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Abstract 

II-VI compound semiconductor lasers and light emitting diodes

by

Yongming Guo 

Advisor: Professor Ying-Chih Chen

The II-VI compound semiconductors based on ZnCdSe/ZnCdMgSe quantum 

wells grown on InP are promising materials for fabricating light-emitting 

devices operating in the visible spectral region. A unique feature o f these 

materials is that the epitaxial layers can be grown lattice-matched to InP, 

resulting superior material quality. By tailoring the thickness and composition 

of the quantum well, the emission wavelength covers most of the visible 

spectrum. In this thesis, the optical and electronic properties o f the 

ZnCdSe/ZnCdMgSe quantum-well materials and devices are reported. Various 

device design issues, such as carrier confinement, modal confinement, and 

electrical contact, are discussed. Using photo-pumping, laser action in red, 

green, and blue has been demonstrated. The newly developed p-contact 

technology also resulted in the operation of the first p-n junction light-emitting 

diode. The observed emission wavelength and waveguiding properties of the 

devices are consistent with those projected according to the design parameters.
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Chapter 1 Introduction

Recently, the development o f semiconductor laser diodes emitting in the 

visible spectral region has attracted considerable interest due to the wide 

application of visible lasers in display, printing and optical recording. Two 

direct bandgap semiconductor systems, based on II-VI compounds, such as 

ZnSe, and III-V compounds, such as GaN, are well suited for generating 

visible radiation. In this thesis we will concentrate on the development of 

light-emitting devices based on II-VI compound semiconductors.

The early experiments on ZnSe-based materials have confronted many 

difficult problems, some of which are intrinsic to the wide-bandgap 

materials in general, such as doping. With a larger bandgap, the possibility 

exists of creating and then ionizing vacancies, causing self-compensation of 

the material. Other problems are material-specific, such as finding a 

heterostructure suitable for fabricating the active region of a short- 

wavelength laser and suitable waveguide materials for optical confinement. 

As a result, by the late 1970’s the work on the II-VI semiconductors was 

largely relegated to a small community of researchers. In the early 80’s, 

research efforts were primarily focused on non-equilibrium epitaxial growth 

methods, such as molecular-beam epitaxy (MBE) growth of II-VI

heterostructure semiconductors.
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The success [11[21 in achieving stable p-type doping in ZnSe and the 

progress1-31'1-7'1 in MBE growth technique o f II-VI multilayer by the end of the 

1980’s renewed wide interest in using the II-VI compound semiconductor 

for laser applications.

In 1991, a research group o f 3M company reported the first ZnCdSe/ZnSe- 

based visible semiconductor laser operation at 77 K . T h e  following list 

summarizes the major breakthroughs in the development o f ZnSe-based 

wide bandgap laser diodes1-91'1-131 since 1991.

1991 The first blue-green laser diodes based on ZnCdSe/ZnSe operating at 

77 K was demonstrated. The lifetime was several seconds.

1992 The improvement in electrical contacts and optical and electrical 

confinement resulted in the first blue emitting laser diodes operating 

at 77 K.

1993 Blue-green laser diodes using ZnMgSSe as the cladding layer and 

pseudomorphic quantum-well structure operating at room 

temperature were demonstrated.

1994 Continuous wave operation (CW) at room temperature o f blue-green 

laser diodes was reported. The lifetimes reached several minutes in
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the CW operation and several hours in pulsed operation.

1996 Greatly improved lifetime of 100 hours (blue-green) in the CW 

operation at room temperature was reported. The defect density of the 

material was reduced to 3 x 103 cm'3

1997 Improved electrical contact resulted in a device lifetime of 400 hours.

To date, most of the reported blue-green lasers are made of Zni_xCdxSe/ 

Zni.xMgxSySei_y grown on GaAs substrates. In this material system, although 

the cladding and waveguiding layers can be grown lattice matched to the 

substrate, a large lattice mismatch exists between the ZnCdSe quantum-well 

layer and GaAs. The large lattice mismatch produces strain, which affects 

the quality of the material and may result in early degradation o f the laser 

device. One of the possible causes of rapid degradation o f the device is the 

dark-line defect forming in the active layer from pre-existing defects of the 

m a t e r i a l T h e  presence o f the strain in the active region may promote 

defect propagation and dark line formation.

On the other hand, recent progress tl6]‘[18]in the growth of ternary ZnCdSe and 

ZnSeTe and quaternary ZnCdMgSe materials on InP substrates points to an 

alternative for the visible lasers. The use of InP as the substrate material
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makes it possible to select among a set of new II-VI quaternary and ternary 

materials for the quantum-well and barrier layers that can be all lattice- 

matched to the substrate. This offers great promise in terms o f improved 

crystalline quality and reliability over the II-VI materials that have previously 

been used to fabricate blue-green lasers. The absence of strain also allows the 

fabrication of multiple quantum-well lasers from these materials without 

being limited by the critical thickness. In addition, the room temperature 

bandgap for the ZnCdMgSe quaternary system ranges from 2.1 eV to over 3 

eV. Thus, by controlling the thickness of the quantum-well and/or the 

composition of the material in lattice-matched ZnCdSe/ZnCdMgSe quantum- 

well structures, the emission wavelength can be made to vary over a wide 

spectral range from red to blue.[19J This feature allows lasers that emit over 

most of the visible range to be fabricated from these materials.

Using the photo-pumping technique, we have achieved laser action in 

ZnCdMgSe quantum-well lasers emitting in red, green and blue. This result 

points to the possibility of fabricating fully-integrated white light sources 

and full color display arrays containing red, green and blue in each pixel for 

a variety of applications. Currently, no other single semiconductor material 

system has been shown to provide full-color visible emission. More
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recently, light-emitting diodes with electro-luminescence emitting in red, 

blue and green have also been developed.

In this thesis, a brief review o f the development o f the II-VI semiconductor 

laser diodes and light-emitting diodes is given in Chapter 2. The results of 

the photoluminescence and photo-pumping lasing experiments are described 

in Chapter 3. The results o f the electro-luminescence spectra and current- 

voltage characteristic of ZnCdSe/ZnCdMgSe light-emitting diodes are 

discussed in Chapter 4. The gain profiles of ZnCdSe/ZnCdMgSe quantum- 

well lasers are illustrated in chapter 5. A summary of my research and the 

technological outlook is presented in Chapter 6.
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Chapter 2 Background

2.1 Basics o f semiconductor lasers

2.1.1 Structure o f semiconductor lasers

There are two necessary conditions to operate a semiconductor laser device: 

(1) a gain medium that can amplify the electromagnetic radiation, and (2) a 

waveguiding mechanism that can confine the electromagnetic field in a well- 

defined waveguide mode. In a semiconductor laser, the gain medium is a 

thin layer of semiconductor, which can emit and amplify the electromagnetic 

radiation. The waveguide is formed by the built-in structure of the refractive 

index profile. The two cleaved facets o f the semiconductor wafer form the 

laser resonator. The typical structure of a semiconductor laser is shown in 

Figure 2.1.

E lectrode E lectrode
■ H H E H 5 H — p-contact layer — _p-r. nntart .  layer

—  p-cladding layer -p-cladding layer
' - active laver ---------------------- / P -guiding layer

______________ ^active layer: QW
_____________  n-cladding layer ^ -guM ing layer

-n-cladding layer
•n- substrate

E lec tr o d e

-n-substrate

Electrode

(a) C onventional la se r  d iode (b) Q uantum -w ell la se r  diode

Figure 2.1. Schematic structure o f (a) conventional semiconductor 
laser diode and (b) quantum-well laser diode.
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The laser consists of a thin active layer, which is sandwiched between two 

cladding layers with higher bandgap energy. In a conventional 

semiconductor laser diode, the thickness o f the active layer is typically in the 

range of 0.1-0.3 pm. The functions o f the higher energy bandgap for the 

cladding layer are to provide the energy barrier needed for carrier 

confinement and to provide waveguiding for optical confinement for the 

electromagnetic radiation.

In general, the band alignment at the hetero-junction can be type-I or type-II, 

as illustrated in Figure 2.2. In order to provide effective carrier confinement 

in the active layer, the band alignment must be of the type-I, as shown in 

Figure 2.3.

Z n S e  Z nC dSe Z n S e Z nSeT e

(a) Type-I band lineup (b) Type-II band lineup

Figure 2.2 Band lineup of (a) type-I hetero-junction and (b) 
type-II hetero-junction.
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When the thickness of the active layer is comparable to the de Broglie 

wavelength of the carriers, the kinetic energy of the carriers associated with 

the motion in the direction perpendicular to the layer is quantized, giving 

rise to a set of discrete energy levels. The quantum effect becomes 

pronounced when the well thickness is less than 10 nm. The major benefit 

resulting from the use of the quantum well structure is the increased density 

of states near the bandgap, which helps reduce the number o f carriers needed 

to achieve optical transparency in the active layer. Thus the threshold 

current for laser operation is reduced by approximately the ratio of the 

thicknesses of the active layers.

