, they often do not agree. 

Hydrostatic pressure, in general, produces a uniform dilation of the center 

of gravity of a given band edge, and hence a uniform motion ( without splitting) 
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of the various semiconductor band gaps (i.e., r, X, L, etc.). The motion of a gap 

of given symmetry is defined in terms of the band gap hydrostatic deformation 

potential, and volume dilation ~ V /Vo, of the crystal. Therefore, application of 

hydrostatic pressures on semiconductors, not only bulk but also QW structures, 

will bring great insight to the physics of any material of interest. 

Using the pressure characteristics of different conduction band edges, this 

pressure-optical technique of determining the band offset of QW's and SLs has been 

developed independently by Venkasteswaran et al. [38) and Wolford et al. [39]. 

These pioneering works on the determination of tlie band offset of a GaAs/ AlGaAs 

QW system at high pressure provided a spectroscopic method to determine the 

band offsets of semiconductor QW and SL structures. This pressure-optical tech

nique has proved to be a powerful method for determining the band offset in QW 

structures because it is a more direct method than other experimental methods. 

There have been numerous optical investigations utilizing the effect of different 

pressure coefficients for different conduction band minima to induce the Type-I to 

Type-II conversion and to determine the band offsets in some SLs and QW systems 

[13,40-48]. 

Energy level crossing and valence band off set 

Bulk Semiconductors It is well known that band edges of a semiconductor 

have different pressure coefficients. For direct band gap semiconductors such as 

GaAs, the pressure coefficients off-, L- and X-band edges are about 10.7, 5.6 and 

-1.3 meV /kbar, respectively. The application of hydrostatic pressure to a direct 

band gap semiconductor can therefore lead to an indirect band gap semiconductor 

[49-52). As the pressure is increased, f- and L-band edges move up in energy 

while the X-band edge moves down due to its negative pressure coefficient (Fig. 

9). When the pressure reaches a certain value, Pc ( crossover pressure), the r
and X-band edges are lined up. At pressures higher than Pc, the X-band edge 

becomes the lowest conduction band edge, then this material becomes an indirect 

band gap semiconductor. The pressure dependence of the band edges in bulk GaAs 



2.3 

2.2 

2.1 

....-.. 
> 2.0 
Q) 
'-' 

~ 1.9 
0.0 
~ 
Q) 1.8 
~ 
~ 

1. 7 

1.6 

1.5 

1.4 
0 

GaAs 
5K 

X 

r 

10 20 30 40 50 60 

Pressure (kbar) 

34 

70 

Figure 9. Pressure dependence of the band edges of bulk GaAs at low temperature. 
Band edges of GaAs have different pressure coefficients. Pressure 
coefficients off-, L-, and X-band edges are about 10.7, 5.7 and 
-1.3 meV /kbar, respectively. The f-X crossover occurs at pressure 
around 40 kbar. Then, a direct band gap bulk GaAs becomes an 
indirect gap material at pressures higher than this crossover pressure 
Pc, because the X-band edge becomes the lowest conduction band 
edge. 
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is shown indicating the crossings of f - X and L - X band edges. These r - X 

and L - X band edge crossings occur around 40 and 55 kbar, respectively. Such 

a phenomenon of pressure-induced band edge crossover will be utilized to study 

band offset in some QW systems discussed later on in this thesis. 

Quantum wells In a Type-I QW, such as a GaAs/ AlxGa1_xAs QW, elec-

trons and holes are confined in the well layers. Fig. 10 illustrates schematically 

the pressure effect on the band edges of a Type-I QW. As the pressure increases, 

the X-band edge in the barrier moves down in energy and the f- band edge in the 

well moves up in energy increasing the PL transition energy as mentioned for the 

bulk case (Fig. 10a). At pressures P < Pc, the measured PL transition between 

the lowest f-confined levels in conduction- and valence bands is: 

(67) 

where Efe'"!ihh is the energy between the first confined electron level (le) and the 

first confined heavy-hole level (lhh) in the well. In Eq. (67), E~x denotes the 

exciton binding energy. At a certain pressure P = Pc, the X-band edge in the 

barrier lines up with the first confined electron state in the well. Some electrons 

in the well can be expected to transfer into the barrier. 

At pressures P > Pc, the X-band edge of the barrier is lower in energy than 

the lowest f-confined level in the well. Then, the structure becomes a spatially 

separated Type-II QW, that is, the lowest confined transition occurs between the 

X-band edge of the barrier and the lowest confined heavy-hole level in the well 

(Fig. 10b ). The PL transition at pressures P > Pc, can be expressed as: 

(68) 

where Efi;,f denotes the transition between X-band edge of the barrier and lhh 

state in the well. 

From Fig. 10a, the valence-band offset for a QW at atmospheric pressure 

can be deduced using the formula [13,40] 

(69). 
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Figure 10. Band alignments for a Type-I quantum well (a) before and (b) after 
the crossover pressure, Pc. The direct Type-I transition with energy 
of Efe"!ihh (P) converts to the spatially separated Type-II transition 
with the energy of E~l (P) at pressures P > Pc. 
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Here Eff,B is the band gap energy of the barrier Xz minima and Enh is the con

finement energy of the lowest heavy-hole state (lhh) in the well. With the Eq. 

(68), the expression for the valence band offset at atmospheric pressure becomes: 

(70) 

Since EfeL (0) can not be measured directly from conventional PL measurement, 

it is estimated by extrapolating from the pressure dependent PL transitions with 

energies of E/L (P). 



CHAPTER III 

EXPERIMENTAL TECHNIQUES 

Low temperature photoluminescence (PL), low temperature photolumines

cence excitation (PLE), and photomodulated reflectance (PR) measurements were 

performed to study quantum confinement effects and/ or optical properties of these 

semiconductor samples. Effects of hydrostatic pressure on semiconductor het

erostructures have been studied using various optical spectroscopic techniques in 

conjunction with diamond anvil pressure cell technique. Samples studied in this 

thesis are GaAsP /GaAs, InAsP /InP and ZnSe/CdSe QW structures, and bulk 

cubic GaN epilayers. 

Optical measurements 

Photoluminescence and excitation spectroscopies 

Photoluminescence spectroscopy PL spectroscopy is the most commonly 

used optical experimental technique for characterizing semiconductor materials. 

PL is a fundamental optical process which is a measure of the radiative recombi

nation of the photoexcited electron-hole pair. PL and absorption are somewhat 

different. In an absorption process, a photon is absorbed promoting an electron 

from the level Ji) to the level Jf) and photons which have not been absorbed are 

detected. In PL, an emission involves the transition Ji) --t If) with Ei > E1, and a 

photon emitted by the recombination process with energy Ei - E1 can be observed. 

Therefore, the level Ii) must be initially excited. Thus, the complete PL process 

involves ( 1) excitation of electrons into the conduction band with an energy higher 

than the fundamental band gap, (2) relaxation down to the band minima via non

radiative processes, and then (3) recombination with holes by emitting photons. 

38 
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The radiative channel is in competition with nonradiative relaxation pro

cesses such as phonon emission, capture by deep centers, Auger effect, etc.. In 

nonradiative processes, the excited carriers are sent to lower states from which 

they can emit photons by electron-hole recombination or relax further nonradia

tively to lower excited states. Therefore, the lifetimes of the level Ii) with respect to 

the radiative and nonradiative relaxations are the key factors to determine which 

relaxation process will occur in PL. For example, if the lifetime of level Ii) for a 

radiative process is longer than that for a nonradiative process ( this is the most 

common case), the carrier will relax nonradiatively down to a lower state, usually 

emitting phonons. · Another distinctive difference between PL and absorption is 

that the PL signal intensity is sensitive to the population density of the excited 

states while the absorption is sensitive to the density of states. Therefore, the 

lowest lying excited states are favorable for PL, even though their density of states 

is very small. In fact, in bulk semiconductors at low temperature, the PL very 

often involves impurity levels even though the density of states for the impurity 

levels is much smaller (by the several orders of magnitude) than that of free states 

in the band. Therefore, due to their small density of the states, impurity levels 

are not usually observed in absorption. In a QW at low temperatures, the PL 

signal usually corresponds to the lowest confined exciton energy emitting a photon 

of energy EpL: 

(71) 

where Ef is the band gap energy of the bulk well material, E1e and Eihh are the 

confinement energies of the lowest electron and heavy-hole subband, and E!x is the 

exciton binding energy. The spectral half-width is considered to reflect the quality 

of the heterostructures, such as interface roughness or layer thickness fluctuation, 

etc .. 

Photoluminescence excitation spectroscopy In PLE spectroscopy, the de-

tection spectrometer is set at some energy inside the emitted photoluminescence 

band while the energy of the excitation light source is scanned above the detection 

energy. As a result, the variation of the luminescence intensity from the various 
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excited levels is measured at the fixed detection energy. When the excitation light 

source is scanned, these excited states 12), 13) ... will be populated at rates 92 , 93 ••• 

respectively. These population rates are proportional to the absorption coefficients 

a (E2), a (E3) ... Once these states are populated, the carriers will relax down to 

the lower states radiatively or nonradiatively. When some fraction of the popu

lation reaches the lowest lying excited state 12), radiative recombination occurs 

emitting photons corresponding the detection energy. The PLE spectrum then 

is obtained by recording the intensity of this luminescence as a function of the 

excitation energy. Usually the observed photon energy of the lowest inter band 

transition (Eilh) measured by PL is lower than that given by PLE. This differ

ence is called Stokes shift and is due to the inhomogeneity of the heterostructure 

interfaces caused by the interface roughness. 

This PLE technique is particularly useful for QW structures because it can 

probe the higher confined levels. One important advantage of the PLE technique, 

particularly in the multiple quantum well structure, is that PLE is more selective 

than the absorption technique. If we have different size of quantum wells within 

a sample, the absorption technique cannot give information about each well sep

arately because it gives all possible transitions including higher order transitions. 

However, separate PLE spectra for individual QW can be obtained by setting the 

detection spectrometer at the PL energy corresponding to that QW. 

Experimental Setup The experimental setup for the PL and PLE is 

shown in Fig. 11. In most cases, an Ar+ laser or a He-Ne laser are used as 

an excitation source for the PL measurement. Quasi-monochromatic light from a 

tungsten halogen lamp dispersed by a 0.25 m monochromator (SPEX 1681) was 

used for the excitation source for PLE measurements. Samples were mounted on 

a sample block and attached to the closed cycle refrigerator for measurements at 

low temperature down to 10 K. The excitation light source was focused on the 

sample in the backscattering geometry and the collected luminescence signal was 

dispersed by a monochromator. Then, the PL signal was detected by a photon 

counting system with the proper detector and processed by a computer. Depending 
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Figure 11. Experimental setup for the photoluminescence (PL) and photolumines
cence excitation (PLE) measurement. Various lasers were used for 
the excitation source for the PL measurement. Monochromatic light 
from a 250 W tungsten halogen lamp dispersed by a monochromator 
was used as the excitation source for the PLE measurement. 
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on the experimental conditions, such as wavelength range and sample structure, 

different monochromators and detectors were used. More equipment details will 

be discussed in later chapters. 

Modulation ·spectroscopy 

Overview The basic idea of modulation spectroscopy is that the deriva-

tive form of the spectrum with respect to a parameter is measured while in conven

tional spectroscopy a direct optical spectrum is usually measured. This can easily 

be accomplished by applying the parameter as a small perturbation in a periodic 

fashion and measuring the corresponding change in the optical properties with a 

phase sensitive detection technique such as a lock-in amplifier. The modulation of 

a parameter will change some optical properties of material. For example, in elec

tromodulation spectroscopy, the modulation of the external electric field changes 

the electric field inside of the material resulting in the modulation of its dielectric 

function. 

Structures in the conventional optical spectra are considerably enhanced in 

the derivative-like spectra while flat and structureless backgrounds are eliminated. 

Fig. 12 shows a comparison of typical spectra from conventional linear measure

ment and the corresponding modulation results. As shown in Fig. 12a), weak 

structures in conventional spectrum are sometimes impossible to resolve due to 

the large background. As shown in b) and c), however, structures can be more 

easily resolved in a modulation measurement since the structureless background is 

depressed while the structures are enhanced due to the derivative nature of the ex

periment. Thus, the main advantage of modulation spectroscopy lies in its ability 
:-

to resolve weak structures. 

Many types of modulation spectroscopy have been used to study semicon

ductors with each technique having a different modulated parameter. For exam

ple, the electric field, either built-in or applied, is the modulated parameter in 

the electromodulation. There are some commonly used modulation techniques 
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Figure 12. A comparison of three types of spectra for a GaAs semiconductor. Top: 
reflectance; middle: energy derivative reflectance; bottom: low-field 
electroreflectance ( after [53]). 
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depending on parameters which can be changed in measurement conditions: elec

tromodulation ( electric field : either applied or built-in field), wavelength mod

ulation (wavelength of incident beam), thermomodulation (sample temperature), 

piezomodulation (stress), magnetomodulation (applied magnetic field), etc. The 

detailed descriptions of these modulation techniques can be found in various review 

articles [54,53,55]. 

Among these modulation techniques, electroreflectance (ER) and photore

flectance (PR) are popular room temperature probes for studying optical prop

erties of semiconductors. Because of their derivative nature, sharp optical fea

tures related to interband transitions in the material under study can be readily 

obtained. As a direct consequence of the derivative nature of modulation spec

troscopy, information can be obtained about the response of the sample to the 

applied perturbation (used for the modulation), i.e. the electric field or optically 

induced free carriers. 

ER has been used extensively for characterizing bulk material due to its high 

sensitivity at room temperature. However, it requires special treatment of the 

samples such as making electrodes in order to apply the E-field. Consequently, the 

sample has to be processed before experiments can be performed. Furthermore, 

these ER techniques are not applicable to microstructures grown on semi-insulating 

substrates. 

A more convenient experimental method, the photoreflectance (PR) tech

nique, which is first introduced by Wang et al. in 1967 [56] as a special form of 

the electromodulation spectroscopy, does not require any electric contacts on the 

sample. This contactless form of electromodulation spectroscopy has become very 

popular for the study of semiconductors, in particular, for two dimensional elec

tronic system such as quantum wells and superlattices. Due to the relative ease 

of performing PR experiments, a great amount of work has been done on semi

conductors both bulk and microstructures including QW's [55,57,58] as well as on 

heterostructure devices [55,59). Even though intensity and sensitivity in PR are 

much less than in the ER case, the PR technique has been widely used as a room 
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temperature probe, particularly for routine characterizations, for semiconductor 

heterostructures because of the non-contact method and relative simplicity of the 

experiment. 
. 

