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ABSTRACT

WIDE-BAND-GAP II-VI SEMICONDUCTOR HETEROSTRUCTURE
MODELING AND DEVICE DESIGN

Yijun Cai

Supervising Professor: Reinhart Engelmann

This dissertation is about the design and simulation of wide-band-gap II-VI hetero-
structure devices. Particular interest has been placed on design and modeling of a quan-
tum-well (QW) laser diode, which is now the major driving force of the investigation on
the wide-band-gap II-VI materials. The potential of wide-band-gap II-VI semiconductors
for transistor application has also been explored. The material and heterojunction proper-
ties including strain effect have been evaluated and estimated based on the solid-state bond
picture. A device simulation tool for QW lasers which combines physical and phenomeno-
logical methods involving different levels of physical approximations has been developed.
For the QW region, where the quantum confinement effect is important and the optical
field change can be neglected, a one-dimensional model based on solving the coupled
Schrodinger and Poison equations is used. In this model, the long-range Coulomb interac-
tion between electrons and holes can be taken into account through modeling the injection
induced carrier confinement. For simplification of the numerical method, an effective-

band-offset approach has been developed. The the bulk regions including cladding and
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barrier, where quantum effect can be neglected and optical field change becomes signifi-
cant, are analyzed using a modified two-dimensional drift-diffusion model including cou-
pled Poisson and Helmholtz (Maxwell) equations. The quantum effect influence on gain
and spontaneous recombination is incorporated by phenomenological parameters obtained
from the QW model. The optimized structure parameters for low threshold current opera-
tion of gain-guided CdZnSe/ZnMgSSe based QW lasers have been obtained in a system-
atic way for a large range of compositions. A novel laser diode based on ZnMgSeTe has
been proposed and designed for improving both p-type doping and Ohmic contact. For a
possible future transistor application, a ZnS/Si heterojunction transistor has been proposed
and simulated. The approach developed in this work can be also applied to other wide

band-gap heterostructures.



Chapter 1 OVERVIEW

II-VI compounds in a broad sense include the compounds formed from elements
of group Ila or IIb and group VI of the periodic table, encompassing the oxides, sulphides,
selenides and tellurides of beryllium, magnesium, calcium, zinc, cadmium and mercury.
For semiconductor applications, the general interests center around the sulphides,
selenides and tellurides of the IIb elements - zinc, cadmium and mercury. Chalcogenides
of Ila element beryllium have received little attention so far. Chalcogenides of mercury

have negative band gap semi-metal characteristics and some of them play a very important

role in applications such as infrared sensor I In this research work, the study has primarily
focused on the wide band-gap semiconductors ZnS, ZnSe, ZnTe and their alloys with
possible incorporation of magnesium or cadmium. An important feature of these wide
band gap II-VI compounds is the direct energy band gap which covers the entire visible
spectrum. This feature makes them ideal candidates for device applications requiring effi-
cient absorption or emission of radiation in the short wavelength region. Research in these

I1-VI compounds has a very long history. For example, ZnS has been the most important

material in luminescence research and applications since 1920’s 2. Due to the difficulties
in forming pn junctions, the II-VI compounds have made only a very modest technolog-
ical impact compared to the group IV (Si) and III-V (GaAs) semiconductors. However,

ZnSe based materials have received renewed interest recently as promising materials for

the fabrication of blue-green light-emitting devices 34 With the advent of new crystal
growth technologies, such as molecular beam epitaxy (MBE) and metal-organic vapor
phase epitaxy (MOVPE), high quality layers of these wide band gap II-VI materials can

now be deposited at relatively low temperature. The background impurity concentration



has been reduced substantially, and incorporated concentrations of active acceptors and

donors have been increased to a level of 10!7 to 10'® cm™. This has resulted in well
conducting p and n type wide band-gap semiconductors. The breakthroughs in the area of
p-n junction formation in these material demonstrate that several new types of semicon-
ductor devices such as compact UV/blue/green LEDs and lasers will be commercially
available in the not too distant future. This field of research has suddenly become explo-
sive.

In this work, computer aided design (CAD) and device simulation techniques have
been applied for design and optimization of existing devices, as well as proof-of-concept
and performance evaluation of new devices, based on studies of advanced device physics
and numerical methods. A device simulation tool which combines physical and phenome-
nological methods involving different levels of physical approximations has been devel-
oped. Both electrical and optical behaviors can be modeled self-consistently in one-
dimensional or in two-dimensional fashion depending on the scale of the simulated device
areas. For the QW region, where the quantum confinement effect is important and the
optical field change can be neglected, a one-dimensional (1-D) model based on solving the
coupled Schrédinger and Poison equations is used. In this model, the long-range Coulomb
interaction between electrons and holes can be taken into account through modeling the
injection induced carrier confinement. For simplification of the numerical method, an
effective band offset approach has been developed. The bulk regions, including cladding
and barrier, where quantum effects can be neglected and optical field change becomes
significant, are analyzed using a modified two-dimensional (2-D) drift-diffusion model
including coupled Poisson and Helmholtz (Maxwell) equations. The quantum effects
influence on gain and spontaneous recombination is incorporated by phenomenological
parameters obtained from the QW model. Based on this tool, the well-known, recently
developed, CdZnSe/ZnMgSSe based laser diodes have been simulated and optimized in a

systematical way for a large range of compositions.



To over come the still insufficient p-type doping and Ohmic contact problems, a
novel laser diode based on ZnMgSeTe has been proposed and designed. For a possible
future transistor application, a ZnS/Si heterojunction bipolar transistor (HBT) has been
proposed and simulated. The large band gap difference and close lattice match of this
material combination may lead to some very interesting features of device performance.
The approach developed in this work can be also applied to other wide band gap hetero-
structures, such as GaN based devices.

The dissertation is organized as follow. Chapter 2 provides basic aspects of the
wide band gap II-VI semiconductor material, heterojunction and device properties. Impor-
tant material issue such as doping problem, strain effect and band alignment are discussed,
and important material parameters such as band gap energy and lattice constant are
derived or evaluated and summarized. Device applications of laser diodes and HBTs are
also briefly reviewed. Next, two electrical models used for device simulation in this work
are introduced in chapter 3. The first one is based on the conventional drift-diffusion
formula for bulk material property simulation. The second one is based on the envelope
function Schroedinger equation for quantum well modeling. The injection induced carrier
confinement effect has been evaluated and an effective band offset approach is derived
based on the more rigorous quantum effect model. The widely investigated CdZnSe/
ZnMgSSe based QW laser diode is used as an example to demonstrate the model. In
chapter 4, a combined optical wave-guide model and local optical gain model are intro-
duced. Then a full-simulation and optimization of the above mentioned laser diode is
performed. Starting from 1-D transverse simulation, the gain and spontaneous emission
spectra, as well as the peak gain vs. and injected carrier density relation of such a device is
obtained, from which semi-phenomenological gain and radiative recombination (sponta-
neous-emission) coefficients are established. These phenomenological gain and sponta-

neous-emission coefficients are then combined with a comprehensive double

heterostructure (DH) laser simulator (SILVACO LASER),6 which is based on solving the



coupled Poisson and Helmbholtz equations, to perform a full 2-D simulation including
lateral effects. Chapter 5 describes the two novel heterostructure devices proposed in this
thesis. A laser diode based on the ZnMgTeSe material system and a HBT based on ZnS/Si
are introduced and analyzed. Finally, conclusions of this work and suggestions for future

work are presented in chapter 7.