In quantum-well laser diodes, the thin quantum well cannot provide effective 

waveguiding because the thickness o f the quantum well is much smaller than 

the wavelength of light. It is often necessary to insert a waveguiding layer 

between the cladding layer and active layer to increase the overlap between 

the electromagnetic radiation and the quantum well.

Figure 2.3 shows the schematic of bandgap energy and reffactive-index 

profiles of a quantum-well laser. Figure 2.3 (a) is the desired band lineup 

for the cladding, waveguiding and quantum well layers. The quantum well
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has the smallest bandgap energy while cladding layers have the largest 

bandgap energy to confine electrons and holes. Figure 2.3 (b) is the

energy

hr1 CB

-  V B
position

(a) Bandgap energy profile 

refractive index

position

(b) Refractive index profile

Figure 2.3. (a) Bandgap energy and (b) refractive-index profiles of 
a quantum-well structure. The curve shown in (b) is the calculated 
modal profile of the fundamental transverse mode of the 
waveguide.

corresponding refractive-index profile. The quantum well has the largest 

index of refraction and the cladding layers have the smallest index of 

refraction. The effectiveness of optical confinement in such a waveguide 

depends on the difference of the refractive indices between adjacent layers 

and the thickness of each layer. The details of the optical confinement 

techniques will be discussed in Chapter 2.1.4
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2.1.2 p-n heterojunction

The schematic band profiles for ZnCdSe/ZnSSe/ZnMgSSe heterostructures 

are shown in Figure 2.4. An undoped quantum-well structure is shown in (a). 

The band offset between the quantum well and the waveguide layers, AEC 

and AEV, forms the potential barriers which confine the carriers in the well. 

The dashed line in the middle is the Fermi level. Figure 2.4 (b) shows the 

band profile with heavily doped cladding layers and lightly doped 

waveguiding layers. The energy band in the vicinity of the p-n junction is 

tilted due to the built-in potential difference between the p-side and n-side. 

Under forward bias in (c), the potential barriers are reduced so that electrons 

and holes are driven into the quantum well layer where they recombine to 

emit photons.
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AE,

r H

(a)undoped

A E f

electron

rvufs*
holes'5>

(b) doped 
zero bias

(c) doped 
forward bias

Figure 2.4 Schematic band profiles for ZnCdSe/ZnSSe/ZnMgSSe 
heterostructures with (a) undoped layers, (b) doped layers to form a 
p-n junction, and (c) p-n junction under forward bias.
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2.1.3. The condition for laser threshold1201

Consider the interband transition shown in Figure 2.5 for a direct bandgap 

semiconductor material in the presence o f an incident photon whose energy

is:

E = hv  = E + E „ + E „  f2 -11c — V —  g

Where Eg is the bandgap, Ec is the energy o f the electron in the conduction 

band, Ev is the energy of the hole in the valence band, and h v  is the photon 

energy.

ENERG Y

light
W AVEVECTO R

Figure 2.5 Interband transition in a direct bandgap semiconductor 
material.

The occupation probability of an electron with energy Ec follows the Fermi- 

Dirac distribution function given by

f d E c )  =  e (Ec- E Fc)i k T  - j  ( 2 -2 )

where Epc is the quasi-Fermi energy for the conduction band, k is 

Boltzmann constant, and T is the absolute temperature. Similarly, for the
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holes in the valence band, the occupation probability of a hole with energy 

Ev is given by

f v(£ v) = e(£u-£fv),*r +1 (2-3)

where Ejv is the quasi-Fermi energy in the valence band. All energies are 

measured from the bottom of the corresponding band.

Let pc(E) be the density of states in the conduction band and pv(E) be that of 

the valence band. A photon can be absorbed to create an electron of energy 

Ec and a hole o f energy Ev. The absorption rate is given by

Ra=Bpc(E)pv(E) [ 1 -fc(Ec)][ 1 -fv(Ev)] ( 2.4)

where B is the transition probability, l-fc(Ec) and l-fv(Ev) represent the 

probabilities that the electron and hole states of energy Ec and Ev are not 

occupied. On the other hand, the stimulated emission rate o f photons is 

given by

Re=Bpc(E)pv(E) fc(Ec)fv(Ev) ( 2.5)

Thus, the condition for a net optical gain is that the stimulated emission rate 

exceeds the absorption rate or

Re>Ra (2 .6 )

Using Equations (2.4) and (2.5), this condition becomes
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fc(Ec)+fv(Ev)> 1 (2.7)

Substituting the expressions for fc(Ec) and fv(Ev) into Equation (2.7), we 

have

The left side o f the inequality is the quasi-Fermi level separation and the 

right side is the photon energy hv. Equation (2.9) states that the quasi-Fermi 

level separation of the conduction band and valence band must exceed the 

bandgap energy of the semiconductor in order to have a net optical gain. 

This is a necessary condition for laser action.

2.1.4 Modal confinement[21]

The radiation emitted by the gain medium must be confined in the active 

region by a waveguide. In a heterostructure semiconductor laser, the electric 

field confinement in the direction perpendicular to the junction plane 

occurred through dielectric waveguiding. This mechanism is often referred 

to as index guiding since the refractive index step (shown in Figure 2.3 (b))

Efc + Efv>Ec + Ev (2 .8)

Adding Eg to both sides o f the Equation (2.8), it becomes

Efc + EfV +Eg>Ec + Ev +Eg —hv (2.9)
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between the active and cladding layers is responsible for the mode 

confinement through total internal reflection at the interfaces.

The electric field o f an electromagnetic wave propagating in the z-direction 

along a waveguide is determined by the following equation:

+ -jp- + ̂ r )  E (x,y,z)+ e(x,y)k02£  (x,y,z)= 0  (2 .10)

Where E (x,y,z) is the electric field, e(x,y) is the dielectric constant and k0 is 

the wave vector in vacuum. Here, we assume that the dielectric constant is 

independent of z.

One approach to solve the above equation is based on the effective-index 

approximation. This approach can be applied to the case in which the 

dielectric constant varies very slowly in the lateral x direction along the 

junction plane compared to its variation in the transverse y direction 

(perpendicular to the junction plane). Thus the electric field can be assumed 

to be

E(x, y , z )  = e<5>(y) T  (x) exp( z/?z) (2.11)

where z is the direction o f propagation, p  is the propagation constant of the 

mode and e is a unit vector in the direction of the polarization.
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By substituting E into Equation (2.10), we have

(2.I2)
4* chr <& dy2

To obtain the solution for the above equations, one must know the 

distribution o f the dielectric constant s(x,y) or the refractive index for each 

layer in the structure.

The loss or gain effect is generally treated as a small perturbation to the 

eigenvalue problem. This is appropriate for heterostructure semiconductor 

lasers since the mode confinement in the y direction is mainly caused by the 

index step at the heterostructure interfaces. The dielectric constant 8 is of 

the form

8(x,y)= p2b (y)+Ae(x) (2.13)

where fib(y) is the structural refractive index whose variation is on the order

of 0.1. The small perturbation, Ae(x), caused by the loss and the contribution

2
of external pumping is on the order of 10 ' .

By separating the variables in Equation 2.12, the y-component satisfies the 

following eigenvalue equation

^  + [*,V .2 O')-/&]«> = 0 (2.14)
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where peff is the effective propagation constant and can be determined by 

solving Equation (2.14). The solution to Equation (2.14) gives the transverse 

eigenmodes for the structure. In a slab waveguide, it is found that two sets of 

modes can exist, the TE modes and the TM modes, characterized according 

to their polarization. For the TE modes, the electric field E is polarized along 

the heterojunction plane, i.e., the polarization vector in Equation (2.11) is 

along the x axis. For the TM modes, the magnetic field H is polarized along 

the x axis.

For a heterojunction laser, the modal gain for a specific optical mode is 

given by

Ymode(co)=Y(CO)r (2.15)

where y(g>) is the gain of the bulk material, which is the gain when the entire 

optical mode is confined in the active layer andT is the overlapping factor 

of the eigenmode with the active layer, defined as 

j ^ O  )dy
Y _ thinness-------- (2.16)

Jo>20 )dy 
—«0

Typically, the overlapping factor is on the order of a few percent for 

quantum-well lasers.
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2.2 Development of II-VI compound semiconductor laser diode

2.2.1 Early ZnSe-based II-VI laser diodes

The II-VI semiconductor materials have long been studied for laser 

applications. Compared to the III-V materials, the II-VI materials, such as 

ZnSe, have much smaller cohesive energy. They are softer, more easily 

damaged and form many kinds of defects. Doping is also difficult. In 1987, 

Ohkawa et alf22] showed that chlorine is an excellent n-type dopant in MBE 

growth, with dopant levels about 1 0 19 cm "3 routinely achievable.

