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CHAPTER I 

Introduction 

Various II-VI compounds have been extensively studied in recent years. The 

driving force behind this interest has been the possibility of technological devices 

made from these materials. In particular, ZnSe and CdTe are currently in use 

in such devices as electro-optic modulators. ZnSe-based quantum wells have also 

been demonstrated.for use in laser diodes.in the blue-green region of the spectrum. 

Diode lasers in the blue-green region are of technological importance due to their 

applications in higher density optical data storage, communications and displays. 

For these applications to become reality, however, fundamental knowledge of the 

basic parameters governing the behavioi: of these materials is necessary. 

Doping of II-VI materials is of critical importance due to the necessity of 

manufacturing p-n junctions for.laser diodes (LD's), light emitting diodes (LED's) 

or other applications such as electro-optical switches. The defect states which 

are formed in semiconductors with intentional or unintentional introduction of 

impurities during the growth process dominate the condu,ctivity of the material. 

For this reason, the formation and depth of these states are of critical importance 

both for their .physical interest and for device manufacturing. 

The nonlinear behavior of these materials is important both for direct ap

plication of the nonlinearity and avoidance of losses by such mechanisms as two

photon absorption. Additionally, nonlinear studies can give information which is 

not availablein linear studies~ Stimulated emission studies can be used to delineate 

the various parameters involved in the development of lasers as well as to study 

the fundamental carrier interactions. 

Linear and nonlinear spectroscopic techniques can give complementary in

formation. For example, linear absorption spectroscopy requires that the parity of 

1 



2 

the initial and final states of the carriers be different, while two-photon absorption 

spectroscopy probes those states for which the parity is the same. Further, linear 

spectroscopy is usually concerned with low power density, and thus for semiconduc

tors, low carrier density. In nonlinear spectroscopy, the carrier densities may reach 

such levels that the one-electron approximation is no longer applicable. Indeed, 

in stimulated emission studies, such as are discussed in Chapter III, the carrier 

densities become such that the population in a given energy range is inverted from 

the thermal equilibrium situation. 

In this study, both linear and nonlinear spectroscopic techniques are em

ployed to study the basic interactions within these material structures. Two

photon spectroscopic techniques are employed to study the electronic structure of 

bulk ZnSe and ZnSe/Zn1-xCdxSe quantum wells, and single-photon resonant non

linearities are utilized to study CdTe. Stimulated emission spectroscopy is used to 

study the high carrier density behavior of CdTe, and linear luminescent techniques 

are utilized to study the doping characteristics of bulk and epilayer ZnSe. 

Crystal and band structure of ZnSe and CdTe 

Bulk structure 

ZnSe and CdTe are both zinc blende materials with a direct band gap. The 

zinc blende structure consists of a diamond-type cubic lattice in which the atoms 

within the volume ( as opposed to those on the surface) of the cube have been 

replaced with another species. Another way of viewing this structure is as two 

interpenetrating face-centered cubic crystals of differing species, one with a cube 

corner at (0, 0, 0) and the other at a/4(1, 1, 1), where a is the cubic lattice pa

rameter. This zinc blende structure is shown in Fig. 1. An important point to 

be noticed is that materials of this structure do not possess inversion symmetry. 

This point wilt :be an i!Jl:portant consjderation in la~er disc_ussipns of t?e nonlinear 

behavior. 
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Figure 1. Cubic structure of a zinc blende compound. A zinc blende compound 
can be pictured as two interpen_~t_r~ting face-cent_ered.~uhiclattices. 
In this figure, the white circles represent atoms of one species and 
the shaded circles another species. 
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Basic Electronic properties 

Band Structure. The band gap of ZnSe is about 2.8201 eV [1], while that of 

CdTe is approximately 1.604 eV [2] . The band structure of CdTe and ZnSe bulk 

materials are quite similar in spite of the large difference in the fundamental gap. 

Both materials exhibit a direct energy gap and degenerate heavy- and light holes 

(denoted RH.and LH, respectively) at the zone center (k = 0) and a spin-orbit 

split-off valence band (SO band) with energy offset !::,.. The split-off energies are 

given by!::,.= 450 meV for ZnSe and!::,.= 890 meV for CdTe. [3] The conduction 

band, heavy- and light hole valence and the split-off valence bands are of symmetry 

r6, r8, and r1, respectively [3]. The band structure near the zone center is shown 

schematically in Fig. 2. More exact band structures have been calculated for 

bulk CdTe and ZnSe. These band structures are displayed, for example, in Cohen 

and Chelikowsky [3]. These symmetry designations are those of the double group, 

which takes into account the degeneracy due to. spin.. Using k · p analysis within 

the Kane model [4-6], bands. of this symmetry allow the periodic part of the Bloch 

functions ( ui), .near k ,= 0, to be written as shown in Table I. The approximate 

mathematical form of the wavefunctions can be derived using the. bond orbital 

(BO) or the linear combination ofatomic .orbitals (LCAO) methods. [7,8] Since 

the primary concerns here:are the allowed transitions and their relative strengths, 

the explicit formulation ~f the w:avefunctions is not necessary. 

In Table I, the u1,2 with I l, ±!} .are the conduc_tion band, u3,4 with I i, ±!) 

are the light hole valence band, us,6 -with I i,.±J).are the heavy hole, and u7,8 with 

I ! , ±!), are the split-off band Bloch functions, respectively. These functions, and 

the k · p analysis from which they are derived, are only valid near the r points 

of the band extrema. The S, X, .. Y, and Z functions have the symmetry of the 

atomic s, P:i:, py, and Pz functions, respectively, under symmetry operations of the 
. ,!· . , ' .. ! . ' 

tetrahedral group. [4,6,9] 

Excitons. A factor that is ignored in the foregoing discussion is the Coulom

bic attraction between the electrons and holes. This attraction can form a bound 
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Representation of the band structure of a zinc blende compound near 
k = 0. The conduction band, heavy and light hole valence and the 
split-off valence bands are of symmetryf 6, f 8, and f 7 , respectively. 



TABLE I. 

Periodic part of the Bloch functions for bands of a zinc blende semiconductor 

near k...:... 0. · · 

Bloch function Ui IJ, mj) Band 

U1 I!,!) i Is i) Conduction 

U2 11 _l) 
2' 2 i Isl) Conduction 

U3 11, !) . ·~~l(X +iY) lJ.~.JIZ i) Light Hole 

U4 I~ _1) 
2' 2 - ~ l(~.,-:.iY) i) - y1 Ii l) · Light Hole 

•... a.-,,,._,,.,.,-,.,e,.,,o., 

U5 11, 1) +72 l(X + iY) i) Heavy Hole 

U6 I~ -~) 
2' 2 + ~ l(X-iY) l) Heavy Hole 

U7 I!,!) +ts l(X + iY) l) + ts IZ i) Split-off 

Us 11 _l) 2' 2 - }a l(X - iY) i) + }a IZ l) Split-off 

6 
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system which is called an exciton. The similarity between an exciton and an atom 

of hydrogen or positronium can be exploited to develop an elementary theory of 

excitons, including their binding and excited state energies. This similarity can be 

put into more rigorous terms using the envelope function approximation. For the 

case of spherically symmetric bands near k = 0, the wavefunction for the exciton 

can be expanded as a sum of direct products of the electron and hole wavefunctions 

[10-12]: 

1/J( re, rii) = ~ a;;,;;,1/J cdre) 1Pvk (rh). (1) 
k,k1 

In this equation, th~_ W-& (re) is the wavefunc~ion corresponding to. the electron in 

the conduction band, while the 1/J11;;(rh) is the wavefunction corresponding to the 

hole in the valence band. The Schrodinger equation for the two particle wavefunc

tion is written 

[- 2!: v'; - 2!i'iv'~ + Ve (re - rh)l ~(re, rii) -.~t(re, rii), (2) 

where Ve is the Coulombic potential_clue to the mutualattraction of the electrons 

and holes. In the envelope fo.ilction approximatioi:f, theexternal or applied poten

tial ( in this case, the Coulombic potential) is, written separately from that potential 

which is due to the periodicity of .th~ lattice. Th.~_~)_{te!!lal potential is assumed 

to vary slowly over the unit cell of the material, i.e., much more slowly than the 

periodic potential of the lattice. With the envelope function defined as 

</J(re,rh) = ~ ~a;;,;;,exp [i (f .'f'e + k'. rh)] 
v Vol;;,;;, 

(3) 

and a;;,;;, determined by the double Fourier transform 

a;;;;,= Vl l [ dre [ drh</J(re, rh) exp [i (f ·re+ k' · rh)] (4) 
' 0 lvol lvoz 

The Schrodinger equation for the envelope function then becomes 

[-~v';- ~v'~ + Ve (re -rh)l </J(r°e,rh) = (E-E9 )</J(re,rh), (5) 
2me 2mh . . .. 

The Coulombic attraction between the electron an hole may be written 

(6) 
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where Ire - rh I is the distance between the electron and the hole, and E is the 

(static) dielectric constant of the material. 

The system then may be solved as in the hydrogen atom [13], yielding the 

energy levels [11] 
t,,2 K2 e4mr 

En = E9 + -- - 2 • (7) 
2mr 327r2 EfiE2fi n2 

In the above equation, the energy reference point is taken to be the top of the va

lence band, n is the principal quantum number, .K is the center of mass momentum 

vector ( with corresponding R center of mass vector), and mr ( mr) is the reduced 

mass ( total mass) defined as 

1 1 1 - =-+- and 
mr me mv 

(8) 

(9) 

Here, me is the effective mass of the conduction band, while mv is the effective 

mass of the valence band. The effective masses considered here are those near the 

appropriate band edges, wh1ch, for a direct gap material with the gap at k = 0, 

are the effective masses near k = 0. For a semiconductor with degenerate or near 

degenerate bands at k = O, a weighted average effective mass for the valence 

band may be used, but a more complete description requires consideration of the 

contributions from the different bands. This complication will not he considered 

here, since it does not impact the selection rules which ·are the ultimate goal of 

this development. Eq. 7 shows that the binding energy of the exciton (that is, the 

binding energy of the ls exciton) in this model is -e4mr/321r2 t:5t:2n2 •· 

The envelope functions can also be found, and have the hydrogenic form 

(12,14) 

. 'PKnlm1 ( R, r) = ~ exp (i.K. R) Rn1 (r) Yt1 ( (}, </>). 
vVol 

(10) 

In Eq. 10, the Rn1 (r) Yzm1 (0, </>)'s are the hydrogen wavefunctions with principal 

quantum number n, angular momentum l, and azimuthal quantum number m1. 

The Rn1 ( r) is the radial function, and the 1zmi ( (}, <p) are the spherical harmonics. 

The factor of exp ( i.K · R) denotes plane waves corresponding to the center of mass 
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motion of the exciton. The wavefunction for the exciton may then be found via 

the Fourier transform Eq. 3 and Eq. 10 as [15,14] 

(11) 

The success and validity of the envelope function approximation in semicon

ductors is dU:e to the spatial extent of the electron-hole pair. This spatial extent 

allows the effective mass approximation to be made. This spatial extent can be 

approximated by the effective Bohr radius 

* mt 
aH = --aon, 

µ*to 
(12) 

where a0n is the Bohr radius 41rt:on,2 /me2 "'0.528 A. Another approximation that 

has been made in the above discussiori is that of spherically symmetric bands. 

Obviously, this is not the case for any real semiconductor. However, for the small 

values of k which are the most important for the optical properties treated here, 

this is not a bad approximation. 

It should also be noted here that the shallow impurities in s~miconductors 
. . . ~ . ' 

can be handled in a similar fashion us_ing the envelope function approximation, but 

with only the conduction {for donors) or valence bands (for acceptors) contributing 
. . . ; ' . 

to the impurity wavefunctions .. 

Quantum Wells 

Band States. Quantum wells (QW's) can be constructed by:growth of two 

semiconducting materials with dissimilar energy gaps upon one another. The re

sulting structure will, in general,, form wells in 'both the conduction band and 

valence bands, as is shown in Fig. 3. As is shown in the ·figure,: the confinement of 

the carriers produces the well-known quantum mechanical energy levels due to the 

spatial variation in the potential [13]. The wavefunctions corresponding to these 

energy levels, however, in -difference to the elementary quantum mechanics text 

situation, are derived from the extant bands in the semiconductor which makes up 

the well. The difference in energies of the conduction (fl.Ee) and valence (fl.E11 ) 
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Figure 3. Schematic representation of a semiconductor quantum well. The growth 
of two semiconducting materials with differing band gaps can form 
quantum wells in both the conduction and valence bands. A Type 
I MQW is shown in a), and a Type II in b). 
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bands of the well and the barrier material is called the band offset as is indicated 

in Fig. 3. If the layer in which the conduction band minima and the valence band 

maxima ( with respect to the electron energies) occur coincide, as in Fig. 3a, the 

system is called a Type I QW. If the conduction band minima and the valence band 

maxima are in different layers, the system is a Type II QW, as is shown in Fig. 

3b. Obviously, there will be a tremendous difference in the electronic and optical 

properties of the two situations. With the electrons and holes spatially separated 

as in a Type II QW, the optical absorption will be greatly reduced at the lowest 

energy levels as compared to Type I QW's. In a Type II QW, the exponential tail 

of the wavefunctions for the electrons and holes dominate the optical properties, 

while the opposite situation holds for a Type I QW. 

The electronic properties of semiconducting quantum wells will be treated 

here in terms of the envelope function approximation in quantum wells due to 

Bastard [16,6]. This approximation closely follows the development given above 

for excitons, and utilizes the same approximations. The wavefunction of a carrier 

in the quantum well can be written [6] ---

(13) 

where u,m ( r) is the periodic part of the Bloch functions at the zone center for the 

particular band (Vi) from which the QW state arises, and Xn (z) is the envelope 

function for subband n in the quantum well. The Bloch functions in the above 

equation are the functions discussed in the above section on bulk semiconductors. 

The k1., r1. are the wave- and position vectors,within the plane of the well. Utilizing 

the effective mass approach,_ the Schrodinger equation for an electron or hole in a 

QW can be written [6] 

-[-~ v 2 +V(z)] </>(r) = E</>(r). 
2meh 

' ' ; 

(14) 

Solutions of this equation are of the form [6] 

(15) 
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Substituting this form into Eq. 14 yields the Schrodinger equation for the z

dependent part Xn (z) [6): 

[ fl,2 d2 l ( n,2 k2 ) 
- 2m;,h dz2 + V (z) Xn (z) = E - 2m;,h Xn (z). (16) 

The exact solution for Xn (z) may be difficult depending upon the form of V (z) 

assumed. If an infinitely deep well is assumed, the solution is of the simple form 

found in introductory quantum mechanics texts (see for example, Cohen-Tannoudji 

[17) or Winter [18)). With the center of the well taken as z = 0 the solutions are 

of the form [17,18) 
n7rz 

Xn (z) = A cos Lz , 

with A as a normalization constant, and 

En= _I!_ (n7r) 2
, n = l, 2, 3 ... 

2m!h Lz 
' 

(17) 

(18) 

The equation for the energy (Eq. 18), implies that the heavy and light hole bands, 

which are degenerate at k = 0, will be split by V (z) due to the factor of mii in 

the denominator. This is indeed the case for real QW's. In fact, it can occur that 

the HH QW bands are of Type I while the LH bands are Type II. Note also that 

the energy En is inversely proportional to the square of the well width, so that the 

"confinement energy" is greater for narrower wells. The infinite well has only even 

(odd) solutions if the center of the well is taken to be z = 0 (z == Lz/2). 

For real semiconductor QW's, the infinite well is obviously a very rough 

approximation. A better solution may be made by substitution of a finite potential 

well, which unfortunately, requires a graphical ,or numerical solution to find the 

allowed energies [19,17 ,18). Since the QW is symmetric about the center of the 

well, the bound states have even or odd solutions within the well of the form [6] 

Xn (z) "'cos kz + sin kz. (19) 

Since V (z) is even, then the allowed (stationary) states in the QW will be either 

even or odd. This well-defined parity of the states in the QW has important 

repercussions in the optical properties. 



13 

Excitons. The case of excitons in QW's is exactly soluble for the limit of a 

strictly two-dimensional (2D) system. [20,21] The appropriate Schrodinger equa

tion to be solved for this situation is 

1i ( a2 a2 ) e2 
- 2µ1. 82x + 82y </> - Ey'x2 + y2 </> = E</>, (20) 

where the µ1. is the effective (reduced) mass in the plane, and x and y are the 

coordinates in the plane. This equation should be expected to be valid only in the 

regime in which the effective Bohr radius of the exciton is large relative to the well 

width [20,21]. This equation can be solved using_a method analogous to that used 

in solving the hydrogen atom. When this is done, .the results are 

En= 
Ry 

---"---2 , n = 1,2,3, ... , 
[(n -1) + 1/2] 

(21) 

with wavefunctions of the form . 

_ ·r [(n'-1)- lml]! ] 2 

1ra2 [(n - 1) + 1/2]3 {(n + lml)!}3 
<Pnm (r) 

(22) 

. exp (-p/2) plmlL(~~~)+lml (p) exp (imc,o). 

In Eq. 21, the Ry is the exciton Rydberg. I~ Eq. 22, the Lct~)+lml are the 

associated Laguerre polynomials, a is the effective Bohr radius, and 

The exciton Rydberg is given by.: 

µe4 
--Ry=--.·, 

21i2f2 

(23) 

(24) 

The usage of n here is consistent with current usage, and differs from that given 

in Shinada and Sugano and Ralph [20,21]. It should be noted from Eq. 21 that 

the binding energy of the 2D (ls) exciton is four times as great as .that in the bulk 
' - I • ' ' • • ' ' ' -

material. 
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Optical Transitions 

Bulk materials 

Band-to-band transitions. The primary optical properties of bulk materials 

are governed by the dipole-dipole transition matrix element between the initial 

and final states given by 

P Ji = U I t: · P I i), (25) 

where the p is the dipole momentum operator and f, i are wavefunctions of the 

Bloch type discussed above. In semiconductors, the,dominant absorption feature is 

that due to electronic transitions from the valence bands to the conduction bands, 

in which case the above integral is often denoted Pcv to emphasize the nature of 

the transition. This arises due to the use of the ·electric dipole approximation in 

which the sta.tiona.ry states of the system are perturbed with a. potential V. Within 

this approximation, the potential is [6), 

', ' ie£ ., .. 
V=--t:·p, 

2mow 

where £ is the magnitude of the electric 'field.' 

(26) 

The non-vanishing matrjx ~lements have been evalua.tedfo:r the S, X, Y, and 

Z functions given a.hove in Table I, [22].: . , 

{S I P:i: I X) = (S I P11 I Y) = (S I Pz I Z) ,' D, (27) 

where P:i:, p11 , Pz are the dipole operators in _the x., y, and z directions, respectively. 

This result follows from 1) the previously m~ntioned fact that the dipole operator 

connects states of opposite parity, 2) momentum is conserved, and 3) the spin 

functions are orthogonal. Using the above, one· can then calculate the relative 

strengths of the various transitions without knowledge of the absolute value of D. 

The results are shown in Table II [22]. 

Obviously, the most fundamental optical measurement in any material is 

absorption spectroscopy. The absorption coefficient due to band. to band transi

tions for three-dimensional (3D) bulk semiconductors may be written as (see for 



TABLE II. 