One drawback of modulation spectroscopy is that the interpretation of the 

modulation spectrum, especially line shapes, involves the rather formidable prob

lem of theoretically describing the optical properties in the presence of a perturba

tion. However, considerable progress can be made without completely solving this 

problem, especially if one is only interested in the energy positions and selection 

rules of sharp structures and not in analyzing the detailed line shapes. 

Since we were only interested in the transition energies in the PR spectra 

taken in this work, the complicated line shape of the modulation spectrum will 

not be discussed in detail. Well documented and detailed line shape discussion of 

the modulation spectra can be found in many places [53,55). It is worth noting 

that the changes in the dielectric function by the optical modulation has a third 

derivative functional form (TDFF) for 3-dimensional systems such as bulk [53,55] 

and superlattice and a first derivative functional form (FDFF) in 2-dimensional 

system such as QW's [60,55). 

Mechanism Photoreflectance (PR), a contactless form of electromodula-

tion spectroscopy, takes advantage of the fact that the Fermi level is pinned at the 

surface in the depletion region of the semiconductor interface. A number of early 

studies have indicated that PR is a modulation of the electric field built-in near 

the surface [56,54,60,55]. 

The mechanism of this kind of field modulation is schematically illustrated in 

Fig. 13, for an n-type semiconductor. When a semiconductor is exposed to the air, 

the Fermi level is pinned at the semiconductor surface inducing a space-charge layer 

near the surface producing a built-in field. Then, this pinning introduces surface 

states (Fig. 13a) and occupied surface states contain electrons from the bulk. 

When the modulated laser light is incident on the sample surface with energy higher 

than band gap (Fig. 13b ), the photoexcited electron-hole pairs are separated by 

the built-in field. Then, the minority carriers (holes in this case) are swept toward 
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Figure 13. Photreflectance effect with above band gap illumination creating elec
tron-hole pairs. Minority carriers reduce charge in surface states 
( after [57]). 
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the surface. At the surface, the holes neutralize the charges trapped at surface 

states and thereby reduce the built-in field. Therefore, the moduation of the built

in field can be obtained by the periodic change of the photoexcited carriers, for 

example, by turning on and off the laser. Then, the periodically modulated built

in field by the photoexcited carriers will cause a periodic change in the dielectric 

function of the sample resulting in changes in the absorptivity or reflectivity. This 

spectroscopy has shown to be sensitive to critical point transitions in the Brillouin 

zone, with the resulting spectrum having sharp derivative-like features and little 

if any featureless background. 

Although this mechanism is well understood in the bulk case, the mechanism 

of PR in QW (2D) structures should be somewhat different. In QW's, because 

carriers ( electrons and holes) are confined in the growth direction, the excitonic 

effect becomes dominant showing excitonic transitions even in room temperature 

absorption. Therefore, the exciton should be considered when extending the PR 

mechanism from the bulk to the QW case. In the bulk case, the band to band 

transition is dominant while the exciton effect is very small. However, the exper

imental results (58,60] indicated that the PR spectra should be described by the 

excitonic dielectric function modulated by changes in excitonic transition energy 

at low temperature below 150K. For higher temperatures, since the excitonic effect 

decreases, the PR spectra is described better by the changes in the energy near 

the 2D critical point which is similar to the bulk case. 

The basic concept of modulation spectroscopy is that the small periodic 

perturbation of an experimental parameter causes changes in physical properties 

of the material such as the dielectric function. The perturbation induced change 

tlR or tlT in the reflectance R or transmittance T of a sample makes change in 

the intensity reflected or transmitted by the sample such that 

tll/1 = tlR/R or 

tll/1 = tlT/T. 
(72) 
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The complex dielectric function, which is a fundamental quantity describing the 

dielectric response of the material, can be written as; 

(73) 

Since this dielectric function is related to the reflectance, the differential changes in 

reflectivity can be expressed in terms of the perturbed complex dielectric function 

t(w) in a simple manner as [61]: 

t:.R R = ab.t1 (w) + /3D.t2 (w) (74) 

where D.t1 (w) and D.t2 (w) are real and imaginary components of the differential 

change in the complex dielectric function, D.t(w) = D.t1 (w) + iD.t2 (w). The a 

and /3 are the Seraphin coefficients and are functions of the unperturbed dielectric 

function. In general, the a and /3 are nonzero quantities, but under special con

ditions, such as near the fundamental band gap of bulk material, /3 ~ 0, so that 

t:.R/R ~ ab.t1 (w). In multilayer structures (QW's and SL's), however, interface 

effects become important so that the Seraphin coefficients are modified (/3 is no 

longer zero) and both ab.t1 and /3D.t2 have to be considered in Eq. (74). 

Experimental setup Because modulation techniques take advantage of a 

small periodic perturbation applied to a physical property of the sample, the small 

change in the optical response (reflectivity or absorptivity) is detected by a phase 

sensitive technique, such as use of a lock-in amplifier by tuning the reference fre

quency to the modulating frequency. Fig. 14 shows a schematic of the PR ex

perimental setup. Light from a halogen tungsten lamp was dispersed by a 0.25 m 

monochromator and then focused on the surface of the sample. In some cases, a 

cutoff filter was put at the exit slit of the monochromator to eliminate the effect 

of the second order of the light source. The reflected light from the sample was 

focused on a slit in front of the detector. 

The modulating light, here a laser, passes through an optical chopper and is 

incident on the same spot of the sample surface as for the monochromatic light. 

The frequency of the chopper is used as the reference and is fed into the lock

in amplifier. An appropriate cut-off filter was put in the light path to block any 
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Figure 14. Experimental setup for the photoreflectance measurement. Different 
detectors were used for different spectral region for different samples. 
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scattered modulating light from the sample surface to avoid saturating the detector. 

The change in reflectivity associated with the creation of the surface potential of 

the sample was detected and amplified by the lock-in amplifier. The detectors used 

in this study are a Si -diode for visible and near infrared region, and a thermo

electrically cooled Ge detector (EG&G Judson, J16TE2) for the near infrared 

region (0.8,.._,1.8 µm). 

PR signal contains two components: a DC component or averaged value I0R, 

and an AC component as a modulated signal I 0D..R. In order to get the quantity 

D..R/ R which is the quantity of interest, the common factor 10 should be eliminated. 

This normalization can be accomplished in several ways. The simplest way is to 

measure R and D..R independently and to divide the two quantities. Another 

way to get D..R/ Risto keep R constant electronically. In this method, a feedback 

servomechanism is used to keep the DC output of the detector constant by changing 

the gain of the detector. The most recent technique is to use a continuously variable 

neutral density filter placed after the monochromator to keep the DC intensity of 

the reflected light constant via a servomechanism [62]. In this method, the output 

of the lock-in amplifier will be proportional to D..R/ R. 

In the PR experimental setup, one of the important parts is :filtering the stray 

laser light because it has the same chopping frequency as the signal of interest and 

can easily be detected. Furthermore, band gap luminescence induced by the laser 

illumination can be detected and can be greater in intensity than the signal of 

interest under certain conditions. This problem can be eliminated by using long

focal length optics or by using a second monochromator synchronized with the 

probe monochromator [58,63]. 

Photomodulated transmission (PT) is basically the same technique as the 

PR except PT measures a different parameter. That is, PT measures the change 

in the transmission while PR measures the change in reflectance. As shown in 

Fig. 15, the experimental setup for PT is just different in that the experimental 

configuration is in the transmission geometry. 
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Diamond anvil cell technique 

Application of the hydrostatic pressure is a very powerful technique to study 

solid state materials because it does not change the crystal symmetry. Great 

improvement has been made both in expanding experimental applications and in 

designing pressure cells since the 1960's [64]. Among the various pressure cells 

used in these experiments, the diamond anvil cell (DAC) has been recognized 

as the most useful pressure cell for a variety of experiments, particularly optical 

experiments, utilizing the hardness and transparent properties of diamond. Since 

the first DA Cs [65,66], many improvements have been made both in technique and 

in application [64]. One of the great achievements is that this technique has been 

used for the study of semiconductors, especially the hydrostati<~ pressure effect on 

the band structure of the semiconductors. As discussed in the previous chapter, one 

particular example is that the band offset in the heterostructures can be directly 

determined by utilizing the different pressure coefficients of the conduction band 

edges. 

Principle of diamond anvil cells 

Fig. 16 shows the basic structure of a DAC. The major components of 

DAC are two diamond anvils, a stainless steel gasket with a hole at center, and 

metal housing to secure the pressure inside cell. The small polished flat surface 

(-lmm</>) at the tip of the diamond anvil is called the culet. The size of the hole 

in the stainless steel gasket is about < 400 µm in diameter and < 300 µm in depth 

and used as the pressure chamber where sample, ruby and the pressure medium 

are filled. 

Even though a small sample size is required due to the size of the diamonds, 

the DAC technique has become very popular and a powerful tool for high-pressure 

optical experiments. The advantage of the DAC is that diamond is the hardest 

material known and is very transparent in a wide spectral range including UV, 
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Figure 16. Schemetic representation of a diamond anvil cell for the application of 
the hydrostatic pressure on a sample. A piece of sample is mounted 
inside a gasket (pressure chamber) between two diamonds along with 
a piece of ruby as pressure calibration. A methanol-ethanol mixture 
( 4: 1) is used for the hydrost atic pressure medium. 
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visible, mid infrared, and x-ray. Thus, using a DAC, optical spectroscopy can be 

performed over a very wide spectral range. 

Pressure media 

To apply hydrostatic pressure to the sample, it should be immersed in 

a hydrostatic pressure medium. Therefore, the most important requirement for 

the pressure medium is that it should have hydrostatic behavior in the range of 

pressure and temperature of interest. Depending on the experimental condition, 

a proper pressure media should be chosen. The most convenient pressure medium 

is a 4: 1 methanol-ethanol mixture. This mixture has been shown to be a good 

_ hydrostatic pressure medium in a wide range of pressure and temperature. This 

methanol-ethanol mixture remains hydrostatic up to 104 kbar at 300 K [67]. Other 

than liquid media, liquidized gases including Ar, He, and Xe, have proved useful 

as hydrostatic media for pressures up to 500 kbar at room temperature. At low 

temperatures (cryogenic pressure), mostly Ar gas and the methanol-ethanol mix

ture have been used. He gas has also proved useful as a low temperature high 

pressure medium even when the pressure is changed at low temperature [68]. In 

this case, the DAC must have the capability of changing the pressure externally 

while it is inside the cryostat at low temperature (69,70]. In our experiments, a 

methanol-ethanol mixture was used as the hydrostatic pressure medium. 

Sample preparation 

Due to the small size of the pressure chamber of the DAC, samples must 

be small enough to be mounted along with a piece of ruby which is used for the 

pressure calibration. When the pressure is increased, the volume of the chamber 

decreases. Therefore, the size of the sample should be about 200 x 200 µm2 to 

allow room for the hydrostatic medium to compress. The substrate was thinned by 

mechanical polishing to get the total sample thickness to ~ 25 µm. After clean the 



55 

sample with trichloroethylene, the sample was cleaved to proper size by tapping it 

with a needle in the methanol bath. 

A stainless steel gasket was placed on the culet of the bottom diamond. A 

sample of proper size was placed into the hole (pressure chamber) along with a 

piece of ruby (see Fig. 16). Afterwards, a drop of the pressure medium was added 

to in the pressure chamber and the other diamond was placed on top. Then, the 

whole DAC was secured by tightening the outer screw-type DAC housing. The 

external pressure on the DAC was applied with a hydraulic jack and secured by 

tightening the outer DAC housing. For low temperature experiments, the DAC 

was attached to a cold finger in a closed-cycle cryostat and cooled down to desired 

temperatures. 

Pressure calibration 

The pressure inside the DAC was calibrated using the ruby R1 fluorescence 

line which is the most widely used calibration method. The R1 line of ruby is quite 

intense both at low and room temperatures. At atmospheric pressure and 300 K 

(10 K), the ruby has doublet R1 and R2 lines at 6928 A (6935 A) and 6942 A (6950 

A), respectively. They shift linearly with pressure to longer wavelength at a rate 

of 0.365 A/kbar. The pressure coefficient of the ruby lines has been found to be 

independent of temperature in the range from 4 K to 300 K at pressures up to 200 

kbar [64). 

The pressure applied inside the DAC is determined using: 

A - Ao 
P = 0.365 (kbar) ' (75) 

where A and Ao are the wavelengths of ruby R1 line from the PL at the pressure 

applied and at atmospheric pressure, respectively. For our system, the error in 

the pressure measurement is less than ±0.5 kbar. The quality of the hydrostatic 

pressure can be monitored by the peak shape of the luminescence. Any distortion 

and/or broadening of the PL peak of the R1 ruby line indicates that the pressure 

inside is no longer hydrostatic. This sometimes occurred in our experiments when 
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the ruby chip was in contact with the sample and the diamond surface causing a 

non-hydrostatic situation. 



CHAPTER IV 

GaAs/GaAs1-aYx STRAINED MULTIPLE 

QUANTUM WELLS 

Introduction 

The GaAs/GaAs1-xP x QW systems have a wide range of applications in 

diode lasers and MODFETs [71,72]. These systems are very different from the 

most widely studied QW structures, such as InGaAs/GaAs on a GaAs substrate 

and InGaAsP /InP on a InP substrate, where the well layers are subject to lattice 

mismatch induced strain. For GaAs/GaAs1-xP x heterostructures pseudomorphi

cally grown on GaAs substrates, the GaAs1-xP x alloy barrier layers rather than the 

GaAs well layers are strained. Although some studies on the optical and electrical 

properties of GaAs/GaAs1-xP x QW's have been reported [18,19,21,22], these ma

terial systems are not well understood. In fact, the conduction and valence band 

offsets at the heterointerface are not available in the literature despite their crucial 

importance in device designs. 

In this chapter, we present the results of low-temperature PL studies on three 

GaAs/GaAsi-xP x strained multiple quantum well {SMQW} samples (x=0.24, 0.32, 

and 0.39) under hydrostatic pressures. We observed in these samples that the 

transitions between the lowest f-confined electron and hole states shifted towards 

higher energy as the pressure increased. The pressure coefficient of each transition 

was determined from the pressure dependence of the PL transition energy. All pres

sure coefficients of heavy-hole excitonic transitions were found to be significantly 

smaller than that of the bulk GaAs band gap, and to depend both on the alloy 

compositions and the QW structures. The pressure induced crossover between the 

57 
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first f-confined electron level in the GaAs well and the (001) X-minimum conduc

tion band in the GaAs1-xP x barrier was observed in the x=0.32 SMQW sample. 