P-type doping to ZnSe was extremely difficult to achieve. After years of 

research, a breakthrough finally came in 1991, when Ohkawa etal[23J and 

Park et al[24] showed that an RF plasma source could be used to produce 

excited nitrogen atom which would be incorporated in the ZnSe epilayer. A 

p-dopant level o f 2 x 1 0 18 c m -3 was obtained which is high enough for 

making a p-n junction devices. Soon after that, the first ZnSe-based laser 

diode (LD) was fabricated at 3 M E v e n  though the laser operated only for 

a few seconds, the success opened a new era for II-VI compound diode laser 

research.
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Figure 2.6 The layer structure o f the first ZnSe-based laser d iode^  

Figure 2.6 shows the layer structure o f the first II-VI LD. The active layer 

was a 10-nm-thick Zn0.sCd0.2Se. The p-ZnSe and n-ZnSe layers served as 

the barriers for confining carriers and as the core of the waveguide for mode 

confinement. The cladding layers were two thick ZnS0.07Se0.93 layers. The 

first LD is a gain-guided laser with 20-micron-wide gold electrode buried in 

an insulator layer.

Other groups have tried a variety of structures similar to that o f the first 

L D [25H 29], and found no significant improvement in the laser properties.

In the early days o f II-VI laser diode, the ZnSe layers in the laser were 

generally about 0.5 pm thick, which is much larger than the critical 

thickness. Because o f the lattice constant mismatch (about 0.3%) between
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the ZnSe and GaAs substrate, high density o f dislocations (above 106 cm'2) 

were found at the interface which may have contributed to the short lifetime 

of the laser diode.

Another problem of the first generation II-VT laser diode is the difficulty in 

making Ohmic contact between the p-doped layers and metal electrode. The 

non-Ohmic contact behavior raises the tum-on voltage for the laser diode to 

about 20-30 V, with most o f  the potential drop occurring at the p-side 

contact. The resistive barrier generates a large amount of heat during the 

operation o f LD and may also have contributed to the degradation of the 

laser.

In addition, the confinement for carriers and optical mode was insufficient. 

The bandgap energy difference between the ZnCdSe and ZnSe was only 

about 250 meV. The valence band offset was too small to provide effective 

carrier confinement. As a result, the first laser could be only operated at 77 

K.

With all the above mentioned problems, the device lifetime was rather short, 

in the range o f several seconds to several minutes.
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2.2.2 Improved structure based on ZnMgSSe

The use of lattice-matched materials improved the quality of laser diodes. 

The ZnMgSSe quaternary material was first introduced at the North 

American Philips laboratories [30’315 and at SONY [32J'[35] to improve the 

confinement o f carrier and optical mode. ZnMgSSe has much a wider range 

o f the bandgap energy from 2.78-4.5 eV. The ZnSe-ZnMgSSe interface is 

expected to exhibit a type-I heterostructure [36] with a valence band 

discontinuity o f about 50% of the bandgap energy difference. In addition, 

from a reflection-spectrum measurement[37], it has been shown the refractive 

index of ZnMgSSe is smaller than that of ZnSe. Thus a ZnSe layer 

sandwiched between two ZnMgSSe layers can provide optical confinement 

and carrier confinement. Photo-pumped lasing in undoped Zn(S)Se- 

ZnMgSSe DH structures has been realized at temperatures up to 500K. This 

confirms that the ZnMgSSe forms a type-I heterostructure with ZnSe and 

has a refractive index smaller than that o f ZnSe.

And more importantly, ZnMgSSe can be grown lattice matched to GaAs 

substrate. The use of ZnMgSSe as the cladding layers allows the use of 

ZnSSe, also lattice matched to GaAs, as the barriers.
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The main problem is making an Ohmic contact to p-ZnSe. The valence 

band maximum of ZnSe is approximately 6.4 eV below the vacuum level 

and no metal has a work function larger than 5.6 eV. Therefore, there exists 

a large Schottky barrier between the metal and the p-type ZnSe. 

Traditionally, a solution to this problem is to alloy the contact metal with 

semiconductor, but this approach was not successful because the materials 

were unstable during thermal annealing. Another possible approach is to 

dope the semiconductor layer extremely heavily to promote tunneling.
t  g   ^

However this cannot be done because the p-doping level beyond 10 cm 

was not easily obtainable in ZnSe.

In order to make good p-type contact, an intermediate layer must be inserted 

between the metal and p-type ZnSe, so as to move the top o f the valence 

band closer to the metal work function, as was done in the case of n-typed 

GaAs/Au contacts by using GainAs[38]. In searching o f a good contact layer 

to p-ZnSe, several materials have been experimented. ZnTe was a 

promising candidate for the intermediate layer because o f its high valence 

band position and its ability o f being p-doped to above 1019 cm To 

remove any problems produced by the valence band discontinuity between 

the ZnTe and ZnSe layers, a ZnTe-ZnSe superlattice structure in which the
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width of the ZnSe and ZnTe layers is gradually varied was introduced to 

simulate an alloy o f continually varying composition1-39-1. It has been shown 

to have low operating voltageC40]. This idea has been adapted by the SONY 

group, who have used narrow ZnTe quantum wells o f varying thickness 

between ZnSe barriers. By varying the well width in the region of strong 

band bending, it is possible to produce a structure in which all the well levels 

are at the same energy to enhance tunneling1-41-1. On the other hand, the metal 

electrode has been improved by using Au-Pt-Pd *■42\  It is found that the 

specific contact resistance to p-type ZnTe as low as 5 x 10'6 Ohm cm '2 has 

been achieved.

With these improved contact layer and metal electrode, the threshold voltage 

for the II-VI laser diode has been dramatically reduce to about 4 V , [43 44] 

which is only about one fifth of that of the early lasers.

In 1996, SONY demonstrated a 100 hour blue-green laser at room 

temperature under cw operation [I3]. Figure 2.7 shows the schematic 

structure of the laser. Figure 2.7 (a) is the layer structure o f the laser diode. 

ZnCdSe quantum well layer was embedded in ZnSSe guiding layers and 

ZnMgSSe cladding layers. The resonant tunneling ZnSe-ZnTe multi-
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quantum-well structure (shown in (b)) was introduced to enhance the 

tunneling of holes. By optimizing the growth condition, the density of 

defects was smaller than 3 x 1 0 '  cm '“.

The tum-on voltage of the laser fabricated by SONY is about 7 V. The 

operating voltage is about 11 V, which is too high for a commercial device. 

High operating voltage generates excessive heat in the contact layer, which 

is one of the causes of short device lifetime in II-VI laser diodes. 

Optimizing the contact structure by reducing the thicknessof ZnTe layer to 

4 nm was shown to reduce the operating voltage to 4.2 V, and much longer 

electrode lifetime of 1000 hours1-45-1 and device lifetime of 400 hours[46] were 

achieved.
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Figure 2.7 Schematic structure of the SONY laser diode,
(a) The layer structure of the laser diode.[13] (b) The ZnSe- 
ZnTe multi-quantum-well structure used to enhance the 
tunneling effect
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2.2.3 Challenges

One of the major obstacles limiting the lifetime o f ZnCdSe/ZnSSe/ZnMgSSe 

devices grown on GaAs substrate is the pre-existing defects and the 

formation of dislocation networks in the active region due to recombination- 

enhanced defect migration. It is reported that the degradation of ZnSe-based 

II-VI laser diodes grown on GaAs substrate originates at pre-existing defects 

(mainly stacking faults) and propagates by the formation of < 100> dark line 

defects (DLDs) in or near the active layer [471'[56]. The formation of DLDs is 

observed in both electrical and optical injection devices. In the initial state of 

degradation, DLDs develop along the pathways o f dark mobile defects, 

which originate from pre-existing defects. With time, the DLDs grow, 

branch, and broaden forming large areas of nonradiative recombination 

centers. Spatially resolved cathodoluminescence study shows that 

nonradiative recombination processes associated with DLDs are thermally 

activated[57].

In the past years, the research had been concentrated to reduce the density o f 

stacking faults and related threading dislocations originated in the vicinity of 

the II-VI/III-V interface. It was shown [58][59] that growing a GaAs buffer 

layer on a GaAs substrate and exposure to a zinc beam before growth o f
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II-VI compound layers on the As stabilizes surface of the GaAs buffer layer 

have greatly improved the H-VI/III-V interface and reduced the density of 

stacking fault. As a result, device lifetime of II-VI laser diodes has been 

lengthened to a few hundred hours.
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2.3 ZnCdMgSe material system

The structures and devices introduced above and widely studied so far are 

grown on GaAs substrates. The presence of strain in the active layer and the 

formation of misfit dislocations in the contact layer region due to the 

relaxation of the very large lattice-mismatch between ZnTe and the rest of 

the structure are likely sources of degradation of these devices. Therefore it 

is of interest to explore other wide bandgap II-VI materials that may be used 

to design entirely lattice-matched structures that also meet the band structure 

requirements of this complex device.