Relative oscillator strength of the HH, LH and SO band transitions to the 

conduction band near k = 0. 

Valence band Conduction Band 

Light hole, cU3 · ~z -~(x+iy) 

U4 ~(x-iy) ~z 

Heavy hole U5 --h(x+iy) 0 

U6 0 -72 (x - iy) 

Split-off U7 ·· 
. __ 1 z 

-/3 -?J (x + iy) 

Ug -7J (x - iy) 1 7JZ 

15 
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example, ref. [11]) 

7re2 
I Pcv 1

2 (t ) 
a= Pcv nw ' n0e0cm2w 

(28) 

where Pcv (1iw) is the joint density of states (JDOS). The joint density of states 

can be calculated by 

Pcv (1iw) = s!3 j dk8[Ec (f) - Ev ("f) - nw]. (29) 
all k 

With the approximation of parabolic bands, the energy of the carriers a function 

of k can be written as 

(30) 

Ev ("f) = 

where the zero of energy is taken to be at the top ohhe valence band. In the above, 

the me and mv are the effective mass of the electrons and holes, respectively. The 

argument of the delta function in Eq. 29 can then be written 

1i2k2 ( 1 1) E0 +-- .-+- -nw 
. . ..2 me mv 

1i2 k2 1 
E +---t .. g 2 nw. 

mr 

(31) 

The joint density of states is then 

(32) 

which exhibits the much quoted square root dependence upon the incident photon 

energy. This density of states is shown in Fig. 4, as a solid line. Note that in the 

above the implicit assumption of vertical transitions is made, as well as ignoring 

the effects of nonspherical bands. 

A comment should be made regarding the type of critical point being consid

ered in the above. Only parabolic, direct, and spherically symmetric bands have 

been considered in the foregoing calculation. In addition to these critical points, a 

real semiconductor band structure may have critical points in the form of saddle 
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Figure 4. The joint density of states for band-to-band transitons in a bulk semi
conductor is indicated by the solid 'line. · The vertical lines at lower 
energies represent the excitonic states. The binding energy of the 
ls exciton is the difference in energy from the band-to-band edge 
and the exciton state. 
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points. A further complication can be the enhanced density of states due to nearly 

parallel conduction and valence bands. Having mentioned this, however, the pri

mary optical features studied in this work are those which derive from the direct 

gap near k = 0. 

Optical properties of excitons. The Coulombic attraction of the electron

hole pair has consequences in the absorption spectra of a semiconductor. To cal

culate the absorption due to the existence of excitons requires calculation of the 

matrix element using the dipole moment operator, (¢ (re, rh)I t:: • p l1Pv (re)). Note 

that this matrix element poses some conceptual difficulty due to the single particle 

nature of both the electron state in the valence band and that of the dipole moment 

operator, while the final state is that of a two particle system. This difficulty is 

due to the one electron approximation which has been used implicitly in the above. 

Despite this intrinsic incdnsistency in the theory, the one electron approximation 

has been used in many developments of exciton theory [10,12,11,14) and will be 

followed here. The matrix element is written using Eq. 11 

In the above, the electron is considered to start in the valence band and, through 

the dipole operator, be excited into the conduction band leaving a hole in the 
• _ ._. • • 1 t_ -· 

valence band. Using K = 0, i.e., ignoring the photon momentum (and using 

conservation of momentum), using the one-particle approximation, and assuming 

that the electron-hole pair are formed at the same position, the matrix element 

becomes 

Pcv <P Knlmz ( R, 0) 0 K,O (34) 

Since only the s-states of the hydrogenic wavefunctions are non vanishing at r = 0 

[23,11,14), this result exhibits the selection rule that only s-states are observed 
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in single-photon absorption from the ground state of the crystal or recombination 

(luminescence) of the exciton. 

In addition to the generation of discrete states within the band gap, the mu

tual attraction between the electrons and holes modifies the above gap absorption. 

The energy dependent factor by which the absorption is modified is termed the 

Sommerfeld factor. This may be calculated in a manner similar to the development 

above for bound states, but allowing E > 0. For the three dimensional system, this 

factor goes as [24] 

(35) 

The Sommerfeld factor has been excluded in the Fig. 4, although the excitons 

have been included in the figure. 

Quantum Wells 

Band-to-band optical properties. The linear interband absorption of quan

tum wells are dominated by the t:m = 0 (where n denotes the subband as discussed 

above) transitions of the heavy hole and light hole excitons. The term intersubband 

refers to transitions between states which arise from the valence and conduction 

bands. The ~n = 0 rule strictly applies only to the case of infinitely deep QW's 

and in the electric dipole approximation [25,6,19]. It applies in this case because 

the parity is well defined with respect to the center of the well. The overlap inte

gral (Xn I Xm) (where Xn and Xm are the envelope functions for the electrons and 

holes, respectively) in only nonzero for n = m for this case. 

This is easily demonstrated, for example, in absorption due to int~rband 

transitions [6]: 

a(w) = A 1:(-1 ) It· PJi 12 P2D, 
i,J mo 

(36) 

with 
41r2e2 

A=----
ncm0wVol 

(37) 
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In the above, Eis the electric field (polarization) direction and Vol is the effective 

sample volume. The term E • PJi is the matrix element of the momentum operator 

in the direction of the electric field. 

Since the envelope functions are slowly varying, the matrix element of the 

momentum operator may be written [11] . 

where uc( r) and Uv ( r) denote the Bloch functions at the extrema of the conduction 

and valence band, respectively. Note that the envelope function Xnk (z) has no x 

or y dependence, and so is unaffected by dipole operators in these directions. The 

..L symbol on the k subscript of the envelope function has been dropped for clarity 

of notation, but it should be remembered that the k dependence of the envelope 

function is that, parallel to the well. 

Pn'n ~ r drx:'k' (z) Xnk (z) uj(r)(-ih\j)Ui (r) 
lvol 

+ 1 druj(r)udh x:'k' (z) exp (-ik~. r.L) (-ihv)xnk (z) (ik.L . r.L) 
v~ . . 

(Xn1k1 (z) IXnk (z)) (u1I E • P lui) 

+ (u1 lui) \Xn'k' (z) exp (ik~ · r.L) It:· p lxnk (z) exp (ik.L · r.L)) 
(39) 

Since the Bloch function overlap int~gral (uc luv) = 0, the integral can be 

written, for interband transitions, (for any polarization direction) 

Pn'n:: / drx:,dz)Xnk (z) u~(r)(-ih\j)uv (r), 
lvol 

(40) 

Carrying out the integral over the unit cell for the Bloch functions and summing 

over all unit cells gives 

which becomes 

Pn'n:: VPcvl f drx:,k (z) Xnk (z). 
0 lvol 

(41) 

(42) 
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For infinitely deep QW's, 

Pn1n ~ . ( I ) ( 
Pcv n 1rz n1rz ... 
Vol fv 01 cos L cos L) dr 

(43) 

It should be clear that for an infinitely deep QW 6n = 0 or no transition occurs. 

Since, as is shown in Eq. 42, the dipole moment matrix element for QW's is 
< • • • • .··' • • • • 

dependent upon the value of p for bulk, the selection rules in Table II hold, with 

z the growth axis of the QW. This means that for light polarized perpendicular 

to z, the growth axis, the HH-e, LH-e, and split-off-e transitions are allowed since 

both the HH and the LH states have IX) and IY) function dependencies. With 

the light polarized parallel to z, the LH-e and split-off-e transitions are allowed 

but the HH-e transition is not. This can be seen from Eq. 27,.since the HH states 

have no IZ) dependence. 

It must be stressed that the above 6n = 0 rule strictly holds only for the 

interband transitions in an infinitely deep, Type I re~tangular quantum well, con

sidering only the dipole-dipole interaction. Any deviation from this special case 

will result in a finite probability of "forbidden" transitions. ·However, it is also 

true that the dominant features of finite Type I quantum wells are determined by 

this selection rule. For these finite Type I QW's, the well.;.defined parity allows the 

overlap integral, (Xnk (z) lxn,k(z)), to be nonzero only fqr n + n' even [6]. 

The j.oint density of states for quantum wells can be found in a manner 

analogous to that for bulk semiconductors· give11 above, with . 

and 

. 1i.2k1. 
E1=E9 +--

2mc1 

' 1i2k1_ 
E,=---. 

2mvi 

(44) 

(45) 
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The k1_ denotes the carrier momentum within the plane of the quantum well. Using 

the above, the 2D density of states may then be written 

P2D (nw) = 4!2111 k dk8 [E1 (f) - Ei (f) - nw] 

mr 

1rn2. 

(46) 

The above density of states holds for each sub band .n. We therefore must add the 

contribution for each sub band to find the total density of states at energy nw: 

P2D n (nw) = mr2 • n. , 1rn (47) 

This joint density of states is schematically represented in Fig. 5 as the solid line 

with equal steps. The bulk density of states is also shown in the figure as a dotted 

curve. The offset from the bulk energy gap is due to the confinement energy of 

the quantum well. The offset shown in Fig. 5 is due to the confinement of both 

the electrons and holes in the QW. For simplicity, in the forgoing calculation and 

in the figure, only one of the hole bands is considered. For a nominally unstrained 

system such as GaAs/ AlGaAs, the lowest energy transitions will be due to the HH 

band. As will be discussed in Chaper II, this also holds for compressively strained 

systems. [26] 

For the case of intraband transitions, the Bloch function overlap integral in 

Eq. 39 is (uv luv) = (uc luc) = 1, for normalized Bloch functions. In this case, 

the second term in the sum of Eq. 39 is nonzero and the dipole moment matrix 

element becomes [6] 

Pn'n C= (xn'k' (z)exp (ikj_. r1-)I fxPx + fypy + EzPz lxnk (z)exp (ik1_. r1-)) 

- ( Exnkx + Eynky) (Xn'k' (z) IXnk (z)) 

+tz (xn'k' (z) exp (iki. . r1_) I Pz lxnk (z) exp (ik1_ . r1_)) 

(48) 
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Figure 5. The joint density of states for a two-dimensional quantum well is shown 
by the solid line with equal steps, while the line with long dashes 
represents the 3D DOS. The lines at lower energies represent the 
excitonic states. The binding energy of the ls exciton is indicated. 
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Note that for the polarization of the light in the plane of the QW, intraband 

transitions are only allowed if the initial and final states are coincident, that is, for 

DC fields. However, these transitions may occur if the momentum can be taken 

up by defect states or interface roughness in the QW. This type of transitions 

may also be viewed as being allowed due to the breakdown of the periodicity 

in k. The dipole moment for these transitions is directly proportional to kx,y· 

For light with a component of the polarization in the well, optical transitions are 

allowed between subband states with opposite parity, that is, between even and 

odd envelope functions, and with the same k. 

Consequences of excitons in QW's. As in the bulk case, excitonic effects 

play a major role in the near-band edge optical properties. In fact, the excitonic 

features are enhanced in quantum wells due to the confinement of the carriers 

which allows a greater spatial overlap of the carrier wavefunctions. The interband 

optical transitions of the excitons in quantum wells.follow the same selection rules 

as discussed above Jor the bulk case. This can be seen by 

. Pn'n "'fv01 drx:k(z)U:(r)</>n,1ri{i(r) (-ihV)x:,k(i)uv(r) (49) 

which becomes [6] 

Pn 1n "' ( Ucl t: • P luv) (x:k (z )I x:,k (z)) </>n,m ( .R, 0) . (50) 

Thus, all of the selection rules discussed earlier hold, including only the s-excitons 

being. one photon . allowed. 

The case of intraband excitonic transitions do not follow directly from the 

above, however. The treatment of intraband transitions follows as in Eq. 48: 

Pn'n ~ (xn'k' (z) exp (ik1. . r.L) </>' (x, y )If. p lxnk (z) exp (ik.L . r.L) </> (x, y)) 

--- (xn'k' cz) exp {i·f1.·· r.L) 1 f. p lxnk (z) exp (ik.L . r.L)) 
. ( </>' ( X' y) I</> ( X' y)) 

+ (xn'k' (z) exp ( ik1. . r.L) lxnk (z) exp ( ik.L . r.L)) 
. ( </>' ( X' y) I f • p I</> ( X' y)) 

(51) 



25 

If the polarization of the light is in the plane of the QW (assume in the x 
direction for definiteness), 

(52) 

where, as in the band-to:-band case, the first term corresponds to forbidden intra

subband transitions, The second term corresponds to transitions from excitonic 

states of different parity, e.g., ls to 2p exciton transitions within a subband. The 

dependence upon the overlap of the envelope functions requires that ~n = 0 for 

both terms. 

When the polarization of the light is perpendicular to the plane of the QW, 

the dipole matrix element becomes 

Pn'n ~ (Xn'k' (z)I fzPz IXnk (z)) (<//(x, y) I</> (x, y)) 

+ (Xn'k' (z) IXnk (z)) (</>' (x, Y )I fzPz I</> (x, Y )) 

- (Xn1k1 (z)I fzPz IXnk {z)) 8t1,'t/, 

· + (</>' (x, Y)I E;;pz·I</> (x, Y)) 8n'n.ik'k 

(53) 

The first term in the above corresponds to intersubband transitions between enve

lope functions of different parity, i.e., ~n is odd. Note that the direct product in 

this term requires that the excitonic state remain unchanged, so that a ls exciton 

remains a is. exciton~ The second ,t,erm is identically zero if the excitonic wave-
. . ' " '.\ ' •, '·· . . ' .. · ' . . 

function is assumed to be 2D. If the exciton is allowed to have some z dependence, 
. : . 

then this term does not vanish and is due to forbidden transitions. 

As discussed in the bulk case, the above-gap Coulombic attraction cannot 

be ignored. In the 2D c~e, the Sommerfeld factor becomes [21,24] 

. ·.·· . exp(1rJR.;/E-E0 ) 

S(E-E9 )= ( . 
cosh 1rJRy/E - E9 ) 

(54) 

The additional excitonic structure is shown in Fig.4 7, as a sharp line at an 

energy below the onset of interband absorption. Again, the Sommerfeld factor has 
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been ignored in the JDOS given above. As in bulk materials, the energy difference 

between the onset of the interband absorption and the appearance of the exciton 

feature is the ls exciton binding energy Els. For a strictly 2D exciton, Els will be 

4 times as great as in the bulk case. The actual value is of theoretical importance 

in fitting of spectral features in actual semiconductor quantum wells to theory as 

well as a device parameter pertaining to the thermal stability of the exciton. Thus 

determining this value is of great importance for a particular QW structure. This 

point will be discussed in further detail in the next chapter. 



CHAPTER II 

Third-order nonlinearities in II-VI compounds. 

Introduction 

The third~order polarization results in such processes as third-harmonic gen

eration, two-photon absorption, the optical Kerr effect, DC field induced second 

harmonic generation, four-wave mixing processes, intensity-dependent refractive 

index effects and many others [11,27]. The material parameter that governs the 

third-order polarizati~ri' is the third-order susceptibility, x<3). 

The possibility of using NDFWM and two-photon absorption (or other third

order nonlinear processes) as a spectroscopic technique is due to the resonances 

found in the various terms contributing to the value of xC3) for a given material 

system. The d~ri~ation of the full expression for x<3) has been covered extensively 

elsewhere [28-30] and will only be sketched here in order to exhibit the nature of 

the resonances observed. The development here will be limited to the dipole ap

proximation. Two different viewpoints of the nonlinear polarization will be taken, 

which, when correlated, yield the microscopic form for the third-order polarization. 

First, a brief review ofthe density matrix formulation will be given. 

Theory of third-order processes. 

The density matrix formulation 

For some arbitrary operator 6 the expectation value of the operator is given 

by [11] 

(6) = LPnTr [P(t/Jn)O], (55) 
n 

27 



28 

where Pn is the probability of the system being in state 1Pn, Tr [P('if;n)6] is the 

trace over the resulting elements, and P( VJn) is the projection operator [13,11 ]: 

P('if;)~ = [{'if;I ~) l'if;)]. (56) 

The expectation value of 6 can then· be written as 

(6) = Tr [116], (57) 

where p is defined by 

(58) 

The definition in Eq. 58 is sometimes given by the expression p = !'if;) ('if;I, where 

the overbar represents the ensemble average. The equation of motion for p can be 

simply found by substitution into the Schrodinger equation. The resulting equation 

IS 

·'I;. dp [H'.' "] 
in dt = ,P ' (59) 

where H is the relevant Hamiltonian for the system. It is usually assumed that this 

Hamiltonian can be written as a sum of the unperturbed Hamiltonian (Ho), an 

interaction Hamiltonian ( H 1 ( t)) and a relaxation Hamiltonian (HR ( t)) , as shown 

below [11] 

H =Ho+ H1 (t) + HR (t). (60) 

As is implied in the above equation, the unperturbed Hamiltonian is assumed to 

be time independent, allowing stationary states of the system. The equation of 

motion becomes 

dp [ .. ] [ ,. ' ] [ ,. ] in dt = Ho,P + H1,P + HR,P · (61) 

The relaxation processes are usually handled in a p4enomenological way, which 

leaves the total Hamiltonian as 

H =Ho+ H1 (t). (62) 

For a given matrix element nm, the equation of motion can be written [27] 

(63) 
- [Ho,Plnn + [H1,Pl,m + E f nmPmm - E f mnPnn, 

Em)En , Em(En 
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where the 'Ynm and the f nm are the phenomenological transverse and longitudinal 

relaxation rates, respectively [27,11,31]. 

The perturbation series may be found by writing the density operator as a 

power series in fh ( t): 

p (t) = p(O) + p(l) (t) + p(2) (t) + j}3) (t) + ... p(n) (t) ... , (64) 

where p(0) is given by the equilibrium situation (i.e. no perturbation), while jJ(1) (t) 

is linear in fh (t), µ(2) (t) is quadratic -in Hr(t), -and so on for the rest of the 

terms. The above equation is subject to the restrictions that jJ(i) ( -oo) = 0 for 

i = 1, 2, 3, .... 00 [11). 

The equation of _motion for the individual p(i)s is found by plugging into the 

equation of motion for the density operator, Eq. 63 [27): 

·(i) ( ·n + ) (i) i [n" "(i-1) (t)] Pnm = - iunm 'Ynm Pnm - h 1,P nm· (65) 

In the above equation, Hnm is the frequency corresponding to the stationary state 

energy eigenvalue. Assuming solutions of the form P~l = Si% exp [- (iwnm + 'Ynm) t], 

the solution of the differential equation Eq. 65 is [27,31) 

Application to dipole transitions.- -·~h~'.energy of-a-dipole in an electric field 

is given by the interaction Hamiltonian 

H1 = -µ·E(r',t), (67) 

where theµ= -er (= _i_v) [32) denotes the electric dipole.mom~nt-operator. 
mw0 

The commutator in Eq. 66 is written [27) · 

[H1,P(i-l) (t)Lm = ~ [µnvP~l) (t)- p~;l) (t)µvm] · E(r,_t) 
V (68) 
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With the electric field written as 

E (r, t) = EE (wp) exp [i(kp. r - Wpt)] ' (69) 
p 

Eq. 66 becomes 

Ptk -i exp [-(if!nm + ,'nm)t] 

· 1t dt'{E- (Pt;1> - p~;1>) µnm· E (wp) 
-oo p 

(70) 

. exp i(k~. r). exp [i"(nnm ~ wp) + 'Ynm] t}. 