When this crossover occurred, the emission of the r - r transition quenched and 

the emission with the characteristics of the X-minima took over. From the obser

vation of the r - X crossover, we were able to determine the valence band offset 

for the GaAs/GaAs0.68P0.32 QW structure. We also observed an emission arising 

from a deep center in the GaAs/GaAso.a1 Po.39 SMQW sample. 

Experimental details and results 

Samples used in this work were grown on a semi-insulating (001) GaAs sub

strate at 580 °C by gas-source molecular beam epitaxy (GSMBE). A 1 µm-thick 

undoped GaAs buffer layer was grown prior to the growth of MQW structures. The 

SMQW structures consist of 15-periods of GaAs wells and GaAsi-xP x barriers. Un

doped GaAs cap layers of about 400 A were grown to cover the SMQW samples. 

A schematic of the GaAs/GaAs1-xP x SMQW sample structure is shown in Fig. 

17. The layer thicknesses and phosphorus concentration in GaAs/GaAsi-xP x were 

determined by computer simulations to X-ray rocking curves. Further details of 

the sample growth and structures can be found elsewhere [73,74]. 

The pressure dependent PL measurements at 10 K were performed on the 

samples in a backscattering geometry by using the 5145 A line of an Ar+ ion laser 

as the excitation source. The PL signal was dispersed by a 0.85 m double-grating 

spectrometer (SPEX 1403) and detected by a GaAs PMT (Hamamatsu) in con

junction with a photon counting system. PLE measurements were also performed 

at lOK. 

Fig. 18 and Fig. 19 show PL spectra at different pressures taken from the 

GaAs (76.5 A)/GaAso.asPo.32 (76 A) and GaAs (87 A)/GaAso.a1Po.39 (88 A) SMQW 

samples, respectively. Since the GaAs well layers are not strained in these SMQW 

samples, the heavy-hole band is the lowest valence band in the wells. Therefore, 

the lowest confined transition in these QW's is between the n=l electron and 

the n=l heavy-hole states. This transition and its energy will be denoted by 
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Figure 17. Schematic illustration of the GaAs/GaAs1-xP x MQW structure. 
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Figure 18. Photoluminescence spectra at 10 K of the GaAs/GaAs0•68P0•32 MQW's 
at different pressures. The emission from the r - r confined transi
tion shifts to higher energy with pressure and diminishes around 26 
kbar and the broadened emission from the X - r transition takes 
over and moves down in energy as the pressure increases. 
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Figure 19. Photoluminescence spectra at 10 K of the GaAs/GaAso.61Po.39 MQW's 
at different pressures. The emission labeled by BX and its satellite 
sideband structures, marked with A, B and C, appear at pressures 
higher than 17 kbar. The emission from the f-band of the GaAs 
substrate could also be observed in this sample. 
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r ie-r ihh and E11h, respectively. As can be seen in the figures, typical r ie-r ihh 

excitonic transitions are dominant in the low pressure range. The full width at 

half maximum (FWHM) of the r1e-rlhh emission peaks at ambient pressure is 

about 6 meV. 

The strong and sharp luminescence of the r ie-r lhh transitions shifted towards 

higher energy as pressure was increased. For the GaAs/GaAs0.68 P0.32 SMQW as 

shown in Fig. 18, the PL peak begins to broaden and the emission intensity 

decreases sharply at a pressure around 26 kbar. At higher pressures, the emission 

associated with r ie-r Ihh transition quenches, and a broader and much weaker peak 

appears. This new broad peak moves down in energy as the pressure is increased, 

exhibiting X-band-like characteristics. As we discussed in an earlier chapter, what 

is happening might be related to the crossover of band edges in the conduction 

bands which results in a sharp decrease of the PL intensity and/ or the appearance 

of a new transition which moves towards lower energy. 

As shown in Fig. 19, a relatively strong ermss1on peak (labeled BX) 

with a satellite sideband appeared at pressures higher than 1 7 kbar in the 

GaAs/GaAs0.61 P 0.39 SMQW sample. The BX emission peak has a sharp high

energy cutoff and shifts to higher energy with pressure at a relatively small rate 

compared to the peak of the r 1e-r Ihh transition. However, within the sensitivity 

of the detection system, no emission with pure X-like characteristics could be ob

served from this sample or from the GaAs(87 A)/GaAso.1sPo.24(87.5 A) SMQW 

sample. 

In Fig. 20 and Fig. 21, we plot the energy position of the r ie-r ihh transi

tion as function of pressure from the GaAs/GaAso.ssPo.32 and GaAs/GaAso.s1Po.39 

SMQW samples, respectively. The solid lines drawn through the data points are 

least-squares fits to the experimental data. The pressure dependence of the r and 

X-conduction band minima of bulk GaAs is also plotted for the comparison in Fig. 

20. The onset of the unknown emission structure BX in Fig. 19 can be derived 

from the figure to be "'17 kbar. 

Fig. 22 shows a PLE spectrum from a 15-period GaAs/GaAs0 .61 Po.39 SMQW 



2.1 

2.0 

1.9 ...---
> 
(J) ,.__, 

1.8 
~ 
till 
~ 
(J) 1.7 
~ 

µ=I 

1.6 

1.5 

1.4 
0 

X(GaAs) --- ---

/ 
/ 

/ 

X,B 
E 

g 

---

/ 
/ 

/ 

---

/ 
/ 

/ 
/ 

---

/ 
/ 

/ 
/ 

---
--- ---

/ 
/ 

/ 

/~~--~3---~q_-----

/// r(GaAs) 

/ 

/ 
/ 

/ 

lOK 

GaAs/GaAs0 _68P 0_32 

10 20 30 40 50 

Pressure (kbar) 

63 

Figure 20. Pressure dependence of various photoluminescence peaks observed 
in the GaAs/GaAs0.68P0.32 SMQW. The solid lines drawn through 
the points are least-squares fits to the experimental data. Also 
shown are the pressure dependence of the X conduction-band 
edges of GaAs. The energy position of the Xz minima of the 
GaAs/GaAs0.6sPo.32 barriers at ambient presssure, as indicated by 
Ef,B in the figure, is 1.908 eV. 
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sample taken at 10 K. The detection wavelength was set at the wavelength cor

responding to the r 1e-f Ihh transition energy. The excitonic transitions related to 

higher quantum confined energy levels are well resolved. The results are compared 

with the calculations based on the envelope function approximation. 

Analysis and discussion 

In the GaAs/ GaAs1_xP x system grown commensurately on GaAs substrates, 

GaAsi-xP x layers are subject to a biaxial tensile strain due to the larger lattice 

constant in GaAs. Using Eq. (6), the built-in strains of GaAsi-xP x layers were 

estimated as 0.87, 1.16, and 1.42 % in the lattice mismatch for x = 0.24, 0.32, and 

0.39, respectively. As mentioned earlier, the effect of the built-in biaxial tensile 

strain on the GaAs1_xp x band structure at the f-point is to reduce the direct 

band gap and lift the degeneracy of the top of the valence band, where the light

hole band lies in energy above the heavy-hole band. The six equivalent X1 bulk 

conduction band minima are split by (001) strain with the two equivalent band 

minima Xz ( for k perpendicular to the interface, [001] singlet band) lower than 

the four equivalent band minima Xxy (for k along the interface, (100,010] doublet 

band). Fig. 23 shows a schematic representation of the band-edge energies for 

the strained GaAs/GaAs0.68 P0.32 heterostructure under the condition of biaxial 

tension. The x-dependence of the unstrained band gaps of GaAsi-xP x alloy are 

given as [75] 

E~(x) = 1.515 + l.172x + 0.186x2 ( f-band, T=2K ), (76) 

and 

Ei-(x) = 1.9715 + 0.144x + 0.21lx2 ( X-band, T=2K ). (77) 

As described in Chapter II, the confined energy levels in the well are calcu

lated using the envelope function approximation with the band gap energy of 

the GaAs1_xP x barrier modified due to the strain. For this calculation for the 

confinement energies, we also need to have the band offsets in both conduction 

and valence bands. The band offset values will be obtained from the experimental 
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Figure 23. A schematic representation of the band-edge energies for the strained 
GaAs/GaAs0.68P0.32 heterostructure under the condition of (001) 
tension. Light-hole band is above the heavy-hole band. The num
bers are obtained from the deformation potential thery described in 
Chapter II. The band offset values are from the experimental results 
disscussed later. 
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results. Parameters used in the calculations are listed in Table I for GaAs and 

GaP. 

Energy level crossover and valence band offset 

There are two primary possible reasons for the reduction of the PL intensity 

associated with a direct QW transition as the pressure increases. First, the band 

gap of the well material itself becomes indirect by undergoing pressure induced 

rw - xw conversion, while the QW structure still remains in Type-I. Second, the 

band gap of the well material still remains in direct gap, but the conduction band 

edge of the barrier material X B crosses the lowest r-confined electron state of the 

well le thereby causing the QW to become indirect both in real and in momentum 

space (see Fig. 10b ). If the critical hydrostatic pressures associated with con

duction band crossing in both well and barrier material have been independently 

determined in bulk, then one can immediately determine whether the drop in the 

direct PL intensity from the QW structure is due to the first or second effect. If 

the sharp reduction of the PL intensity is caused by the second effect, one can 

obtain the information on the band alignment in QW structures. 

Here E{,B is the energy of barrier Xz minima, E~x is the exciton binding 

energy, and Eihh is the confinement energy of the lowest heavy-hole state in the 

wells. Since the pressure coefficient of the X-minima of the GaAs1_xP x alloy is 

not available at present, we use the values of E!x and E&h at ambient pressure for 

estimating the band offset. The band offset calculation using the pressure induced 

r - X crossover is illustrated in Fig. 24. 

As seen in Fig. 20, the crossover pressure ( .......,26 kbar) observed in GaAs/ 

GaAs0.68P0.32 sample is much lower than the r-X band crossing in the bulk GaAs 

( rv40 kbar). This suggests that the applied pressure caused the lowest confined 

electron state in the GaAs wells rr; to cross over the X-minima in the GaAs0.68P0.32 

barriers XB(i.e., XB-rfe transition) and resulted in a spatially separated Type-II 

indirect transition. Fig. 24 shows the band lineups for the GaAs/GaAs0.68 P0.32 

SMQW before and after the pressure induced r - X crossover. Therefore, the 



69 

TABLE I. 

Parameters used for the calculations for GaAs/GaAs0.68P0•32 SMQW. For the 
values of the GaAsxPi-x alloy layers are obtained using linear interporation of 

values from GaP and GaAs. 

Parameters 

a (A) 
C11 (1011dyn/cm2) 
C12(1011dyn/ cm2) 
a (eV) 

bv (eV) 
ax 

'2! (eV) 
m! (emu) 
mhh (emu) 
mih (emu) 
/1 
,2 

*Ref. [75] 

tRef. [23] 

+Ref. [76] 

GaAs 

5.6533* 
12.21* 
5.7* 

-8.33t 
-1.9ot 

1.ot 

-8.61 * 
0.067* 
0.51* 
0.082* 
6.95* 

2.25* 

GaP 

5.4505* 
14.39* 
6.52* 

-8.83t 
-1.5t 

1.6+ 

-6.5+ 
0.0925* 
0.45* 
0.12* 
4.05* 

0.49t 
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Figure 24. Band alignments of the strained GaAs/GaAs0.6sPo.32 quantum well (a) 
before and (b) after the crossover pressure, Pc. The direct Type-I 
transition with energy of Ef1h shown in (a) converts to the spatially 
separated Type-II transition with the energy of Efih shown in (b) 
at pressures P > Pc. 
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pressure induced r - X crossover in the GaAs/GaAs0.68P0.32 SMQW sample can 

be used to determine its valence band offset using the Eq. (70): 

(78) 

where 

Ex _ Ex Eb 
PL - Ihh - ex• (79) 

Here EJL is the observed PL transition energy associated with Xf and rn;:h levels. 

The energy of the Xz-minima of the GaAs0.68P0.32 barriers, Ef,B, was calculated to 

be 1.908 eV at ambient pressure. Since the pressure coefficient of the X-minima of 

the GaAs1_xP x alloy is not available at present, we use the values of E~x and EJL 

at ambient pressure for estimating the band offset. EJL (P = 0) was estimated to 

be 1.87 eV by extrapolating the Xz -f ihh transitions observed above the crossover 

pressure back to the ambient pressure, as shown in Fig. 20. This indirect Type-II 

transition is almost impossible to observe at ambient pressure. The confinement 

energy of the lowest heavy-hole level (Eihh) was found to be about 12 meV using 

the calculation based on the envelope function approximation. By considering 

that the binding energy for the f 1e - fihh exciton was about 10 meV and that 

binding energy for the Xz-f lhh exciton would be even smaller due to the spatial 

separation of the electrons and holes [39, 77], the Xz-f lhh exciton binding energy 

E~x was estimated to be 5 meV. Using these data we were able to obtain the band 

discontinuity between the top of the valence band of the GaAs well and the light

hole valence band of the GaAso.68Po.32 barrier as ~Ev~ 0.045 eV, where we have 

subtracted 5 me V to take into consideration the Stokes shift detected between the 

PL emission peak and the PLE emission peak. The uncertainty introduced in the 

calculations of the strain modified band structure of the GaAs0 .68P0.32 barrier and 

the confinement energy of the heavy hole in GaAs, as well as in estimating the 

exciton binding energy, was about 20 meV. As a result, this led to an unstrained 

free-standing band lineup with a valence-band offset of 0.09±0.02 e V between GaAs 

and GaAs0 .68P0 .32 . This is approximately a 75:25 distribution for the energy gap 
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difference in the conduction and valence bands, so that, the valence band offset 

ratio, Qv = t!:,.Ev/ t!:,.E9 = 0.25. 