As seen in Fig. 2.8, a wide range of ternary and quaternary compositions of 

the (Zn,Cd)(Se,Te), (Zn,Cd,Mg)Se and (Zn,Cd,Mn)Se systems can be grown 

lattice matched to InP. Thus the use of InP as the substrate material makes it

■  I I - V I  
A  l l l - Y  
•e lem en ta l

jMgSe
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Figure 2.8 Bandgap energy versus lattice constant.
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possible to select among a set o f new II-VI quaternary and ternary materials 

for the quantum well and barrier layers that can be all lattice-matched to the 

substrates. This offers great promise in terms of improved crystalline 

quality and reliability over the II-VI materials that have previously been 

used to fabricate visible lasers. The absence o f strain also allows the 

fabrication of multiple quantum well lasers from these materials without 

being limited by the critical thickness. In addition, the room temperature 

bandgap for the ZnCdMgSe quaternary material ranges from 2.1 eV to well 

over 3 eV. Thus, in lattice-matched ZnCdSe/ZnCdMgSe quantum well 

structures, by controlling the thickness of the quantum well, the emission 

wavelength can be made to vary over a wide spectral range from orange to 

blue[19]. By changing the composition of the quantum-well layer, thus 

introducing some strain, on the order of 1%, in the quantum well, the 

emission wavelength can extend to red. Another feature of these structures 

grown on InP substrates is that it also allows the growth of a symmetrically 

strained[60][61J ZnSe/ZnTe superlattice or lattice-matched ZnSeTe alloys that 

may be easily doped p-type for Ohmic contact without introducing defects 

due to lattice-mismatch.
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Recently, a material degradation study on the ZnCdSe/ZnCdMgSe quantum- 

well structures grown on InP shows no sign o f the formation of DLDs in the 

active layer [62]. In that study, laser samples with and without strain in the 

quantum-well layer were irradiated by a strong electron beam and 

cathodoluminescence technique was used to observe the appearance o f the 

DLDs. It has been shown that DLDs are not present in the vicinity o f the 

active layer in both samples.

To summarize, the ZnCdSe/ZnCdMgSe material grown on InP has the 

following features:

(a) Emitting in the entire visible spectrum from red to blue.

(b) Lattice-matched material for better crystal quality.

(c) Freedom from the formation of DLDs in the active layer.
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Chapter 3 Photopumping experiment on ZnCdSe/ZnCdMgSe

quantum-well lasers

We have carried out a series o f photo-pumping experiments and achieved 

laser action in ZnCdSe/ZnCdMgSe quantum-well lasers grown on InP. 

Using different thicknesses and/or composition of the quantum well, lasers 

emitting in red, green and blue have been demonstrated.

3.1. ZnCdMgSe materials

By using ZnCdMgSe as the cladding and waveguiding layers and ZnCdSe 

as the active layer, we design lattice-matched or pseudomorphic quantum- 

well structures with emission ranging from blue to orange. With 1.2% 

compressive strain in the quantum well, the emission wavelength has been 

extended to red.

The materials were grown by Molecular Beam Epitaxy (MBE) in Professor 

Maria Tamargo’s laboratory at City College. The initial low temperature 

photoluminescence experiments were also carried out there.

A typical quantum-well structure consists of a thin(<10 nm) layer of smaller 

bandgap material sandwiched between two layers o f larger bandgap 

materials. The discontinuity of energy bands in the conduction and valence 

bands results in a potential barrier that confines the carriers. The potential 

well’s thickness is typically less than 10 nm.
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The bandgap discontinuity in the conduction band and valence band forms 

the energy barriers for the electrons and holes. In the GaAs/AlGaAs 

quantum-wells, the ratio o f the bandgap offsets in the conduction band and 

valence band is about 3:2. In the II-VI semiconductor system, the reported 

values are quite different for different material combination. Some reported 

a very small conduction band offset (AEC« 6 meV for the ZnSe/ZnS0.i8Se0.s2 

heterojunction reported by M. Lomascolo et al[63\  AEc/AEg«0.1 for the 

ZnSe/Zni.xMgxSySe^y heterojunction reported by K. Shahzad et al[64], 

AEc/AEv=8/92 for the ZnS/ZnSe heterojunction reported by R. Cingolani et 

alt65]). Others reported larger conduction band offset (AEc/AEg=0.4 for the 

ZnSe/ZnMgSSe heterojunction reported by T. Miyajima at al[661, 

AEv/AEg=0.3 for the CdTe/(CdMn)Te heterojunction reported by W. Ossau 

et al[67]). To provide effective confinement of the electrons and holes, the 

energy barriers of the quantum well must be considerably larger than the 

thermal energy at room temperature (kT= 25 meV). Ishibashi[68] further 

estimated that the total bandgap energy difference between the active layer 

and the cladding layer should be greater or equal to 350 meV to have a low 

threshold laser diode.
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A stand-alone quantum well is not an effective waveguide because the layer 

thickness is much smaller than the wavelength of light waves in the 

materials. To improve the confinement o f the light wave propagating in the 

active region, a waveguide layer was inserted between the active layer and 

the cladding layer.

Figure 3.1 (a) shows the layer structure o f the quantum-well laser based on 

ZnCdSe/ZnCdMgSe grown on InP. The light-emitting region is a 4 nm 

Zni_xCdxSe (x«0.5) single quantum well with a nominal bandgap of 2.2 eV. 

The quantum well is embedded in a waveguide which consists o f two 

0.2-micron ZnxCdyMgi_x.ySe layers whose nominal bandgap energy varied 

from 2.7 eV (x=0.37, y=0.27) to 3.0 eV (x=0.27, y=0.20). The cladding 

layers are two 0.5-micron-thick quaternaries ZnxCdyMgi.x_ySe with a 

nominal bandgap of 3.0 eV. A 10-nm ZnSe cap layer is used to protect the 

magnesium in the top cladding layer from oxidizing. The bandgap energy 

profile of the laser was shown in Figure 3.1 (b). The proposed refractive- 

index profile o f the waveguide structure is shown in Figure 3.1(c). In 

semiconductor materials, the refractive index decreases with increasing
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Figure 3.1. (a) Quantum-well laser structure, (b) bandgap profile, and 
(c) refractive index profile o f a ZnCdSe/ZnCdMgSe quantum-well 
structure grown on InP.
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bandgap energy. Thus, the layer structure that produces a bandgap-energy 

profile for carrier confinement also creates a waveguide for optical 

confinement.
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3.2 Photoluminescence measurements

Photoluminescence is a useful tool for determining the emission wavelength 

of the material and, when the material parameters are known, the 

approximate carrier concentrations as well. For example, in the case of bulk 

GaAs, the carrier concentration can be estimated from the position of the 

peak energy and/or the width o f the emitted radiation[72].

The characterization o f ternary material ZnCdSe and quaternary material 

ZnCdMgSe grown on InP substrate was done by low temperature 

photoluminescence at City College. Excellent layer quality for ternary 

material is evident from the extremely narrow peak (1 0  meV) and efficient 

photoluminescence bandedge emission and the near absence of defect- 

related deep level emission.1-70-1 The quaternary material layers encompass a 

wide range of bandgap, from 2.18 eV to above 3.5 eV, as shown in Figure 

3.2.
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Figure 3.2 Bandgap energy (based on the low-temperature 
photoluminescence measurement) and lattice constant of 
ZnCdSe and ZnCdMgSe materials.

The photo luminescence spectraL?1J of one o f the laser structures, Sample 382, 

are shown in Figure 3.3. The structure o f the sample was similar to that 

described in previous section (Figure 3.1) but with a step refractive index 

profile. The measurements were made using the 325-nm output of a He-Cd 

laser as the excitation source and a double spectrometer and photomultiplier 

tube as detector. The photoluminescence was measured on the as-grown 

wafer (trace a) and on a sample of the wafer that has been etched with dilute 

Bromine-Methanol solution to remove about 0.8 microns from the surface 

(trace b). The strongest emission observed from the as-grown sample is at 

405 nm (peak 1) and corresponds to the bandgap energy of the top cladding 

quaternary layer. Since most of the light is absorbed near the surface, the
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emission from the underlying layers is expected to be weak. In fact, weak 

emissions are also seen at 420 and 490 nm, the wavelength expected from 

recombination at the bottom of the graded waveguide region and the 

quantum well, respectively. Upon etching away most of the 1-micron-thick 

cladding layer (trace b) the intensities of the two lower energy peaks, in 

particular that attributed to the quantum well emission (peak 3), increase 

dramatically. This clearly confirms the presence of the quantum well and 

waveguiding layers.
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Figure 3.3 Low-temperature photoluminescence spectra of 
sample 382. (a) Spectrum for the as-grown sample, (b) 
Spectrum with most of the top layer etched.
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3.3 Waveguide design

The design of the waveguide depends on the knowledge o f refractive index 

o f the materials. Since at this stage, the material parameters for the 

quaternary material ZnCdMgSe grown on InP are still largely unknown, the 

waveguide design is based on the published data of refractive indices as a 

function o f material composition for ZnMgSSe grown on GaAs. The 

eigenmode o f the electromagnetic wave in the waveguide was calculated by 

a computer program, which is based on the theory described in Chapter 

2.1.4. The results are shown in Figures 3.4 and 3.5.

Both graded-index (with gradually changing composition of the material, 

thus the bandgap energy and refractive index) and step-index (with step-like 

variation in the material composition) waveguides have been used. The 

refractive-index profile of the waveguide structure was constructed by 

assuming a refractive index vs bandgap energy relation found in the 

ZnMgSSe/GaAs system.1-7̂  Figure 3.4 shows the profile o f the step-index 

waveguide and the calculated intensity distribution o f the eigenmode. The 

structure used in the calculation has a 4-nm-thick quantum well embedded in 

0.2-micron-thick waveguiding layers and 0.5-micron-thick cladding layers. 