From this equation, the form of Ptk can be .seen. Since each integration includes 

such terms as exp [i(f!nm - wp) + ,'nm] t, the resulting Ptk will contain such terms 

as ((f!nm - wp) - hnmf1; for each iteration through the integral for the next 

higher order (including the factor of i in this denominator). In each iteration, 

another field term and frequency will contribute, as will another material resonance 

frequency. As will be seen below, these fact~rs _i_11 Ptk beoo.me_factors in xCi). It 

can also be seen that the exp i(kp · r) terms, with successive iterations, will form 

such terms as exp [i (kp + kq + kr + · · ·) · -rJ--;·--This-factor determines the direction 

of the emitted wave and the phase matching condition for wave mixing. 

The expectation value of the induced dipole moment is given by 

(µ (r, t)) = tr (pµ) = E Pnmµmn• {71) 
nm 

This expectation value may be written as the Fourier series 

(µ (r, t)) = E (µ (wu )) exp [i (k. r - Wut)] ' {72) 
(T 

and the total polarization at W8 written {for a system of noninteracting particles 

with number density N) 

{73) 

For third-order effects, terms with frequencies such as W1 + w2 + w3 are of concern. 

The polarization at this frequency can be written --
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with 

(p,(3) (w1 + W2 + W3)) = L Pi3JiP,mn• (75) 
nm 

Classsical description of the nonlinear polarization. The total polarization 

due to the applied electric fields in the limit of sufficiently weak fields may also be 

written [29,33,11]: 

~ l+oo ~ P (r, t) = _
00 

x(1) (r'- r', t - t'). E (r, t) dr'dt 

l
+oo ~ ~ 

+ _
00 

x(2) (r - r1, t - t1 = r - r2, t ~ h) : E(r1, t1) E (r2, t2) dr1,2dt1,2 

+L+oo x(3)(f'-r1,t-t1: r-r2,t-t2;r-f;,t-t3): E(r1,t1) 
-,-00 •.. . 

·E (r2, t2) E (r3, t3) dr1,2,3dt1,2,3, 
(76) 

.. .._ ~ ·:: . 

where the time and spatial integrals are necessary due to the causality condition. 

Taking the Fourier transform of the above equation yields the familiar form 

P (k, w) = p(l) (f, w) + p(2) (f, w) + p(3) (f, w) + ... (77) 

where the differing orders of the polarization (linear and nonlinear) are given by 

p(1) (f,_~) . .. x(1) (f, w) . ~ (f,.~) 

p(3) (k,w) x(3) (k = ki + kk + k1,w = Wj +wk +w1) 
(78) 

: E (ki,wi) E (kk,wk) E (k1,w1) 

p(n) (k,w) - X(n) (k = k1 + k2 + •' ·kn,W = W1 + W2 +' '·Wn) 

: E ( k1 , Wt) E ( k2, W2) · · · E (kn, Wn) 
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and 

· exp -i[k1 (r - r1) - W1 (t - t1) · ·· (79) 

•kn (r- Tn) - Wn (t - tn)] 

Equating the third-order polarization calculate~d in the latter formalism and 

that from the former usi~g Eqs. 74 and 75, xi}!h (-w,,., wi, w2, w3 ) is found to be 

[27,11] 



(3) ( 
Xkjih -wu, 

X 

+ 

+ 

+ 

+ 

Np " (o) 
1i3 I ~vnml Pu 

[(flvl - Wp - Wq - Wr) - i,vi] [(fin/ - Wp - Wq) - i,ni] 

1 

[(flnv - Wp - Wq - Wr) - h'nv] [(flmv - Wp - Wq) - i,mv] 

1 

[(flnv - Wp - Wq - Wr) - i,nv] [(flvm-, Wp...,... Wq) - i,vm] 

1 

[(flmv - Wp - Wq - Wr) - i,nv] [(fin/ - Wp - Wq) - h'mv] 

1 

[(flvn - Wp - Wq - Wr) - h'vn] [(fin/ - Wp - Wq) .,- i,ni] 

1 

h j k i + µlvµvnµnmµml 
[(flnm - Wp ---wq - Wr) - i,nm] ~(flmv - Wp - Wq) - h'mv] 

1 

i j k h + µlvµvnµnmµml 
[(flnm - Wp - Wq - Wr) - h'nm] [(flvm - Wp - Wq) - h'vm] 

1 

+ [(flml - Wp - Wq - Wr) - i,md [(fin/ - Wp -Wq) - hnd 

' [(flvl _ :p) - i,vi]}. 
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This formula shows that there are distinct resonances in the spectra of x(3) due 

to the various terms in the denominator. The resonances which are relevant to 

this work are the single-photon, two-photon and Raman-type resonances as is 

illustrated in Fig. 6. In Fig. 6a, a two-photon resonance is illustrated by the two 

solid lines, denoting real states, a and 6. Additionally, if the dotted lines denoted 

/3 and I correspond to real rather than virtual states, single photon (incoming and 

outgoing, respectively) resonances may also occur. A Raman-type resonance is 

illustrated in Fig. 6b. The real Raman mode ( which may also be a Raman-type 

electronic resonance) is denoted n. For this situation single~photon resonances 

may also occur when either of the states I or 6 correspond to real states. For both 

situations discussed above, multiple resonances may occur, i.e., any of the higher 

lying states may be real or more than one may be real. These possibilities must 

be considered in examining the nonlinear spectra. 

The argument of Xk~!h (-wu, wp, wq, Wr) shows that the third-order nonlinear 

susceptibility is a function of four frequencies, three input frequencies and one gen

erated frequency. This should be compared with the linear susceptibility, which is 

a function of the input frequency. The tensor nature of x(3) also cannot be ignored. 

Because of this tensorial property, the direction of polarization of the input beams 

and the orientation of th~ material must be considered in the interpretation of the 

nonlinear spectra. This inherent directional property of x(3) also leads to specific 

transition selection rules for a given material. [34,35] · 

Jt should also be noted that the general form of x(~) is complex, so that, as in 

the linear susceptibility, the third-order susceptibility has both real and imaginary 

parts. These real and imaginary parts correspond to the dispersive and absorptive 

components of the s~sceptibility, respectively. [27] 

In the general formulation, there are 48 terms in the .expression for x(3). These 

terms have been explicitly calculated by Bloembergen et aL, using the perturbation 

technique outlined above [28] and by Prior, utilizing.a diagrammatic technique [30]. 

In Eq. 80, these 48 terms may be found by the use of the permutation operator 
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Figure 6. Energy resonances which arise from various terms i~' x<3>. 'In a), single
and two-photon resonances are possible, both incoming ,and out
going. In b ), a Raman type resonance is illustrated. All of these 
resonances are observed in NDFWM spectroscopy. 
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P1. This operator expands the above expression by permuting the electric fields; 

six permutations of eight terms for a total of 48. [27] 

Two-photon photoluminescence excitation spectroscopy 

Introduction 

The nonlinear properties of QW's have been studied extensively. However, 

most of these studies have concentrated on the saturation of the excitonic ab

sorption with an intense pump. (36-38] Few studies have been performed on the 

two-photon absorption (TPA) of QW states, primarily in GaAs/ AlGaAs QW's. 

[39-43] Recently, one group has reported TPA spectra of ZnSe/ZnSeS QW's. [44] 

No known observations of TPA in ZnCdSe/ZnSe QW's have been reported. 

The importance of Zn1-xCdxSe/ZnSe QW's to blue lasing has been proven 

(45-47]. However, much of the fundamental information on this system is as 

yet not known. For example, the exciton binding energy (i.e., the binding energy 

of the lowest energy ls exciton, as discussed in Chapter I) in these materials has 

not yet been unambiguously determined. The exciton binding energy in quantum 

well structures ( QW's) is an important parameter both for device applications and 

for fitting the observed spectra to theory. 

The ls exciton binding energy of ZnSe of about 20 meV is comparable to 

kBT = 25 meV at room temperature (for GaAs Els = 4.2 meV [48]). This 

leads to the expectation that substantial populations of the ls exciton may exist 

at room temperature, leading to room temperature devices based on the exciton 

effect. However, this line of reasoning ignores the strong coupling of the excitons 

( as well as electrons and holes) in II-VI compounds with the longitudinal optical 

(LO) phonons. This coupling may be described as a linewidth broadening. This 

broadening is expresse<;l as [49] 

(81) 
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where rR is the residual broadening due to scattering from impurities or interfaces, 

,Ac is the acoustic exciton-acoustic phonon coupling constant, f Lo is the exciton

LO phonon coupling constant. In Eq. 81, WLo is the LO phonon frequency. The 

coupling constant fLo determined for epilayers of ZnSe grown on GaAs is 80 meV 

[50], which should be compared with the corresponding value for bulk GaAs of 14 

meV [51]. This rather high value of fLo means that the population of excitons 

in ZnSe is depleted at higher temperatures. by disassociation of the excitons into 

electrons and holes. · This process may be pictured .as the absorption of an LO 

phonon by an exciton. Since the ls exciton binding energy is, less than the LO 

phonon energy, the exciton will disassociate. 

For device applications, it has been considered important to increase the ls 

exciton binding energy in II-VI compound semiconductors beyond the longitudinal 

optical (LO) phonon energy of 30.7 meV. As.noted in the preceding chapter, one 

way of increasing the binding energy of the exciton is in a QW potential. This 

creates a quasi-2D exciton, increasing the binding energy. Additionally, in an 

alloy well the LO phonon energy may also be shifted slightly from the bulk value. 

The LO phonon energy may be increased or decreased or. the alloy may support 

two modes arising .from .the ,two, constitq.ent sublattices, as is the case for AlGaAs 

materials. For the case of ZnCdSe, .th~ ~O pho;no~ :energy is increased from the 

bulk ZnSe·value, and the material shows single mod~ behavior, [52] 
. ~ 

The two-photon selection rules for quantum wells allows the observation of 

the 2p excitonic !!tat~ vvith An.= 0 1and the corresponding continuum states 

when the electric field polarization o(~he incident light is in the plane of the well 

[53,39,54,40,55-57]. This information, in conjunction with petermination of the 

energy position of the lHH-le ls exciton (Ef{1i-ie), which can be determined using 

linear absorption spectroscopy, or similar technique, yields the exciton binding 

energy directly. With the electric field polarization perpendicular to the plan~ of 

the well, the relevant selectjon rul.e is ~n =f:. 0 for; the LH-e transitions and the 

associated s-state excitons [53,39,54,40,55:-57L 
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Theory of two-photon absorption 

The basic theory governing the allowed transitions in QW's in the linear 

regime has been covered in the preceding chapter. Recall that, for single photon 

transitions, the ~n = 0 transition rule holds for interband transitions, that is, 

transitions between conduction and valence band states. For intraband transitions, 

however, the allowed transitions are such that ~n =f:. 0 (intersubband transitions), 

with the light polarized perpendicular to the plane of the well. If the light is 

polarized in the plane of the well, defects must take up the momentum to allow 

transitions within a subband. [6] 

The theory of two-photon transitions has been treated for many years, be

ginning with Goppert-Mayer in 1931 [58]. Despite this early beginning; the first 

experimental observ~tio:r_i .~f two-photon absorption by Kaiser and Garrett [59] had 

to await the development of intense laser sources. Two-photon transitions in con

densed matter have been studied theoretically by several groups, using different 

theoretical models. The primary differences in these theories.has been the way that 

the virtual intermediate states are handled. Both Loudon [60] and Braunstein [61] 
. . 

considered a three band mod~l with the intermediate band distm:ct from the iiii-

tial and final bands. Mahan has ·emphasized the. c~ntribution due to intermediate 

states arising from either th~ initi~ or final bands [53]. Lee and Fan, however, have 

developed a more comprehensive theory which includes the contributions from the 

initial and final bands as well as remote bands [62]. Loudon, Mahan, and Lee 

and Fan also incorporate the Coulombic att;action ( exciton effect) between the 

generated carriers into their models. 
. . 

The absorption from a field of frequency w1 due to the presence of another 

field of frequency w2 is. given by [63,62J 

2 4 · . ' · . · ( ' {2) (1) , · .' (1) - (2) · .. · ) 2 

/3 (wl) = 7r e £2 L L Pel Plv + Pel Pfo 
cn1m4w_1~~ J I . E1 - Ev - hw1 E1 - Ev - h~2 _ (82) 

. ' ; . 

-~(E1 - Ei -hw1 - hw2), 
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where n1 is the index of refraction at w1 , £2 is the electric field at frequency 

w2 , and the second summation is over all states (intermediate states J) within 

the constraints of the two or three band model. This can occur in two-photon 

absorption since the intermediate state is virtual, i.e., energy and conservation 

may be violated in the two virtual transitions. As can be seen from the individual 

matrix elements, the k values must be conserved in each transition. In the resulting 

final state of the electron-hole pair, energy and momentum must be conserved. 

The factors p~~)P}~) are written in analogy to the dipole transition matrix element 

exhibited in Chapter I: 

(83) 

where t 1 ( t 2 ) is the polarization direction for the field at frequency w1 (w2 ), and 

p is the dipole moment operator. As above, Iv) and le) are the initial valence 

band state and the final conduction band' sfate, respectively. In this work, the 

primary concern is the two-photon absorption from a single beam. In this case, 

the absorption becomes [62] 

(3(w)= 21r2e4 EIE( f·Pc1f·P1v )1 2 

cn1m4w J I E1 - Ev -1iw 

·8 (Ee - Ev - 21iw). 
(84) 

The selection rules for two-photon absorption may thus be determined from 

the terms (cl f · p II) and (JI f · p Iv), for single photon transitions. For the bulk, 

band-to-band case, Table II of Chapter I gives the relative oscillator strengths of 

the various transitions near k = 0. The' similarity of Eq. 84 and the form of the 

various terms in x(3) should be noted. With the appropriate substitutions for the 

relevant frequencies, it can be see~ th~t [64] 

(3 (w) = 81rw Im (x(3)). 
n~c2 

(85) 

Examination of the matrix elements for band-to-band transitions would lead 

to the expectation that this transition would be forbidden due to parity. The 

two-photon absorption includes terms such as 

f3 (w)"' l(cl f · P II) (JI f · P lv)l 2 • (86) 
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The intermediate states can be either in the valence band or the conduction band. 

Then, the TP A will be consist of terms such as 

/3 (w) - l(SI f • p IS) (SI t · p lv)l2 • (87) 

Note that the factor on the left is zero because of the parity of the states is identical. 

A factor that has been ignored here, however, is that the states may not have a 

well defined parity. Near k = 0 the states are defined as given in Chapter I. Away 

from k = 0, the parity is not well defined. This will cause the. TPA to become 

nonzero for a band-to-band transition. 

The selection rules for two-photon transitions to excitons in bulk is easily 

demonstrated by considering the dipole matrix element for single photon absorp

tion and creation of an (intermediate state) exciton as calculated in Chapter I, 

which allows for the creation of only s-states of the excitons. As is well known 

[23,63], the single-photon transitions of hydrogen from s-states are to p-states .. 

Thus, two-photon excitonic absorption in bulk materials results in the creation of 

a p-state exciton. 

Two-photon transitions in QW's have also been considered, with the the

ories primarily based upon the results and techniques of the bulk theories cited 

above. Most of these theories have been based upon the two-band model of Mahan. 

[53] However, these theories have the additional· complication of the generation of 

subband states due to the QW potential. Again, as in the bulk case, an inter

mediate virtual state is created· in which energy is not necessarily (generally, is 

not) conserved. With the two'"photon absorption given similar to that in Eq. 84, 

the proper selection rules may be determined directly from the single photon case. 

The promotion into a virtual state is just as in the single photon case, for either 

intra- or interband transitions ( except as noted above, that the energy need not 

be conserved) .. Transitions from this virtual state are then dependent upon the 

other type of transition momentum matrix element, i.e., if the initial transition is 
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intraband, the second is interband. Note that both types contribute to f3(w ). If the 

polarization of the light is in the plane (f..Lz, with z the growth axis), the ~n = O 

transition rule holds, since as discussed in Chapter I, light of this polarization does 

not induce transitions between subbands, that is, n does not change. The band-to

band selection rules for two-photon absorption of a light beam with the polarization 

vector in the plane of the well is then just as it is for single photon absorption, 

i.e., ~n = 0. [54-57,40,39] This situation is shown in Fig. 7a. Additionally, due 

to the linear dependence of the intraband absorption on k ( again, see Chapter I), 

the two-photon absorption increases linearly with 21iw -E9 (where E9 denotes the 

onset of the absorption) (54,40,39] for each n. 

The description given above can be shown mathematically considering terms 

in the TPA coefficient for a QW subbatid-subbc'l;nd transition for the electric field 

along the x direction, and ··using the inter- and intra-subband matrix elements 

derived in Chapter I: 

where the polarization is assumed to be in the x direction. In the above equation, 

the first factor is due to the intrasubband transitions and the last factor due 

to interband transitions. This illustrates that the subband-to-subband selection 

rules for TP A with f.lz are as for single phot~n absorption, since intrasubband 

transitions do not change n. ,, •. 

If the light polarization is aiong the growth direction ( f II z), the relevant 

rule for single photon intraband absorption is ~n odd (Chapter I). Combining 

this with the second transition; the two-photon selection rule for light polarized 

Jlerpendicular to the plane of the QW is ~n odd (54-57,40,39]. This is seen by 

/3 (w) "' I( (Xnk(z)I - ihVz IXn'k'(z)}) ( (Xn'k'(z_) IXnk(z)} (ucl - ihVz lu11} )1 2 (90) 
.-] 

The factor on the right again describes interband transiti?ns, ;ith ;~n . o.·· The 

factor on the left (intersubband transitions) requires that the envelope functions 

differ in parity, so that ~n must be odd. Transitions which contribute to the 
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Figure 7. Processes which contribute to the two-photon absorption in a QW. In · 
a), intrasubband absorption contributes to the absorption with the 
polarization in the plane of the well. The intersubband contributions 
with the polarization perpendicular to the well are shown in b). 
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TPA for this polarization are shown in Fig. 7b. Note that light polarized in this 

direction exhibits a shift in the absorption edge to higher energy compared to that 

observed in linear spectroscopy or for TPA the polarization in the plane of the 

well. 

The selection rules for excitons in Q\V's may be determined by considering 

the intraband and interband matrix elements including the exciton effect. Using 

the results from Chapter I for intra- and inter-band matrix elements, 

f3 (w) "' l(Tik:i:,y (Xn'k'(z) IXnk(z)} 8t1,'tf, 

+ (Xn1k1(z) IXn;(z)}(cp'(x,y)I- ih"v:i:,y l</>s(x,y)}) (91) 

· ((Xn1k1(z) IXnk(z)} 'Ps(x,y) (ucl- ih"v:i:,y luv))l2 , 

The first term in the top line is sip.all for exci~onic transitions ~ue to the limited 

extent of the excitons in k space, and allows for TPA of s-excitons in this polariza

tion. The second, and dominant, term requires the exciton to change parity and 

allows only p-excitons to be observed. 