Although this method results in some uncertainties in the value of the valence 

band offset from the above estimation and the calculated confinement energies, it 

allows us to compare our results with earlier reported values by Gourly et al. [19] 

and Pistol et al. [22]. Pistol et al. chose the unstrained valence-band offset to be 5 

meV per percentage of phosphorus in the GaAs/GaAsi-a:P a: QW's [22] and Gourly 

et al. chose the offset value to be a linear interpolation with x, within a value of 60Q 

meV, between GaAs and GaP [19]. Using their data, one gets an unstrained valence 

band offset of 0.16 ,...,, 0.19 eV for the GaAs/GaAs0.68P0.32 QW. Compared to our 

result of 0.09 eV, the deviation is rather large. The methods used in Refs. (19] 

and [2~] were to fit PLE data by treating the band offset as a fitting parameter 

and/or to make an evaluation based on the model-solid theory [78]. Thus the 

results are indirect and model dependent. The pressure-optical method used in 

this work is a direct and more accurate measurement which does not introduce any 

model-dependent parameters, and has been widely used for the determination of 

band offsets in a number of 111-V compound MQW systems [13,40,38,39,43]. This 

method allows a direct measurement of the f-X band crossing between the lowest 

confined level in the f-band of the GaAs well and the X-conduction band edges 

of the GaAs1-a:P a: barriers. Since the bands cross in a narrow range of energies, 

this pressure-optical method provides more accurate data for deducing the band 

offset of MQW's. Since the electrical and electron-spectroscopic approaches such 

as the capacitance-voltage (C-V) profiling [79], current-voltage (I-V) measurement 

[80], and x-ray photoelectron spectroscopy (XPS) [81] usually require fairly thick 

heterostructures, the pressure-optical method is particularly suitable for strained 

semiconductor heterostructures where the sample thickness often must be very 

thin in order to ensure commensurate growth. 
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Pressure coefficients and identification of unknown transitions 

In Fig. 20 and Fig. 21, the solid lines drawn through the data points are least

squares fits to the experimental data. The pressure dependence for the different PL 

transition energies observed in each sample can be obtained from the experimental 

data using linear least-squares fitting as expressed by 

(80) 

where i denotes different transitions and the linear pressure coefficient O:i = 
dEi/dP. Also, Ei(P) and Ei(O) are transition energies at the pressure P and 

at ambient pressure, P = O. The pressure dependence of the r and X-conduction 

band minima of bulk GaAs is also plotted in Fig. 20 for comparison. The onset 

of the unknown emission structure BX in Fig. 19 is found to be ""17 kbar. Table 

II lists the linear pressure coefficients of all transition energies for all the samples 

studied in this work as obtained from Eq. (80). It is noteworthy that the pressure 

coefficients of the f 1e-flhh transition in all three samples are significantly smaller 

than that of the GaAs bandgap and depend on the phosphorus compositions of 

the barriers and QW structures. Similar results have been reported and well dis

cussed in 'the previous pressure dependent optical measurements on a variety of 

III-V compound QW structures [13,38,41-45,47]. As seen in Table II, the emission 

labeled as BX in the PL spectrum from the GaAs/GaAs0.61 P0.39 SMQW sample 

shown in Fig. 19 has a small positive pressure coefficient of 2.7 meV /kbar. This 

pressure dependence does not follow any known conduction-band edge in these 

bulk materials. 

The energy separations of the satellite peaks marked by A, B, and C in 

Fig. 19 with respect to the main emission BX peak are about 10, 36.5 and 46.5 

meV, respectively, which approximately agree with the TAX (9.8 meV), L01 (36.2 

meV), and L01 + TAX phono:p.s of GaAs. The slight energy differences could be 

attributed to the effect of hydrostatic pressure. Pistol and Liu have studied the 

Raman shift for optical phonons of GaAs1_xP x in strained QW structures [22]. 
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TABLE II. 

Pressure coefficients of various PL transitions in the GaAs/GaAsxPi-x SMQW 
samples studied in this work. The pressure coefficients of the r and X bands are 

also listed for comparison (the units are in meV /kbar). 

Samples dEr-r/dP dEx-r/dP dEBx/dP 

GaAs(87 A) /GaAso.16Po.24(87.5A) 9.5(5) 

GaAs(76.5A) / GaAso.6sP o.32(76A) 9.9 -1.4(5) 

GaAs(87A)/GaAso.61Po.39(88A) 9.9(5) 2.7 

GaAs 10.7;10.73* -1.34* 

*Ref. [82] 
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The Raman spectra of the GaAs1_xP x alloys exhibited a two-mode behavior and 

the frequency of GaAs-like LO phonon decreased with the increase of the alloy 

concentration. They also found that the GaAs-like LO phonon in the strained 

GaAs1_xP x alloy layers shifted to lower frequency due to the strain effect. 

Examining closely the satellite sidebands of the BX emission in the PL 

spectra, we could not observe any significant feature clearly related to the frequency 

red-shifted GaAs-like LO phonon in the GaAsi-xP x barrier layers. This suggests 

that the deep donor centers reside in GaAs wells rather than in GaAs0.61 P0.39 

barriers. By extrapolating the experimental data to the ambient pressure as shown 

in Fig. 19, it is found that this donor-like deep center is a resonance with about 

200 meV above the bottom of the conduction band. 

The behavior of this deep center is in some ways similar to the so-called DX 

deep donor center inn-doped GaAs [83-87]. Where n-type substitutional dopants 

give rise to a shallow effective-mass level and a much more localized resonant 

level, an application of about 20 kbar hydrostatic pressure can shift DX from a 

resonant to a stable state. The pressure coefficient of the DX-like deep donors in 

S-doped bulk GaAs is reported by Liu et al. to be 1 meV /kbar [87] compared to 

2. 7 meV /kbar for the BX emission. If the centers responsible for the BX emission 

are DX-like, such a difference in the pressure coefficients could be -attributed to 

deep centers that originate from different impurity species with different resultant 

energy positions and pressure dependence. 

Detailed secondary-ion mass spectrometry (SIMS) analysis [88] revealed that 

there were carbon and silicon as well as oxygen impurities present in the samples 

which showed BX emission and its phonon sidebands. The concentration of each 

species was found to be less than 1015 cm-3 by the SIMS analysis. They were 

introduced into the SMQW samples mainly from the arsenic gas source (AsH3 ) 

during the sample growth [88] and were most likely responsible for the presence of 

the resonant donor-like deep centers. 

The presence of such deep centers could be the reason why the pure PL emis

sion related to Type-II Xz-r Ihh transition at pressures above f-X crossover could 
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not be observed in both GaAs/GaAso.16Po.24 and GaAs/GaAso.61Po.39 SMQW's. 

The localized deep centers can efficiently capture those cross-interface electrons 

with X-characteristics through nonradiative relaxation processes such as multi

phonon emission since their wave functions derived from contributions of the entire 

Brillouin zone. This process will increase the k-space overlap of the wave functions 

of the spatially separated electrons and holes and results in a recombination via 

these deep centers which has a larger oscillator strength compared with the purely 

cross-interface indirect ·x-r recombination. 

As shown in Fig. 22, the PLE spectrum from a 15-period GaAs/GaAs0.61 P0.39 

SMQW sample was compared with the results of the theoretical calculations for 

the confinement energy for this sample. The valence band offset was used as the 

adjustable parameter in the calculation. The theoretical calculation results are 

indicated with arrows corresponding to the interband transitions of the QW. The 

notation 11h means the transition is between n = 1 electron state and n = 1 

heavy-hole state. The notation h (l) is for a heavy-hole (light-hole). Another 

clear transition, denoted as E0 + Li, is also observed in the PLE spectrum at 1.93 

eV, which is higher than the band gap of the barrier marked by E: at 1.82 eV. 

This transition is attributed to the transition between the lowest confined electron 

sub band and the top of the spin-orbit split-off band in the GaAs well. 

Conclusions 

Low-temperature photoluminescence measurements have been performed on 

GSMBE grown GaAs/GaAsi-xPx SMQW samples to investigate the effect of pres

sure on the properties of various transitions using a diamond anvil high-pressure 

cell. In general, the transitions between the lowest confined electron and hole levels 

(r le - r lhh) for all the samples studied in this work are found to depend on pres

sure in a way similar to the GaAs band gap but with smaller pressure coefficients. 

The observation of the pressure induced f 1e-Xz crossover allows a direct determi

nation of the valence-band offset for the GaAs/GaAs0.68P0 .32 SMQW sample. The 
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unstrained valence-band offset has been determined to be 0.09±0.02 eV which cor

responds to roughly a 75:25 band offset ratio of conduction band to valence band 

and yields a Qv value of 0.25. We have also observed an emission associated with a 

deep center in the GaAs/GaAs0.61 P 0.39 SMQW sample. By analyzing the pressure 

dependence of this emission and its phonon sidebands, we suggest that the deep 

center is a donor-like localized state inside the GaAs well layer with a resonant 

energy position at about 200 me V above the bottom of the conduction band at 

ambient pressure. These deep centers, by acting as capture centers for the cross

interface electrons, could be the major reason for not observing the f-X crossover 

in GaAs/GaAsi-xP x SMQW samples with x=0.24 and 0.39. Further more, we 

can not directly obtain crossover pressures for the other GaAs/GaAsxPi-x sam

ples because the pressure coefficients and transition energies at ambient pressure 

for those GaAsxPi-x barriers are unknown. However, the drastic decrease of the 

emission intensity in a certain range of pressures may indicate the occurrence of 

the r - X crossover for these samples. 



CHAPTER V 

InAs:i:Pi-:i:/InP STRAINED MULTIPLE 

QUANTUM WELLS 

Introduction 

In1-:i:Ga:i:AsyP1-y quaternary alloys grown on InP have been extensively stud

ied as promising materials for optoelectronic device applications such as light emit

ting diodes and detectors operating in the 1.3-1.6 µm wavelength range (89-92,74]. 

This material system is also of great interest for both theoretical and experimen

tal studies, particularly concerning the lattice mismatch induced strain. However, 

there have been relatively few studies on the optical properties in the pseudomor

phic InAs:i:Pi-:i:/InP system which is a special case of the InGaAsP /InP system 

[93-96]. 

In this chapter, we present an investigation of the optical transitions between 

confined states in InAs:i:Pi-:i:/InP strained multiple quantum wells (SMQW) using 

low temperature PL and PLE, and room temperature PT measurements under 

pressure. The observed excitonic interband transitions were compared with calcu

lations based on the envelope function approximation [5,6], and phenomenological 

deformation potential theory (23,76]. The band nonparabolicity and strained in

duced valence band mixing were included in the calculations, which enabled identi

fication of spectral structures related to the high-order ( n ~ 2) optical transitions. 

78 
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Experiments 

Sample preparations 

Two InAsxP1-x/InP SMQW structures were grown by gas-source molecular 

beam epitaxy (GSMBE) on (100) Fe-doped semi-insulating InP substrates after a 

1 µm-thick InP buffer layer (see Fig. 25). A 400 A InP cap layer was grown on the 

SMQW structure. The sample parameters, such as the well alloy compositions and 

dimensions, were characterized by cross-sectional transmission electron microscopic 

(TEM) images and high resolution x-ray rocking curves [97]. As shown in Fig. 

25(b ), sample 1 has a simple MQW structure of 16-periods of InAs0 .6P0.4 alloy 

as wells (78 A) and InP as barriers (144 A). Sample 2., on the other hand, has 

a more complicated structure for the well. As shown in Fig. 25c), sample 2 

has 15-periods of [InAs/InP](76 A)/InP(162 A) QW's. The well layer in sample 

2 has the InAs/InP short-period superlattice structure which is 5-periods of 2.5-

monolayer InAs and 2.5-monolayer InP. The short-period superlattice well layer can 

be considered as an equivalent to InAsxPi-x alloy with effective As concentration 

by averaging the thicknesses of the well and barrier. For our sample case, since 

the short-period superlattice well layer has same thicknesses of well and barrier, 

the well can be considered as InAsxP1-x alloy well with x = 0.5. If the short

period superlattice well layer has different thicknesses of well and barrier, then 

the effective alloy concentration x will be different from 0.5. For convenience, the 

short-period SL well layer will be denoted as the InAs0.5P0.5 alloy layer. Detailed 

growth conditions and ~ample structures can be found elsewhere [97]. The sample 

parameters for both samples are summarized in Table III . '\ 
' 

Experimental technique 

PL and PLE measurements at low temperature, and PT measurements under 

hydrostatic pressure at room temperature were employed to study the interband 

transitions in these samples. A 15 mW He-Ne laser was used as an excitation source 
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Figure 25. Schematic representation of InAsxPi-x/InP strained multiple quantum 
well (SMQW) .structure. Sample 1 has normal InAsP alloy as the 
well layer (b ), but sample 2 has short-period superlattice structure 
as the well layer ( c ). This short-period SL structure is composed 
of 5 period of alternating 2.5 ML-lnAs and 2.5 ML-lnP layers by 
resulting the SL layer as the same as x = 0.5 of the InAsxPi-x alloy 
layer. 
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TABLE III. 

Sample parameters of InAsP /InP strained multiple quantum wells. 

Parameters Sample 1 Sample 2 

Well structure InAsP alloy InAs/InP short-period SL* 

InAsP well width 78 A 76 A 

InP barrier width 144 A 162 A 

As concentration 0.6 0.5 ( averaged) 

MQW period 15 16 

*InAs/InP short-period SL= [InAs(2.5 ML)/InP(2.5 ML))x5 

for the PL measurement and also as a modulation source for the PT measurement. 

Continuous light from a 250 W quartz tungsten halogen lamp dispersed by a 0.25 

m monochromator (CVI 250) with a 600 gr/mm grating was used as a tunable 

excitation source for both PLE and PT measurements. For the PL measurement, 

a 0.5 m monochromator (Aries IS/MS 550) was used for collecting signals from the 

samples. Both luminescence and transmission signals were detected by a thermo

electrically cooled Ge photodiode detector (EG&G Judson, 0.8-1.8 µm) followed 

by a lock-in amplifier and data acquisition system. 

Results and discussion 

Fig. 26 shows PL and PLE spectra of these two samples taken at 10 K. 

As shown in the figure, sharp and intense PL peaks were observed with the full 

width at half maximum (FWHM) of,...., 9 and ,...., 20 meV for InAso.6P0.4 /InP and 

InAs0.5P0.5 /InP SMQW samples, respectively. These transitions are attributed to 

the transition between the lowest confined electron and heavy-hole states in the 
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Figure 26. Photoluminescence and excitation spectra at lOK for the two 

InAsxP1-x/InP SMQW samples. For the PLE measurement, the 
detector was set at the wavelength of PL transition for each sample. 
The labels refer to the identifications for spectral features and the 
vertical bars indicate calculated interband transitions. llh(lll) is 
refer to the transition between n=l electron and n=l heavy-hole 
(light-hole) subbands. 
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well. PLE spectra show clearly other interband transitions related to the higher 

confined states which indicates the good quality of the samples. In order to iden

tify the observed transitions, we have performed calculations based on the enve

lope function approximation and phenomenological deformation theory discussed 

in chapter II. 