Chapter 2 I1I-VI MATERIAL, HETEROSTRUCTURE AND DEVICE

2.1 Introduction

The accurate design and simulation of semiconductor devices rely on correctly
using both physical principles and material parameters. The device physical models will
be the central topic of chapter 3 and 4. This chapter presents the fundamental material and
heterojuntion properties of II-VI wide band gap materials, along with a brief review of
material processing technology as well as an introduction of fundamental device structures

and applications.

2.2  Growth and doping of wide band gap II-VI semiconductors

As mentioned in the introduction, MBE and MOVPE are the most widely used
methods for modern II-VI compound growth. In hetero-epitaxial growth, lattice match is a
very important factor in determining what can be grown with high crystal quality in a reli-
able way. Perfect lattice match means that high-quality epitaxial layers can be prepared
with any thickness. However, if the lattices do not match, then strain energy builds up in
an epitaxial structure until, at a particular thickness (the so-called critical thicknessm)
misfit dislocations are introduced to release the strain. An example of a good lattice match
is the combination of GaAs and AlAs, exhibiting only 0.11% mismatch. The lattice
mismatch between ZnSe and GaAs is also quite small, about 0.26%. In fact, since GaAs

substrates are easily available in sufficiently good quality, ZnSe layers are usually grown

on (100) GaAs substrates. Ideally, ZnSe is the natural-choice substrate for the growth of



ZnSe films in a homo-epitaxial growth technique. However, it is still difficult to find
commercially available ZnSe substrates of good quality. Other wide band gap II-VI

compounds such as ZnS and ZnTe have also been grown on a GaAs substrate, despite the

large (about 5%-8%) lattice mismatch 78 For high-quality ZnS thin-film growth, GaP or
Si will be a substrate with a better lattice match (only about 0.7% mismatch); InAs or
GaSb will be a better lattice-matched substrate for ZnTe growth (less than 0.1%
mismatch). Desired lattice matching in combination with the preferred band gap can be

realized by growing ternary or quaternary alloys. For example, the ternary ZnS, g¢Se( 94 18

exactly lattice matched with GaAs.
High quality ZnSe-based compounds with controlled low background impurity

concentration have been obtained by studying the growth kinetics and by employing purer

source materials.” However, difficulties have been experienced in controlling the electrical
properties of the bulk materials to attain both p-type and n-type doping. It is well known
that all II-VI compounds with energy gaps in excess of 2 eV are, unfortunately, subject to
strong compensation effects because of the partial ionic character in the bond type. Some
of them (ZnSe, CdSe etc.) are found to be primarily n-type while others (ZnTe) are only p-
type. The ionic character in the bonding can be described by the difference of electronega-
tivity between the two constituent elements, as shown in Figure 2-1. Doping of ZnSe has

been extensively studied, and a breakthrough in p-type doping has been demonstrated by

applying the nitrogen radical doping technique 9, which lead Haase et al.!” to successfully
fabricate the first blue-green laser diode operating at 77 K. Even though, due to the deep
activation energy (~ 100 meV) of the nitrogen acceptor, the acceptor doping is still
remains quite moderate and further improvements of doping techniques may still
expected.

The difficulty of p-type doping in ZnSe has been attributed to the solubility limita-

tion of the dopants '!. In case of the most successful p-type dopant in ZnSe which appears

to be atomic nitrogen produced by a plasma source, a typical N concentration is limited



about 10" cm™. 2 It is interesting to compare the doping of ZnSe with the that of another
wide band-gap material, GaN which usually crystallizes in a hexagonal (Wrutzite) struc-
ture. In the case of Mg doped GaN, the solubility of Mg in GaN seems fairly high. An
impurity doping level as high as 1.5 -5 x 10%° cm has been rcported.13 A simple expla-
nation can be obtained by noticing that the metallic form of Mg also has a hexagonal
close-packed structure and the lattice constants are a = 3.21 A c=521 fx,ﬁs very close to
those of the GaN (a=3.19 A, ¢ = 5.18 A). Thus, the two materials can be relatively easily
mixed and the solubility of Mg can be very high in GaN. In the ZnSe case, unfortunately
no such dopant has been found. This implicates that, if the acceptor doping level in ZnSe,
unlike in GaN, remain limited, an impurity band which might be the main conduction

mechanism for deep acceptor levels in these materials can not be formed. According to the

impurity band theory,'4 the impurity conduction is originated from the fact that there is a
small but finite overlap of the wave function of an electron (or hole) on one donor (or
acceptor) with its neighboring donors (or acceptors), a conduction process is possible in
which the electron (or hole) moves between impurity centres by tunnelling without activa-

tion into the conduction band. As the concentration N, of impurities increases, the acti-

vation energy for conduction in the temperature range for impurity conduction decreases

and at a critical value N, vanishes. N, can be roughly estimated by

-3
N, = (220p) “exp[—(g,-1)] (2.1)
where 0y is the hydrogenic Bohr radius and g, is the static dielectric constant of the pure
host material. For GaN, N,. is estimated about 1.2 x 1020 cm'3, which is somewhat below

the current Mg doping concentration levels. For ZnSe N,. is about 8 x 102 cm™, which is

almost two order of magnitude higher than the value that current nitrogen radical doping

technique have reached.



2.3 Material properties of wide band gap II-VI semiconductors

Compared with group IV and III-V materials, reliable data for II-VI materials are
not readily available in the literature. Due to the multi-modification of crystal structure
that often occurs in II-VI materials, even the available data need to be used with caution.
For the device modeling in this work, a data collection of relevant wide band gap semicon-
ductors, i.e. Ila (Be, Mg, Ca)-VI, IIb-VI and the III-V Nitrides has been obtained by
combining carefully evaluated literature data and data derived by simple theoretical calcu-

lations based on the solid-state bond picture. (See Appendix C)
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Figure 2-1: Percentage of ionic bonding vs. electronegativity difference of two elements
of common II-VI and some III-V binary semiconductors. (Data from Ref. 19.)



2.3.1 Band and lattice parameters

Band gap and lattice constant are the most important parameters in device design
and modeling. A general feature of II-VI semiconductors is their direct energy gap and
they often crystallize in two possible modifications, the cubic zinc blende (ZB) structure
and hexagonal wurtzite (WZ) structure. Usually, for both optical and electronic device
applications, the cubic crystal structure is preferred, because it has a higher mobility and

can be cleaved more easily. Most of the II-VI compounds have a strong covalent bond.