The optical confinement factor r  for the fundamental transverse wave is
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1.35%. By reducing the thickness of the waveguiding layer to 0.1-micron, 

the overlapping of the fundamental transverse wave with the quantum well 

increases to 1.79% and 2.40% for step-index profile and graded-index 

profile respectively (shown in Figure 3.5). The calculation shows that the 

graded structure provides better optical confinement or larger value of r .

INDEX O F  REFRACTION

OUERLAP: 1 .35  x

i-

POSITION (m icron)

Figure 3.4 TE mode with a step-index profile. The quantum well 
layer is 4-nm thick, the waveguiding layer is 0.2-microns thick and 
the cladding layer is 0.5-microns thick. The upper plot is the 
refractive-index profile. The lower plot is the transverse-electric 
mode o f the electromagnetic wave in the waveguide.
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Figure 3.5 TE mode with (a) step-index profile and (b) graded-index 
profile by reducing the thickness of the waveguiding layer. The 
quantum well layer is 4-nm thick, the waveguiding layer is 0.1- 
microns thick and the cladding layer is 0.5-microns thick.
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The size of the guided mode inside the waveguide can be inferred from the 

width of the laser beam in the far field. The far-field measurement was done 

by placing the laser sample in the center of a circle and moving the detector 

along the circular path in the plane perpendicular to the junction plane.

Figures 3.6 and 3.7 show the far-field beam intensity profiles for Samples 

382 and 383. The structural parameters of these samples are given in Table

3.1. Both samples have a step-index profile. The only difference of the laser 

structure between these samples is the quantum well thickness.

Table 3.1 Structure parameters for Samples 382 and 383

Sample Bandgap energy Bandgap energy and Thickness of Laser

number and thickness of thickness of the the quantum wave­

the cladding layer waveguiding layer well layer length

382 2.95 eV 500 nm 2.7 eV 100 nm 4 nm 540 nm

n=2.62~ n=2.86~

383 2.95 eV 500 nm 2.7 eV 100 nm 2.8 nm 497 nm

n=2.62' n=2.86’

n is the estimated index of refraction.
The filled circles in Figures 3.6 and 3.7 are the experimental data. The solid 

lines show the best-fit Gaussian profiles given by
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Figure 3.6 Far-field intensity profile of Sample 382. The 
filled circles are the experimental data. The solid line is a

Q — 0 8052Gaussian profile 1(6) = 114.4exp[-2(----- ^------- )2]
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Figure 3.7 Far-field intensity profile of Sample 383. The filled circles 
are the experimental data. The solid line is the Gaussian profile

0  + 1.036 ,7(0) = 338.1 exp[-2(-----------)2]
41.91
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Where I is the intensity, Io is the maximum intensity, 0o is the center of the 

beam and Q is the beam width. The angular beam width of the far-field 

intensity profile at 1/e2 of the maximum is 53.71 degrees for Sample 382 and 

41.91 degrees for Sample 383.

For a laser beam with Gaussian distribution in the intensity profile, the beam 

width of the far-field pattern is related to the beam width in the near-field 

pattern by

mvn
where Q is the beam width in the far-field, X is the wavelength, w is the 

beam width in the near-field, and n is the index of refraction.

Using Equation 3.2, the beam widths in the near field for Samples 382 and 

383 are 0.18 micron and 0.21 micron, respectively. By using the estimated 

indices of refraction listed in Table 3.1, the calculated beam sizes inside the 

waveguide are 0.22 micron and 0.21 micron for Samples 382 and 383, 

respectively. Thus the calculation is in agreement with the experiment.
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3.4 Photo-pumping experiments

We have carried out a series of photopumping experiments and have 

demonstrated laser action in ZnCdSe/ZnSe and ZnCdSe/ZnCdMgSe 

quantum-well lasers.

The experimental setup for photopumping is shown in Figure 3.8. A 

frequency-tripled NdrYAG laser pumped dye laser was used as the pump 

source. The pulse width and repetition rate of the dye laser output was 7-ns 

and 20 Hz, respectively. To ensure the largest concentration o f photo­

generated carriers in the vicinity o f quantum-well, the wavelength of the dye 

laser was tuned to 460 nm, corresponding to a photon energy near the 

bandgap o f the bottom of the graded-index waveguide at room temperature. 

The sample was thinned to about 100-microns thickness and cleaved into 1- 

mm-wide bars for photopumping. The pump beam was focused onto the 

surface o f the wafer to create a stripe-geometry excitation region along the 

(110) direction. A variable attenuator was used to control the pumping 

intensity. The edge emission o f the laser bar was collected by a microscope 

objective and focused into an optical multichannel analyzer to analyze the 

spectral characteristics. A boxcar integrator was used to measure the 

pumping power and output power.
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460 nm
Frequency tripled YAG

355 nm
Attenuator

Cylindrical lense

Optical Multichannel Analyzer

Microscope objective
Sample

Tunable dye laser

3D translation and 
2 axes rotation stage (a)

pump beam

-300 pm output

(b)
Figure 3.8 (a) Experimental setup for the photopumping 
experiment, (b) Pumping geometry on the chip
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Figure 3.9 shows the output intensity from the single-quantum-well laser as 

a function of pumping intensity. The output vs input characteristics exhibited 

a clear transition from a slightly superlinear relation below the lasing 

threshold to a linear relation above the threshold. The threshold occurs at a 

pumping power density of 160 kW/cm2.

£
COz
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50 100 150 200  2 5 0  300 350 400

PUMPING INTENSITY (kW /cirF)

Figure 3.9 Output intensity as a function of pumping intensity

Shown in Figure 3.10 are the spectra of the edge emission below and above 

the lasing threshold. The onset of laser oscillation at 512 nm is 

accompanied by a narrowing of the spectrum. Both the turn-on

characteristics o f the power curve (Figure 3.9) and the width of the
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stimulated emission line (Figure 3.10) are qualitatively very similar to the 

behavior o f the ZnSe/ZnMgSSe lasers previously reported.1-731

(c) 1=2.2 I

>-r-
CD

LU

(a) 1=0.8 !th

460  480 500  520  5 4 0  560 580 600 620  640  660

WAVELENGTH (nm)

Figure 3.10 Spectra o f edge emission from a laser sample below 
the threshold pumping intensity (a) and above the lasing 
threshold (b and c).
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The temperature dependency o f the threshold is an important characteristic 

relevant to the application o f semiconductor lasers. The threshold of a 

semiconductor laser generally increases with increasing temperature. This is 

due to the reason that more carriers occupy the higher electronic states in the 

energy band at higher temperature, resulting in a lower carrier population at 

the states near the bandgap where the lasing action takes place. Thus higher 

pumping energy is needed for laser action at elevated temperatures. The 

temperature dependency o f the threshold can be expressed by an empirical 

formula:

/  = / . «  p ( ^ - )  (3.2)
-*0

Where Io is the threshold at an arbitrary reference temperature T1} T is the 

absolute temperature, T0 is the characteristic temperature often used to 

express the temperature sensitivity of threshold. Previous studies for III-V 

AlGaAs lasers and InGaAsP lasers show that the value of T0is affected by 

the carrier recombination mechanism [74][75] and carrier confinement[76][/7]. 

In quantum-well lasers, the height of the energy barrier can affect the T0 

value. A lower energy barrier can result in smaller values ofT0 due to 

higher rate of carrier leakage out of the quantum-well with increasing 

temperature. We have measured the threshold density o f a laser sample at 

three temperatures 2 C, 30 C and 47 C. (Figure 3.11). The threshold value
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increases by 35% as the temperature is raised from 2 C to 47 C.From the

temperature dependency of the threshold power density, the T0 value is 150

K, which is comparable to those measured in GaAs/AlGaAs lasers.
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Figure 3.11 Pump power threshold varies as temperature changes
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3.5 R-G-B optically pumped lasers

The bandgap energy of the quaternary material ZnCdMgSe depends on the 

compositions of Cd and Mg, as it is shown in Figure 3.2. In growing lattice 

matched and pseudomorphic laser samples, the bandgap energy of 

ZnCdMgSe waveguiding layer and cladding layer is around 2.7 eV and 3.0 

eV respectively. The bandgap energy of the quantum well layer ZnCdSe is 

about 2.1 eV. The lasing wavelength is determined by the thickness and the 

composition of the quantum well layer[78].