When InAsxPi-x/InP QW's are grown commensurately on a (100) InP sub

strate, only the InAsxPi-x. well layers will be tetragonally distorted due to the 

larger equilibrium lattice constant compared to that of InP, resulting in built-in 

biaxial compressive strain in the InAsxPi-x layers. Using Eq. (6), the built-in 

biaxial compressive strains in the InAsxPi-x layers were calculated to be about 

1.94% and 1.62% of the lattice mismatch for InAso.6Po.4/lnP and InAs0.sPo.5 /InP 

SMQW samples, respectively. Fig. 27 shows the schematic representation of the 

effect of the biaxial compressive strain on the band edges of the InAsxPi-x alloy. 

The parameters for the InAsxPi-x alloys were evaluated by linear interpolation 

between values of InAs and InP [75]. The band gap for unstrained InAsxPi-x 

alloy layers depends on the As composition as follows [75]: 

{ 
E~(x) = 1.417 - l.36x + 0.36x2 (10K), 

E~(x) = 1.351 - l.315x + 0.32x2 (300K) 
(81) 

Furthermore, it induces the coupling of the light-hole band (J, ±!) and the spin

orbit split-off band (!, ±! ), which results in a nonlinear correction to the light-hole 

valence band by moving the edge towards the heavy-hole band as seen in Fig. 27. 

The effective mass· of the light-hole band edge should also be modified accordingly 

as a result of the mixing between the light-hole band and the split-off band [98,99]: 

D. (-1 ) = ~ (-1 __ 1 ) x ( 1 + 98Es/D.o ) . (82) 
mih 2 mih m;;,h (1+28Es/D.0 +(8Es/D.o)2)112 

The calculation results were compared with the PLE spectra as shown in Fig. 26. 

The first number in the notation shown in the figure refers to the confined electron 

levels, the second number refers to the confined hole levels, and h( l) denotes the 

transition involving a heavy- (light-) hole subband. For example, llh means the 
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Figure 27. Schematic representation of effects of the biaxial compressive strain 
on the InAsxPi-x layers. The coupling between light-hole band 
and spin-orbit split-off band moves the light-hole band edge towards 
the heavy-hole band. This effect was noticeable in the calculation 
results for the interband transition energies related to the higher 
order confined light-hole states (n ~ 2). 
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transition between n=l electron and n=l heavy-hole subbands. The transition 

near 1.39 e V corresponds to the onset of absorption by acceptor impurities in the 

lnP layers, and the peak at 1.42 e V is the lnP band edge absorption. 

It is important to take into account the effects of band nonparabolicity and 

strain induced valence band mixing on the carrier effective masses in calculating 

the energy levels of the confined states, especially for higher order (n ;:_::: 2) confined 

energy levels. The variations in the carrier effective masses induced by those effects 

substantially influence the higher quantum number transition energies for the light

hole subbands. For instance, only one light-hole subband was found to be confined 

instead of two if the correction for the light-hole effective mass was included in the 

calculation. In the calculation for the interband transition, the valence band offset 

was used as the major fitting parameter. The best fitting results were obtained 

with the unstrained valence band offset ratio as Qv = /j.Ev//j.£9 "' 0.3. 

Shown in Fig. 28 is a comparison of a PLE spectrum and a PT spectrum 

for the lnAs0.6P0.4/lnP SMQW sample. The room temperature PT spectrum was 

taken at a hydrostatic pressure of 6.5 kbar. This applied pressure increases the 

band gap by about 60 meV in energy in a way analogous to the change in band gap 

with temperature. In general, the spectral features are seen to coincide with each 

other except for the structure (indicated by /j.) located around 1.072 eV in the PT 

spectrum. Note that lll and 22h transitions could not be separately resolved from 

the PT spectrum due to thermal broadening. The structure marked by /j. was not 

observed in the PLE measurements and could not be assigned to the transitions 

involving the confined heavy-hole or light-hole bands in the lnAsxPi-x layers by 

our calculations. This structure is most likely related to the transition between the 

top of the spin-orbit split-off valence band and the lowest confined electron state. 

Though the values of split-off /j.0 for InAs (0.381 eV) and for InP (0.110 eV) are 

well known and the difference is fairly large, the bowing effect for the /j.0 band 

for InAsxPi-x alloy system is not clear at present. By fitting our experimental 

data, /j.0 was estimated to be about 0.20 eV for unstrained lnAs0.6 P0.4. Also the 
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Figure 28. Comparison of PLE spectrum at lOK and PT spectrum at room temper
ature for the lnAs0.6P0.4 /lnP SMQW. The PT spectrum was taken 
at the hydrostatic pressure of 6.5 kbar. The structure indicated 
by .6.. in the PT spectrum is attributed to the transition from first 
confined spin-orbit split-off subband to electron subband. 
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first confined spin-orbit split-off state was found to remain near the same energy 

position as the ( J = i) valence band edge of InP barriers. 

Generally, in PLE, as the excitation source is tuned and the photolumines

cence is measured at a given energy wavelength, peaks appear in the spectrum as 

a result of an increase in the absorption coefficient. Contributions to PLE peaks 

depend on the efficiency of relaxation and/or coupling to the luminescence level 

under observation. In this work, the observation level was set close to the llh 

transition. It can be seen from Eq. (23) that there is no coupling between the 

heavy-hole band and the spin-orbit split-off band. A large number of photoex

cited holes could then resonantly tunnel into the barriers rather than relax down 

to the lowest confined heavy-hole level in the wells. Therefore, the optical transi

tion from confined spin-orbit split-off band to confined electron levels could not be 

observed from the overall PLE measurement. In contrast, the PT measurements 

probe directly the photoexcitation of different levels and derivative-like spectral 

features appear in the spectrum as a result of the external perturbation on the 

two-dimensional carrier density of states. The high sensitivity of modulation spec

troscopy ensures observation of the transition from confined spin-orbit split-off 

subband to the confined electron states in the conduction band. 

As seen in Fig. 26, the linewidths of PL and PLE spectra of the InAs0.5P0.5/InP 

SMQW sample are broader than those of the InAs0 .6Po.4 /InP SMQW. For exam

ple, the FWHM of the PL peak of the InAs0.5Po.s/InP SMQW (9.5 meV) is about 

twice as large as the peak of the InAs0.6P0 .4 /InP SMQW (5 meV). Since linewidth 

broadening usually reflects the quality of the sample, the quality of the short-period 

strained superlattice layers tends to decrease due to the inhomogeneities and layer 

thickness fluctuations. The linewidth broadening in PL and PLE spectra also indi

cate that compositional inhomogeneities are present in the well materials. Marzin 

et al. have reported similar results of their PL and PLE measurements on the In

GaAlAs/InGaAs MQW system using (InAs)z ML(GaAs)z ML short-period strained 
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superlattices as well materials [100]. In addition, the intralayer thickness fluctu

ations could lead to variations of confined energies resulting in broadening of PL 

and PLE spectra as well. 

Conclusions 

Low-temperature PL and PLE measurements, and room temperature PT 

measurement under hydrostatic pressure were performed to study the excitonic 

interband transitions in InAs:i:Pi-:z:/InP SMQW samples. To identify the inter

band transitions in the experimental spectra, the theoretical calculations were 

performed using the envelope function approximation and phenomenological de

formation potential theory by taking into account the band nonparabolicity and 

the strain-induced valence band mixing between light-hole and split-off bands. 

From the best fit of the PLE data to the interband transitions, the valence band 

offset ratio Qv ( = b..Ev/ D..E9 ) was obtained as "' 0.3. Our result indicate that it is 

important to consider the effects of strain induced mixing between the light-hole 

and spin-orbit split-off bands both on the valence band edges and on the light-hole 

effective mass in order to identify the higher order light-hole transitions (n 2:: 2) 

in PLE spectra. In addition to well resolved spectral features associated with 

the transitions from confined heavy-hole and light-hole energy levels, the spectral 

structure attributed to the transition between the spin-orbit split-off band and the 

lowest confined electron state was observed. The observed linewidth broadening 

of PL and PLE spectra from the MQW sample with the InAs/InP short-period 

superlattice is found to result from compositional inhomogeneities and intralayer 

thickness fluctuations of well materials. 



CHAPTER VI 

HIGHLY STRAINED CdSe/ZnSe QUANTUM 

WELLS 

Introduction 

Wide band gap II-VI semiconductor heterostructures have attracted much 

attention in recent years for their scientific and technological importance in blue

green optoelectronic devices, such as semiconductor laser diodes and light-emitting 

diodes. The ZnSe-based QW structures are among the most extensively studied 

heterostructures [101]. In the past few years, great progress has been made with the 

demonstration of blue laser action and electroluminescence from ZnSe based QW 

devices [102-106]. Recently, all-binary II-VI compound heterostructure systems 

such as ZnSe/ZnS, CdTe/ZnTe, and CdSe/ZnSe have attracted much attention 

due to their many device applications and large optical nonlinearity [107]. Among 

them, the CdSe/ZnSe system is of particular interest because it is grown utilizing 

two constituent materials with different bulk crystal structures [12,108-114]. Al

though the normal crystal structure of CdSe is hexagonal wurtzite, single crystal 

zinc blende CdSe and CdZnSe alloy thin films have been successfully grown on 

(100) GaAs substrates using MBE [110-112,114-116] and MOCVD [108] growth 

techniques. 

In this chapter, we present the results of a study on the optical properties 

of CdSe/ZnSe QW's grown by MBE on GaAs substrates. A variety of CdSe/ZnSe 

single quantum well (SQW) and MQW structures with different well widths were 

grown. PL, PLE, and PR measurements were performed at low temperatures to 

characterize quantum confinement effects in these samples and to evaluate sam

ple quality by monitoring the excitonic emissions from the QW's. Hydrostatic 
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TABLE IV. 

Sample strucutures of CdSe/ZnSe QW's. 

Samples # of samples 

SQW's 

MQW's 

fractional 
SQW 

4 

2 

1 

Structures 

ZnSe/ ( CdSe )n/ZnSe, n = 1,2,3,4 ML 

1 ML MQW: [CdSe(3 A)/ZnSe(l63 A)] x 50 periods 
2 ML MQW: [CdSe(7 A)/ZnSe(l67 A)] x 25 periods 

a sample with a series of submonolayer CdSe wells 
ZnSe/(CdSe)n/ZnSe, n = 1/4, 1/2, 3/4, 1 ML 

pressure-dependent PL measurements were also performed at low-temperature on 

1-4 ML SQW samples at pressures up to 50 kbar. 

Experimental details and results 

Sample preparations 

All CdSe/ZnSe QW samples used in this study were grown by MBE using 

GaAs substrates. A 2 µm thick ZnSe buffer layer was grown on a (100) GaAs 

substrate under optimal growth conditions [12,117]. Then, a ...... 1000 A ZnSe clading 

layer was deposited as the cap layer after the QW structures were grown. Three 

groups of QW structures are summarized in Table IV. 

Fig. 29 schematically illustrate the CdSe/ZnSe QW structures. For the four 

SQW samples, a CdSe layer with 1 to 4 ML was grown for the QW region. For 

MQW samples, 50-periods of 1 ML QW's and 25-periods of 2 ML QW's were 

grown for the QW region. Total thickness of the MQW sample was kept to be 

the same in both samples by changing number of MQW periods. As illustrated 

in Fig. 30, the fracfional CdSe/ZnSe SQW sample was grown by alternating the 
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CdSe: 1, 2, 3, 4 ML 
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Figure 29. Schematic illustration of the CdSe/ZnSe QW structure. For SQW 
samples, a CdSe layer with 1 to 4 ML was grown for the QW region. 
For MQW samples, 50-periods of 1 ML QWs and 25-periods 2 ML 
QWs were grown in the QW region to keep the total thickness of 
the MQW samples the same for both samples. 
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Figure 30. Schematic illustration of the CdSe/ZnSe submonolayer SQW structure. 
The whole sample structure is shown on top and its corresponding 
QW band diagram is shown at the bottom. le and lhh denote the 
quatum confinement levels for the electron and heavy-hole bands. 
The confinement energies are different in the four wells due to the 
different well widths. 
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CdSe layers of less than one monolayer and ZnSe of 1000 A. At the top, the whole 

sample structure is shown, and at the bottom, its QW band diagram is shown. 

The quantum confinement energies are different due to the different well widths. 

le and lhh denote the quantum confinement levels for the electron and heavy-hole 

bands. The thickness of the CdSe layers was controlled by the shutter time of the 

MBE machine. The deposition times for the CdSe well layers onto ZnSe surfaces 

were 1, 2, 3, and 4 seconds of the MBE shutter times for opening the Cd source, 

which correspond to roughly 1/4, 1/2, 3/4, and 1 ML thicknesses of the CdSe 

layers, respectively [12,117]. The barrier and well thicknesses of the CdSe/ZnSe 

MQW samples were measured by x-ray diffraction measurements and the results 

showed that the samples had a fine multilayer structure [118]. 

Experimental technique 

Low temperature PL, PLE and PR measurements were performed to char

acterize quantum confinement effects in these samples. For all four SQW samples, 

hydrostatic pressures up to 50 kbar were applied to study the effects of hydrostatic 

pressure on the direct interband transitions by the low temperature PL measure

ments. 

For the PL measurements, a HeCd laser at 3250 A was used as the excitation 

source. The PL signals were sent through a 0.85 m double-grating monochroma

tor (SPEX 1403) and were detected by a GaAs PMT (Hamamatsu, R943-02) in 

conjunction with a photon counting and data acquisition system . 

For the PLE measurement, continuous light from a 250 W tungsten halogen 

lamp dispersed by a 0.25 m monochromator (SPEX 1681) was used as a tunable 

excitation source. The detection spectrometer was set at the wavelength corre

sponding to the PL peak position for each sample. The PLE signals were detected 

in a way similar to that of the PL measurement using a 0.5 m monochromator 

( Chromex 5001S /SM). 

For the PR measurements, the 3250 A He-Cd laser beam chopped with a 

frequency of 200 Hz was used to provide a repetitive modulation to the samples 
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and continuous light from a 250 W tungsten halogen lamp dispersed by the 0.5 

m monochromator was used as the probe beam. The collected luminescence and 

reflectance signals were detected by a UV enhanced Si photodiode followed by a 

lock-in amplifier and data acquisition system. 