However, the ionic character increases as the atomic weight decreases'. Figure 2-1

shows the percentage of ionicity in the bond vs. the difference of electronegativity of the

two elements forming the compound which is directly related to their atomic weight.

Table 2-1: Tetrahedral Covalent Radii (in A)

Element Pauling'® | Phillip!’

S 1.04 1.127
Se 1.14 1.225
Te 1,32 1.405
Zn 1.31 1.225
Cd 1.48 1.405
Hg 1.48 1.403
Mg 1.40 1.301

A simple method can be applied to estimate the lattice constant, based on the cova-
lent bonding. The lattice constant a for the zinc-blend structure follows from the length of

the tetrahedral bond d as

S 2.2)

NE

and the bond length d is given as the sum of the two covalent radii r of the participating



group-II and group-VI elements:

d = ri+ry

10

(2i3)

Values for covalent radii have been given by Pauling'® and were later modified by

Phillips!”. For the elements of interest, both values are listed in table2-1.

Reasonable good results have been obtained by this simple method. Table 2-2

shows some examples.

Table 2-2:  Lattice constant of major II-VI compounds (in A)

Ehrmsouni Measured Ca!c. from C‘al.c. f,rom
data Pauling’s data Phillips’ data

ZnS 5410 5.427 5.432

ZnSe 5.668P 5.658 5.658

ZnTe 6.10P 6.074 6.074

CdS 5.825b 5.820 5.847

CdSe 6.052b 6.05 6.07

CdTe 6.4820 6.466 6.48

MgS 5.622 5.635 5.607

MgSe 5.802 5.866 5.834

MgTe 6.28 6.249

a: data taken from Ref. 63; b: data taken from Ref. 34.

A calculation of band gap is more difficult and published experimental data were

used as long as they were available. A band structure calculation approach based on the

semi-empirical extended Hiikel theory!® has been evaluated for the other cases. Band gap

versus lattice constant diagrams were generated for the II (Mg, Zn, Cd)-VI (S, Se, Te)
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material systems at room temperature, as shown in Fig.2-2. Because of the importance of
ternary and quaternary alloys in II-VI heterostructures, the accurate band gap versus
lattice constant of the ternary and quaternary alloys for any arbitrary composition have

also been determined according to the following approach.

GaP GaAs InP InAs GaSh
5-0 1 : * I ] v I ! 4 I - I
4.0 o
S
9,
o
©
S
230Ff .
@©
m
20 .
1 " 1 " 1 P! 1 ’ A 1 L
5.4 5.6 5.8 6.0 6.2 6.4
Lattice Constant (A)

Figure 2-2: Band gap vs. lattice constant of wide-band-gap II-VI material at 300 K;
closed circles stand for binary with n-type residual conductivity; opened circles stand for
binary with n-type residual conductivity; shaded lines stand for the III-V substrate.
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For ternary alloys, A,B;_,C, band gap and lattice constant are obtained from the
respective binary values. The lattice constant follows from Vegard’s law
a(x) = xasc + (1-x)agc (2.4)

Due to the relative large ionicity, band gap bowing is very significant in wide band

gap II-VI alloys. The band gap E, can be described by the equation20

Ey(x) = [xEC + (1-x)E,5] - bx(1-x), (2:5)

where b, the so-called bowing parameter, can be calculated from
b = (Ze/8ney) (1/ry - MrB)2 (ry + rg) exp(-s dyy/2). (2.6)
Here, Z is the valence number, Z = 2 or 6 for II-VI compounds (Z=2, when A, B refer to
group IT; and Z=6, when A, B refer to group VI elements); r, and rg are Pauling’s covalent
radii of the two substitutional elements (e.g. A and B above) which can be found in table
2-1; e is the electron charge; €, is the permittivity of free space; s = 0.25 ( 1;23&) is a

screening constant; and d,, is the tetrahedal bond length at mid-composition

(dy = —'\?a »)- The data for the quaternaries are obtained by interpolation from the corre-

sponding ternaries.

Table 2-3: Bowing parameters of II-VI compounds

Alloy Experimental!” b | Calculated b
ZnSSe 0.43 0.49
ZnSeTe 123 1.11
ZnSTe 3.0 3.11
ZnCdSe 0.30 0.22

Based on the above considerations, a computer program to calculate the bowing

parameter as well as the band gap and lattice constant of ternary or quaternary alloys at a
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given composition has been generated, as a part of the simulation tool. For some alloy
systems for which experimental bowing parameters are available, the results are compared

with calculated data as shown in Table 2-3.

2.3.2 Other parameters used in the simulation
For the II-VI compounds that we are interested in, such as ZnS, ZnSe and ZnTe,

electronic properties of the cubic modification have been studied both theoretically and
experimentally63; however for CdSe most data are available for the WZ modification

0nly63. A few reports on alloys containing Mg have been published reccntly34. A collec-
tion of data for most II-VI compound can be found in Appendix C. Here the major mate-
rial parameters of the CdZnSe/ZnSSe/MgZnSSe system, widely investigated for blue/glue
diode lasers, which will be used in later chapters of this thesis are listed in table 2-4

Most the binary data for ZnSe and CdSe and ZnS can be found in Ref. 63. Data of
transport and optical properties of the ZnSe/(Mg)ZnSSe system are taken from Refs. 63,
64 and 4.

2.4 Heterojunction properties of wide band gap II-VI materials

A heterostructure is defined as a semiconductor structure in which the chemical
composition changes with position. Heterostructures are able to improve the performance
of semiconductor devices because they permit the device designer to modify locally the
energy-band structure and so control the motion of the charge carriers. In the heterojunc-
tion bipolar transistor, as will be discussed in chapter 5-2, a heterojunction is used to
encourage the transport of electrons while suppressing the transport of holes. In the
quantum-well lasers, both electrons and holes are confined by the heterojunction to
regions comparable to their quantum-mechanical wavelength, which leads to finer control

over the optical interactions.
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Table 2-4: Parameters of ZB CdZnSe/ZnSSe/MgZnSSe material system @RT