If the polarization of the electric field is allowed to be parallel to z, the TP A 

includes such terms as 

f3 (w) "' l((Xn'k;(z)I- ih"vz IXnk(z)} b'q,'tf, 

+ (X~'k'(z) IXnk(z)} (</>'(x,y)l-ih"vz l</>s(x,y)}) (92) 

: ((Xn1k1(z) IXnk(z)} </>s(x,y) (ucl - ih"vz luv})l2 • 

Recall that for Ellz, the HH-e interban4 transition is forbidden {see Chapter I and 

Ref. (65]), so that only the LH states .cont~ib~teto.the.TPA._If.the Uv in the last 

line of Eq. 92 is a HH state, f3 is zero. This occurs because the LH (HH) states 

( do not) include the -IZ} function: 'The first terin in Eq~ 92 'allows'the s-excitons 

to contribute to the TP A. The second term in the first line, is zero if the excitons 

are 2D. 

Experimental 

The samples in this study were of three different types. The first were 

Zni-:i:Cd:i:Se/ZnSe MQW's grown on ZnSe grown at North Carolina State by J.F. 
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Schetzina. These wells of these samples were all 50 A wide and the x-values were 

between 10 and 15%. The larger Cd concentration (x) decreases the band gap 

of the alloy in this structure. The band gap of the alloy may be found by the 

empirical formula [66] 

E9 = 2.825 - 1.39x + 0.35x2 ( e V) , (93) 

while the lattice constant of the alloy may be found by 

a= 5.6676 +-0.3824x (A). (94) 

The second set of samples were also Zn1-:i:Cd:i:Se/ZnSe MQW's, but grown by J.K. 

Furdyna on GaAs. The well thicknesses of these samples were 300 and 500 A. A 

third type of sample was constructed of a two monolayer (2ML) single quantum 

well (SQW) of CdSe with ZnSe barriers grown on GaAs. [67] This CdSe/ZnSe 

SQW was grown at Hiroshima University by Z~Q. Zhu and T. Yao. All of the 

samples were grown in the (100) crystal direction. 

In the ZnCdSe/ZnSe material system, the wells are under compressive strain 

due to the lattice constant difference between the alloy wells and the ZnSe barriers. 

This compressive strain causes the HH band to be pushed up with respect to the 

LH band (considering electron energies), decreasing the transition energy. [52] If 

the material were under tensile strain, the LH band could be above the HH band. 

This situation is shown in Fig. 8 [26] for bulk (or bulk-like epilayer) materials. 

However, this latter statement ignores the·~W potential-which-increases the LH 

subband energy. For the ZnCdSe/ZnSe material system in this study, however, the 

primary results of this strain is to increase (decrease) the HH (LH) confinement 

energy and shift the LO phonon energy slightly. [52] Pelekanos et al. quote an 

increase in the LO phonon energy of about 1 meV for a Zn1-:i:Cd:i:Se/ZnSe with 

x ~ 0.25 and Lw = 30-A. The QW's iri this sample should exhibit iess of an LO 
,·, I 

phonon shift due to the lower values of x. [52] 

As was mentioned in the introduction of Chapter I, linear and ·nonlinear 

spectroscopic techniques are complimentary, giving different information. In order 
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( 

Figure 8. Effect of strain· on bulk- semiconductor: band· states is shown for a) 
unstrained b) ·compressive and c) tensile strain; Under compressive 
strain, the HH states are lowered, while under tensile strain the LH 
states are lowered. After People and Jackson. 
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to understand the TP-PLE spectra of these materials, the linear behavior must 

also be studied. 

The linear absorption spectroscopy follows the selection rules determined in 

Chapter I, so that the lHH-le, ls exciton (often referred to as the n = l heavy 

hole exciton and denoted lHHx) is usually the lowest en~rgy state observed, then 

the lLH-le, ls exciton, then then= 2 exciton states, and so on. The subband-to

subband transitions also contribute to the absorption, but distinct 'pea.ks are not 

seen. This is the reason that SP-absorption or SP-PLE usually cannot determine 

the binding energy of the exciton: the onset of the subband transitions are obscured 

by the strong excitonic transitions. 

Photoluminescence excitation spectroscopy is performed by detection of a 

specific emission line (PL) from a sample, and then observing the variation of the 

emission intensity as a function of excitation energy. This is schematically illus

trated for the case of single-photon photoluminescence spectroscopy (SP-PLE) in 

Fig. 9. As indicat~d in the figure, the light is absorb~d acco;ding to the selection 

rules discussed in Chapter !.-The.carriers then relax to then= l states and recom

bine, emitting the light which is collected and detected. A sketch of the resulting 

spectra is shown in Fig. 9b, with the various excitonic transitions indicated. The 

Stokes' shift shown on the diagram is the shift in energy from the Efhh-Ie PL peak 

and the PLE (or absorption) peak from the same transition. The.observation of 

the Stokes' shift is usually taken to be an indication of inhomogeneous broadening 

in the sample. [68] This is often used as a qualitative Iileii.sure of the quality of a 

QW sample. TP-PLE produces a similar type of spectra, but the different selection 

rules in combination with the values of the matrix elements modifies the resulting 

spectra. 

Linear spectroscopy of Zn1-a:Cda:Se/ZnSe QW's. Photoluminescence of the 

samples was obtained usirig a HeCd laser (10 niW) operating at 325 nm as an 
1 • ', 

excitation source. The PL was collected and dispersed using a· 0.85 m double 

spectrometer (SPEX 1403). The detection system was a GaAs photomultiplier 
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Conduction Band 

a) 

Heavy Hole Band 

PLE 

b) 

Figure 9; Photoluminescence excitation spectroscopy involves the observation of 
the photoluminescence of a sample ,as a function of the excitation 
energy as shown for a QW in a). The light hole band is excluded 
for clarity. In b), a typical SP-PLE spectra is sketched, ,showing the 
n=l and n=2 excitonic resonances. 
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tube (PMT) used in conjunction with a photon counting and computerized data 

acquisition system. [69] 

The ZnSe substrates facilitate the use of absorption spectroscopy since they 

are transparent in the QW energy state region. The linear absorption spectroscopy 

was performed utilizing a 0.5 m monochromator (Aries F..500) for dispersion of 

the tungsten lamp source. The detector used was a UV-enhanced photodiode. 

The beam incident upon the sample was chopped to allow use of a lock-in signal 

averager. [69] .The ZnCdSe/ZnSe samples grown on GaAs were studied using a 

similar system, but using reflection geometry. The CdSe/ZnSe sample could not 

be studied in this manner due to poor surface quality. However, SP-PLE has 

been performed on this sample, [67,70] using a tungsten lamp and a 1/4 meter 

spectrometer as a source. The SP-PLE was detected using a 0.5 m spectrometer 

(Aries F500). This SP-PLE system is schematically illustrated in Fig. 10. 

Photoluminescence and absorption spectra for sample D59 are shown in Fig.'. 

11. This sample is grown on a ZnSe substrate. The double peaks in the absorption 

spectra at about 2.652 and 2.664 eV are due to lHH-le ls excitons in different 

wells due to the different x-concentrations in the wells ( as will be seen below in 

TP-PLE). Note that the PL peaks do not exhibit any observable Stokes' shift. The 

next highest peak is identified as due to the lLH-le ls excitons. This peak appears 

to be a doublet, again due to different wells. No higher lying states are resolved in 
' - . . -

the absorption spectra. However, from this spectra it cannot be determined if any 
- . ,- - . - ... .. . .. 

higher lying states exist. due to the interfering absorption tail of the ZnSe substrate 

and barriers. 

Similar spectra for a sample (D58) with idarger X"'-concentration is shown in 

Fig. 12. This sample also shows a doublet structure for the lHH-le ls excitons 

(2.609 and 2.626 eV), and no observable Stokes' shift. The lLH-le ls exciton 

peaks are also observed'(...., 2,67eV); and 2HH-2e ls·exciton,can·also be observed 

at about 2.72 eV.'The domin~t PL peak als~'does' not show any Stokes' shift. 

Absorption and PL spectra from sample D63A, as shown in Fig. 13, which 

has the lowest x value of the ZnSe substrate samples studied, again shows the 
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Figure 10. 'two-photon' 'and single-ph~ton: photoluminescence excitation spec~ 
.troscopy system. -PLE cSpectra •maytbe obtained using either sin
gle-photon (tungsten lamp) or two-photon (Nd-YAG pumped dye 
laser) techniques. 



50 

0.4 

ZnCdSe/ZnSe on ZnSe 
D59 
T = 10K 

0.3 

PL --- ---:::> .....:I 
< ~ __. __. 

~ 
.. Q.2 

~ 
+J 0 
•r-1 •r-1 
f/.l +J 
~ 0... 
Q) ~ 

+J 0 
~ f/.l - ,..c 

.....:I Absorption < 
~ 0.1 

0.0 

2.60 2.65 · 2.70 

Photon Ener.gy. ( e V) 

• l ! 

Figure 11. Single photon photoluminescence and absorption spectra for sample 
D59. The two lowest energy peaks are dti~ to the lHH-le ls exci
tons. The peak at"' 2.70 eV is due to the lLH-le ls excitons. 
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Figure 12. Single photon photoluminescence and absorption spectra for sample 
D58. The two lowest energy peaks are again due to lHH-le ls exci
tons. The peak at about 2.67 eV is due<to the lLH-le ls excitons. 
An additional feature at about 2.72 ~Vis identified as due to 2HH-2e 
ls excitons. 
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PL and absorption ~pectra for sample D63A. The lHH-le ls excitons 
are seen at 2.694 and 2.708 eV. The peak,at N ':t.73i5'eV i(due t~ 
the lLH-le ls ·excitons. No higher lying states can be observed due 
to the ZnSe absorption. 
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lHH-le ls excitons (2.694 and 2.708 eV) and a lLH-le ls exciton peak (2.735 eV). 

This sample also does not show any higher lying excitonic levels in the absorption 

spectra. The full width at half maximum (FWHM) for all of the ZnSe substrate 

samples is 5 - 8 meV. 

The assignments of the transitions in the data presented above have been 

checked by calculations using the envelope function approximation due to Bastard 

[71,6,72]. These calculations also suggest that the lLH-le transition is slightly 

Type II for these samples. However, the band-offset for the LHs is very small (a 

few meV), creating a -superlattice state, where the holes may travel nearly freely 

through the wells and barriers. This would explain the strong lLH-le ls transition, 

which is unexpected in well-confined Type II QW's. ·[73] 

The reflectivity and photoluminescence for the 300 A ,ZnCdSe/ZnSe sample 

grown on GaAs is shown in Fig. 14.- The linewidth.of the reflectivity data is wider 

than that of the PL, for the lHH-le ls exciton with the peak shifted to slightly 

lower energies. The reflectivity data also appears to have a doublet ,structure. The 

cause of the broadened linewidth may be the fact that reflectivity is determined by 

both the real and imaginary part of the dielectric constant. Since the real part of 

the dielectric constant tails to lower. ( and higher energies), the apparent linewidth 

will be broadened; Another contributing factor could be spatial inhomogeneity in 

the sample, yielding slightly different energies at different spot on the.sample. The 

lLH-le ls exciton is also observed at about -2.696 eV. 

The corresponding ·data for the 500 A sample shows the lHH-le ls exciton 

at about 2.690 eV, and the lLH-le ls exciton at 2.712 eV. This data is shown in 

Fig. 15 The lHH-le ls exciton linewidth of this sample is about 4 meV. 

Single-photon PLE and PL spectra for the 2ML CdSe/ZnSe sample are shown 

in Fig. 16. The oscillations in the SP-PLEmay arise from the Franz-Keldysh effect 

due to the large strain in the CdSe QW. The PL. FWHM ,of almost .45 meV for 

this sample is quite large compared to·the other samples. 
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Figure 14. Single photon phot~lumines~ence and reflectance spectra for the 300 A 
ZnCdSe/ZnSe QW. The lowest energy peak at 2.67 eV is due to the 
lHH-le ls excitons. The peak at "' 2.70 eV is due to the lLH-le 
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Two-photon photoluminescence excitation spectroscopy of Zni-xCdxSe/ZnSe QW's. 

The two-photon photoluminescence excitation (TP-PLE) spectra were taken using 

the backscattering configuration, as is shown in Fig. 10. The excitation source 

was a dye laser (using the Exciton dyes LDS925 and/or LDS867) pumped by the 

second harmonic of a 8ns Nd-YAG laser. The infrared excitation beam was at 

near normal incidence to the surface of the sample. The polarization of the elec

tric field was vertical and thus perpendicular to the z-axis (that is, the growth 

direction). The photoluminescence signal was collected into a spectrometer and 

detected using a GaAs PMT, or alternately, using an intensified CCD. A boxcar 

signal averager was also utilized in conjunction with the GaAs PMT. The TP-PLE 

data was divided by the square of the dye emission curves in order to eliminate the 

effect of the power variation of the dyes. All of the spectroscopic techniques were 

performed with the samples held at 10 K in a closed cycle liquid He cryostat. As is 
r 

discussed above, with the polarization in the plane of the well ( f .l z), the 2p exci-

ton states are observed, and the band-to-band emission increases linearly for each 

n. Additionally, the selection rules for this polarization allow only Lin = 0 states 

to be observed in TP-PLE. For either polarization direction, the absorption edge 

is shifted to higher energies, with the absorption due to light polarized parallel at 

higher energies. An energy diagram showing the TP absorption and subsequent 

emission is shown in Fig. 17. As indicated in the figure, two photons are absorbed, 

creating either a p-state exciton or an electron-hole pair in the associated bands. 

These particles lose energy due to scattering or phonon emission, relaxing to the 

lHH-le ls exciton, which then recombines emitting a photon which is collected 

and detected. 

The TP-PLE spectra for sample D59 is shown in Fig.18, superimposed over 

the linear absorption spectra. The TP-PLE spectra shown is taken with the detec

tor set to the strongest PL peak. As can be seen in the figure, a strong resonance 

is seen above the lHH-le ls exciton transitions. This feature is ascribed to the 2p 

state of the lHH-le exciton. At higher energies, a steep rising slope is observed 

which is identified as being due the lHHl-le continuum. The fit to the linear 
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TP-PLE spectra is obtained with the detector s~t to E1HH-'le· The 
excitation photon energy' is scanned and resonances are observed at 
the allowed transitions. Specifically, for E J_ z, the p states are 
allowed as are the ~n = 0 continuum states. 
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dependence of 21iw - E9 of this rising slope can be extrapolated back to give the 

energy position of the onset of this resonance [39,54]. This linear rising slope has 

been observed in GaAs/ AlGaAs QW's. [39] Using the value for the onset of the 

continuum state found in this manner, minus Efkn-te, gives the ls exciton binding 

energy of 37 ± 2 meV. 

Two TP-PLE spectra for sample D58 are shown in Figs. 19 and 20, with 

the detector set to the lower ( Fig. 19) and higher ( Fig. 20) energy lHH-le ls 

exciton positions. The 2p resonance can be clearly seen in both TP-PLE spectra. 

Since the 2p exciton is shifted between the two spectra, it appears that the lHH-le 

ls exciton peaks are not energetically connected. This supports the assumption 

that the two peaks observed in the absorption spectra are due to separate wells. 

Another possibility, that cannot be ruled out, is that the two states arise within 

a well, but are localized; The onset of the lHHl-le continuum can not be clearly 

determined using the technique for D59. The binding energy of the unperturbed 

2p state of the exciton in bulk ZnSe is 5 - 6 meV [74], thus a lower limit can be 

set on the ls binding energy by addition of 5 meV to the position of the 2p state. 

This gives a binding energy of> 38 meV. An upper limit can easily be set by the 

position of the unambiguous contribution from the lHH-le continuum. Thus the 

binding energy of the lHH-le ls exciton in this QW is 38 meV < Eb < 44 meV 

for the spectra presented in Fig. 19. When the detector is set to the higher energy 

peak, the spectra yields the binding energy to be 41 meV <Eb< 49 meV. 
. .. ·-·- ··---~~· -· ·- .... - . -~·· - -· . . . ·~· - .. ··-· ... -- --- - - .. - ......... -

A similar spectra is shown in Fig. 21. In this lower Cd percentage sample 

the 2p state of thelHH-le exciton is clearly visible. In this case, the onset of the 

continuum states is visibly separated from the 2p state. · Using the onset of the 

lHH-le continuum for estimating the binding energy of the ls exciton, the range 

determined is 38 meV ( Eb( 42 meV. The peak between the 2p exciton and the 

lHH-le continuum states may be due to the enhanced scattering of the tail of the 

2p state by LO phonons into the ls exciton state, or possibly, absorption due to 

the 3p exciton. 



61 

0.6 

ZnCdSe/ZnSe 
D58 
T = 10 K 0.5 

,,,-...... 

~ 
<r! TP-PLE 0.4 -..._,; ,,,-...... 

.::>-. ...:I 
+J ti 
•..-t -..._,; 

00 
i:: i:: 
Q) 0.3 0 

+J •..-t 

i:: +J 
t----1 0-i 

H 
µ::l 0 
...:I 00 
P-. 0.2 ,..c 
I <r! 

Poot 
E-t 

Absorption 0.1 

0.0 

2.50 2.55 2.60 2.65 2.70 2.75 

Photon Energy (eV, 2hv) 

Figure 19. TP-PLE spectrum of sample D58 with the PL position setto the lowest 
HH exciton. Also shown is the absorption spectra for this sample. 
The sharp peak is ascribed to the lHH-le 2p state. 
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The TP-PLE spectra of the 300 A MQW shows as small bump at energies 

just above the lHH-le exciton as is seen in Fig. 22. This bump is attributed to the 

2p exciton. At higher energies, a linearly rising slope can be seen. Extrapolating 

back, and using the reflection data, which is also presented in Fig. 22, the binding 

energy can be determined to be approximately 22 meV. For the 500 A sample (Fig. 

23), the 2p state is not clearly visible, while the excitonic binding energy calculated 

from the linear fit is about 20 meV. Note that this value is about the same as the 

accepted value for the exciton binding energy of bulk ZnSe. This result is not 

surprising, since for this wide well, the excitons should be essentially bulk-like. 

The third type of sample, that is, a SQW sample with a 2ML wide well of 

CdSe/ZnSe grown on GaAs. Two photon PLE and PL spectra for this sample are 

shown in Fig. 24. The linear fit to the rising slope for this sample, in conjunction 

with the SP-PLE spectra shown in the previous section yield an exciton binding 

energy of38 ± 2 meV. Note that the TP-PLE spectra of this sample also e~ibits 

TP absorption into the ls exciton region. 

Discussion of results 

The absorption coefficient observed for the ZnSe substrate Zni-:i:Cd:i:Se quan

tum wells of approximately 0.2 aL converts to an effective a = 1.4 x 105 for samples 

D58 and D59 if the double equal intensity pea.ks are taken to be indicative of two 

separate well widths within.the.sample. This-result is close to that reported by 

Ding et al. of a~ 1.8 x 105 for a Ziio.1aCdo.24Se sample with Lz = 35 A. [75]. The 

same group reported a~ 9 x 104 for a Lz = 200 A sample [75]. The data presented 
. ' . . 

here are consistent with these previous reports since the oscillator strength of the 

excitons should increase with confinement. [76] All of the ZnSe substrate samples 

exhibit a near zero Stokes' shift and narrow linewidths for both PL and absorption 

spectra. The FWHM of the lHH'." le ls, excit.on in these samples is between 5 and· · 

8 meV. 