Table 3.2 shows the parameters for three laser samples. Samples A and B are 

lattice-matched to the substrate InP. Sample C has excess cadmium in the 

quantum well layer, which causes 1.2% lattice mismatch to the substrate and 

results in compressive strain. The spontaneous emission wavelength of the 

quantum well was obtained from the 77 K photoluminescence spectrum.
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Table 3.2 Parameters of three laser samples

Sample "  QW" 

thickness 

(nm)

QW

mismatch

(%)

QW emission 

wavelength at 

77 K

QW lasmg wavelength 

at room temperature 

(nm)

A 2.8 0 473 ' ” 497

' B 41) .... 0 516 541

C 12D~.... .... 1.2" 590 " 604

The lasing spectra o f these samples are shown in figure 3.12. The stimulated 

emission peaks have a typical linewidth of about 5 nm, which is about a 

factor of 5 less than the linewidth of the spontaneous emission. The laser 

wavelength runs from blue (497 nm) to red (604 nm).

Since the parameters for this new material system, such as the effective 

masses, band offsets, and refractive indices, are not well characterized, no 

attempt has been made to optimize the device performance at the time of this 

study.
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However it is shown that the crystalline quality o f the II-VI materials can be 

improved dramatically by using Zn-irradiation and incorporating the initial 

low-temperature growth o f ZnCdSe buffer layer on the InP substrate prior to 

quaternary material growth!79] This addition is likely to reduce the interface 

roughness between the layers, also contributing to improved laser properties.
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Figure 3.12 Lasing spectra o f three ZnCdSe/ZnCdMgSe 
quantum-well lasers, whose parameters are listed in Table 3.2
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Chapter 4 ZnCdSe/ZnCdMgSe light emitting diode

The photopumping experiment shows that ZnCdSe/ZnCdMgSe is a 

promising candidate for fabricating light emitting devices in the visible 

spectra range from red to blue. In this chapter, we will present the 

preliminary results o f the operation o f ZnCdSe/ZnCdMgSe light-emitting 

diodes.

4.1 p-n junction

With the introduction of chloride for n-type doping and activated nitrogen 

for p-type doping to the MBE growth chamber, the dopant density can reach 

a level higher than 1020 cm"3 in n-ZnSe and p-ZnTe. By using a p-ZnSeTe 

layer or p-ZnSe/ZnTe superlattice, the Ohmic contact can be easily achieved. 

Thus it is now possible to fabricate ZnCdSe/ZnCdMgSe laser diode (LD) or 

light emitting diode (LED).

The light-emitting diode used in this study has a quantum-well structure 

similar to that of a photopumped laser diode. Figure 4.1 shows its layer 

structure. All layers except the quantum well layer for red emission were 

grown lattice-matched or to the InP substrate.
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p-ZxiSeTe 30-100 nm 

ZnCdMgSe 100 nm
=  Z n C dS e QW

a-ZnCdMgSe 500 nm

 B a ffe r  la y e r_______________

n+-InP

Figure 4.1. Schematic structure of a ZnCdSe/ZnCdMgSe light-emitting diode

The quaternary material ZnCdMgSe can be doped n-type to about 1018 cm'3 

by using ZnCl2. But the p-type doping o f ZnCdMgSe is difficult to achieve. 

To make p-contact layer, another material, which can be easily p-doped, has 

to be grown on top of the ZnCdMgSe layer. In our study, lattice-matched 

ZnSeTe is used for the p-contact layer, because it can be easily p-doped to a 

high level to facilitate an Ohmic contact with gold. Another advantage of 

growing a ZnSeTe contact layer is that it can be grown lattice matched to the 

substrate InP, and thus produces low defect density. Faschinger et al[80] 

showed that the ZnSeTe material could be easily p-type doped even with a 

small content o f tellurium. The hole concentration increases significantly 

with the increase o f the content o f tellurium until a saturation is reached at a 

hole concentration o f 1020 cm'3 when the tellurium content is greater than 

40%. It was also shown that an Ohmic contact can be formed by
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evaporating a gold layer on the p-ZnSeTe contact layer even at low hole 

concentration o f 2 x 1016 cm*3.

In constructing the band alignment for the ZnCdSe/ZnCdMgSe 

heterostructure shown in Figure 4.1, the “common anion” and “common 

cation” rules provide a useful guide. The “common anion/cation”rules state 

that when two materials have same anion/cation, the bands are aligned at the 

valence/conduction band and the band discontinuity mostly appears in the 

conduction/valence band. But if  two cations have different electronic 

structure, like Mg (d orbital unoccupied) and Zn (d orbital full), the 

“common anion” rule may not apply and a large valence band offset may 

occur.[811

Figure 4.2 (a) shows the band lineup for binary materials ZnSe, ZnTe and 

CdSe.[82] The “Common anion/cation” rules apply well to these binary 

materials. Both ZnSe and ZnTe have a common anion Zn, so the 

conduction band discontinuity is small compare to the large valence band 

difference. Both ZnSe and CdSe have a common cation Se, thus the band 

aligns to the valence band and a large conduction band difference appears.
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To construct the band lineup for ZnCdSe/ZnCdMgSe/ZnSeTe, we assume 

that ZnSe and ZnCdSe are lineup to the valence band, ZnSe and ZnSeTe 

are lineup to the conduction band, while ZnCdSe and ZnCdMgSe have 

large discontinuities in both the conduction band and valence band.
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Figure 4.2. Schematic band lineup for ZnCdSe/ZnCdMgSe/ZnSeTe

The band lineup for ZnCdMgSe and ZnSeTe is not known. Iwata et al[83] 

showed a type-II band lineup with small discontinuity on the conduction 

band. But the position o f the conduction band of ZnCdMgSe largely

depends on the composition of Mg in the material, a type-I band lineup is
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possible for a large Mg concentration. Figure 4.2 (b) shows the presumed 

band lineup for an undoped ZnCdMgSe/ZnCdSe/ZnCdMgSe/ZnSeTe light 

emitting diode structure based on the above discussion.

For the ZnCdSe/ZnCdMgSe heterostructure, the band lineup is always 

type-I at any Mg concentration^831 From our photopumping experiment on 

the laser samples which are fabricated from the same material system, laser 

operation is realized up to temperature of about 350 K. Thus we can assume 

that the band offsets in both the conduction band and valence band are large 

enough to confine the carriers at room temperature.

Figure 4.3. Schematic band profile of ZnCdSe/ZnCdMgSe/ZnSeTe 

hetero-structure under zero bias.

p-ZnSeTe

ZnCdMgSe
undoped^

n-ZnCdMgSe
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Doping of the material causes band bending at the interface. Figure 4.3. 

shows the assumed band profile o f the ZnCdSe/ZnCdMgSe/ZnSeTe hetero­

structure under zero bias. From the diagram, it is clear that there is a rather 

large potential barrier, estimated to be about 0.7 eV, at the p- 

ZnSeTe/ZnCdMgSe interface (on the p-side) for the holes to be injected into 

the quantum well layer. This barrier will certainly contribute to a higher 

tum-on voltage.

4.2 I-V characteristics o f LED

The current-voltage characteristics for a diode is given by the Shockley 

equation

where I is the current flow through the diode, Vd is the potential drop across 

the diode, Is0 is the saturation current, k is the Boltzmann constant, T is the 

absolute temperature and y is a constant between 1 and 2, where y=l for an 

ideal diode. The measured voltage V across a diode is

where R is the diode series resistance. The series resistance accounts for the 

contact resistance and the combined resistance o f the layers.

I=Is0[exp(eVd/ykT)-l] (4.1)

V=Vd+IR (4.2)
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Equation (4.1) now becomes

I=Is0 (exp [(e V-e Vd)/ykT]-1} (4.3)

Equation (4.3) describes the I-V characteristic for a realistic diode.

Figures 4.4-4.5 show the I-V characteristics o f two ZnCdSe/ZnCdMgSe 

light emitting diodes with an indium contact. The data are provided by 

professor Tamargo's group at City College, but our pulsed I-V measurement 

also exhibits similar feature. The tum-on voltage is around 5V, which is 

larger than the bandgap energy of the ZnCdSe quantum-well layer (about 2.1 

eV). The large tum-on voltage is attributed to the large potential barrier at 

the ZnCdMgSe/ZnSeTe interface as illustrated in Figure 4.3. The typical 

value of the serial resistance of the LED, derived from the slope of the linear 

portion o f the I-V characteristic, is about 13 Ohm. Based on the 0.25 mm- 

diameter contact area, the resistivity-thickness product (pL ) of the device is 

2.5x10‘2 Ohm*cm2, where the resistivity is believed to be caused mainly by 

the p-side layers. In comparison, the corresponding pL value for the state- 

of-the art GaAs laser is 4.2x1 O'4 Ohm«cm2, which is two orders of magnitude 

smaller. Thus improving the conductivity o f the p-layer and the quality of the 

p-contact remain a major challenge.
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Figure 4.4 I-V characteristic for Sample 1013 with indium contact. 
The resistance of the diode determined from the slope of the linear 
portion is R=13 Ohm.