Sy % TSusan gL
a(A) 5.744, (5.66) 5.668 5.652 5.652
Eq (eV) 2.46, (2.51 HH) 2.70 2.73 2.85
m, (my) 0.140 0.149 0.149 0.18
myp, (M) (0.18%, 1.16") 0.57 0.6 0.61
my, (mp) (0.32%,0.14%) 0.23
" 43 43 43
1 1.14 1.14 1.14
Y5 1.84 1.84 1.84
C;; (101°N/m?) 8.42 9.0 9.04
Cy, (101 N/m?) 5.26 5.34 5.34
Cas (1010 N/m?) 3.88 3.96 3.69
a, (eV) -5.04 -5.82 5.8
b, (eV) -1.12 12 -1.2
1. (cm?/Vs) 600 500 479 250
Upr (con/Vs) 60 30 66 10
£ 10.6 7.6 8.5
B 8.2 5.4 53
n (@500nm) 2.88 2.8 2.74 2.62
E, (meV) 100 (N) 100 (N) 110 (N)
Ep (meV) 20 (CI) 20 (CI) 20 (Cl)

a: along vertical z direction. b: in xy plane (see Fig. 2-5).
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There are several basic considerations for making heterostructure devices. First,
the mismatch between the lattice constants of the two constituent materials; second, the
type of doping that can be usefully attained in a given semiconductor; third, the offset in
the band edges in going from one material to the other. From Fig.2-2 one can see that the
lattice parameters fall into a few clusters within each of which the match is rather good but
between different clusters which the match is poor. Doping characteristics are also indi-
cated in Fig.2-2. A filled circle represents material which can be easily n-type doped while
a unfilled circle represent materials which can be easily p-type doped. The doping of II-VI
compounds has been already discussed in chapter 2.2, in the following the discussion is

focused on heterojunction related properties, including strain effect and band alignment.

2.4.1 Strain effect

From Fig.2-2, one can see that it is very hard to get a large band gap difference
between QW and barrier in standard lattice matched IIb-VI heterostructures. So, incorpo-
ration of strained, rather than unstrained QWs in II-VI alloy systems is inevitable. In addi-

tion, both biaxial compressive and tensile strain in the QW is expected to reduce lasing

threshold current, which has already been demonstrated in III-V devices.??

When growing a thin QW layer of material (along z) with lattice constant a; on top

22, rather

of the substrate material with lattice constant a,, below a certain critical thickness
than forming misfit dislocations, biaxial (X, y) elastic strain accommodates the strain

energy associated with the mismatch. The strain tensor is given by23

-
S = &y = 1- 2.7)
c
€, = -2C—”eﬂ iande,, = €, = €, = 0. (2.8)
11

Cy, Cy, are the elastic moduli of the bulk material.
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The distortions in the crystal lattice leads to alterations in the band structure of the
strained layer. The valence band becomes anisotropic with different effective masses
parallel and perpendicular to the strain direction and also the light-hole and heavy-hole

band at the G point start to split. The effective masses in specific directions at the Brillouin

zone center are certain functions of the Luttinger parameters v, ¥, and T3,24 (the values

are listed in table 2-4 for CdZnSe.) which are material constants and give a complete

description of the parabolic band structure near the edge. One can define the light-to-

heavy-hole (average) splitting parameter as?3

2 2.1/2
Y = (27, +2Y3) (2.9)

The effective masses for the heavy- and light-hole bands in the x-y plane are then

given by (in units of m)

m, = (Y, -7 (2.10)

m - ¥, +7)" 2.11)

The effective masses for the heavy- and light-hole bands along the z-direction are

given by

m," = (y,+7/2)" (2.12)

1 -1
m= = (Y;,-Y/2) (2.13)
The shift in band-gap due to hydrostatic strain is:

E = -3 Cl 17 C|2
shift — (av_ac)sxxc—ll &l

The valence band splitting due to the tetragonal shear deformation is:

be —— (Z15)

E .. = _
split vexx

where a, and b,, are the hydrostatic and shear deformation potentials, respectively.
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In the biaxially strained QW layer the total band-gap energy changes are thus
given by:
E

= E,+Egy,~E (2.16)

g h split?

E,.=E,+E 0+ E (2171

For compounds such as CdSe and GaN, for which only the data of WZ elastic
moduli (Cij) (six independent parameters) are available at the current time, the cubic ZB
data (only three independent parameters) can be derived from these WZ data, by following

the method given by R. M. Martin?>.

According to Martin, although the transformation from WZ to ZB is not unique,
the ZB data can be estimated by a least-square fit to the six WZ constants weighted
equally. These so-called effective ZB cubic elastic moduli are given by the following

equation:

6
cf = ¥ s,0° (2.18)
k=1
where, the matrix S is found numerically to be
0.603 -0.515 -0.103 1.015 1.470 0.353

S = 10.015 0.426 0.485 0.074 —0.647 —0.235| -
0.118 0412 -0.118 -0.412 —0.176 0.118

For example, the WZ data for CdSe are (in unit of 10'® N/m?) C,,=7.41 C43=8.36
Cp=4.52 C3=3.93 Cyy=1.317 Cgc=1.445. The derived ZB data become C;;=6.13
C12=4.96 C44=2.10. In comparison for GaN, the WZ data are C;;=29.6 C33=26.7
C12=13.0 C{3=15.8 Cyy=2.41 Cg=3.0 and the derived ZB data become C;;=23.40
C1,=17.02 C44=6.38.

This procedure has been used for obtaining the Cj; data listed in table 2-4. Using a

linear interpolation between CdSe and ZnSe data, a compressively strained Zny gCd ,Se/
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ZnSe quantum-well band structure has been calculated based on the equations (2.5)-

(2.14); Egpig is estimated at about 65 meV and Egp;, at about 80 meV, as shown in Figure

2-4. The band-gap under biaxial compressive strain, referring to the heavy-hole to electron

band-edge, is 2.51 eV.

2.4.2 Band alignment

The band alignment at a semiconductor heterojunction (so called heterojunction
band offset) is a very important property for the characterization and design of novel
heterostructure devices. The steps in energy between the conduction band edges and the

valence band edges are called the conduction band offset AE, and the valence band offset
AE,, respectively. Several different experimental methods are used to obtain band offsets.
They are based on optical determinations, electrical measurements in devices and photo

emission experimentszﬁ. From the theoretical point of view, there is a large variety of
approaches. They go from the simple ‘electron affinity rule’, to fully self-consistent calcu-

lations of the interface electronic structure. A comprehensive review of the semiconductor
band offsets has been given by Yu, McCaldin and McGill*’. Among the most notable

theories for the II-VI hetero-junctions are the so-called common anion rule?’, based on the

concept of meaningful relative positions of the valence band edges as gauged by the tight
binding atomic term values due to Harrison,?® and the concept of a neutral charge posi-

tion, originated by Tersoff> and extended by Harrison and Tersoff 3. In spite of consider-
able effort, a thorough and precise understanding of the physics of band offsets has yet to
be attained. To be of use in the quantitative evaluation and design of a semiconductor
hetero-structure device, a band offset must typically be known to an accuracy of approxi-
mately £0.01 eV or better; however, predicted band offset values for many hetero-junc-
tions of current interest extend over a range of 1 eV or more, rendering them of limited use

in determining the viability of various device structures in these material systems.
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Figure 2-3: General band alignment of wide-band-gap II-VI materials based on the com-
mon anion rule.?’