Experimental results 

The PL spectra exhibit a single excitonic emission line for all the samples 

used in this study except the sample with four submonolayer SQW's. Fig. 31 

shows the PL spectra from 1, 2, 3, and 4 ML CdSe/ZnSe SQW samples at 10 

K and atmospheric pressure. The PL signals from all samples exhibit a single 

emission peak with the characteristic of a typical lowest confined r-r excitonic 

transition. Since the heavy-hole band edge is higher than the light-hole band edge 

in this CdSe/ZnSe QW system due to the compressive strain in CdSe well layers, 

this transition is associated with the lowest confined electron and heavy-hole states, 

f 1e-f lhh· The full width at half maximum (FWHM) of the f1e-f ihh emission is 

about 15 meV for the 1 ML SQW sample and about 35-40 meV for the other 

three. Under the same excitation conditions, the PL intensity of the 4 ML SQW 

sample decreases by a factor of 10 compared to the other three SQW samples with 

narrower wells. 

In Fig. 32, the PL spectrum taken from the 'fractional' SQW sample with 

nominal submonolayer QW's is shown. Although the emission lines from the four 

wells in the sample overlap, the PL spectral structures associated with 1/ 4 and 1 

ML wells can be well resolved. The FWHM is about 5 meV for the emission line 

corresponding to the nominal 1/4 ML well in the sample. The relative difference 

in intensities from different wells in this sample is due to the structure of the 

sample. Since the sample was grown with wide wells on the top of narrow wells 

as shown in Fig. 30, the 325 nm excitation source is absorbed by the wider wells 

near the surface and by the ZnSe barriers resulting in a decrease in excitation 

intensity for the narrower wells which are deeper in the sample. The PL intensity 
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Figure 31. Photoluminescence spectra taken from CdSe/ZnSe SQW's with differ
ent well widths. The curves are vertically displaced for clarity. 
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Figure 32. Photoluminescence spectrum of the CdSe/ZnSe SQW sample with 
nominal submonolayer CdSe wells. The major reason of the weak 
intensity for narrower well is that signal from narrower wells will be 
reabsorbed by wider wells (see the band diagram in Fig. 30). 
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from the narrower wells could be further reduced due to the reabsorption of their 

luminescence by the wider wells. 

Fig. 33 shows the comparison of PL and PR spectra at 80 K obtained from 

the CdSe(3 A)/ZnSe(163 A) MQW's. Both PR and PL spectra show the lowest 

confined transition, r 1e-r Ihh. The other spectral structure at around 2.8 e V is 

the transition associated with the ZnSe barriers and the buffer layer. In the PR 

spectrum, the other transition around 2.65 meV is related to the light-hole in the 

ZnSe barrier. This will be shown from the calculation result for the confinement 

energies in this system. The FWHM of the I' 1e-I'Ihh emission lines observed in 

the MQW samples are more than twice as broad as that from the SQW samples 

with the same well widths, mainly due to the layer thickness fluctuations in the 

MQW's. In these two MQW's, the energy positions of the f 1e-I'ihh emission line 

are significantly lower than their counterparts in the SQW's. 

The experimentally observed energy positions of r ie-r Ihh transitions from 

the all .samples studied in this work are plotted in Fig. 34 as a function of the well 

width (number of monolayers). As shown in the figure, the difference in energy 

positions between the r ie-r Ihh transitions from SQ W's and MQW's with identical 

CdSe layer thickness is quite large. From this figure one can also see that the ex

perimentally obtained PL spectral range ( 450-577 nm) from the CdSe/ZnSe QW's 

used covers virtually the entire blue-green region as the CdSe layer thickness varies 

from nominal 1/4 ML to 4 ML's. This suggests that the all-binary CdSe/ZnSe 

system is promising in the development of optoelectronic devices operating at the 

short wavelength range of the visible region. 

Analysis and discussion 

When a CdSe layer is coherently grown on a ZnSe buffer layer, the CdSe 

layer will experience a compressive biaxial strain on the plane perpendicular to the 

growth direction due to the larger lattice constant of bulk cubic CdSe compared 

to that of the bulk ZnSe. The lattice constants are 6.052 A and 5.668 A for bulk 

cubic CdSe and bulk ZnSe, respectively [75]. ~ The calculated strain on the CdSe 
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Figure 33. Photore:flectance (top) and photoluminescence (bottom) spectra from 
the CdSe(3 A)/ZnSe(163 A) MQW sample. Both PR and PL spec
tra show the lowest confined transition, r ie-r Ihh. The other spectral 
structure at around 2.8 eV is the transition associated with the ZnSe 
barriers and the buffer layer. In PR, the transition around 2.65 meV 
is related to the light-hole. The FWHM of the lowest confined tran
sition is about 30 meV which is twice as large as that of SQW. 
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100 

using Eq. (6) in this CdSe/ZnSe system is about 6.78 %. Using the deformation 

potential theory, the effects of the compressive strain on the CdSe band structure 

at the I'-points are shown in Fig. 35. 

The transition energies between the lowest confined electron and heavy-hole 

states in SQW's were calculated by both a simple square potential well model and 

an envelope function approximation. In the calculation, the SQW's with a well 

width less than one monolayer were assumed to form a Cd:i:Zni-:i:Se alloy with an 

effective thickness of 2 ML as suggested by Zhu et al. [12]. Then, the alloy com

position can be estimated depending on the nominal thickness of submonolayers. 

For example, 1/4 monolayer is equivalent to x=0.125 and one monolayer is equiv

alent to x=0.5. The numerical results are compared with experimental data in 

Fig. 34. After considering the exciton binding energy of -20 meV [12], which was 

not included in the calculations, calculated results agree well with experiments for 

narrow QW's. However, a larger deviation exists between the calculation and the 

experiment for wider well samples. The reasons for this deviation might be that 

parameters for bulk CdSe are not well known and that our calculation might be 

somewhat simple for this structure. The confinement energy calculations showed 

only one confined electron level for all QW samples. The calculations also indi

cated that Type-II QW structure was formed for the light-hole band as shown in 

Fig. 35. Parameters used for the calculation of the strain effect and confinement 

energies in CdSe/ZnSe QW system are listed in Table V. 

We observed a considerable decrease of PL intensity in the 4 ML SQW sam

ple. The other SQW samples with narrower well widths (1, 2, and 3 ML) exhibit 

about the same emission intensity. It is well known that the decrease of PL inten

sity in a QW, particularly in a strained QW, usually indicates poor sample quality. 

Since CdSe/ZnSe is a highly lattice-mismatched strained system, the considerable 

decrease of the PL intensity in the 4 ML SQW sample (Fig. 31) is most likely due 

to the partial relaxation of the built-in strain. This occurs when the CdSe layer 

thickness exceeds the critical limit for the coherent growth of the strained layers. 

Misfit dislocations will be generated when this happens. 
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TABLE V. 

Parameters used for the theoretical calculations for CdSe/ZnSe QWs. Lattice 
constant, a; elastic stiffness constants, Cij; hydrostatic and shear deformation 

potential, a and b; effective masses, m*; split-off bandgap energy, .6.. 

Parameters 

a (A) 

E9 (eV) 

C11 (1011 dyn/ cm2) 

C12 (1011 dyn/ cm2) 

a (eV) 

b (eV) 

m; (emu) 

mhh (emu) 

mih (emu) 

.6. ( eV) 

· * Landolt-Borstein [75] 

tPollak [23] 

+People et al. [76] 

CdSe 

6.052* 

1. 765* 

6.67* 

4.63* 

-3.66t 

-a.st 

0.13* 

0.45* 

0.12* 

0.416* 

ZnSe 

5.668* 

2.821* 

8.26* 

4.98* 

-5.s2t 

-1.2t 

0.16* 

0.6* 

0.15* 

0.403* 
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Effects of hydrostatic pressure 

Fig. 36 shows a typical low temperature PL spectra of the 2 ML CdSe/ZnSe 

SQW taken at different pressures. The strong excitonic emission associated with 

the I'1e-rlhh transition shifts towards higher energy as pressure increases. Other 

SQW samples showed similar behavior in the PL spectra under hydrostatic pres

sure. The effect of hydrostatic pressure on the I'1e-rlhh transitions in the 1-4 ML 

SQW's is shown in Fig. 37. The experimental data (symbols) were fit by the least

squares method (lines). The 1 and 2 ML SQW samples show a typically linear 

dependence of the r ie-r Ihh transition on pressure, while an appreciably smaller 

pressure dependence with considerably strong sublinear behavior was obtained for 

the 3 and 4 ML SQW samples. The experimental data were fit using equations: 

{ 
E(P) = E(O) + aP, 

E(P) = E(O) + aP + (3P2, 

for 1 and 2 ML SQW's 

for 3 and 4 ML SQW's, 
(83) 

where E(O) is the I'1e-I'ihh transition energy at ambient pressure. The linear and 

quadratic pressure coefficients are denoted by a and /3. In Table VI , the resulting 

pressure coefficients for these samples are listed along with values of ZnSe and 

wurtzite CdSe in bulk form. The I'1e-rlhh transition energies at ambient pressure 

are also given in the Table VI. 

As clearly shown in Table VI, the pressure coefficients are dependent on the 

well width. The linear pressure coefficients of the r ie-r Ihh transitions decrease with 

increasing well width. Such a phenomenon can be attributed to a combination of 

several competing mechanisms [122,123,38,44,41,45,42]. Application of pressure on 

a QW induces a change of the barrier height of the QW due to the different pressure 

coefficients of the band gaps of the barrier and well materials. In CdSe/ZnSe 

QW's, the pressure coefficient of bulk ZnSe is greater than that of CdSe resulting 

an increase of the barrier height with increasing pressure. This increase of the 

barrier height with pressure results in increasing confinement energy and eventually 

increases the pressure coefficients. The pressure also decreases the lattice constant 

and consequently reduces the well width resulting in an increase in the confinement 
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Figure 36. Typical 10 K PL spectra taken at different pressures from the 2 
ML CdSe/ZnSe SQW. The strong excitonic emission associated 
with r ie-r lhh transition shifts towards higher energy as pressure 
increases. The same phenomenon of pressure dependence of the PL 
spectra was observed in all other SQW samples. 
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TABLE VI. 

Energy positions of the r 1e-r Ihh emissions and their pressure dependence 
obtained from CdSe/ZnSe SQW's. The Pressure coefficients of cubic and 

hexagonal CdSe bulks are also listed. 

106 

Samples E(O)( e V) dE / dP( me V/ kbar) d2 E / dP2 ( me V/ kbar2 ) 

1 ML 

2ML 

3 ML 

4ML 

ZnSe 

CdSe 

*Shahzad et al. [119] 
tves et al. [120] 

+Mei et al. [121] 

2.723 

2.580 

2.316 

2.134 

2.812 * 

1.738 + 

6.1 

5.7 

5.6 -3.3 

5.4 -4.3 

6.6 t -1.5 t 

5.8 + 
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energy in a QW. The pressure also increases the electron effective mass reducing the 

confinement energy and consequently affecting the exciton binding energy [123]. 

In a QW, the confinement energy increases as the well width decreases. This 

means that the confinement level is getting close to the band edge of the barrier. 

For the narrow well, therefore, the wave functions in the well will be more delo

calized into the barrier. This delocalization makes the pressure coefficient follow 

that of the barrier material. For the CdSe/ZnSe system, the pressure coefficients 

of the lowest confined transitions are expected to be close to. that of bulk ZnSe. 

Therefore, the pressure coefficient of the lowest confined transitions will increase . 

with decreasing well width. As the well width increases, the pressure coefficient 

is expected to be close to that of bulk cubic CdSe. Despite the many factors for 

the reduction of the pressure coefficients with well width, the delocalization of the 

wave functions into the barrier is expected to be the major factor for the change 

in the pressure coefficient because our CdSe/ZnSe samples have very narrow wells 

( < 4 ML). 

Strain relaxation in the 3 & 4 ML SQW's It is worthwhile to note the 

substantial sublinear pressure dependence of the r ie-r lhh transitions from the 3 

and 4 ML SQW's. This pronounced sublinearity of the pressure dependence of 

the f 1e-f ihh transitions observed from 3 and 4 ML SQW's can be attributed to 

the permanent relaxation of the built-in strain in these two samples as discussed 

below. 

The elastically accommodated strained layer on a substrate can be relaxed 

if external pressure applied on the heterostructure induces misfit stress larger 

than the misfit-dislocation line tension. Even though the external pressure is hy

drostatic, lattice relaxation can happen with a small applied pressure when the 

strength of the two forces are comparable. This phenomenon may happen in the 3 

ML CdSe/ZnSe SQW sample. If the highly strained CdSe layer in the 3 ML SQW 

is at the margin of the critical thickness, the built-in strain in the CdSe on the 

ZnSe can start to relax with applied pressures. Dislocations then appear at the 

heterointerfaces as a result of pressure induced lattice relaxation. The short-range 
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potentials of the dislocations will perturb the wave functions of quantum states 

confined to the well and give rise to variations of the pressure dependence of those 

states. This gives a reduction of the pressure coefficient of the f 1e-f Ihh transition 

and produces a significantly strong sublinear pressure dependence in the 3 and 4 

ML SQW samples. 

The evidence of the strain relaxation in the 4 ML SQW sample can be demon

strated by comparing PL and PLE spectra from all CdSe/ZnSe SQW samples taken 

at atmospheric pressure. As shown in Fig. 31, the reduction of PL emission in

tensity in the 4 ML sample may indicate its poor quality. Further demonstration 

of the strain relaxation in the 4 ML SQW can be achieved from PLE results in 

the energy region of the ZnSe band gap as shown in Fig. 38. For the 3 ML SQW 

sample, a huge increase of PL emission intensity occurs when the excitation photon 

energy is above the ZnSe band gap due to the significant change of the density 

of states, whereas such an increase is almost completely washed out for the 4 ML 

sample. The diffusion of photoexcited carriers created inside the ZnSe buffer layer 

towards the QW region is drastically decreased by numerous nonradiative defects 

such as dislocations induced by the strain relaxation. These nonradiative defects 

result in a significant reduction of the PL emission intensity and in the quenching 

of the PLE signal in the 4 ML sample. The PL and PLE spectra taken from the 3 

ML sample at atmospheric pressure do not show significant differences from those 

of the samples with narrower well widths. This implies that 3 ML of CdSe layer in 

the CdSe/ZnSe SQW is still less than the critical thickness. Thus, strain relaxation 

is at least partially responsible for the substantial sublinear pressure dependence of 

interband transitions in the 3 and 4 ML CdSe/ZnSe SQW's. All our experimental 

results imply that the critical thickness of the CdSe layer in the CdSe/ZnSe QW's 

is less than 4 ML. 