The results of the binding energy measurements and peak positions _of im

portant transitions are summarized in Table III. The binding energies found in 



2.60 

ZnCdSe/ZnSe//GaAs 
300 Angstrom 
T = 10 K 

Reflectance. 

· ·2.65 2,70 

I 

I 

I 

TP-PLE 

2.75 

Photon Energy (eV, 2hv) 

2.80 

Q) 
,_CJ 
~ 
ro 

+J 
C) 
Q) ...... 

'+-I 
Q) o::·. 

65 

Figure 22. T~o-photdn'photofo.miriescericeexcitatfon·spectrumifor th~ 300'A QW. 
The ,small. shoulder in the TP:-PLE spectr~ jl:l attributed tp the 2p 
exciton. The linear fit to the rising slope is shown as the dashed 
line. 

: : .. ~ ) ' 



66 

ZnCdSe/ZnSe//GaAs-
500 Angstrom 
T = 11 K 

- I 
;::) 
< I -'--"' ;::) 

~ 
I < 

'--"' 
-t-l Reflectance •.-I Q) rn C) 
~ ~ Q) 

-t-l ro 
~ 

-t-l 
t--1 

C) 
Q) 

i:::c:l -'+--t 
.....:l Q) 

~ ~ 
I TP-PLE 
~ 
~ 

I , . 
/ Linear Fit 

7------

2.65 2.75 2.80 

Photon -Energ-y (eV, 2h11) 

Figure 23. · T;~-ph~ton PLE and reflect~nc~ spe~tra f~~· the;500 A sa~;l~. The 
dashed line is the linear fit to· the TP..:PLEdata; The weak shoulder 
is attributed to the 2p exciton; . · 



............ 
!:) 
< ........... 

~ 
-i-,) 
•.-1 
f/.l 
~ 
Q) 

-i-,) 

~ -
~ 
....:I 
~ 
I 
~ 
~ 

Figure 24. 

67 

CdSe/ZnSe 
2ML 
T = 11 K 

PL ............ 
!:) 
< ........... 

~ 
-i-,) 
•.-1 
f/.l 
~ 
Q) ....., 

/ ~ 
/ -

TP-PLE ....:I 
~ 

2.50 2.5~ 2.60 2.65 2.7.0 2.75 

Photon Energy (eV, 2hv) 

Photoiurninescen·ce and TP-PLE spectra for 2ML s'ample. The dashed 
line is a linear fit to the rising. slope of the_ TP-PLE data. N 9te that 
TPA is observed in the lHH-le ls region and no 2p excitonic feature 
is seen. . '· 



68 

TABLE III. 

The results of the binding energy measurements and peak positions of important 

transitions are summarized. 

Sample Ef;1H-le (eV) Eb(ls)(meV) Eb(2p)(meV) EffH-le (eV) 

D58 2.609 41-49 8-16 2.664 

2.626 38-44 4-10 2.672 

D59 2.652 35-39 10-14 2.695 

2.664 2.702 

D63A 2.694 

2.708 38-42 13-17 2.736 

300 A 2.667 20-22 2.696 

500 A 2.690 18-22 2.712 

2ML 2.592 36-40 
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the Lz = 50 A samples are in the same range as that found by Pelekanos et al. 

of 35-41 meV for a Lz = 90 A well with x = 0.25. [52] The authors were able to 

determine Els in this particular sample due to the observation and identification 

of the 2s state of the lHH-le exciton in absorption spectroscopy. The value of the 

splitting allowed determination of the exciton binding energy using the 2D and 3D 

limits for the binding energy. However, in general, the 2s state is not observable 

using this method. 

Two-photon PLE of GaAs/AlGaAs QW's usually do not exhibit distinct 

peaks for the 2p exciton resonances [39], although Catalano et al. have reported 

observation of the 2p state of the lLH-le, 2HH-2e and 2LH-2e transitions [40). 

The enhancement of the 2p state of the lHH-le transition in ZnCdSe/ZnSe quan

tum wells as compared to GaAs/ Al Ga.As quantum wells may be due primarily to 

the smaller exciton radius and accompanying increased binding energy [54). As 

mentioned earlier, the 2p exciton has been observed in two-photon spectroscopy of 

bulk ZnSe, so it should not be surprising that it is easily observable in QW's based 

on this material. The 2p excitons have been recently reported for ZnSeS/ZnSe 

QW's grown on GaAs for the lHH-le, 2HH-2e and lLH-le continuum states. [44) 

This the first known report of 2p excitons in ZnCdSe QW's. 

A plot of the binding energies found in the above as a function of well width 

is shown in Fig. 25. In this figure, the solid line is the reduced exciton binding 

energy as a function of the reduced well width for a infinitely deep quantum well. 

The exciton binding energy is given by [77] 

!: = { 1 -i exp [i ( ~:)] }-2 
The reduced exciton binding energy is Eb/ E0 , and the reduced well width is Lw/ ao, 

where the E0 is the free exciton binding energy in the bulk case, and a0 is the 

ex~iton (bulk) Bohr radius.· The other symbols are as defined ea;lier. This equation 

arises from an assumption that the fractional dimensionality of an exciton varies 

exponentially with the reduced well width. This fractional dimensionality is due 

to the fact that, for any real quantum well, the exciton is not two dimensional 
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(2D). This dimensionality may be parameterized by the expression [77] 

a= 3 - exp [-i ( ~:)], 
where a is the fractional dimension. Note that this equation yields the expected 

behavior in the limits; for an infinitely wide well, a = 3, and for a infinitely small 

well a= 2. The factor of 1/2 is due to the fact that a0 is the excitonic Bohr radius 

and not the diameter. 

In Fig. 25, the free exciton parameters for bulk ZnSe were used, since these 

parameters are not fully characterized for different alloys ofZriCdSe. For the CdSe 

SQW, bulk CdSe parameters have been used. The parameters used are for ZnSe: 

Eb= 20 meV [78], exciton Bohr radius a0 = 35 A and for CdSe: Eb = 15.7 meV 

[78], a0 = 41 A and lattice constant a = 6.05 A (cubic phase) [3]. The CdSe 

exciton Bohr radius was calculated using f = 9.29, µ* = ·0.095 me [78]. The circles 

in the figure are the experimental data found in this study. The spread seen in 

the different 50 A wells may be due to the differing x-concentrations, as can be 

observed from the different positions of the PL and lowest energy absorption peaks. 

The different x values would result in ·different bulk exciton binding energies, as 

well as different dimensionalities due to the different degree of confinement. 

The data follows the general trend quite well, except that the 50 and · 300 

A wells are slightly high and the 2ML sample low relative to the theory. The 

reason for the high values of Eb/ E0 is unclear. If the decrease in E0 due to the 

introduction of Cd into the lattice is included, Eb/ E0 . would increase; ·not decrease. 

Considering a linear form for the variation of Eb ( although there is no basis for 

this assumption), the bulk binding energy for the alloy· material would be between 

19.3 and 19.6 meV. This effect is smaller than the experimental error assumed of 

±2 meV. 

If the effect of a noninfinite well is con~idered, the excitons should become 

more three dimensional,. which . w:ould decrease the, binq.ing energy Qf the excitons 
• • • • • • • , •I I ,. ' , 

in the model. The exciton in the 2ML sample. probably has a smaller binding 

energy than in the infinite well case because it is ..IJ].ore three; dimensional. As the 
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energy states of the exciton approaches the top of the well, the wavefunction of 

the exciton can spread over a larger volume, decreasing the binding energy. [77) 

Conclusions 

The absorption coefficient observed for the ZnSe substrate Zni-xCdxSe quan

tum wells of approximately 0.2 cx.L converts to an effective a = 1.4 x 105 cm-1 for 

sample D58. All of the ZnSe substrate samples exhibit a n~ar zero Stokes' shift 

and narrow linewidths for both PL and absorption spectra. The FWHM of the 

lHH-le ls exciton in these samples is between 5 and 8 meV. 

The 2p state of the lHH~le exciton in Zn1-xCdxSe quantum wells has been 

ob~erved. Additionally, the two-photon allowed lHH-le ~ontinuum state allows 

direct determination (for some samples) of the lHH-le ls exciton binding energy, 

using TP-PLE in conjunction with the linear absorption or reflectivity data. For 

a well widths of 50 A, the binding energies range from a minimum of 35 meV up 

to possibly 49 m~V for a' sample with a higher ~-value. The binding energies for 

wider wells are about 21 · meV (300 A well) 'and 20 meV (500 A well). These values 

are of great importance for devices · since the LO-phonon energy of ZnSe is about 

31 meV. Scattering of the lowest ls exciton into the lHH-le continuum decreases 

the lifetime of the exciton, especially at elevated temperatures. Zn1_xCdxSe/ZnSe 

QW's of 50 A or less in width and with x = 10:.... 15% should have binding energies 

large enough to be stable at roo~ temperatu~e. However, there is a limit to 

increasing the binding energy with. decreasing well width as is observed for the 

2ML sample in this study. As the well width is decreased, the exciton binding 

energy will reach a maximum value due to its limited spatial extent. As the well 

width is decreased beyond this value, the binding energy will decrease due to the 

spreading of the wavefunction into the barrier. This occurs because the wells are 

not infinitely deep, and the narrow wells have states -with energies :very-near the 

barrier levels. This allows spreading ofthe wavefunctionsintothe barriers, and thus 

a decrease of the binding energy as the exciton becomes more three dimensional. 
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Non-degenerate four-wave mixing spectroscopy 

The mixing of two laser beams of differing wavelengths in order to generate 

a third beam in the direction 2k1 - k2 of frequency 2w1 - w2 ( or in the direction 

2k2 - k1 and of frequency 2w2 -w1) as a spectroscopic technique has been referred 

to in the literature by many different names. The most common name for this type 

of spectroscopy is CARS or CSRS for Coherent Anti-Stokes Raman Spectroscopy 

or Coherent Stokes Raman Spectroscopy [79,80]. However, these names are un

necessarily restrictive as they imply that the resonance of interest is of the Raman 

type (as was historically the case). Another name sometimes given is three-wave 

mixing. [81] This name is used because there are two input beams and one output 

beam of interest. Recently, the term nondegenerate four-wave mixing (NDFWM) 

has become more accepted since it illustrates the commonalty of the basic theory 

of this type of spectroscopy and other types of four-wave mixing (FWM), [29,33,82] 

and describes the interaction process in particular, but less restrictive, terms. 

The generation of a coherent beam of frequency 2w1 - w2 in the direction 

2k1 - k2 ( or of frequency 2w2 - W1 in the direction 2k2 - k1) is governed by the 

third-order nonlinear susceptibility, x1~!h(w;;w1,~1,w2) (or x1~!h(wu;w2,w2,wi)) 

[83-85,79,29]. 

Non-degenerate four-wave mixing spectroscopy has been performed on CdTe 

and ZnSe bulk samples and ZnCdSe/ZnSe quantum well structures. 

A schematic diagram of the NDFWM spectroscopy system utilized in these 

studies is shown in Fig. 26. A 'Spectra Physics frequency doubled Nd-YAG '(Nd

doped yttrium aluminum garnet, with a pulse width of approximately 8 ns, and a 

frequency of 10 Hz) laser is used as the pump source for a scanable Lambda Physik 

dye laser, as well as a source for the 1.06 µm light used for one of the mixing 

beams. The dye laser is capable of being tuned from the yellow-green region of 

the spectrum to nearly 1 µm using various dyes. The· dyes most commonly used 

in these studies were LDS 925, LDS 86.7. The number designation on these dyes 

closely correspond to the peak wavelength of the tuning curve. 
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The delay line is used to ensure that the pulses from the two lasers overlap 

in time. This is necessary since the dye laser introduces a significant delay in the 

pulse. The overlap in time was achieved by monitoring the scattered light from a 

card at the sample position using a fast photodiode (from ThorLabs Inc., with a 

rise time of "' 2 ns ). The delay was varied until the two pulses overlapped on an 

oscilloscope. 

The samples were mounted in a temperature controllable, closed-cycle liquid 

helium cryostat which allowed temperatures down to about 10 K to be achieved. 

As discussed in the previous section, the four-wave mixing interaction allows 

two signal beams to be generated; :onein the diredit>Il 2f:~~ k2 and another in the 

direction 2k2 - k1, For··ihe case shown: with an infrared (IR) dye mixed with the 

1.06 µm beam from the Nd-YAG, and with the k1 wave identified with the dye 

laser beam, the 2k1 - k2 wave is referred to as the anti-Stokes' beam. The 2k2 - k1 

wave then corresponds to the Stokes' beam. In the case of a Ra~an-type resonance, 

these beams are referred to as the CARS ( coherent anti-Btokes' Raman Scattering) 
- .. . . . .. . ··,- ~ ~- .,. -. 

and CSRS ( coher~nt Stokes' Raman Scattering) beams, ~espect!vely [79). As noted 

in the previous section, some authors use these names in the general sense forall 

NDFWM spectra. 

The signal is collected and focused into a double spectrometer (ISA DH-

10) with a photomultiplier tube (Hamamatsu 928R). The signal is then sent to 

a boxcar averager. A. computer program _wa_s written t() c9ordjnate the scanning 

of the dye laser, the scanning of the spectrometer· and the data acquisition of the 

boxcar averager. Typically, the boxcar is allowed to average 30 shots per point on a 

ND FWM spectrum. A reflection of the dye beam is monitored using a photodiode. 

Single-photon resonances 

In Fig. 27, the NDFWM spectrum is shown at room temperature (a) and 
I . . . . . ... .. · .. : ; :: .. · .· : 

at 175 K (b ). The sample in this case is ·a 360 µm film. grown on sapphire. The 

electric fields are all parallel to the (100) direction in the Cd Te, so that x<2) effects 

may be ignored. Note that the spectra is considerably shifted as the temperature 
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Figure 27. Nondegenerate FWM for CdTe is shown. The curve marked a) is 
taken at room temperature and the curve marked b) at 175 K. This 
resonance is due to an outgoing single-photon resonance with the 
CdTe band gap. Note the energy shift with temperature change. 
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is lowered. The energy diagrams for this process are shown in Fig. 27 . As 

can be seen from this figure, there are many possible contributing processes to 

x<3). Another possible contributing factor is free carrier absorption. In this case, 

the emitted beam may be partially reabsorbed and thus contribute to the carrier 

· density. These carriers; in turn can absorb photons from the interacting beams. 

This effect is especially important in longer pulses [86]. The governing equations 

for a single beam in this case may be written [86] 

. dl 2 
. r -d = -al - /321 - UcNI, and z . 

dN /3212 

dt = 2nw - N "'tree' 

where I 1.s the irradiance, a is the linear absorption, and /32 is the two-photon 

absorption. Additionally, N is the carrier density, Uc is the carrier absorption cross 

section, and "'free is the recombination rate of the free carriers. The last term in the 

last equation has been added from that given in Ref. [86] because of the additional 

complication here of pulses which are comparable to the lifetime of the carriers. 

The two equations must be solved simultaneously for a single beam propagating 

in the material if the photogenerated carriers may not be ignored. However, in 

single-photon resonant NDFWM, the situation is yet more complicated because of 

the depletion of the pump beams, as well _as absorption of the generated beam. 

Two-photon resonances 

The situation for two-photon resonances only is much simpler if the absorp

tion due to two-photon generated carriers are ignored. Following Ref. [86], this 

factor will be ignored due to the large critical i~adiance {le). The critical irradiance 

is the value of irradiance such that the carrier absorption is equal to that arising 

from multiple photon processes. Van Stryland et al. estimate le > 10 GW / cm2 [86] 

for ZnSe at 1 µm. In this study, all .of the power densities used were c~nsiderably 

below this value. For ZriSe at room temperature NDFWM can be used to find 

the value of x<3) using the well-known Raman mode in calcite as a reference [85]. 

The x<3) spectrum for bulk ZnSe is shown in Fig. 29. The oscillations are due to 
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Figure 28. The energy diagram for NDFWM in CdTe in the near-infrared regime. 
This spectra illustrates the possibility of an outgoing resonance, and 
incoming single- and two- photon resonances. 
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the phase matching condition, and the peaks are the values of x(3) (w8 ,w1 ,w1 ,w2 ), 

where W8 is the signal photon frequency, w1 is the frequency of the dye laser beam, 

and w2 is the frequency corresponding to the 1.06 µm Nd-YAG beam. 

The use of NDFWM as a spectroscopic tool is illustrated in the T = 10 

K spectrum of a ZnCdSe/ZnSe QW (sample D58) as shown in Fig. 30. The 

sample is grown on a ZnSe substrate, so that both the linear absorption and the 

NDFWM can be done in a transmission type geometry. This is not the case for 

the ZnCdSe/ZnSe QW's grown on GaAs substrates, which were studied using TP

PLE as discussed earlier. The spectra shows a broad peak which is similar to that 

seen in the TP-PLE spectra, except that no clear evide11ce of a 2p exciton peak is 

observed. 

Conclusions 

The NDFWM technique allows the determination of x(3) over a wide range 

of photon energies. Single photon resonant NDFWM spectra has been observed 

in a CdTe. In this case, the outgoing emission is resonant with the band gap of 

CdTe. The two-photon resonant contributions have been observed in ZnSe at room 

temperature. The incoming (w1 ) photons are TP resonant with the bands in bulk 

ZnSe. 

Two-photon resonant NDFWM has also been observed in a ZnCdSe/ZnSe 

QW at 10 K. The lHH-le continuum can be0observed in the NDFWM spectra of a 

ZnCdSe/ZnSe sample, but the associated 2p exciton is not resolved. A factor that 

may contribute to the difficulty in observing the 2p resonance in the ZnCdSe/ZnSe 

samples using the NDFWM technique is the existence of two different HH exciton 

resonances. This will tend to wash out any higher lying excitonic resonances. 
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Figure 30. Two-photon resonant spectrum ofa ZnCdSe/ZnSe QW (sample D58); 
Shown superimposed over the NDFWM spectrum is the PL spec
trum of the sample. 



CHAPTER III 

Stimulated emission and gain measurements in 

CdTe grown by molecular bearri epitaxy 

Introduction 

Cadmium Telluride is an important II-VI compound which has found appli

cations in such devices as electro- and acousto-optic modulators, and solar cells. 

[87] It is also commonly used as a substrate or buffer material for Hg1_xCdx Te, 

a material used for infrared (IR) detectors [87] and IR lasers. [88,89] Despite its 

common usage, much of the optical properties of CdTe are not well understood. 

This is especially true ofthe details of stimulated emission (SE). Much of the early 

work in this field was done using electron beam excitation, [90,91] but these studies 

were hampered by the lack of high quality samples. Recently, high quality samples 

have been grown, especially using molecular beam epitaxy methods. [92,93] Bulk 

CdTe and MBE grown films have been studied, and strong SE in all the MBE films 

studied has been observed. The unetched bulk sample did not exhibit SE, while 

the etched bulk sample exhibited SE, but also showed strong saturation effects. 

[94] 

Brief theory 

The pumping scheme used in this study is schematically represented in Fig. 