A rough picture of II-VI semiconductor band offsets can be obtained by using the
common anion rule, which have been presented in Figure 2-3. Due to the strain effect,

however, the band alignment can be quite different in a real heterostructure. The strain
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effect on band alignment can be calculated from the hydrostatic deformation potential for
the valence band a, and conduction band a., according to van de Walle3i, as follow:
OE, = a,(Es+8,+8,) | BE, = @ (e,+E,,+e,,) (2.19)
where 8E, + OE, = Eq;;, see equation (2.11).
Figure 2-4 shows the band diagram of a Cd,Zng ¢Se/ZnSe QW structure under
the compressive strain in the QW. The hydrostatic deformation potentials are found to be

a, = 1.65 and a, = -4.17 in this case®!, which means both conduction and valence band

shift upwards. Because of this energy shift due to strain, the valence band offset of the

heavy hole has been substantially increased compared to the unstrained case.

ZnSe ZnCdSe ZnSe
0.15 S — ¢ I
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Epifi= 0.065
AE, =0.13
= . BA_ -
E 0.05 Eg =2.73
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-------------------------------------------------------------------------------- hh2
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Length (107 cm)

Figure 2-4: Band diagram of compressively strained Znj gCd, ,Se/ZnSe QW structure
with conduction band offset ratio Q. = 0.6.
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2.5 Wide band gap II-VI semiconductor devices

Presently, the most exciting device application possibilities for II-VI materials are
photonic devices such as light emitting diodes (LED) and laser diodes (LD) at wave-
lengths throughout the visible spectrum. Wide-band semiconductors are also attractive
candidates for high temperature transistor application. In this work, particular interest has
been placed on design and modeling of blue-green laser diodes. The potential of wide

band-gap II-VI semiconductor for transistor application has also been exploited.

2.5.1 Laser diode and light emitting device

Simulated emission of photons can be produced in semiconductors by the recom-
bination of carriers (electrons and holes) injected, e.g. across a forward biased p-n junc-
tion. In order to achieve high carrier densities at low currents, it is necessary to confine the
recombining carriers to as small a volume as possible. Also, the optical field or photons
need to be guided to the recombination region. In the semiconductor laser diode, both
carrier(electrical) and photon (optical) confinement are realized by sandwiching different
materials with sufficient band gap and refractive index difference. As shown in Fig.2-5., a
so called separate-confinement heterostructure (SCH) is often used to achieve low
threshold current density operation. The carrier confinement is realized by the band gap
step between the center layer and the barrier layer(BA). The size of the lowest band-gap
center layer is usually in the range of 50-100 A, where the quantization of the electron
levels becomes significant, so this layer is often called quantum-well (QW). The barrier
layers also act as the guiding layer of the optical field. The cladding layers with the largest
band gap, and hence, a smallest refractive index are used to confine the optical field. The
cladding layer need to be electrically active so the electron and hole can be easily trans-

ported. An ohmic contact has to be formed to each of the cladding layers.
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Figure 2-5: Gain guided SCH QW laser diode device structure and transverse electrical
and optical confinement (flat band condition).
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Figure 2-5 shows an Ohmic top contact with stripe-geometry configuration of
width W, which provides a means of localizing the gain in the lateral direction. Such a
configuration is called gain-guided device. In a conventional Fabry-Perot laser, the optical
resonator is formed by cleaving the facet. When the carrier density within the QW reaches
a certain value at which the gain of the photon mode is equals the total loss, the light
generated by amplification will be sufficient to yield laser emission.

Since the first successful room-temperature operation of a laser diode was demon-

strated using a GaAs/AlGaAs double heterostructure (DH),* many direct band gap semi-
conductor materials such as AlGaAs, InGaAs, InGaAsP, GalnP and InAsP and many
others were used to obtain semiconductor lasers at different wavelengths. Since the photon
energy is approximately equal to the band-gap energy, the lasing wavelength A (in um) is
given by

1.24

E,

A

i

(m) (2.20)

where E, is expressed in electron volts. The human eye visible response spectrum is

roughly in the wavelength region of 700 nm to 400 nm, with the corresponding band gap
is from 2.5 eV to 3.0 eV. Thus, wide band II-VI materials such ZnSe, ZnTe and CdS are
good candidates for visible laser application.

In early works, solid solutions and later heterostructures of the CdTe/ZnTe and

ZnTe/ZnSe systems have been investigated for light emitting device applicatic»n.2 CdTe is
the only II-VI binary that can be easily made both n-type and p-type. The band gap of
CdTe is only 1.4 eV, however. It was thought that by forming solid solution of MgTe and

CdTe, visible electroluminescent p-n junctions can be made for an adaptable composition

range >°.

The most extensively studied II-VI materials are ZnSe and its related alloys, due to
the effort of developing a blue/green light emitting device. From Fig.2-2, these materials

are among the cluster whose lattice constants are very close to that of GaAs. It appears that
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several different heterostructures with ZnSe can be formed in this group using, e.g.,
ZnSTe, ZnSeTe, ZnCdSe and ZnCdS. From the general band alignment picture based on
the common anion rule (Figure 2-3), we know that the alloys which contain S will have a
lower valence band than that of ZnSe, thus, only ZnCdSe and ZnSeTe can be used for the
QW layer in a ZnSe barrier. In the ZnCdSe/ZnSe heterostructure, only a small valence
band offset is expected, while in the ZnSeTe/ZnSe heterostructure, a small conduction
band offset is expected. However, due to the strain effect and the injection induced carrier
confinement effect, as will be discussed in detail in the next chapter, the hole confinement
in the ZnCdSe/ZnSe heterostructure is much better than it appears. The first blue-green

diode laser by Haase et al. was fabricated as a Cdy,Zn gSe/ZnSe/ZnS) (7S¢ 93 separate

confinement quantum well structure.!” In this structure, the light emitting region is a

compressively strained Cd,y ,Zn, gSe QW of about 100 A thickness sandwiched between
two ZnSe barrier (light guiding) layers. The cladding layers are ZnS y;Se( 93 Which is

lattice matched to the GaAs substrate at the growth temperature of 300 °C. The n-type

layers were doped with CI and the p-type layers with N from an RF plasma source using
N, gas, yielding a net acceptor concentration of about 2x10'7 cm™. The diode laser is gain

guided using a Au-evaporated stripe-geometry electrode. Pulsed operation at 77K was
demonstrated. The idea of introducing the Ila element Mg into IIb-VI system has been

1_34

applied to the ZnSSe system first by Okuyama et al.””, which substantially increased the

band gap range of these GaAs lattice matched alloys. This is clearly evident from Fig.2-2.