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



C
U

R
R

EN
T(

m
A

)

64

120

100 -

8 0 -

6 0 -

4 0  -

20 -

-20
-10 ■5-15 0 5 10 15

VOLTAGE (V)

Figure 4.5 I-V curve for Sample 1083. The resistance of the diode 
determined from the slope of the linear portion is R=14 Ohm.
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4.3 Electro-luminescence o f the LEDs

Since the diodes tended to degrade under CW operation, the electro­

luminescence measurement was done using a pulse generator to drive the 

light emitting diode. The experimental setup is shown in Figure 4.6. The 

current pulses were about 600-ns long. The repetition rate was 8 kHz. The 

current through the LED was monitored using a magnetic current probe and 

the waveform was displayed on a digital oscilloscope.

Voltage
probe

50 ohms

Current probe

Pulse generator

Osciloscope 
TDS 784A

Trigger

Figure 4.6 The electronics used to drive the diode and to 
monitor the current through the diode.

The emission of the LED samples was collected using a microscope 

objective and analyzed using a monochromatic spectrometer, which has a 

CCD camera attached to the exit port. The room temperature electro­

luminescence spectra are shown in Figures 4.7-4.9.
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The layer structure of the LED is shown in Figure 4.1. The parameters of the 

three LEDs used in the experiment are listed in Table 5.1. All layers of the 

Samples 1013 and 1083 are lattice-matched to the InP substrate. The 

quantum-well layer in Sample 1088 is pseudomorphic with a lattice 

mismatch o f 1.2%.

Table 5.1 Parameters o f LED Samples 1013, 1083 and 1088

Sample Thickness and bandgap energy Lattice

mismatch

ZnSeTe P- n- ZnCdSe in the

cap ZnCdMgSe ZnCdMgSe QW QW layer

1013 100 nm 100 nm 500 nm 6 nm 0

Eg=2.2 eV Eg=2.85 eV’ Eg=2.85 eV* Eg=2.32 eV*

1083 30 nm 100 nm 500 nm 2 nm 0

Eg=2.2 eV Eg=2.85 eV* Eg=2.85 eV* Eg=2.5 eV’

1088 50 nm 100 nm 500 nm 10 nm 1.2%

Eg=2.2 eV Eg=2.53 eV* Eg=2.53 eV* Eg=2.02eV*

Eg is the bandgap energy estimated from photoluminescence measurement at 77 K.
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Figure 4.7 Spectra for Sample 1013. The upper graph shows the 
spectra for the as-grown sample. The peaks at 550 nm and 670 nm 
are attributed to the quantum well and the ZnSeTe layer 
respectively. The lower graph is the spectra when most o f the 
ZnSeTe top layer was removed. Only the emission at 550 nm from 
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Figure 4.7 shows the electro-luminescence spectra o f Sample 1013 at 

different pump currents. The upper graph shows the spectra for the as-grown 

sample. The peak at 550 nm is attributed to the emission of the quantum well 

according to the design. In addition to the quantum well emission, a much 

stronger emission at 670 nm was also observed. The lower graph shows the 

spectra for the same sample after most of the top ZnSeTe layer was 

removed. The emission from the quantum well at 550 nm was unchanged, 

but the peak at 670 nm disappeared. There is no apparent peak shift for the 

quantum well emission taken at different pump current level, indicating that 

the carrier densities are quite low.

The low temperature PL of Sample 1013, shown in Figure 4.8, displayed a 

similar broad red tail on the longer wavelength side of the spectrum. The 

emission from the quantum well was at about 536 nm. The emission at 

about 433 nm is attributed to the ZnCdMgSe cladding layer. The broad 

emission beyond 600 nm is attributed to the ZnSeTe cap layer. The 

tellurium is known to form deep traps in ZnSe, which are responsible for 

very broad and intense photoluminescence emission.[84] Thus the emission at
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400 500
WAVELENGTH (nm)
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Figure 4.8 Low temperature (77 K) photoluminescence spectrum of 
Sample 1013. The peaks at 433 nm, 536 nm and 690 nm are 
attributed to the ZnCdMgSe cladding layer, ZnCdSe quantum well 
layer and the top ZnSeTe layer respectively.
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660 nm is believed to be the photoluminescence of the ZnSeTe after 

absorbing the electro-luminescence at 550 nm.

Figure 4.9 shows the spectra for Sample LED 1088 emitting in the red. Here 

again we see the broad tails on the longer wavelength side o f the spectrum, 

which is attributed to the top ZnSeTe layer. The sample's top layer is 

partially etched, so the emission in the red is weaker than that of the Sample 

1013. At smaller pump currents, the contribution from the top layer is more 

pronounced. The inset in Figure 4.9 shows the spectrum taken at 1.00 mA. 

The ratio of the peak intensities from the QW and that from the ZnSeTe 

layer is about 3:1. As the pump current increases, the contribution from the 

QW increases rapidly. The ratio of the peak intensities becomes 16:1 at a 

pump current of 1=100 mA. The increase of the ratio indicates that the 

absorption from the ZnSeTe layer is saturated. The peak emission 

wavelength from the quantum well is at 630 nm at all the pump currents.

The emission wavelength of the ZnCdSe/ZnCdMgSe quantum-well LEDs 

depends on the width o f the quantum well. This feature has been
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Figure 4.9 Spectra from a red LED. The inset shows the 
spectrum taken at 1 mA. The ratio of the two peak intensities 
is about 3:1. At 100 mA, that ratio becomes 16:1.
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demonstrated in photopumped lasers described in Chapter 3. Figure 4.10 

shows the spectra for three LEDs. The emission wavelength are 520 nm, 

550 nm and 630 nm for Samples 1083, 1013 and 1088 respectively. The 

emission intensities o f the blue/green LEDs are much weaker than that o f 

the red LED. This is consistent with our understanding that the top ZnSeTe 

layer whose bandgap is about 2.2 eV absorbs the emission from the quantum 

well, resulting in much weaker blue and green LED emission. It is also 

consistent with the fact that the blue/green LED has a much thinner quantum 

well layer.

Figure 4.11 shows the dependence of the power emission from LED as a 

function of pump current from Samples 1013 and 1088. At smaller pump 

current, the output power vs current is super-linear. At larger pump current, 

the output power is linearly proportional to the pump current. The linear 

dependence o f output light power on input current suggests that each carrier 

injected to the quantum well is assumed to lead, via recombination with a 

hole, to the emission o f a photon. In this range o f the injection current, the 

effects of the current leakage due to the finite potential height of the quantum 

well and thermal motion o f the carriers and carrier recombination process 

with defects are insignificant.
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Figure 4.11 Output light power as a function of pump current. The 
upper graph shows the light intensity dependency on pump current 
for a green LED (Sample 1013). The lower graph is for a red LED 
(Sample 1088). At larger pump current, the dependency of the 
output light power on the pump current is nearly linear.
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Chapter 5 Study of gain profile for ZnCdSe/ZnCdMgSe 

quantum-well laser

5.1 Introduction

The gain profile o f a gain medium can be deduced from the spectrum of the 

spontaneous emission based on the theory proposed by Henry et al1-851.

Consider a beam with n photons per optical mode passing through a thin 

layer of semiconductor with path length x. The change of the photon 

number can be expressed as:

An = — axn + A + Bn (5.1)

where a  is absorption coefficient, n is the photon number, A is the 

spontaneous emission coefficient and B is the stimulated emission 

coefficient.

The first term in the right side of the Equation 5.1 is the number of photons 

being absorbed. The second and the third terms are photons generated from 

spontaneous emission and stimulated emission, respectively.

It can be shown that the coefficient for spontaneous emission in a
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semiconductor medium with a quasi-Fermi level separation eV  and photon 

energy h v is

eV — h u .A -  ax  exp( — —---- ) (5.2)

where h is Plank constant, v is the frequency of light, k  is Boltzmann 

constant and T  is the absolute temperature.

The rate o f spontaneous emission entering a single mode is given by 

dA dx dA c dA c . eV — h v .
 = ----- • --------= ---------------=  a — e x p (  ------------------ ) ( 3 . 3 )
dt dt dx n  dbt n  kT

where c is the speed of light, p is the refractive index of the semiconductor. 

The number of modes per unit solid angle per unit frequency and per unit 

volume is

dN  _  ( h v )
VdvdQ. ~  h V  (5.4)

where V is the volume, d v  is the frequency interval and dQ. is the solid 

angle.

The spontaneous emission intensity l(h v,eV) at photon energy h v  and quasi- 

Fermi level separation eV  is proportional to the product o f spontaneous
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emission rate per mode and the number o f modes, that is, the product of 

Equations (5.3) and (5.4), i.e.