31a, where the conduction and valence bands of CdTe are represented as parabolic 

bands. Perhaps the simplest defensible model for this pumping scheme is a four

level model as shown in Fig. 31b. Note, however, that this model does not take into 

account the states that lie between the pumped and emitting states. This means 

that the pumped states for a semiconductor will empty faster than the emitting 

82 
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Figure 31. Excitation and stimulated emission for a two-band semiconductor is 
illustrated in a). The system may be modeled as a four-level sys
tem as shown in b). Despite the obvious inaccuracies, the model 
describes the behavior quite well. 
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states fill. The four- level model will therefore be a limiting case in describing 

the stimulated emission behavior of a semiconductor. In this model, a two-band 

model will be assumed and the Coulombic attraction between the electrons and 

holes ignored. Despite these assumptions and obvious inaccuracies in the model, it 

will be seen that the model predicts the observed stimulated emission behavior of 

CdTe quite well for relatively low power excitation and in the saturation regime. 

The model presented here is an amalgam of the procedures found in Milonni 

and Eberly's book, Lasers [95] and in .Loudon's book, The Quantum Theory of 

Light [96]. The states are as labeled in Fig. 31 b. The populations of the states are 

denoted as Ni, where i is the state index. The time rate of change of the populations 

under a incident field are governed by the so-called rate equations. Referring to 

Fig. 31 b, the appropriate rate equations can be written by inspection, 

dNo --
dt 

dN1 --
dt 

dN2 
(95) 

dt 

dN3 -- -
dt 

where the rij are the (not necessarily radiative) relaxation rates from state i to 

state j. The Aij and the Bij are the well-known Einstein A and B coefficients, 

respectively, denoting the spontaneous emission and the stimulated emission and 

absorption, from and to the indexed states. The mean energy density is written 
- - - ·- . -

as Wp (at w30 ) and W (at w21 ), with the subscript denoting the pump. The 

populations are related by NT = No + N1 + N2 + N3. 

The change in the energy density of the fields due to the material should also 

be considered. Propagation equations may be written for a volume V of area A 

and length dz if conservation of energy is considered [96]: 

d] (w30) dWp (w30) B30Wp 
dz dt 

- (No - N3) n2V nw30F(w30) 
(96) ' 

d] (w21) dW (w21) B 21W 

dz dt 
- (N1 - N2) n2V nw21F (w21). 
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In the above equation, the rate of change with distance of the time averaged 

intensity is assumed to be equal to the time rate of change of the mean energy 

density in the fields. The mean energy density, W, and the time averaged intensity, 

] are related by W = nl / c. 

The rate equations and the propagation equations given above can be sim

plified if it is assumed that state 3 empties rapidly, i.e., that N3 = 0. This is a 

good approximation in semiconductors since LO phonon emission can occur on 

the order of a few hundred of femtoseconds, and acoustic phonon emission on the 

order of several hundred fs., rapidly reducing N3 [51]. The rate equations become 

[95] 
dNo 
dt 

dN1 
dt 

dN2 
dt 

(97) 

Note that in the third equation above the population pumped into state 3 is as

sumed to immediately appear in state 2. The propagation equations are given 

by 
d] (w30) 

dz 

di (w21) 

dz 
so that there can be no stimulated emission from state 3 to state 0. 

(98) 

If steady state conditions are assumed, and if it is assumed that r 10 ( (A21 

(which is similar to the assumption that N3 = CJ), it is found, by combining the 

rate and propagation equations, that 

! [l ~ B21 n1] 81 = 
I cA21 8z r10 Ven 

Making the appropriate substitutions, this can be written in the form 

L [1 + .1] 81 = g. 
I · le 8z 

If 1 ( (Jc, then this equation becomes 

181 
18z = 9 ' 

(99) 

(100) 

(101) 
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which has solutions of the form 

1 = 10 exp (gz) . (102) 

Eq. 102 should be recognized as the well-known small signal gain equation [95]. 

In the "small signal" regime, therefore, the emitted intensity varies exponentially 

with the excitation length. 

If, on the other hand, 1) )le, then H'is seen that the solution is 

(103) 

which describes the saturated gain behavior of a stimulated transition [96]. This 

equation shows that the emission intensity is directly proportional to the length of 

excitation after the onset of saturation. 

Exper1iiiental 

The CdTe epilayers were grown'at Hughes Research laboratories by 0.K. 

Wu. The thicknesses of the CdTe films variea bei'ween 2.0 and 2.4 µm. The 

surface quality of the MBE samples was such that it was not necessary to subject 

the samples to any post-growth processing such as annealing in a Cd atmosphere 

or etching of the surface layers. The bulk samples were obtained from Eagle Picher 

Laboratories. The samples were cleaned with trichloroethylene and mounted on a 

cold finger in a LHe closed cycle cryostat. All data were taken with the samples 

at 10 K, using a pulsed dye laser at 1.771 eV. Pertinent growth and stimulated 

emission data for the samples studied is tabulated in Table IV. 

The excitation system consisted "Of ·a Nd-YAG ·pumped' dye laser, with 8 ns 

pulses with a repetition rate of 10 Hz. The dye used was LDS698. The excitation 

energy, 1.771 eV (700 nm), was chosen to be well above the band gap (1.604 

eV at 10 K). The detection system consisted .of a triple spe.ctre>meter,, an c;>ptical 

multichannel analyzer (OMA), and a charge-coupled device (CCDfsystem. The 

samples were studied using both backscattering and side-pumping configurations. 

The excitation of the samples performed using the side-pumping configuration 
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TABLE IV. List of the samples, growth information and stimulated emission 
peaks observed. Samples IV and V are bulk samples. The "<" 
signs indicate that these peaks are observed to undergo significant 
red-shifting. The parentheses indicate that this peak is only seen 
under very high excitation power densities and certain lengths of 
excitation. -

Sample Substrate Surface SE peaks (eV) 

I CdTe MBE 1.591, 1.580, ( <1.576) 

II CdZnTe x=0.04 MBE <1.576 

III CdZnTe x=0.04 MBE 1.591,1.580, <1.576 

IV up.etched 

V etched 1.577-1.591 

,·-···-,• ·-

. ' ~ .. ' 
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consisted of a cylindrical lens for focusing the excitation beam in a line on the 

surface of the sample, as shown in Fig. 32. The line of focus was parallel to the 

optic axis of the signal collection optics. The excitation beam was normal to the 

optic axis of the signal collection optics, so that the emission from the sample was 

collected from the edge of the sample. The spectral dependence upon the power 

density was studied by varying the power density over nearly 4 orders of magnitude, 

using neutral density (ND) filters in steps of ND 0.1. The gain measurements were 

performed by varying the length of the excitation beam using a knife edge mounted 

on a micrometer, in the sid~pumping configuration. [97 ,98] 

Stimulated emission studies 

Figure 33 shows backscattering data taken at a pump ·energy of 1. 771 e V 

at different pump powers. The data. s~t is from sample ·1 (see Table IV). At 

low powers, the major emission peak appears at 1.591 eV. This peak labeled A 

is close in energy to a bound exciton commonly seen in CdTe with good surface 

characteristics. (99] Peak A is seen to be over taken at higher powers by a lower 

energy peak at 1.580 eV, which is labeled B in Fig. 33. The intensity of peak B 

increases at a much greater than a linear rate. This peak shows broadening but 

does not show significant red-shifting as the power density is increased. The side

pumping data fromthe same sample (Fig. 34a) with the same excitation energy 

shows peak B dominating the spectrum even at low pumping powers. The reasons 

for this difference between the two.spectra are at~ributed to both reabsorption of 

the peak A at 1.591 eV and preferentia.l gain of the peak B at 1.580 eV. At the 

onset of SE, peak B has a full-width half maximum (FWHM) of less than 5 meV. 

This value increases to "'10 meV at high powers. Fig. 34b shows a high excitation 

( "'1 MW /cm2) spectrum of this sample. At this excitation power, the emission 

at 1.580 eV clearly domiriates'_the spectral features. At 'excitation power -densities 

in excess of 2 MW /cm2, a lower energy peak at 1.576 e V arises . under certain 

experimental conditions as will be discussed below. This peak showed evidence of 

red-shifting as the excitation power density was increased. 
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Figure 32. Side pumping configuration which allows determination of the gain 
values. The length of excitation can be varied to determine the gain 
at a specific emission energy. 
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Side-pumping data from the same sample as the previous figure shows 
the onset of stimulated emission at 1.580 eV, as the power density 
is increased from 88 to 400 kW /cm2• Competition ~ong the peaks 
is seen as the power density is increased. The spectra have been 
displaced for clarity. The stimulated peak at 1.580 eV at -1MW /cm2 

is shown in b). This peak exhibits very little redshifting (-1-3 me Vs) 
from the low power emission even at this e~citation power. 
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Stimulated emission was also observed from sample II which was grown on 

a ZnxCd1-x Te substrate with x = 0.04. No distinct stimulated emission peaks 

were observed at the energy positions of peaks A or B of sample I. Clear SE was 

observed, however, near the position 1.576 eV. The intensity change of this peak 

with the incident laser power is shown in Fig. 35 as an example of strong SE seen 

in MBE CdTe samples reported in this work. As seen in this figure, the emission 

from this sample shows an exponential dependence on the input power at relatively 

low ( < 20 kW /cm2) powers. Similar exponential dependence was also found with 

the SE peaks of the other samples in Table IV. It should be noted that these peaks 

are of a composite structure, and that the energies given are, for convenience of 

reference, for the peak values only. 

The exponential dependence of the SE intensities is expected from elemen

tary considerations due to the inclusion in the small signal gain equation of the 

population number of the excited and ground states. This can easily be seen 

from the well-known small signal gain equation, Eq. 102 given in the introductory 

section [95], 

(104) 

where z is the length of excitation and g, the small signal gain is given by 

(105) 

where is the emitted photon energy, while N1 and N2 denote the number of car

riers in the lower and upper states, respectively. The factors u1 and u2 are the 

degeneracies of the lower and upper states, and u ( v) is the SE cross section at the 

frequency v. [95] It is clear that, for low excitation powers, the population should 

vary linearly with the excitation po'wer density, and thus the emission intensity 

has an exponential dependence upon th~ excitation power density. 

Stimulated emission of another MBE CdTe with ZnCdTe substrate, sample 

III was also investigated. Although the structure of this sample is similar to that 

of sample II, the substrate materials, ZnCdTe, were not cut from the same boule. 

The spectra.measured from this sample are different from those of samples I or 
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peak as a,- function of incident power density, from sample II. At 
low powers an exponential increase in the emission intensity is seen, 
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displays supralinear behavior. 
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II. As seen in Fig. 36, peaks A and B appear in nearly the same energy positions 

of those in sample I. At low powers ( <100 kW /cm2), peak A is stimulated. It 

is the peak at 1.573 eV (peak C in Fig. 36), however, which shows the strongest 

emission at high powers. This peak C behaves very much like the SE peak detected 

in sample IL Note that the peak at 1.574 eV arises after the onset of saturation 

for the stimulated peak at 1.591 eV and then dominates the spectra at higher 

excitation power densities. In samples II and III, it appears nearly at the same 

energy position, and exhibits red-shifting and broadening with the increase of the 

pump power. 

Fig. 37 shows the emission intensity -vs- incident power density for sample 

III. The top and bottom curves in the figure correspond to peaks C and A, respec

tively. Peak C is seen to arise and stimulate after the onset of saturation of peak 

A. In fact, peak C appears quite abruptly at -1so kW /cm2 in a region in which 

little emission is seen prior to its emergence. Also, in the cw photoluminescence 

(PL) spectra measured in this sample, no emission peak is found at this energy 

position, whereas strong PL peaks appear above this peak in the bound-exciton 

region. [100] From this observation as well as the significant red-shifting of peak 

C, the origin of peak C seems to be quite different from that of peaks A and B. 

In order to see the effects of the substrates on the stimulated emission ob

served from the three MBE samples discussed above, emission from CdTe and 

CdZnTe bulk samples was also studied. For bulk CdTe, both unetched and 

etched samples (see Table IV) were investigated. For ZnCdTe, MBE samples were 

mounted on the copper sample block with the substrate side up. 

The unetched bulk sample, sample IV, was not observed to undergo SE. 

The emission was found to be restricted below the bound exciton band, in the 

region <1.57 eV at all power densities studied. The etched bulk sample, sample 

V, however, showed SE at multiple peaks in the r~gion 1.577-1.591 eV, as shown 

in Fig. 38. This sample also exhibited significant saturation effects, and was not 

observed to stimulate at or below 1.573 eV, i.e., no structure appears that shows 

behavior similar to peak C. In the low energy region (1.53 - 1.57 eV) of this sample, 
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Figure 36. Spectral dependance upon the incident power density for sample III. 
The power densities for the spectra are 9, 14, 22, 35, 56, 110, 140, 
180, 220, 280 kW/cm2, in increasing order. Note the onset of stim
ulated emission from a lower energy (1.573 eV) peak between 180 
and 220 kW /cm2 • This low energy peak undergoes significant (more 
than 10 me Vs) red-shifting as the power is increased. 
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Figure 37. Semi-log plot of the emission intensity as a function of incident power 
density for the same sample as in the previous figure. Note that 
the peak at 1.574 eV arises after the onset of saturation for the 
stimulated peak at 1.591 eV and then dominates the spectra at 
higher excitation power densities. 
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Figure 38. Power dependance of the etched bulk Cd Te sample. Stimulated emission 
occurs at 1.580 and 1.577 eV. The power density varies from 1.2 to 
5.9kW / cm2 • Note the overall increase in the impurity emission as 
compared to the MBE grown samples. 
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several strong impurity- related emission peaks were found whereas little emission 

was noted in the same energy range with all three MBE samples. The lack of 

SE in the unetched sample as well as the differences in the spectra between the 

etched and unetched CdTe bulk samples are ascribed to complex surface related 

processes. These surface effects are well known in CdTe and have been studied 

by many different groups. [101] The Zn Cd Te substrate showed emission at 1.621 

eV, well above the band-gap of CdTe (1.604 eV at 10 K), and also exhibited no 

stimulated emission. No appreciable emission from this sample was seen in the 

bound exciton region of CdTe or below. This result implies that the SE seen 

in the CdTe/ZnCdTe samples is due to the CdTe thin film and not due to the 

substrate via carrier diffusion. This result is to be expected since the band gap of 

the ZnCdTe substrate is greater than that of the CdTe epilayer. This will cause 

the carriers to be confined within the epilayer. 

Although the etched CdTe sample exhibited stimulated emission, the rate of 

SE signal growth with the power change in sample V was much less than those of 

MBE samples. In the exponential gain region which corresponds to the straight 

line shown in the low power region of Fig. 36, the emission signal was found to 

have exp(AI) dependence where A is a constant. For MBE samples, the constant 

A, varied from 0.08 to 1.22 for the different energy peak positions. In the etched 

sample, the A value was only 0.13. After the onset of saturation in sample V, 

the emission exhibited less than linear behavior with the power increase. None of 

the MBE samples showed such low emission growth rate beyond the exponential 

region. The MBE samples showed supralinear behavior at all the power densities 

investigated. These differences are probably due to surface sample quality of MBE 

samples as well as the differences in the details of impurity concentrations. 

Optical gain measurements 

Optical gain measurements were performed by variation of the length of 

excitation at a fixed power density,as is illustrated in Fig. 32. The resulting spec

tra were curvefitted assuming Gaussian lineshapes to separate out the different 
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contributions to the SE. This procedure is necessary due to the redshifting and 

broadening of the low energy peaks and because of the occurrence of the multiple 

overlapping stimulated peaks mentioned above. This procedure yielded peak ener

gies different from those stated above and in Table IV. This is due to the fact that 

the SE peaks are actually a collection of states in a region of energies. As an ex

ample, the spectral variation of sample I with length of excitation is shown in Fig. 

39. The excitation power density was relatively low ( ,...,,23 kW/ cm 2). The spectra 

show the commonly observed redshifting with an increase of the excitation beam 

length [97). The values ofthe length, l, ranged from 140 to 500 µmin this figure. 

Beyond 500 µm, saturation effects dominate and the emission increases little. The 

largest gain in this figure was found to be ,...,,750 cm-1 in the region of peak A at 

"'1.587 eV. At higher powers and large l values, however, peak B dominates the SE 

spectra. This value of the gain at -1.587 eV corresponds closely to the maximum 

reported in Ref. [102), of 780 cm-1 for bulk CdTe. The authors of this reference 

ascribe the SE observed in their studies to the growth of an electron-hole plasma. 

The optical gain can be obtained from the slope of the line in the linear 

portion of the semi-log plot for emission intensity versus length of excitation, as 

shown in Fig. 40 . The curves shown here are representative of the optical gain 

observed in this sample ( sample I), and display the differences between the different 

peaks. The higher energy side of the emission spectra shows the highest gain and 

the lower energy side the lowest at this excitation power density. As mentioned 

previously, the emission in the small signal gain regime is given by Eq. 102, I(zr 

exp(gl), where g is the signal gain and l is the length of excitation. [98,95) The 

gain for the different peaks was calculated using a linear least-squares-fit. 

The emission intensity -vs- length of excitation plot for sample III is shown in 

Fig. 41 . The peak Cat L575 eV is the only peak that shows gain (55 cm-1 ) at this 

excitation power density of 2 MW/ cm2 due to saturation effects of the other peaks. 

This observation suggests that for samples with multiple emission regions, "small 

signal" levels which mentioned above are relative. Here the small signal regime is 

taken to be simply that region of power density, for a given emission peak, which is 
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Figure 39. Spectral dependance of the homoepitaxially .grown sample (sample I) 
on excitation length. The sample shows the common redshifting of 
the spectrum with an increase in the length; The length was varied 
in this figure from 140 µm to 500 µm. After this point, saturation 
effects dominate and the emission increases little. · 
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Figure 41. Linear plot of excitation length -vs- emission intensity for sample III, 
showing the saturation behavior at -2 MW /cm2, so that only the 
lowest energy peak C at 1.575 eV is not saturated at this power 
density. The other peaks follow linear behavior. 
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not dominated by saturation effects. For a given material and emission peak, the 

calculated gain is a function of the power density. This is especially true of samples 

in which competing SE processes occur, such as is seen in CdTe. The inverse of this 

is also true. That is, the spectral dependence on the power density is a function 

of the length of excitation. [103] This complicating factor was alluded to earlier 

in the presentation of the spectra for sample I. At certain lengths of excitation for 

this sample it is possible to observe the onset of a peak in the region of peak C at 

excitation powers in" excess of 2 MW/ cm2 At other lengths of excitation this peak 

is not seen. This behavior was not observed in the other samples, although it is 

possible that such a behavior exists and was not noted. 

Conclusions 

The observed differences in the spectra, power dependence, and calculated 

gain between the MBE samples studied is probably due to differences in defect 

concentration. The identity of these defects remain to be understood. Among the 

possibilities, are lattice defects caused by the lattice mismatch between the thin 

film and the substrate, or diffusion of impurities from the substrate into the thin 

film during the MBE growth. 