The ZnCdSe/ZnSSe diode laser*”" ®® using MgZnSSe as cladding can effectively improve

the carrier and optical confinement. Also the barrier ZnSSe can now be perfectly lattice

matched to the GaAs substrate, thus the misfit dislocations have been greatly reduced.*’
Room temperature cw operation has been achieved in such a device,®® although the short

life time of these device is still a serious problem.*”* ®® The detailed design and optimiza-

tion of such device will be presented in chapter 4 and 5.
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2.5.2 Transistor application

The close lattice matching of ZnSe/GaAs has been utilized in a n-p-n heterojunc-

tion bipolar transistor (HBT), which has been demonstrated first by Gaeser et al®. In this
device, the substrate, collector and base are GaAs and an n-type ZnSe layer is used as
wide gap emitter. The use of a wide band gap emitter increased the design flexibility with
regard to the base and emitter doping. Further improvement of the above HBT may be
achieved by using ZnSSe which is lattice matched with GaAs to replace the ZnSe emitter.
The cross doping in these devices may be a problem. In chapter 5, a ZnS/Si heterojunction

transistor will be proposed and analyzed.

2.6 Summary

In summary of this chapter, a material and heterojunction parameter data base for
II-VI device simulation has been established, especially for the GaAs lattice matched
ZnMgSSe system. Strain effects on band parameters have also been evaluated. Based on
the bond picture of solid-state compounds, the solubility limitation of the N-acceptor in
ZnSe is explained, and simple methods for determining the lattice constants and bowing
parameters as well as converting ZB elastic moduli from WZ data have been developed.

The device development of II-VI laser diodes and HBTs has been reviewed.



Chapter 3 ELECTRICAL MODEL OF HETEROSTRUCTURE AND QW

3.1 Introduction

With the enormous progress and reduced cost in computer performance, computer
simulation is used on a regular basis for reducing the development time and the costly
expense of semiconductor device fabrication. In this work, particular interest has been
placed on design and modeling of quantum-well (QW) laser diode, which is now the
major driving force of the investigation on the wide-band-gap II-VI materials. For sophis-
ticated heterostructure devices such as the separate confinement heterostructure (SCH)
QW laser, accurate versatile device models are needed in device design and optimization.

For most of the semiconductor electrical behavior simulations, the macroscopic
transport properties can be described by the so-called drift-diffusion (DD) method (the
zero-order approximation of the Boltzmann equation), or by modifications of this method
through parameterized phenomenological models. The DD relations for the current densi-
ties, the current continuity equation, and Poisson’s equation, are forming the so-called
conventional model as described in Ref. 36. As a first step in the development of an accu-
rate simulation program for a heterojunction device, we adopt a well developed numerical
approach based on the modified DD model which takes into account a position dependent

band structure,36’37

as will be described in chapter 3.2.

An improved physical description beyond the above DD methods becomes
increasingly desirable as the device dimensions scale down to sub-micron or even smaller.
Especially, when quantum-size effects become significant such as in the inversion and
accumulation layers at semiconductor-insulator interfaces, heterojunctions, and quantum-

wells. In chapter 3.3, a numerical model for quantum confinement effect will be intro-

26
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duced based on the one-electron effective-mass Schrddinger equation. The accurate carrier
distribution in the QW structure is obtained and an injection induced carrier confinement
effect is evaluated based on self-consistently solving the coupled Schrodinger and Poisson
equations.

The models developed in this chapter will be applied to a particular example - a
CdZnSe/ZnSSe/MgZnSSe SCH laser diode, throughout the chapter. Important electrical
behaviors especially along the transverse direction are discussed in this chapter. A more
detailed analysis including lateral effects of such device and complete electrical and

optical simulation will be presented in chapter 4.

3.2 Bulk material model of heterostructure

The conventional DD model has been expanded to describe heterostructure device
by introducing position-dependent dielectric constant, band gap and density-of-states, as
formulated by Lundstrom.?’ As a first step in the development of an accurate simulation

program, a similar approach is adopted here.

3.2.1 Conventional model with position dependent band structure

The electrical properties of semiconductor devices can be fully described by the
electrostatic potential V, electron density n, and hole density p. Following the approach of
Ref. 37, in the steady state, these variables are governed by the following basic equations.

Poisson equation:
Ve(e, VV) = —q(p-n+Np" -N, ), (3.1

where, Np* and N~ are the concentrations of ionized donors and acceptors, respectively.

€, is the dielectric constant which has spatial dependence in heterostructure devices.
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Continuity equations for electrons and holes:

VeI, +G-R =0 ; (3.2)

1V-JP+R-G e 3.3)
q

where G and R are electron-hole pair generation and récombination rates, respectively.
The electron current density J,, and the hole current density J,,, combining both drift and
diffusion terms, can be written as functions of the gradient of the quasi-Fermi potential,

as:

J, = —qu,nVE%, (3.4)

Ji= —q].LppVEVF. (3.5

Here, |1, and [, denote the carrier mobilities for electron and hole, and E 7 and Eg” are the

electron and hole quasi-Fermi levels, respectively.
Generally, the quasi-Fermi levels are related to the electron density n and hole

density p, according to:
n = [p(E)fAE EDE, (3.6)

p = [P ENI-f (E, EpIdE, (3.7)
where the integral goes from respective band-edges to infinity; the Fermi-Dirac distribu-
tion function should be used for f(E,, EF°) and f,(E,, Ef’) in the degenerate case, as in

QW; while the Maxwell-Boltzmann distribution is a good approximation in the nondegen-
erate case as in the ordinary cladding and barrier layers, which makes the integral easy to
solve. Fortunately, a closed analytic form can also be obtained for the Fermi-Dirac distri-

bution in two-dimensional carrier gases, which is just the case of the QW.
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3.2.2 Carrier ionization, recombination and generation
In II-VI semiconductors, due to the relatively deep impurity energy level often

observed, incomplete ionization of dopants cannot be ignored. Specifically, the following

equations have been used® for Np,* and N~

N
Ny = e (3.8)
Er-Ep
1+gDexp{ T J
. N
N, = 4 : (3.9)

E,-E,
1+gAexp( T ]

Where, N, and N4 are net compensated donor and acceptor concentrations on the n- and
p- side, respectively; Ej, and E, are the donor and acceptor energy levels; and g, and g4
are the degeneracy factors for donor and acceptor; respectively.

The carrier recombination and generation rates R and G in equations (3.2) and
(3.3) are determined as follows. Three types of recombination processes which are impor-

tant in laser diode simulations are considered in this work: Shockley-Read-Hall (SRH)
nonradiative rccombinati0n6, spontaneous-emission recombination and stimulated-emis-

sion recombination.® The radiative recombinations (spontaneous and stimulated emis-
sions) will be discussed in chapter 4. For SRH recombination, the following equation is
used:

i

np — i,
 —_— 3.10
SRH E,_E, (3.10)

EI_EI
”cp[n+ni(,_exp[ xT ﬂ+1n[p+nieexp[ T )]

where, n;, is the effective intrinsic concentration, E; is the intrinsic Fermi energy, and E; is

the trap energy level, which is assumed to be the same as the donor or acceptor energy
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level. The electron and hole life times, 1, and T, may be concentration dependent.
The carrier generation due to absorption of simulated photons is included in Rg

(see equation (4.4)). Carrier generation due to absorption of spontaneous photons and

impact ionization is assumed to be small. Thus we use G = 0.