109 

CdSe/ZnSe SQWs 

16K PLE 

3ML 

4ML 

2.5 2.6 2.7 2.8 2.9 3.0 

Photon Energy ( e V) 

Figure 38. PLE spectra obtained near the ZnSe band gap for 3 ML and 4 ML 
SQW samples at atmospheric pressure. 
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Estimation of critical thickness 

As shown in Fig. 6, there is a limited thickness of a strained epilayer grown 

commensurately on a substrate without the generation of any lattice-relaxed dis

locations. There have been numerous theoretical estimates of the qitical thickness 

of epilayers using various approaches, such as equilibrium of forces [11,124] and 

energy equilibrium conditions [40]. By considering the balance between the force 

exerted by the misfit strain and tension in the dislocation line, the critical thickness 

he, for the formation of misfit dislocations can be calculated by the self-consistent 

equation [124] 

he= b(l - vcos2 0) In (he+ l), 
21r (1 + v) £cos,\ b · 

(84) 

where b is the length of the Burgers vector of the dislocation. The Poisson ratio 

of the mismatched layer is denoted by v. s is the strain in the layer obtained by 

Eq. (6). The angle between the dislocation line and its Burgers vector is denoted 

by ,\, and () is the angle between the slip direction and that direction in the plane 

of the layer which is perpendicular to the line of intersection of the slip plane and 

interface. The values of these parameters are; b = 0.04nm, v = 0.38, £ = 0.067, ,\ = 
1r/3, () = 1r/3 [11]. 

The critical thickness evaluated using Eq. (84) is valid for a single epitaxial 

strained layer with one interface. For a strained layer with a cap layer, such as 

the QW structure, the value of the critical thickness will be twice as large because 

dislocations can be formed at both interfaces. For the case of a SL with both 

strained layers, the value will be four times larger than the case of single strained 

epilayer. In these multilayer cases, the growth rate of the epitaxial layers should 

be high enough that the strained layer does not have time to relax before the next 

layer starts to form [124]. If the lattice constant of the substrate or buffer layer 

is same as one of the layer material, only other layers will have strain. Therefore, 

when we consider that ternary and quaternary alloys with intermediate lattice 

constants can usually be grown, it is apparent that an enormous range of material 

combinations are available for commensurate strained layer structures. 
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By considering that two dislocations will be formed, one at each of the QW 

interfaces, the estimated critical thickness of the CdSe layer in a CdSe/ZnSe QW 

grown on ZnSe is about 16 A, which corresponds to "' 5 ML. The discrepancy 

between the critical thicknesses derived from the experiment and the theoretical 

estimation could be due to the imperfections in the sample. 

MQW and SQW 

We also note that the r-confined transition energies obtained from both 

MQW's are about 100 meV lower than those from SQW counterparts. Similar 

observations were reported by Zaj~cek et al. [113]. It is known that for strained 

superlattice and QW structures to be coherent with the substrate or buffer layer 

the individual layers must be thinner than their own critical thicknesses and the 

overall thickness of the structure as a whole must be also lower than some critical 

value [125,100]. When a well layer thickness or the thic~ness of the whole struc-
1 

ture is greater than the critical value, the built-in strain will relax and arrays of 

dislocations will appear. As a result, a red shift of the photoluminescence peak can 

be observed with respect to the completely strained system. Since CdSe/ZnSe is a 

highly strained system with about 6.78 % of lattice mismatch, the whole MQW's 

thickness might be over the critical limit for a coherently strained structure. The 

lower PL emission position observed in MQW's compared to SQW's suggests that 

the MQW samples are at least partially relaxed. This can be qualitatively demon

strated by the PLE spectra in the energy region of the ZnSe bandgap as shown 

in Fig. 39, where a comparison of the 1 ML MQW with the 1 ML SQW is given. 

The increase of the PL emission observed in the SQW with the excitation energy 

above the ZnSe bandgap is almost completely washed out in the MQW's. This 

occurs because the number of carriers created in the buffer layer which diffuse into 

the MQW region are severely decreased by numerous nonradiative defects such as 

dislocations at and near the interface between the MQW structure and the ZnSe 

buff er layer. 
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Figure 39. Photoluminescence excitation spectra obtained near the ZnSe band gap 
for lML SQW and MQW samples. The detection wavelengths were 
set to the respective PL peak positions of the samples. 
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Franz-Keldysh oscillation 

Finally, as shown in Fig. 40, some oscillatory structures were observed in 

PLE spectra for all SQW samples. These structures are probably not related 

to higher confined levels in these QW's because the well width of samples are so 

narrow that theoretical calculation predicted only one confined electron level for all 

SQW samples. The possibility of this oscillatory structure as thin film interference 

was also eliminated because the periodic pattern didn't satisfy the formula for 

the interference. Also, the positions of the extrema in the oscillatory structures 

remained unchanged when the incident angle of the excitation light source was 

changed. Furthermore, since the energy differences between peaks are not the 

same and those peaks are not sharp, these peaks are not related to any phonon 

replicas. 

When an electric field is built-in a QW or an electric field is externally applied 

on a QW, the electric field will change the shape of the quantum well destroying the 

symmetry of the quantum well structure and consequently changing the selection 

rules in the QW. In the presence of an electric field, previously unallowed transi

tions can be observed by destruction of the inversion symmetry of the QW. For 

example, the transition associated with ls exciton is not allowed in the two-photon 

absorption in a symmetric QW with the polarization perpendicular to z-direction 

(126]. From the two-photon PLE spectra from these SQW samples, the transi

tion associated with the n = 1 heavy-hole ls exciton was observed, implying the 

destruction of the selection rules in the symmetric QW (127]. This suggests that 

there may be a built-in field in these SQW samples ,resulting in the oscillatory 

behavior in the PLE spectra. 

If so, this built-in field may modulate the subband edges producing the os

cillatory pattern in the absorption spectra. This phenomenon is know,n as Franz

Keldysh effect. From the extrema of this oscillation, we may be able to estimate 

· the built-in field in the CdSe/ZnSe QW's . The extrema in FKO are given by (53] 

_ ( 4 ) [ 3/2 m1r - cp + 37!" (Em - E9 ) /nO] , (85) 
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Figure 40. PLE spectra obtained from 3 ML and 4 ML CdSe/ZnSe SQWs at 
atmospheric pressure. The oscillatory structures were observed in 
PLE spectra of all SQW samples. The oscillation is shown not to 
be the interference pattern but to be Franz-Keldysh oscillation due 
to the built-in field. 



115 

where mis the index of the mth extrema, cp is an arbitrary phase factor, Em is the 

photon energy of the mth extrema, E9 is the energy gap (here, EPL), and td} is the· 

electro-optical energy: 

(86) 

where µ is the reduced interband effective mass for the electron and heavy-hole 

pair in the direction of electric field F: 

1 1 1 -=-+-. 
µ m: mh 

(87) 

- Plotted in Fig. 41 is the quantity (4/371') (Em - E9 ) 312 as a function of m for the 3 

and 4 ML CdSe/ZnSe SQW samples. The solid lines are least squares fits to Eq. 

(85). The slope of the solid line will be values of (1i0)3/ 2• Thus, using Eqs. (85) 

and (86), the built-in field F can be obtained by 

F = Fµ (1i0)3f2 . 
e1i 

(88) 

The calculated built-in field in the CdSe/ZnSe QW's are 1.36 x 105 and 

1.35 x 105 V / m for 3 ML and 4 ML samples, respectively. This field may be 

generated by the strain induced polarization. However, the reason for the built-in 

electric field in CdSe/ZnSe QW's is not clear at this moment, because it is known 

that the strain-induced piezoelectric field in a QW structure grown in [001] is zero, 

although it can be obtained in the strained QW's grown in the other directions 

such as [111] direction (128]. 

Conclusions 

We have studied the optical properties of a variety of MBE grown highly 

strained CdSe/ZnSe QW samples (6.78 % of lattice mismatch} using low temper

ature PL, PLE, and PR measurements. High pressure photoluminescence mea

surements have also been performed to study the effect of hydrostatic pressure on 

strained CdSe/ZnSe SQW's with 1-4 ML of CdSe well width. 

In general, the direct interband transitions from samples with well widths 

from 1/4 to 4 ML are found to vary in energy from 2.15 to 2.78 eV (450-577 nm), 
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which covers almost the entire blue-green color range useful for optoelectronic 

device operation. Under applied pressure, the lowest confined excitonic transition 

peaks shifted to higher energy and their pressure coefficients are found to depend 

on the CdSe layer thickness. In particular, the excitonic interband transitions 

in the samples with 3 and 4 ML CdSe wells are found to show strong sublinear 

pressure dependence. A significant decrease in both the observed PL intensity and 

PLE signal level near the ZnSe band gap in the 4 ML sample indicates relaxation 

of the built-in strain has occurred. From this observation, it can be further inferred 

that the maximum number of monolayers of CdSe layer to be pseudomorphically 

grown on ZnSe to form a coherent QW structure should be less than four. The 

theoretically estimated the critical thickness of the this QW system was about 5 

ML giving a good agreement. 

The theoretical calculations for the strain effects on the band edges in this 

CdSe/ZnSe QW structure indicated that the light-hole band is formed as Type-II 

while the heavy-hole band edge is Type-I. The results of the confinement energy 

level calculations showed that these wells in these samples have only one confined 

electron and hole bands. 

The discrepancy in the energy positions of inter band transitions between the 

SQW and MQW samples with the same CdSe layer thickness is attributed to the 

strain relaxation occurring from the overall thickness of the MQW structure as a 

whole surpassing the critical limit for pseudomorphic growth of coherent strained 

MQW's. 

The interesting observation of the oscillatory behavior in the PLE spectra 

for SQW's seems to be the Franz-Keldysh oscillation which might be due to the 

large strain induced built-in field. The estimated field is of the order of 105 V /m. 

The origin of the field is not clear at this point. 



CHAPTER VII 

CUBIC GaN EPILAYER GROWN ON A GaAs 

SUBSTRATE 

Introduction 

Recently, the wide band gap III-V nitrides have attracted enormous attention 

because of their importance in the science and technology of high temperature elec

tronics and light-emitters operating in the blue and ultraviolet wavelength range 

[129]. There have been many efforts devoted to the preparation of high quality 

GaN crystals and epitaxial films using a variety of growth techniques on different 

substrates (130-137]. Although the normal crystal structure of GaN is wurtzite 

(hexagonal), GaN thin films have been successfully grown on semiconductor sub

strates with zinc blende structure by molecular beam epitaxy (MBE) and chemi

cal vapor deposition (CVD) techniques [131,134,135,137]. Theoretical calculations 

predict that zinc blende GaN has a direct band gap at the center of Brillouin zone 

(r~- f 15 ) [129,138,139]. So far, there have been a number of reports on the optical 

properties of GaN samples grown with .different techniques (135,140-143]. It has 

been generally found that the PL spectra from GaN samples at atmospheric pres

sure, especially for GaN in the cubic phase, are quite complicated with multiple 

peaks near the band gap superimposed upon each other. It has been suggested that 

these spectral features are associated with various recombination processes such as 

free electron-bound hole (FB) and donor-acceptor (DA) pair transitions (135,141]. 

Even though the values are controversial, some physical properties for cubic and 

wurtzite GaN are listed in table VII. In this chapter, for the first time, the results 

are presented of the hydrostatic pressure dependence of low-temperature PL from 
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TABLE VIL 

Some physical properties of the cubic and hexagonal GaN [144]. 

Band gap energy 

T=300 K 

T=l.6 K 

Lattice Constant 
T=300K 

*Ref. (145] 

zinc blende GaN 

3.30±0.02 eV 
3.45 eV 
3.2 eV 
3.231±0.008 e V* 

3.302±0.004 e V* 

a=4.42-4.55 A 
a=4.54 A 
a=4.531 A 
a=4.5 A 
a=4.52±o.oo5 A 

wurzite GaN · 

3.39 eV 

3.50 eV 

a=3.189 A 
c=5.185 A 
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a zinc blende GaN epitaxial thin film grown on a (100) GaAs substrate by MBE 

over a pressure range up to 50 kbar. 

Experimental results and discussion 

The GaN thin film sample use1jn this work was grown on a semi-insulating 

(100) GaAs substrate by MBE [146]. Before the growth of the GaN epilayer, a 

GaAs buffer layer about 0.5 µm thick was grown to provide a clean and defect-free 

surface for the GaN deposition. The GaN was grown at approximately 620 °C. The 

thickness of the GaN film is about 1.8 µm. X-ray rocking curves were taken from 

the sample to verify the zinc blende crystal structure [146]. PL measurement was 

performed at 10 K on the GaN sai:nple under hydrostatic pressure. The 3250 A 
line of a HeCd laser was used as the excitation source. The PL signal was collected 

in the backscattering geometry, dispersed by a 0.85 m double-grating spectrometer 

(SPEX1403) and measured using a photon counting system and a data acquisition 

system. The S-20 PMT was used for a detector. 

There are a variety of ,possible transitions in a bulk semiconductor, as shown 

in Fig. 42. Some representative PL spectra of the cubic GaN measured at different 

pressures are shown in Fig. 43. The PL spectra show several resolved emission 

peaks which are indicated by arrows and labels of a, b, c, and d in the order of 

descending energy. The energy positions of those peaks measured at atmospheric 

pressure are (a) 3.472, (b) 3.268, (c) 3.199, and (d) 3.115±0.005 eV, respectively. 

At lower energies a few more spectral structures are observed, however, their energy 

positions could not be reliably obtained due to the weak signal level. Under applied 

pressure, all the spectral features shift to higher energy, which indicates that all 

the transitions are associated with the GaN band structure. The luminescence 

intensity of each individual structure in the spectrum decreases and the overall 

line shapes broaden as the applied pressure is increased. As shown in Fig. 43, a 

decrease of about a factor of five in intensity was observed at the highest pressure 

employed. 
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Figure 42. Schematic representation of various transitions in a bulk semiconductor. 
Transitions are associated with (a) band to band, (b) exciton, ( c) 
free electron-bound hole, ( d) bound-free hole, ( e) donor-acceptor 
(DA) pair, (f) deep center (DC). Ex, D, and A are states of exciton, 
donor, and acceptor, respectively. 
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Figure 43. PL spectra of the GaN sample at several different pressures. The 
resolved luminescence peaks are indicated by arrows with different 
labels. An additional peak labeled by e shows up at pressures higher 
than 25 kbar. 