The observation of broadening without red-shifting of the peaks A (-1.580 

eV) and B Cl.591 eV) respectively, implies that the radiative transition is more 

efficient at these energies than the nonradiative relaxation processes which would 

yield emission at lower energies. The reason for this is unclear, hut is probably 

related to the number of intrinsic defects in the samples. The stimulated emission 

seems to result from at least two different processes, one involving a bound exciton 

or an impurity state, and another possibly involving the formation of an electron

hole plasma (EHP) [103,102,104], or a carrier scattering process. The identification 

of the higher energy emission, i.e., at 1.591 eV and 1.580 eV as recombination of 

an exciton bound to an impurity or impurity complex is mostly circumstantial; in 

that the emission is seen to occur in or just below the exciton band. Strengthening 

this identification is the small (1-3 me Vs) red-shifting and narrow line width of the 
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SE at these energies. Bound exciton related SE has been reported previously in 

CdS. [105] The higher energy SE is probably not due to a EHP process because of 

the low power density threshold for stimulation at these energies, and the above 

mentioned narrow line width as well as the lack of significant peak shift. The 

lower energy emission at 1.576 eV and below compares favorably, with regards 

to its onset and evolution, to emission seen in other II-IV compounds where SE 

has been ascribed to the formation of an EHP. [103,104) Such an identification, 

however, has often been controversial. The CdTe epilayers grown on ZnCdTe 

substrates show this behavior due to the carrier confinement due to the greater 

band gap of the substrate. This will cause greater -carrier densities due to the 

suppression of diffusion, encouraging the growth of the EHP. 

In summary, strong stimulated emission (SE) has been observed in all MBE 

grown Cd Te films studied. The MBE fabrication process enhances the SE, possibly 

due to the good surface quality, or perhaps a lessening of the concentration or 

type of impurity as compared to the bulk. The saturation effects observed do 

not seem to be as dominant_as th~se s~~~ ~n bulk CdTe, with the MBE samples 

showing supralinear behavior for all power densities studied above threshold. The 

etched bulk CdTe sample exhibited less than linear behavior after the onset of 

saturation. Stimulated emission from the MBE film has been observed in two 

distinct regions, in the bound exciton band, 1.591 eV-1.580 eV, and at a lower 

energy, pelow 1.576 eV. There are at l~~st_two :regions. at whj~h the MBE films 

stimulate in the vicinity of the exciton band. The lower energy SE at < 1.576 eV 

does not appear to correspond to any emission peaks seen at low power densities. 

The bulk CdTe sample was observed to stimulate at only one emission region 

in the bound exciton band. Gain measurements resulted in moderate (55 - 750 

cm-1 ) values which differed for the different peak energies. The emission spectra 

exhibited red-shifting with increased excitation length and power density. 



CHAPTER IV 

Photoluminescence of bulk and thin films of ZnSe 

Introduction 

In recent years the II-VI compound semiconductors have attracted much at

tention for their technological importance appropriate for optoelectronic devices 

such as semiconductor diode lasers and light-emitting diodes (LEDs). [106,107] 

ZnSe is one of the most extensively studied H-VI materials due to its zinc-blende 

structure with a band gap of -2.7 eV at room temperature which gives the promise 
' ' 

of fabricating diode lasers and LEDs operating in the blue color range. [108-115] 

To achieve the ultimate goal of a current injection diode laser it is necessary to 

grow both n-type and p-type condu~ting ZnSe materials for the preparation of 

p-n junctions. There have been re:J>orts of the achievement of blue light-emitting 

devices from ZnSe based single quantum-well structures on GaAs substrates un

der pulse~ current injection at relatively low temperatures. [45-47] However, the 

built-in biaxial strain resulting from t~~ lattice misma~ch and the different thermal 

expansion coefficients of ZnSe and GaAs, as well as the chemical-valence mismatch 

which induces the formation of vacancy-rich Ga2Se3 layer at the GaAs/ZnSe in

terface [116] can severely influ~nce the device performance and shorten device 

operating lifetime. Indeed, it has been observed that the threading dislocations in 

the ZnSe/Zni-xCdxSe QW lasing structures are due to dislocations at the GaAs 

interfa~e. [117] The succes.sful commercia~ fabrication. ?f reliable blue laser diodes 

and LEDs operating at room temperature with. long operating lifetimes still relies 

on the preparation of heavy p- or n-type doped ZnSe and ZnSe-based materials 

or, possibly, the growth of homoepitaxial layers of ZnSe-based materials on ZnSe 

105 



106 

substrates. The growth of homoepitaxial layers, however, does not avoid the fun

damental problem of doping of the epilayer material or of the substrate. However, 

n-type bulk ZnSe materials can be grown [107), so that if p-type homoepitaxial 

layers can be grown, bulk p-type material need not be fabricated. 

The defect states formed due to the introduction of impurities, either in

tentional or unintentional, dominate the electrical characteristics in an extrinsic 

semiconductor. As is discussed below, the impurities, in general, form states within 

the "forbidden" energy gap. These states become ionized at elevated temperatures, 

giving up a hole ( acceptor states) or an electron ( donor states) which is promoted 

to the valence or conduction band, respectively. These carriers are then available 

for conduction. It is therefore requisite to characterize these states (including the 

ionization energy) to calculate the resultant conductivity of the material. 

Seeded physical vapor phase transport (SPVT) has been performed to grow 

high quality large size ZnSe at Eagle Picher Laboratories. [116) Using this tech

nique, strain-free, relatively high-purity bulkZnSe crystals may be grown. A study 

on the optical properties of ZnSe bulk crystals grown by the SPVT technique is 

reported here. Additionally, doping studies of ZnSe epilayers grown on GaAs 

substrates using MBE and atomic layer epitaxy (ALE) [118] are also performed. 

[118-121] Samples used in this investigation included bulk undoped as-grown and 

post growth treated (Zn extraction and Se enrichment treatments), intentionally 

doped (Ga, Cl, N) crystals, as well as ZnSe epilayers, undoped and doped with Li. 

Photoluminescence (PL) measurements were performed to qualitatively evaluate 

the purity of nominally undoped ZnSe samples and characterize the intentionally 

doped samples by monitoring the notable near-band-gap bound-excitons (BE), Ii, 

If, I2, h and donor-acceptor pair (DAP) emission bands at lower energies. [122] 

Theoretical 

The near-band gap photoluminescence spectra of a semiconductor consists 

of the emission from different transitions as shown in Fig. 42. Band-to-band 

emission may occur, especially at elevated temperatures where the other states 
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Figure 42. Near-band gap luminescent transitions in a semiconductor inclµde 
band-to:-band transitions, free and bound exciton emission. Emis
sion may also be seen arising from free to bound transitions, bound 
to free or donor-acceptor pair recombination. 
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are not stable. Free excitons (FE) are sometimes observed, especially in high 

quality samples at low temperatures. Bound excitons (BE) may be formed if the 

free excitons become trapped on an impurity site ( neutral or ionized). Emission 

related to the impurity sites themselves may be observed, i.e., free-to-bound (F-B) 

to acceptor states or bound-to-free (B-F) from donor states. Additionally, donor

acceptor pair emission (DAP) may be observed. The band-to-band emission is 

governed by the same matrix elements discussed in Chapter I for absorption, as is 

the FE state. 

The impurity states can be described using the envelope function approxi

mation in a manner analogous to the development given in Chapter 1 for excitons. 

The development here will be given for donor states. The wave function of an 

electron bound to a donor may be written as a sum over the Bloch states with 

wavevector k: 
(106) 

k 

In the above equation, 'ljJ ck ( re) is the wave function for an electron in the conduction 

band of wavevector k. The Schrodinger equation is written 

(107) 

The envelope function is determined as in Chapter I: 

<t> (re)= ; 0/I: ak.exp [if. re], (108) 
. . 

and the ak determined by the Fourier transform 

ak = VI l I dr~</>(re)exp [ik ·re]. 
o Jvol 

(109) 

The Schrodinger equation for the envelope function is written as [123] 

where the Coulombic potential is given by 

Ve (re - rd)= 
e2 

I... ... , . 
f re - rd 
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The solutions to the above equation are again given by those for hydrogen, 

with appropriate substitutions made for the effective mass and dielectric constants. 

[123,14,124] The energy is given by [14,123,124] 

where RH is the effective Rydberg energy and n is the principle quantum number. 

The effective Bohr radius is given by [14,123,124] 

The hydrogenic model gives donor ionization energies, Ef m of about 26.4 meV for 
' 

ZnSe using m~ = 0.147 [125] and,c= 8.7 [126]. The effective Bohr radius using 

these parameters is 31.3 A. Various values have been calculated in the literature 

[107,110,14], mostly dependent upon the value of E used. Hydrogenic calculations 

for CdTe yield donor ionization energies of about 11.6 meV. [14] Acceptor energies 

and wavefunctions may be determined in an analogous way, although with the 

additional complication of degenerate bands at k = 0. [63] Assuming that the 

heavy hole dominates due to its greater mass, EtH = 88 meV and at = 9.4 A. 
Previous calculations give about 108 meV for the acceptor state ionization energy. 

[107] 

The hydrogenic model gives· reasonable ranges of values for the donor and 

acceptor levels, but it fails to describe the variation of the ionization energies for 

differing impurity species. The ionization,energies differ because the Coulombic 

potential is a good approximation only at large distances away from the impurity 

site. The details of the potential at small distances become especially important 

for the ground state since it is held in a tighter orbit around the impurity site. 

This energy is also the most important to determine since it is the energy which 

needs to be considered in the temperature dependence of the conductivity of a 
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semiconductor. However, as will be seen below, this shortcoming of the hydrogenic 

model can become a tool in determining the impurity species in semiconductors. 

The ground state (ionization) energies for both donors and acceptors may 

be determined experimentally in a number of ways. The most direct is the tem

perature dependence of the conductivity, since the conductivity will be directly 

proportional to the number of carriers in the bands. The number of carriers, 

in turn, is dependent upon the temperature following Boltzmann statistics ( and 

ignoring compensation effects): [127] 

where 

( m!kBT) 312 

no= 2 ri,2 ' 271' 

and Nd is the donor concentration. [127] 

The ground state energy level of an impurity may be determined through 

low temperature and/or temperature dependent photoluminescence studies. As 

shown in Fig. 42, the ground state of an acceptor may be determined directly 

by observation of the recombination of a free electron and the neutral (unionized) 

acceptor state, which is denoted ( e-A 0). Similarly, the donor state may be observed 

in luminescence by the recombination of a free hole and the unionized donor state 

(h-D0 ). This type of measurement may require temperature dependent studies in 

order to unambiguously identify the luminescent lines. [128] 

Another possibility of determining the donor and acceptor ground state ener

gies is by observation of the excitons which become bound to these states. Excitons 

bound to neutral donors and acceptors are denoted by (D0 ,X) and (A0 ,X), respec

tively. The emission energy of the excitons is modified to differing degrees depen

dent upon the ground state energy of the defect site. Haynes et al. empirically 

determined a general formula for the ionization energy of donors and acceptors in 

silicon. [129] Halsted and Aven have extended this relationship to include CdTe, 

ZnSe, Zn Te and CdS [130]. Haynes' rule for donor states in these II-VI compounds 
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is [130) 

and for acceptors 

where EFE (EBE) is the recombination energy of the free exciton (bound exciton), 

and Ef ( Ef) is the ionization energy of the donor (acceptor) state. The term 

EFE - EBE is often denoted En, and is referred to as the dissociation energy. 

[129,130) 

Experimental 

Crystal growth and sample preparation 

The seeded physical vapor phase transport growth technique can generally 
·-. ,. 

provide large size uniformly strain-free ZnSe single crystals. Basically, vapor phase 
. . . . . . . ; . . 

growth technique takes advantage of the fact that II-VI compounds have significant 

elemE':ntal vapor pressures well below their melting point. As a result crystal growth 

can take place when a source of the compound is heated until the vapor pressures 

ar~ significant and ~ temperature· gradient is established· su~h that transport of 

elemental vapors takes place to a cooler region in a growth ampoule where they 

are deposited. The recently d~veloped seede~i' tech~ique allows single crystals to 

be formed from the onset of crystal growth by placing a seed crystal in the cooler 
·: ·.' -:,j .:··. 

region. The volatile impurities are out-gassed prior to onset of crystal growth and 

the crystal growth is stopped before all of the source material is exhausted so that 

less volatile impurities will tend to remain in source rather than transport to the 

growing crystals. [116) 

In attempts to do~e sh~llow impurities such as Cl, Ga, and N in ZnSe, 

crystal growth runs were ~o~du~t~d by Eagle Pitcher Lab~rat~ries using doped 

ZnSe charges with differ~nt ~lements. ZnSe powder synthesized from high-p~rity 

Zn (99.9999%) and Se (99.9995%) was mixed with ail appropriate amount of zinc 

chloride and melted in a pressure furnace to produce poly-ZnSe containing 200 
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ppm Cl. This was then mixed 10:1 with ZnSe to obtain the 20 ppm Cl doped ZnSe 

charge for SPVT growth. The Ga-doped ZnSe charges containing 1, 10, 50, and 

100 ppm Ga for SPVT growth were prepared in a manner similar to that used in 

Cl-doped ZnSe growth. The Cl-doped SPVT growth resulted in single crystals. 

However, using the same method to grow Ga-doped ZnSe yielded polycrystalline 

material. Also, the color of the as-grown Ga-doped ZnSe has a reddish cast instead 

of the normal pale yellow cast of undoped ZnSe. A similar method was used to 

dope melt grown ZnSe. The N-doped SPVT ZnSe crystals were grown in an N2 

atmosphere with standard ZnSe charges. 

Two post-growth treatments, Zn-extraction and Se-enrichment, were carried 

out ( also at Eagle Picher Laboratories) on nominally undoped as-grown SPVT 

ZnSe crystals. The Zn-extraction treatment was performed by submersion of ZnSe 

crystals into molten Zn at 850°C for 96 hours. The Se-enrichment treatment 

was done by annealing the ZnSe wafers in selenium vapor produced in a closed 

quartz tube placed in a three zone furnace. The Se metal is heated in one zone 

to 700°C while the temperature of the ZnSe wafers is held at 930°C in another 

zone. The treatment time is 68 hours. All samples used for photoluminescence 

measurements were mechanically polished and then chemically etched with 0.5% 

bromine/methanol for 5 minutes to reduce the surface roughness. 

The lithium doped ZnSe films were grown on GaAs by Takafumi Yao ( at 

Hiroshima University), Ziqiang Zhu and Mitsuo Kawashimi ( at Sumitomo Metal 

Mining Company). The growth techniques employed were MBE growth and atomic 

layer epitaxy (ALE). 

Photoluminescence measurements 

Extensive photoluminescence (PL) measurements have been performed on 

ZnSe since Dean and Merz's ;measurement of the pair spectra and edge emission 

of ZnSe in 1969. [108] It has been found that the low-temperature luminescence 

spectra observed from nominally undoped ZnSe crystals were' usually quite com

plicated, characterized by the emission lines from bound excitons denoted by I1 , 
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I2, h, and If in the near band-gap region. [109-113,131-134] The I2 lines have 

been well identified as originating from the recombination of excitons bound to 

neutral shallow donors with a luminescence peak at approximately 2. 797 e V. The 

I1 lines have been considered as emission from excitons bound to acceptors, with 

the notable If line located at about 2.78 e V attributed to the recombination of 

excitons bound to deep acceptors such as Zn vacancies or substitutional impurities 

( e.g., copper on a zinc site, denoted Cuzn), and the h line was proposed to be as

sociated with the recombination of excitons bound to the ionized donors due to the 

peak position slightly lower than h in energy. [109,110] More recently, however, 

this identification has been called into question. Pressure and stress dependent PL 

have shown that this h line is due to donors which lie deeper than those which 

yield lines in the region of I2. [115,135] In this section the PL measurement results 

data taken from various SPVT grown ZnSe samples is presented. In general, the 

low-temperature PL spectra of nominally undoped SPVT samples consist of a few 

strong bound-exciton emission lines such as h, h, and If with its phonon replicas 

lying in the near band-gap region. The donor-acceptor pair recombination spectral 

signatures could be hardly observed from those samples. However, the PL spectra 

from the intentionally doped SPVT samples are characterized by relatively weak 

near band-gap bound-exciton emissions along with a broad emission band at lower 

energies. 

The samples were mounted on the cold finger of a closed-cycle liquid helium 

cryostat with vacuum grease and cooled to 10 K. Photoluminescence was excited 

by the 325 nm line of a 10 mW HeCd laser. The PL spectra in this study were 

measured using a Spex 1000M monochromator with a GaAs photomultiplier tube 

(PMT) or a Spex 1877 Triplemate spectrometer with an intensified optical multi

channel analyzer (OMA) followed by a computerized data acquisition system. 

Photoluminescence of bulk ZnSe. . Figure 43 .shows a . typical PL spectrum 

from as-grown SPVT ZnSe crystals. The spectrum is dominated by the strong, 
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Figure 43. A typical PL spectrum from-an as-grown ZnSe sample at 10 K. The 
strong If emission line and its LO phonon replicas are dominant and 
no DAP spectral features are observable. 
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sharp If emission line at 2. 7821 e V and its LO phonon replicas which are ob

served at lower energies spaced by 31.6 - 31. 7 meV. The shallow bound excitons 

h (2.7960)and h (2.7944 eV) are seen as is emission from the upper and lower 

polariton branches (2.8002 and 2.8034 eV, respectively). The h and Ia peak po

sitions vary slightly from sample .to sample Haynes' .rule applied to the observed 

12 peaks yields donor ionization energies of 25 - 30 meV, which is consistent with 

the effective mass approximation as given above~ Assuming that Ia is a deeper 

donor state, the ionization energy is 38-40 meV. The donor-acceptor pair (DAP) 

recombination spectral signatures [134,109] were not observed from the &;-grown 

samples. The DAP emission band is often a strong feature of melt-grown spec

imens. The PL spectra of post-growth treated ZnSe samples are very different 

from those of as-grown samples as shown in Figs. 44 and 45 for Zn-extraction 

and Se-enrichment treatments, respectively. After the Zn-extraction treatment, 

the noteworthy spectral changes are that the emission intensity of If line is consid

erably decreased and the h line (2.794 eV) has the strongest emission intensity. If 

Haynes' rule is applied to this value for la, the binding energy of this donor state 

is 35.8 meV. A new emission peak appears at 2.7702 eV in Fig. 44. A phonon 

replica of this new peak is also observable. This spectral feature was previously 

identified as an LO phonon replica of the emission of free excitons in ZnSe with 

the acoustic phonon scattering of the If peak contributing. [109,136] However, this 

identification has been challenged recently. [113,137] In a study of ZnSe epilayers 

grown on GaAs, Shahzad et. al have suggested that this emission (labeled I~) is 

related to structural defects. [137] In this study, no correlation between the emis

sion intensity of If and the emission at 2.7702 eV is observed, which is contrary 

to the identification of acoustic phonon scattering of If. The strong emission of 

If in the as-grown samples is most likely to be related to a large number of Zn 

vacancies and/or substitutional impurities such as Cuzn• [116,131,138] The drastic 
. . . ·. . . . . ' ' ' . 

decrease of If luminescence intensity indicates that Zn-extraction treatment can 

reduce the concentrations of those acceptor-like deep centers. This result is consis

tent with both suggestions of the origin of If, that is, Zn vacancies or Cuzn· The 
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Figure 44. A spectrum of Zn-extraced ZnSe. The Zn-extraction treatment elimi
nates the Jt emission and h becomes the dominant feature. 
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Figure 45. A spectrum of Se-enriched ZnSe. The Se-enrichment reduces If emission 
and h becomes the dominant feature. Not~ that the If peak is not 
eliminated as in the Zn-extraced samples. · 
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PL spectra from the samples which have undergone Se-enrichment treatment show 

that h, la emission lines become the pronounced features, while If is reduced but 

not eliminated. As mentioned above, the reduction of It emission in Zn-extracted 

samples is consistent with the current models for It. However, the reduction mech

anism of the It emission in Se-enriched samples is more difficult to interpret. It 

is possible that the annealing and not the enrichment process itself is reducing 

the concentration·of Zn vacancies. Samples which were subjected to Zn-extraction 

and Se-enrichment exhibit DAP peaks in addition to the h and Ia emission lines. 