I(hv,eV)=87up2(hv)2a(hv,eV)exp[(eV-hv)/kT]/(h2c2) (5.5)

The quasi-Fermi level separation eV  can be determined from the 

spontaneous emission spectrum taken at two different pumping levels.

I(hv ,eV ) _ a {h v ,e V ) c teV~ eVL  ̂ (5.6)
I(hv,eVL) a(hv ,eVL) P kT 

where eVL is the Fermi level separation at lasing threshold. For sufficiently

high photon energy, the absorption coefficient a  is independent of eV, then

n h v , e V )  = eV -  eV (5. 7)
I ( h v , e V L) kT

Thus the ratio of the intensities of the spontaneous emission at different 

pumping levels will differ only by a factor of exp[(eV-eVL)/kT]. In the 

high-energy region where the photon energy is far above the absorption 

edge, the spectra are linear in the log scale.

For a given pumping level characterized by the quasi-Fermi level separation 

eV, the optical gain g(hv,eV) is related to the absorption coefficienta(h v,eV) 

by the following formula:
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g(h v,eV) = a(hv,eV) {expf  V-) -1}
kT

i V - h v  ̂ ^ (5.8)
kT

Combining Equation (5.8) with Equation (5.5), the gain spectrum at quasi- 

Fermi level separation eF is

(he)21(hv,eV) h v - e V  q,g (h v ,eV )=  '  ■ / « { l-e x p ( — ■ )} (5-*)
8Kfj. (Jiv) kT

Equations (5.7) and (5.9) can be used to deduce the gain profile from the 

spontaneous spectrum.

5.2 Spontaneous emission spectrum

The sample used to study the gain profile is Sample 471 with a step index 

profile, whose layer structure consists of a 10-nm-thick active layer buried in 

120-nm-thick waveguiding layers and 440-nm-thick cladding layers. The 

low temperature spectrum shows the bandgap energy of 2.10 eV, 2.90 eV 

and 3.13 eV for the active layer, waveguiding layers, and cladding layers, 

respectively. The lasing spectrum o f this sample is shown in Figure 5.1.

The experimental setup for the measurement of the spontaneous emission 

spectrum is shown in Figure 5.2. The surface emission of the sample was 

collected with a microscopic objective and focused on the entrance slit of the
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monochromatic spectrometer. A series of spectra, shown in Figure 5.3, were 

taken at different pumping levels. When the pump intensity reached the laser 

threshold, a sharp spike appears at the lasing wavelength. The top most 

spectrum in Figure 5.3 was taken at a pump level just above the lasing 

threshold. The second spectrum was taken at threshold. The rest were taken 

at various pump intensities below threshold. The peaks o f the spontaneous 

emission spectra shift to shorter wavelength at higher pump intensities, 

which is a result of band filling.

j
62 0  640 660  680560 580 760

WAVELENGTH (nm)

Figure 5.1 Lasing spectrum of Sample 471, when pumped 
by a dye laser.
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Figure 5.2 Experimental setup for spontaneous emission spectrum 
measurement
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Figure 5.3 Spectra of spontaneous emission of Sample 471 
taken at various pump intensities.
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5.3 Optical gain profile

To deduce the gain profile, we need first to determined the quasi-Fermi 

level separation at lasing threshold. The gain coefficient at lasing threshold 

has a maximum at the lasing wavelength hv=hvL. Where vL is the frequency 

of the laser, which, in our experiment, is the frequency of the sharp spike at 

2.05 eV.

To determine eVL, we apply Equation (5.9) to the emission spectrum taken 

at lasing threshold by assuming an arbitrary value o f eV  to generate a 

"trial" gain profile corresponding to the assumed value o f eV. Changing the 

value o f eVwill  change the shape of gain profile as well as the position of 

the maximum of the gain profile. If  the maximum of the "trial" gain profile 

occurs at a frequency larger than the lasing frequency, we decrease the 

value o f eV  and apply Equation (5.9) again to get a new trial gain profile. If 

the maximum of the "trial" gain profile occurs at a frequency smaller than 

the lasing frequency, we increase the value of eV. This procedure is 

repeated until the maximum of the gain profile occurs at the lasing 

wavelength. The value of eV  corresponding to this gain profile is eVL.
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Figure 5.4 shows the spontaneous spectra plotted in semi-log scale. Notice 

that at higher photon energy, the luminescence intensity as a function of 

photon energy exhibits a straight line, reflectingthe exp [(e V-e VL )/kT\ factor 

in Equation 5.7. This fact together with the knowledgeof eVL can be used 

to determine the quasi-Fermi level separation by using Equation (5.7). The 

result is shown in Figure 5.5. As the pump intensity approaches the 

threshold, the quasi-Fermi level separation approaches a constant level. This 

behavior is fully expected for a laser operating above the thresholdbecause 

the laser action consumes the carriers at the same rate as the pumping rate.
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Figure 5.4 Emission spectra at different pump levels in 
semi-log scale. The top spectrum is taken at slightly above 
the threshold. The second top spectrum is taken at threshold. 
Other spectra are taken below the threshold.
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Figure 5.5 Quasi-Fermi level separation deduced from 
the spectra of Figure 5.4 as a function of pump intensity.
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With the knowledge of quasi-Fermi level separation, the gain spectrum can 

be constructed from the spontaneous emission spectrum by using Equation 

(5.9). The result is shown in Figure 5.6.

The intercepts of the gain spectra at zero gain are the quasi-Fermi level 

separations. The full width at half maximum of the gain curve at threshold 

is about 0.15 eV.
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Figure 5.6 The gain profile constructed from the spontaneous 
emission spectra shown in Figure 5.3 at various pump intensities.
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Chapter 6 Summary

This study was impelled by the wide interest in developingshort wavelength 

semiconductor light-emitting device for potential applications in data 

storage, display and laser printing. II-VI compound semiconductor materials 

have suitable bandgap energy to generate emission in the visible spectrum 

range. Most of the studies on II-VI compound light-emitting devices in 

recent years have been focused on the ZnCdSe/ZnSSe/ZnMgSSe material 

system grown on GaAs substrate. While having some success in MBE 

growth technique, p-doping technique and making metal-semiconductor 

contact, the overall device lifetime was still too short for practical 

applications. This study explored the possibilities o f developing light 

emitting devices based on ZnCdSe/ZnCdMgSe material system grown on 

InP substrate. The major advantage o f this material system is that all layers 

can be grown lattice-matched to the substrate to cover almost the entire 

visible spectrum.

In this thesis, I have presented the results of the photopumping experiment 

for ZnCdSe/ZnCdMgSe separate confinement semiconductor lasers structure 

grown on InP substrate. Photopumped laser operation has been realized in 

red, green and blue spectra range with ZnCdSe/ZndMgSe quantum-well
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structures o f different well thickness and/or composition. The full width at 

half maximum of laser peaks has typically a value less than 5 nm. The far- 

field intensity profile o f the laser demonstrates the Gaussian pattern. The 

characteristic temperature,T0, o f the laser is about 150 K. This suggests that 

the potential barriers for the quantum well is sufficiently large to confine the 

carriers.

Light-emitting diodes (LED) fabricated from the same material systems have 

been investigated. The I-V measurement of the LED displays typical current- 

voltage characteristic for a diode with the tum-on voltage at about 4.5 V. 

The diode series resistance is on the order of 10 Ohms. The resistivity- 

thickness product (pL) o f the device is 2.5x1 O'2 Ohm*cm2, where the 

resistivity is believed to be caused mainly by the p-side layers. In 

comparison, the corresponding pL value for the state-of-the art GaAs laser is 

4.2x1 O'4 Ohm*cm2, which is two orders of magnitude smaller. Thus 

improving the conductivity o f the p-layer and the quality of the p-contact 

remain a major challenge.

The electro-luminescence spectra taken from the surface o f the LEDs show 

that in addition to the quantum-well emission at the predicted wavelength, 

there is a broad emission band centered at about 670 nm, which can be
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attributed to the ZnSeTe p-contact layer. By removing most o f  the ZnSeTe 

layer, the red emission was greatly reduced or completely eliminated and the 

quantum well emission enhanced. The LEDs of various emission 

wavelength ranging from 520 nm to 610 nm have been demonstrated.

From the photoluminescence spectra, we constructed the optical gain spectra 

of the material using the method proposed by Henry et al. The spontaneous 

emission spectra show exponential decay when the photon energy is 

sufficiently higher than the absorption edge. The linear portion at high 

photon energy region of the spectra plotted in log scale was used to calculate 

the quasi-Fermi level separation. The width of gain profile is about 0.15 eV.

The results o f the optical and electronic characterization presented in this 

thesis are qualitative because most of the parameters, such as effective 

masses and band offsets, of ZnCdMgSe material system are still unknown. 

This leaves a vast area for further studies. Improving the p-type doping to the 

quaternary ZnCdMgSe and making good Ohmic contact to reduce the 

resistivity are critical in fabricating diode lasers. With optimized structure 

design and improved conductivity in p-side layers, an electric pumped laser 

diode is expected to be realized in the near future.
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