123 

The spectral feature a broadens and the signal-to-noise ratio decreases grad

ually with increasing pressure and finally becomes unresolvable. A very weak 

phonon-replica-like spectral structure with an energy 50 meV below the peak can 

also be observed in the PL spectrum measured at atmospheric pressure. This peak 

has been attributed to the luminescence from wurtzite GaN clusters formed in the 

cubic GaN thin film [146-149]. The strong sublinear pressure dependence of this 

peak, as shown in Fig. 45, and its broadened line shape at high pressure can be 

attributed to nonuniform local stress on wurtzite GaN domains. The predominant 

emissions b and c most likely originate from the radiative recombination associ

ated with free electron-bound hole (FB) and donor-acceptor (DA) pair transitions, 

respectively [135,139,143]. 

We have performed a temperature dependent PL measurement on the sam

ple to provide more information for the identification of these transitions. Fig. 44 

shows PL spectra taken at different temperatures. As the temperature is increased, 

the luminescence intensity of peak c is found to drop drastically relative to that of 

peak b. Also, the line shape of peak c becomes slightly narrowed at higher tem

peratures before the peak disappears. This behavior of peak c is a characteristic of 

donor-accepted pair luminescence [150]. Peak b becomes the predominant feature 

of the whole spectrum at temperatures above 100 K. The significant decrease in 

the PL intensity of peak c at temperatures above 100 K is presumably due to the 

quenching of DA emission by thermal ionization. 

One interesting observation as a result of the application of pressure on the 

sample is that another luminescence structure, marked bye in Fig. 43, emerges 

in between peaks c and d, gradually becoming well resolved at pressures above 30 

kbar. Apparently this new structure could not be observed at atmospheric pressure 

since it is weak and superimposed on the other spectral features. 

In Fig. 45, the change in energy position for each marked peak is plotted 

as a function of applied pressure. The solid lines drawn through the experimental 

points represent least-squares fits using the quadrat1c equation 

(89) 
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Figure 44. PL spectra of the GaN sample at different temperatures. The significant 
decrease in the PL intensity of peak c at temperatures above 100 
K is presumably due to the quenching of DA emission by thermal 
ionization. Spectra were vertically shifted for a clarity. 
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Figure 45. The variations of the energy positions for different PL emission struc
tures of cubic GaN shown in Fig. 43 as a function of the hydrostatic 
pressure. The sold lines drawn through the experimental data points 
represent least-squares fits. 
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where i denotes different transitions such as FB and DA. Also, Ei (P) and Ei (0) are 

the transition energies of the peak i measured at the pressure P and at atmospheric 

pressure (P = 0), respectively. In Eq. (89), ai = dEi/dP and /3i = d2Ei/dP2 rep

resent the linear and quadratic pressure coefficients of the peak i, respectively. 

Table VIII lists the linear and quadratic :pressure coefficients of the various ob

served transition energies determined using the above Eq. (89). The transition 

energies for these peaks from the cubic GaN sample at atmospheric pressure are 

also listed. The band gap transition energy at atmospheric pressure and its pres

sure coefficient for the GaN in wurtzite structure are listed for comparison [151]. 

As seen in Table VIII, the pressure dependence of FB and DA transitions are 

comparable with the pressure coefficient of the band gap of bulk hexagonal GaN 

[151]. The larger values of the linear and quadratic pressure coefficients for DA 

transition compared to those of the FB transition are due to the uncertainty in 

determining the peak position because this peak overlaps with the emission feature 

e in the low pressure range. The pressure coefficients of the FB and DA transitions 

can be approximately regarded as those for the fundamental band gap of GaN 

in zinc blende structure, since the electronic states involved in the recombination 

processes for these two transitions can be described within the frame of the effective 

mass approximation and are expected to closely follow their respective band edges. 

Therefore, our results provide a measure of the pressure coefficient for the band 

gap of cubic GaN. In fact, the pressure coefficient of the FB transition should be 

considered to be more accurate than that of the DA transition because in the latter 

transition process a Coulombic interaction term needs to be taken into account. 

Both emission structures d and e show that they have much smaller pressure 

coefficient than those of transitions b (FB), c (DA), and a. Such small pressure 

coefficients of peaks d and e rule out the possibility that they may come from 

phonon replicas. These two peaks do not follow any observed emission peaks with 

pressure as expected from phonon replicas. They most likely originate from the 

radiative recombination associated with some deep centers. This is because the 

pressure dependence of the energy level of a deep center is mainly determined by 
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TABLE VIII. 

Energy positions and pressure coefficients for the various PL emission strucutres 
observed in this work and for the wultzite GaN band gap. 

a 

b(FB) 

c(DA) 

d(DC2) 

e(DCl) 

EJlex(GaN)t 

E(O) 
(eV) 

3.472 

3.268 

3.199 

3.115 

3.20 ± 0.005* 

3.503+ 

a= dE/dP 
(meV/kbar) 

4.0(4) 

4.4 

4.5(7) 

2.7 

1.8(8) 

4.2(2)+ 

/3 = d2 EjdP2 

(meV/kbar 2 ) 

-3.4 

-1.7 

-2.8 

-1.5 

*Obtained by extrapolating linearly from data points at high pressures. 
tBulk crystal in wurtzite structure. 
+ Landolt-Bornstein, New Series [151] 
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the composition of its wave function, which could consist of contributions from the 

whole of k-space and from many bands [3]. Consequently, its pressure derivative 

depends on the composition of its wave function and does not follow any particu

lar band edge. For example, the pressure coefficients of the donor-like deep level 

will be primarily determined by the pressure dependence of the average of differ

ent conduction band valleys [152]. The difference in the pressure coefficients of 

the emission peaks d and e suggests that their radiative recombination processes 

involve two different deep centers. Deep centers can be associated with different 

impurity species or various crystal defects, for example, vacancies can lead to dif

ferent PL energy positions and pressure dependences. However, this is an issue 

requiring further study. By extrapolating the high pressure data, the energy po

sition of the deep center related emission e at ambient pressure was estimated to 

be around 3.20 eV. 

Conclusion 

PL measurements on zinc blende GaN grown by MBE on a GaAs substrate 

have been performed at 10 K under hydrostatic pressure up to 50 kbar. The abun

dance of PL spectral structures indicates that a variety of radiative recombination 

processes are present. Among them, the free electron-bound hole (FB) and donor

acceptor pair (DA) transitions are the predominant processes. All PL structures 

shift to higher energy as the pressure increases. From these shifts, their pressure 

coefficients were determined. The pressure coefficients of the free electron-bound 

hole (FB) and donor-acceptor (DA) transitions obtained in this work can be used 

to describe the dependence of the fundamental band gap of cubic GaN based on 

the effective mass approximation. Application of pressure on the sample also re

veals the existence of an additional luminescence structure, which is not observed 

at atmospheric pressure. The pressure coefficients of this pressure-induced peak 

and another peak are found to be much smaller compared to those of the FB and 

DA transitions. This suggests that their recombination processes are associated 

with some deep centers. 



CHAPTER VIII 

SUMMARY 

Optical properties of strained semiconductor heterostructures have been in

vestigated using various optical spectroscopic techniques, such as photolumines

cence, photoluminescence excitation, photoreflectance and photomodulated trans

mission measurements. The effects of hydrostatic pressure on the optical interband 

transitions have been studied using a high pressure diamond anvil cell. In this 

study, it was shown that the hydrostatic pressure technique is a powerful tool for 

the optical investigation of semiconductors, both bulk and heterostructures. 

The following samples, all strained, were studied in this work: GaAs/ 

GaAsxP1-x MQW's, lnAsxP1-x/lnP MQW's, and CdSe/ZnSe binary QW's, and 

a cubic GaN epilayer. In Table IX, a summary of the built-in strain in these sam

ple structures is presented. As shown in the table, the CdSe/ZnSe QW structure 

and cubic GaN epilayer have extremely high strain. The presented experimental 

results show that the successful growth of highly strained heterostructures allows 

many possible combinations of semiconductor materials providing the freedom to 

tailor the band gap. The deformation potential theory and envelope function ap

proximation have been used to obtain the band alignment and interband transition 

energies as discussed in Chapter II. 

One of the typical effects of pressure on the interband transitions in a QW 

is that a pressure induced f-X crossover can be expected with a drastic decrease 

of PL intensity and with the appearance of a new X-characteristic peak. In a 

GaAs/GaAs0.32 P0.68 SMQW, we have observed this pressure induced f-X crossover 

clearly. From this crossover we could determine the band offsets in the QW struc

ture. The unstrained valence band offset for this sample was determined to be 
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0.09 ± 0.02 eV which corresponds to roughly 75:25 distribution in conduction and 

valence band offsets, Qv = D..Ev/ D..E9 = 0.25. This is the first band offset result 

obtained using the pressure-optical technique in the GaAs/GaAsi-xP :z: SMQW sys

tem. From the nature of the pressure-optical technique, this result is more direct 

and accurate than other indirect methods mentioned in Chapter IV. 

We have also observed an emission associated with a deep center and 

its phonon replicas, which appeared at pressures higher than 17 kbar in the 

GaAs/GaAso.3gP0.s1 SMQW. With the analysis of the pressure dependent PL re

sults, this level is attributed to donor-like deep center which is in the resonant state 

in the GaAs well layer located about 200 me V above bottom of the conduction 

band of GaAs. These deep levels did not allow the observation of the pressure in

duced r-X crossover by acting as capture centers for the cross-interface electrons. 

However, there was clear evidence of the pressure induced r-X crossover from the 

drastic reduction of the PL intensity. This result indicates that the observation of 

the pressure induced r-X crossover in QW's requires samples with good interface 

quality. The interface quality is not the only requirement in QW's to observe the 

pressure induced r-X crossover. Even though a QW sample has very good quality 

interfaces, we may not be able to observe the pressure induced r-X crossover. This 

is the case when the energy difference between the X-band edge of the barrier and 

r-band edges are so large that the crystal phase change occur before the pres

sure reaches for the r-X crossover. Since II-VI QW systems, such as CdSe/ZnSe 

QW's, usually have a large band gap energy at the X-point, it may be impossible 

to observe the pressure induced r-X crossover in these systems. 

Excitonic interband transitions in InAsxPi-x/InP SMQW's have been in

vestigated in Chapter V using low temperature PL, PLE and room temperature 

pressure dependent PT. Interband transitions are identified using theoretical cal

culations based on the envelope function approximation and deformation potential 

theory, taking into account the band nonparabolicity and the strain-induced mix

ing between light hole and spin orbital split-off bands. The modification of the 

effective mass in the light hole due to the mixing becomes crucial giving a better 
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fit to higher order ( n ~ 2) inter band transitions. In comparing the PLE1 and PT 

spectra, we observe a transition between the split-off hole band and the lowest 

confined electron state which appear only in the PT spectrum. 

In Chapter VI, optical properties of all-binary CdSe/ZnSe quantum well 

structures grown on GaAs by MBE have been intensively studied. This material 

system is very attractive due to the transitions in the blue-green region. We have 

studied many sample structures such as submonolayer SQW's, nominal SQW's (1-

4 ML) and two MQW's. In general, all samples give direct interband transitions 

in the energy range from 2.15 to 2.78 eV allowing the possibility of device appli

cations over a wide spectral range. From pressure dependent PL measurements, 

the pressure coefficients of the PL transitions have been determined. Results show 

that the pressure coefficients of the lowest confined electron and heavy-hole sub

bands transitions (f ie-f lhh) are well width dependent such that the pressure co

efficients decrease as well widths decrease. For both GaAs/GaAs:r:Pi-:r: MQW's 

and CdSe/ZnSe SQW, the pressure coefficients for the f 1e-flhh transitions were 

also found to be smaller than that of well materials in bulk. This phenomenon, 

as discussed in Chapter VI, is attributed to a combination of several competing 

mechanisms including effects of mixing of well and barrier wave functions, espe

cially in narrow quantum wells. As shown in Table IX, the CdSe/ZnSe QW system 

is highly strained. As expected. from the highly strained QW system, the critical 

thickness of the CdSe layer in the QW structure is very small, -12 A (less than 4 

ML) as estimated from the pressure dependent PL and PLE results. This value is 

in a good agreement with the theoretically predicted critical layer thickness of 16 

A (-5ML). 

We observed oscillations in PLE spectra from 1, 2, 3 and 4 ML CdSe/ZnSe 

SQW's. This oscillation is not due to an interference pattern in the thin film. We 

believe that this oscillation is from the Franz-Keldysh effects due to the built-in 

field in the QW. This was supported by the two-photon PLE measurement which 

showed unallowed transitions due to the breaking of inversion symmetry of the QW 

with respect to the center of the QW. The built-in field will tilt the QW bands 



resulting in the destruction of the inversion symmetry, by which the selection rules 

can be broken allowing new transitions. The estimated built-in field is of order 

of 105 V /cm. It is known that a QW grown in the (111) direction has a strong 

built-in field (128]. However, the reason for the built-in field in. CdSe/ZnSe QW's 

grown in the (100) direction is not clear and further study is required. 

Finally, pressure dependent PL of a cubic structure of GaN grown on a GaAs 

substrate by MBE has been studied as discussed in Chapter VII. This is the first 

pressure study on a cubic GaN heterostructure. Pressure coefficients of transitions 

have been determined. With the help of the temperature dependent PL from 10 

K to room temperature, we could identify the origins of most transitions. Extra 

features appeared in the PL spectra at pressures higher than rv30 kbar, which have 

been attributed to deep centers. The pressure coefficients of these deep centers are 

smaller than those of the free-to-bound (FB) and donor-acceptor (DA) transitions. 

The pressure coefficients of the FB and DA transitions could be used for the 

pressure dependence of the fundamental gap of a cubic GaN. 
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TABLE IX. 

Summary of built-in strains in all QW samples studied in this work. The 
GaAs/ AlAs QW structure is listed for comparison. 

QW System 
(well/barrier) 

GaAs1-xP x/GaAs 

InAsxP1-x/InP 

CdSe/ZnSe 

Cubic GaN epilayer 

GaAs/ AlAs 

buffer strained layer type of strain strain (%) 
(substrate) 

GaAs GaAs1-xPx tensile 0.87-1.42 

InP InAsxP1-x compressive 1.62-1.94 

ZnSe CdSe compressive 6.78 

GaAs GaN tensile 25.l 

GaAs AlAs compressive 0.1 
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