A representative spectra is shown in Fig. 46, which shows a strong DAP peak at 

2.706 eV, with 1 and 2LO phonon replicas of this peak at 2.675 and 2.644 eV. A 

second weaker DAP peak is observed at about 2.690 eV with its LO phonon replica 

at 2.658 eV. 

Figure 4 7 shows PL spectra from SPVT grown Cl-doped ZnSe. The spectra 

for the Cl-doped and the N-doped samples are very similar to that from the as

grown samples shown in Fig.43, in. that It and its LO phonon replicas are the 

prominent spectral features. The intensities of h and 13 are changed very little 

compared with those observed from the as-grown samples. This indicates that there 

is no significant change in the donor concentration resulting from the SPVT in situ 

Cl-doping process. The PL spectrum of SPVT grown N-doped ZnSe {not shown) 

does not exhibit the radiative recombination of shallow neutral acceptor bound 

exciton 11 emission signature, which is expected to appear if nitrogen is properly 

incorporate.cl into ZnSe crystal as sh~llow i~purity. The It emis~ion line remai~s 

the strongest feature. Apparently nitrogen was not properly incorporated into ZnSe 
' .~- ... 

1..:' . 

as shallow acceptor impurities by growing ·znSe in a nitrogen atmosphere. These 

results suggest that the current method of intentionally doping Cl and N during 

SPVT growth process cannot appropriately incorporate the.dopant impurities into 
. 1;. 

ZnSe properly as to introduce shallow levels in the near band-gap region. 

The PL spectra · of the SPVT grown Ga-doped ~~Se samples show very 

strong, broad emission peaking around 1.9 eV. The near band-gap bound exciton 

emission is much weaker than these emission bands. Typical spectra are shown in 
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Figure 46. The PL spectrum from low resistivity ZnSe shows a strong_ DAP peak 
at 2.706 eV. One and 2LO ph_onon replicas are also observed at 2.675 
adn 2.644 eV. This DAP structure is not observed in the uridoped 
SPVT ZnSe. 
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Figure 4 7. The Pl spectrum from Cl-doped ZnSe samples. · There is little discern
able difference from that of the as-grown undoped ZnSe samples. 
The donor related 12 and h BE emission do not appear stonger 
than in undoped ZnSe, indicating very little change in the donor 
concentration. 
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Figs. 48 and 49, for 50 ppm and 100 ppm ZnSe:Ga sources, respectively. The insets 

on the two figures show the details of the near band-gap emission. The feature 

with the energy position of 2. 794 in the 50 ppm sample is attributed to emission 

from the h bound exciton. In the 100 ppm sample, h is also observed, as is 11 

and If A broad peak is observed just below If at about 2.774 eV. This emission is 

tentatively assigned to deep acceptor bound excitons. The energy position of this 

peak closely matches that of I~ [113,137]. 

Photoluminescence of ZnSe:Li epilayers on GaAs. In addition to doped bulk 

ZnSe, ZnSe:Li/ GaAs samples were also studied by photoluminescence. The PL 

spectra of an undoped ZnSe epilayer (2 µm) grown on GaAs is shown in Fig. 50 

The peaks b (2.7984 eV) and h (2.7944 eV). Also observed is the peak at 2.770 

eV (perhaps I~) and an unidentified peak at 2.7731 eV. Introduction of Li into a 1 

µm ZnSe epilayer causes the appearance of a peak (s~e Fig. 51) at 2.789 eV which 

is ascribed to an acceptor bound exciton (11), Haynes' rule for acceptors yields an 

ionization energy of about 130 meV for this transition. Two strong peaks appear 

at 2.772 and 2.758 eV. The origins of these peaks are unclear, but the origin of 

the 2.772 eV peak may be similar to that of I~. Additionally, there is an overall 

increase in impurity related emission at energies < 2. 75 .e V. This sample is grown 

to have a Li concentration of approximately 1 x 1018 cm-3 , with the net hole con

centration measured to be 1.6 x 1016 cm-3 . The PL from an even more highly 

doped (>1019cm-3 ) sample· of thickness 600 A is shown iri Fig. 52. This sample 

shows much less impurity emission, with the largest peak at 2.791 eV, which is 

ascribed to Ii. This samples exhibits additional, much weaker peaks at 2. 77 4 and 

2.762 eV. 

The effect of growth temperature on the spectra of 2 µm thick 8-doped 

ZnSe:Li/ GaAs samples was studied. The PL from the 300° C sample is very 

weak and little excitonic structure is observed. The other samples sho.w more well 

developed spectral features, with the sample grown at 370° C exhibiting weaker 

PL than the other sa:rp.ples grown above 300° C. All of these latter samples show 
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Figure 48. The PL spectra from bulk _Z~Se:Ga) with 50 ppm Ga (~tarting mate
rial). The inset shows the near band gap emission. The spectra are 
dominated by the deep impurity emission< 2.5 eV. 
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Figure 49. The PL spectra from bulk ZnSe:Ga, with lOOppm Ga (starting ma
terial). The inset again shows the near band gap emission. The 
spectra shows the same deep impurity emission· as, the 50ppm sam
ple, with additional features seen in the near-band gap emission. 
The peaks below If are ascribed to deep acceptor bound excitons. 
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Figure 50. The PL spectra from undoped ZnSe epilayers grown on GaAs. The h 
· (2.7984 eV) and h (2.7944 eV) peaks dominate the spectra. 
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Figure 51. The PL spectra from lithium doped ZnSe epilayers grown on GaAs, 
showing the acceptor bound excitoff(li) at 2.789 eV. Note the ap
pearance of peaks at 2. 772 and 2. 758 e V. The peak at 2. 772 e V may 
be due to I~. 
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Figure 52. The PL spectra from a more.highly Li doped ZnSe grown on GaAs. 
The I1 peak is seen at 2.791 eV and less impurity or defect .emission 
is observed than in the previous sample. 
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Ii peaks in the range of 2. 786 - 2. 788 e V. They also exhibit peaks in the region 

2.797 - 2.799 eV and peaks which are identified with I~ at about 2.770 eV. 

The results for all of the Li doped samples are summarized in Table V. 

It is interesting to note that the studied samples do not show clear evidence 

of splitting of the LH and HH states due to the compressive strain due to the 

thermal mismatch of the expansion coefficient. The double peaked free exciton 

emission is seen in bulk ZnSe as discussed above, and can be ascribed to the upper 

and lower polariton branches. Only one of the samples shows any evidence of a 

double peak which may be interpreted as splitting of the 11 emission. However, this 

is not very clear as can be seen in Fig. 53. The splitting of Ii here is quite small 

("' 2.2 me V) and could also be due to slightly differing acceptor site potentials. 

Conclusions 

Large size strain-free ZnSe single crystals have been successfully grown by 

the newly developed seeded physical vapor phase transport technique. Low

temperature photoluminescence measurements were used to examine the quality of 

undoped as-grown and post-growth-treated .ZnSe samples and characterize the in

tentionally doped samples by studying the near-band-gap bound exciton emission 

lines and donor-acceptor-pair emission band. It has been found that Zn-extraction 

treatment can drastically reduce the density of deep acceptors in SPVT grown 

ZnSe crystal resulting in suppression of the If emission. The PL result from Cl

and N-doped ZnSe samples. indicates that the dopants were not properly incor

porated into ZnSe crystals as shallow impurities by in situ doping during SPVT 

growth process. The ZnSe:Ga samples were apparently overdoped using the current 

growth method, causing the formation of deep centers as well as poor crystallinity. 

However, lower levels of doping. in the starting materials may allow controllable 

doping concentrations. 

The ZnSe:Li samples grown on GaAs do show p-type conductivity, and ex

hibit clear evidence of Ii emission. The introduction of Li at concentrations which 

are required to make p-type material apparently causes the generation of deep 
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TABLE V. 

Epilayer thickness Growth T ( 0G) Ef (meV) NA - Nn 

lµm 320 128 1.6 X 1016 

600 A 320 110 

2µm 350 140,160 3.7 X 1017 

2µm 300 

2µm 370 160 
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Figure 53. The PL spectrum from lithium doped ZnSe epilayers grown on GaAs. 
The Ii emission at 2.86..:2.89 eV appears to be a doublet for this 
sample. This could be due to strain effects or to slightly differing 
acceptor site potentials. 
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defect states. These states are observed in the spectra in the region of 2. 7 e V in 

the Li doped samples and are not observed in the undoped ZnSe epilayers. 

Haynes' rule for donor states fits the hydrogenic model quite well. The 

acceptor ionization energies determined by this method, however, are larger than 

predicted by the hydrogenic model. 



CHAPTER V 

Conclusions 

The results presented bear out the comments made in Chapter I about the 

complimentary nature of linear and nonlinear spectroscopic techniques. As de

scribed in Chapterll, the lHH-le ls exciton binding energy could only be deter

mined by linear absorption (reflectance or PLE) and a technique sensitive to the 

two-photon resonances used in conjunction. 

The results for the NDFWM and TP-PLE spectra presented imply that 

for some systems, the TP-PLE technique can be sensitive and selective. TP

PLE is selective in the sense that the contributions of the TP absorption due 

to states which are not energetically connected can be separated. This is seen 

in the TP-PLE data for D58, where the different 2p states are observed for the 

different wells. Further, the NDFWM spectra is sensitive to lx<3>1, where as the 

TP-PLE technique, probing the TP absorption, in sensitive only to Jmx<3>. This 

may account for the lack of the 2p resonance in the NDFWM spectra. Since the 

NDFWM technique cannGt differentiate between the contributions of the two wells, 

the excitonic features will be·obscured. Additionally, ·the excitonic peaks will be 

broadened due to the combination of the dispersive and absorptive part of x<3). 

The binding energy of the 2p excitons have been discovered to vary con

siderably from the bulk value. The bulk unperturbed 2p excitons have binding 

energies of about 5 - 6 meV. [74] The binding energies of the lHH-le 2p excitons 

in ZnCdSe/ZnSe QW's (for samples D59 and D63A) are twice this value or more. 

This is in difference to that observed and predicted, the~retically for GaAs/ Al.GaAs 

QW's, where the 2p binding energies are nearly identical to the bulk values. [39,54] 

The lHH-le ls exciton binding energy for the 50 A ZnCdSe/ZnSe QW's has 

been determined to exceed the LO phonon energy of about 31 meV. This should 
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imply that the LO phonon coupling constant is decreased in these samples with 

respect to bulk ZnSe. However, using coherent transient degenerate four-wave 

mixing (CT-DFWM) it has been determined [50,139] that the rLo for the epilayer 

and QW (D63A) samples are nearly identical (recall rLo ~ 80 meV for epilayer 

ZnSe). The increase of the binding energy beyond the LO phonon energy does not 

eliminate all the possible states available for scattering. It is also possible that the 

ls state may be scattered into other. higher lying excitonic states instead of being 

disassociated. These effects are illustrated in Fig. 54, where the ls exciton may 

be scattered into a 2s (intersubband scattering) or increasing its kinetic energy 

without changing subbands (intrasubband scattering). The exciton may also be 

scattered fro,m the HH band into the LH band. For GaAs/ AlGaAs QW's, it has 

been theoretically determined that the dominant excitonic scattering mechanism 

is lHH-le ls exciton scattered into the lLH-le ls exciton. [140] This has strong 

implications for the D63A, with the lLH-le and lHH-le ls excitons separated 

by 28 meV. For the higher x value samples, D58 and D59, the energy difference 

between these two excitons is larger than 110 phonon energy. Coherent transient 

DFWM of these higher Cd concentration samples should establish the importance 

of this scattering mechanism. 

The variation of rLo could be measured using CT-DFWM for the different Cd 

concentrations of the samples presented here. As mentioned above, however, sep

arating out the av~lable scatterin~ mechanis1-11~ ~ay not be readily accomplished. 

Another possible difficulty with this procedure is the variation in coupling due not 

to the binding energy difference but because of the alloy nature of the samples. 
' 

The different alloys would have slightly different phonon energies, and possibly, 

different coupling due to variations in the alloy disorder. It may be feasable to 

circumvent this last difficulty by use of a single sample and increasing the bind

ing energy by application of hydrostatic pressure. [141] This would eliminate the 

difficulties due to the variation ~f x; and requires. th~ use of both TP-PLE (~r 
- ' .. ., ' ·• ' . . . . ' . 

similar technique) to measure the binding energy and CT-DFWM to measure rLo 

as a function as a function of pressure. Measurement of the binding energy as a 

.,,,.,.., .... 
,-.-;-,~. 
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Figure 54. Possible phonon scattering mechanisms in a QW. The absorption of an 
LO phonon may disassociate the exciton, scatter it into a 2s state 
or scatter the hole into a higher lying band. 
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function of pressure for these systems is of interest in its self. The effect of pressure 

on the binding energy of the ls excitons has not been treated experimentally nor 

theoretically for these systems. [142] 

Despite the large fLo measured for D63A, room temperature (RT) excitons 

have been observed for this sample structure. Fig. 55 shows the PL and absorption 

spectra at RT for a ZnCdSe/ZnSe sample grown on a ZnSe substrate. The large 

Stokes' shift in this sample suggests that the RT PL emission is due to impurites in 

the wells. Room temperature excitons have also been observed in similar samples 

grown on GaAs. [75] 

The polarization selection rules could be used to study the two-photon al

lowed electronic states in more detail than given above. The TP-PLE study de

scribed in Chapter II was limited to the polarization ,EJ_z for convienience. How

ever, as discussed previously, Eliz allows the study of other transitions, specifically 

the ..6.n =/. 0 LH transitions. The TP transitions thus probed are 2LH-le, 1LH-2e, 

etc., and the associated s excitonic states. [54,143,55--,-57] This polarization can be 

achieved in a couple of ways, as shown in Fig. 56. The light can be directly coupled 

into the well as in Fig. 56a. [39,144,42] Another possibility for the ZnSe substrate 

samples is shown in Fig. 56b., which has been used in linear spectroscopy. [65] 

In this case, the ZnSe is essentially two-photon transparent (/3 "' 0) in the QW 

energy region of interest , allowing this configuration. The configuration shown 

in Fig. 56a increases the interaction length, but restricts the study to waveguide 

structures. [39,144,42] 

Application of an external electric field or an internal electric field along the 

z direction should allow the ls states to be observed with the polarization ,EJ_z. 

The electric field destroys the inversion symmetry with respect to the center of the 

well, eliminating parity as a good quantum number. This may be what occured 

for the 2ML CdSe/ZnSe QW shown in Chapter II. The SP-PLE in Fig. 16 shows 

oscillations which may be due to the Franz-Keldysh effect. ·Single-photon PLE 

has been performed on 1, 2, 3, and 4 ML CdSe/ZnSe samples, and all show this 

oscillatory behavior. [67,70] This electric field would allow the lHH-le ls exciton 
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Figure 55. Room temperature absorption and luminescence for a ZnCdSe/ZnSe 
sample. A 6 period 50A ZnCdSe/ZnSe QW grown on ZnSe exhibits 
both RT photoluminescence and RT excitonic absorption. 
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Figure 56. Two different techniques to observe the polarization selection rules. In 
a), the light is directly coupled into the wells. This technique utilizes 
a sample with a waveguide structure. For the configuration shown in 
b), a substrate with minimalTPA coefficient fJ in the energy range 
of interest is. required. 
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to become TP allowed. Note that the TP-PLE data for this sample 24 shows 

a resonance with this transition, while the 2p exciton is not observed. Possible 

mechanisms for a built-in electric field include unintentional doping and stress 

effects. Since a zinc blende crystal has only off-diagonal elements of the stress 

tensor (with z along the (100) direction), the stress must have a shear component 

in order for the net polarization in the z to be nonzero. However, a QW grown~ 

on a (100) substrate will not have any shear components. [145] Another possible 

source of shear stress may be screw or edge dislocations. [145] The difficulty with 

this mechanism is that all of the CdSe/ZnSe samples exhibit nearly identical fields 

(105 V /cm [70]), while the dislocation density appears to be much greater in the 

4ML sample. [67] 

An examination of the TP-PLE spectra shows that all of the samples exhibit 

emission in the lHH-le ls exciton region. For the ZnCdSe/ZnSe QW's, however, 

this is not due to absorption but due to resonant second harmonic generation 

(SHG). This can be seen by the fact that the linewidth of the emission is that of 

the detection system and not the linewidth of the excitonic peak. The emission is 

narrower than the exciton in all of these samples. One group has suggested that 

their observation of a lHH-le ls exciton in _TPA (GaAs-based QW's) is due to 

resonant SHG and subsequent absorption ofthe SHG photon. This did not occur 

for the ZnCdSe/ZnSe QW samples. Note that the symmetry of a zinc blende 

material (43m) does not allow SHG along the (100) axis. The creation of a QW 

reduces the symmetry to 42m, hut this does not cause the SH G to become allowed. 

Resonant SHG of ZnSe epilayers grown on (100) GaAs has been reported. [146] In 

this case, the strong SHG resonance is with the 2p exciton, while the ls exciton 

contributed only weakly. The authors attribute the observation of dipole forbidden 

SHG to the electric quadrupole term. [146] 

The stimulated emission study in CdTe yielded gain values oLup to 750 

cm-1. While this gain is low compared to that reported for GaAs ("' 2000 cm-1 

[97]) and other III-V compounds, it is in the same range or higher than other II-VI 

compounds. For example, CdS exhibits gain values of about 200 cm-1, and CdSe 



of about 1000 cm-1. [97] The simplistic four-level model qualitatively predicts the 

correct behavior for the SE in the limits of low and excitation. Further study is 

needed in the behavior of the EHP in CdTe. One such study has been done, by 

Schweizer and Zielinski, but they did not observe the strong, broad peaks observed 

in this study. [102] This is probably due to the fact that they were working with 

bulk CdTe. The epilayers of CdTe grown on CdZnTe enhances the EHP formation 

due to the confinement of the carriers within the 2.4 µm film. A pump-probe 

experiment using the reflection geometry could study the temporal behavior of 

this spectral feature. 

The doping of bulk ZnSe is, in many ways, an open . question. The prepa

ration of p-type ZnSe epilayers has been accomplished, as has n-doping of bulk 

material. However, the basic questions of compensation mechanisms have only 

been sidestepped. Substantial n- and p-type conductivity requires over-doping 

due to compensation. [147] The lifetim:e of Li-doped ZnSe has also been of con

cern. A spatially small ion such as Li can easily occupy an interstitial site, where 

it will become a donor instead of an acceptor. [148] Currently, nitrogen doping of 

ZnSe has been accepted as a promising technique. [148][149] Nitrogen, however, 

also introduces compensating energy levels and deep defects. [149] 
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