3.2.3 Electrical modeling of the CdZnSe/ZnSSe/MgZnSSe SCH QW laser

The above model has been implemented in a comprehensive 2-D device simulator

- SILVACO ATLASﬁ, which is used as the simulation platform in this work. We consider a
particular device structure - a SCH SQW laser diode, as shown in Figure 2-5. (This type of
structure has been used by several groups throughout the world for fabricating blue-green
laser diodes.) The vertical and lateral structure parameters chosen for the simulation of
such a device are shown in Figure 3-1. This is a SCH with a compressively strained

CdgoZnygSe SQW of size Ly, = 6.5 nm and a ZnSpgeSepgs barrier and
Mg 1Zng 9S¢.145€( g6 cladding. The size of each barrier and cladding are shown in Figure

3-1. The (Mg)ZnSSe barrier and cladding layers are lattice matched to the GaAs substrate.

The QW is assumed to be undoped. The same doping levels are assumed in barrier and

cladding layers. The acceptor level is set at Ny =5 x 10'7 ¢m™, the donor level at Np=1

x 10'8 ¢cm™. The nonradiative minority carrier life times of the electrons and holes, T, and

T, are assumed to be equal to 1 ns. A constant spontaneous emission coefficient B = 9.8 x

P
101 (cm3 s'l), as derived in section 4.4.1, is used for radiative recombination calculation.
A conduction band offset of Q. = 0.6 is used in this simulation. Other input parameters are
taken from table 2-4. Considering the strain effect, a higher heavy hole mobility results in
the lateral direction inside the QW due to the reduced lateral effective hole mass. For
simplicity, the GaAs substrate and the transition layer for the p-type contact are neglected.
Ideal Ohmic contacts both at the 10 wm top stripe and bottom layer are assumed. Figure 3-

2 shows the mesh generated for the structure. The grid system is locally refined near the
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regions such as heterojunctions where physical quantities abruptly change. The total
number of mesh points is 4698. (The software limitation is 4800). For all the simulations
room temperature (300 K) is assumed, unless particularly specified. The two-carrier
Newton iteration method is used for the drift-diffusion calculations. The bottom contact
(cathode) is assumed grounded throughout the simulations. When the top stripe contact
(anode) voltage increases positively, the device enters forward bias operation. The I -V
characteristic curve is plotted in Figure 3-3. The turn-on voltage is about 2.5 v in this case,
which is about the same value as the QW band gap. The energy band diagrams along the
vertical-direction for various biases are shown in Figure 3-4. Figure 3-4 shows that, at
forward bias above the turn-on voltage, the flat-band assumption is a good approximation
in the barrier and QW regions. This assumption will be used later in the QW modeling.
The carrier density distributions under different biases along the vertical direction are
plotted in Figure 3-5 and compared with the doping levels. At zero bias, i.e. at the thermal
equilibrium, due to the incomplete ionization of dopants, free carrier densities are lower
than the doping densities every where and the regions near the QW are depleted. As the
forward bias increases, due to the smaller band gap in QW, the carrier density in QW
increases very rapidly, even though the carrier densities in barrier and cladding remain
low. The electrical potential and field distribution along vertical-transverse direction is
plotted in Figures 3-6 and 3-7. The accumulation of carriers in QW at high forward bias

can be clearly seen in Figure 3-6. Figure 3-7 shows that, a very high field of a magnitude

near 1.1 x 10° V/em may occur under intermediate bias in the barrier layer very close to
the QW region. Such a high field may generate impact ionization effect, a phenomena
which has not been considered in the current model.

Stimulated emission has been included at high forward bias (> 2.5 v) in the above
calculations. In chapter 4, more detail on electron-photon interaction and above-threshold

operation will be discussed.
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3.3 Quantum confinement effect model

For active layer thinner than 20 nm, quantum confinement becomes significant. As
mentioned early, the flat band gap in QW and barrier is a good approximation under
forward bias. Also the injected carrier density in the QW region is fairly high becomes
degenerated above certain bias. The detailed quantum effective modeling discussed in this
section will based on these forward bias conditions. To emphasis the injected carrier
induced space charge effect, it is assumed that the doping densities in both QW and barrier

are negligibly low.

3.3.1 Schrodinger equation for electron envelope function

The fundamental theory necessary to provide an adequate description of the carrier
distribution across a hetero-interface including quantum effect is based on the so-called
envelope function approximation. The key assumption is that, within a given energy band,
the electron wavefunction can be determined in terms of structural parameters such as the
effective mass in both constituent crystals and the band discontinuity at the interface. In
other words, the Bloch function is not a strong function of wave vector k and thus can be
approximately represented by the band edge (k = 0) Bloch function.

For a one dimensional potential variation along the z axis such that U = U(z) repre-

sents the band-edge, as in the quantum-well case as shown in Fig. 3-1, we can assume the

envelope function solutions to be of the form:>®

F(x,y,2) = F (2)expli(k,x+k,y)] (3.11)
The one dimensional envelope functions F, ;(z) of electrons and F;, ;(z) of holes are

described by the effective-mass Schrodinger equations (i is the energy eigen-value

number):
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h? d*
£2—d +U(Z)JF @) =E, ;F, (2),

(3.12)

n? d’
g e v U,(z) Fh {2) = Eh th i@

where, m, and my, are the effective masses, E. ; and E; ; are the quantized energy levels for
confined states, U.(z) and Uy (z) are the conduction and valence band-edge potentials, as

defined in Fig. 3-8.

X
z
- Ue(z)

AE

c

p(E)
‘\ Barriers /

Figure 3-8:  Quantum-well structure and density of states.
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3.3.2 Carrier distribution and space charge effect in QW
Under the assumption that the quasi-Fermi levels across the hetero-junction are
continuous. The carrier densities following the Fermi-Dirac distributions according to
equations (3.6) and (3.7), are modulated by the quantum confinement effect. The two-
dimensional carrier density distribution in the z-direction can be described by
n(2) = kgTY |F, (2)|*%p, ; xIn(1 + eFF =L} g0y,
i

; (3.13)
p(z) = kBTZ|Fh, s(Z)|2 XP, X In(1+ e EF 'Eh,I)/(kBT))

where kg is Boltzmann constant and T is the temperature; and p. ; and p,,; are the density-

of-states functions of electrons and holes of the i-th QW subband. Here, the sum is over all
the confined states. For simplicity, band-mixing effects in the valence band are neglected
and effective masses are assumed to be energy independent. So in a bulk semiconductor,
the density-of-states is a parabolic function of energy. In QW, due to the energy split in z-

direction, the density-of-states is step function. The total density-of-states function of both

QW and barrier has been included in Fig. 3-8. The confined density of states (2-D) are>8:

1 R, 3.14)
P h’L .
and the unconfined density of states (3-D, bulk):
- 2m\3/2
p°P(E) = 4n[ﬁ) Eli4 (3.15)

The total charge density at a given point z can be expressed by
G, = qlp(z) —n(2)] (3.16)
It is assumed that the doping densities in QW and barrier are negligibly low. If G, is not

equal to zero, as in the example discussed later in section 3.3.3, which is caused by the
imbalance of electron and hole spatial distributions, then there is a space charge effect

which will generate an electrostatic potential V(z) (in addition to U(z) in Fig. 3-8,) that is
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described by the Poisson equation (3.1) in one dimension:

A s & 3.17
EV(Z) = E—o[”(Z)—P(Z)]- (3.17)

This additional V(z) will then be coupled with the original band profile U(z), and hence,
alter the mobile carrier distributions. Thus, the effective-mass Schrddinger equations

become:

h d’
“ D dz 'k U, (2)+ V() Ferf(Z) E(, iF e {2)s

(3.18)

[ 2" dd2 +U,(2)- V(z:)]Fh @ = E, F)

An accurate picture of carrier and potential distributions can be obtained through
iteratively solving the coupled set of above Poisson and Schrddinger equations. The
numerical solutions of the above problem are described as the flow chart in Fig.3-2. For

detail of numeral methods see Appendix A.

3.3.3 Injection induced carrier confinement effect
In a QW laser diode, the carriers (electrons and holes) are mainly confined by the

band offsets AE. and AE, between QW and barrier (core of optical guide). In real laser
structures, AE. and AE, are often less than 0.2 eV. As the injection level becomes increas-

ingly higher, the quasi-Fermi levels are raised and carrier distributions in the barriers
increase. This carrier spill-over from the QW may become significant, especially in diode
lasers operating at high temperature or in laser structures with low band offsets (poor
carrier confinement). Generally, due to the structural difference between conduction and
valence band, (e.g. electron-to-hole effective mass ratio is about 1/6 in ZnCdSe/ZnSSe
based lasers), the spill-over of electrons and holes tend to be different. This will result in

an internal electrostatic field which works to reduce the difference of the electron and hole
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distributions, leading to the modification of the band profile, as described in section 3.3.2.

Input V(0), E(0); initial n, p; doing N, P;
band align U(z), and other parameters

v

—— | Band profile: U(z), V(z)

/Schrﬁdinger ean
| -

Eigenvalue and eigenfunction: E;, F;(z)

;

n(z), p(z), E&5, Er’ and 0,

{ Poisson eqn. )

y
New induced potential V' (z)

Difference of V, X

V(z) = average (V, V’)

Figure 3-9: Flow chart of numerical solution.
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An extreme case of this kind of injection-induced carrier confinement can be found
in some laser structures where one of the conduction or valence band is completely flat or

even slightly type-IL In such a case, it is still possible to get some carrier localization due

to the electrostatic attraction generated by space charges as demonstrated in reference™.

Even with structures that have type-I band alignment, the required threshold carrier
density for lasing may be very high and thus the carrier confinement is relatively poor, as
in many wide band-gap II-VI compounds based lasers. With the model described in
section 3.3.2, it is possible to evaluate this injection-induced electrostatic confinement
effect in gain/threshold current calculations for device design and optimization. Addition-
ally, the quantitative modeling of this effect can help us gain more understanding about

the influence on device performance of the band offset ratio Q.= AE/(AE.+AE,), whose

value at this time is still very difficult to predict, and help us to develop an effective band

offset approach for more accurate carrier distribution calculation under the Q. uncertainty.

As an example, the QW and barrier of previous studied device (SCH SQW

Cd »Zng gSe/ZnS( ggSep 94 6.5 nm QW, 100 nm barrier) is used again to perform our

numerical calculations based on the carrier distribution model developed in the previous
sections. For simplicity and emphasis on the injected carriers, the net doping in both QW
and barrier region is set to zero. The energy eigenvalues and wavefunctions are then calcu-
lated by solving the Schrodinger equations (3.12) in conduction and valence band, sepa-
rately. The example of calculated energy levels have been shown in Figure 2-4. The
calculated wave functions of the four energy levels of heavy hole are plotted in Figure 3-
10. Once the wave functions are obtained, the carrier distribution can be calculated by
equation (3.13) as shown in Figure 3-11. The initial band configuration is shown in Fig. 3-
11a, as estimated from the strain effect and the common anion rule, as discussed in section

2.4.2. The Q. value (refers to the split-off heavy hole band-edge) is about 0.62 in this case.

The injection level n,y or py,; (measured by the total carrier density including contribu-

tions from both QW and barriers) is chosen to be about 5x10'8 cm™ which is close to the



45

threshold carrier density measured in the experiments. As we keep the total charge

neutrality in the combined barrier and QW region (ny; = Pyo)» the locally unbalanced

carrier distribution at this injection level is shown in Fig. 3-11c, where in this particular
case there are more electrons in the QW and more holes in the barriers. The modification
of the band profile due to the locally unbalanced carrier distribution, as shown in Fig.3-
11b, is obtained by iteratively solving the coupled set of Poisson and Schrodinger equa-
tions as outlined in section 3.3.1 and section 3.3.2. The injection induced carrier confine-
ment can be clearly observed when comparing the carrier distributions plotted in Fig.3-

11c and 3-11d.

3.3.4 Effective band offset approach for QW structure simulation

As we mentioned earlier in section 2.4.2, the band offset of II-VI materials is quite
uncertain at this time. However, from the above carrier distribution calculations we can see
that the final carrier distribution and position of quasi-Fermi levels are not directly depen-
dent on the original band offset value due to the re-adjustment of band profile. Thus, we
can develop the following simplified approach and avoid the relatively complicated
Poisson/Schrodinger iteration procedure for calculating the carrier distribution for each
particular case.

The basic feature of this approach assumes that the injection induced space-charge
distribution generates an interface dipole sheet, and this dipole sheet only changes the

built-in potential of the hetero-junction. In other words, we use the band offset Q. as an
adjustable parameter to obtain the same quasi-Fermi levels as obtained by the comprehen-
sive model. Interestingly, this is nearly equivalent of adjusting Q. for charge neutrality in
the QW as suggested from Fig. 3-11d.

Thus, an effective band offset Q. (which, in general, could be injection level

dependent) can be derived based on a square well calculation only, in which case an

analytical solution is available. Hence, we can calculate the gain spectrum and the radia-
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tive current including the influence of barrier recombination, in a simplified way. For

simplicity, we will use a fixed effecitve Q. in these examples. The detailed gain/current

calculation examples using this approach will be given in chapter 4.
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Figure 3-10: Heavy hole wave-functions in CdZnSe/ZnSSe QW.
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3.4 Summary

In this chapter, the electrical model for both bulk heterostructure and QW have
been developed. Electron and hole distributions of a CdZnSe/ZnSSe/MgZnSSe QW laser
diode in both cases have been studied in detail. In the bulk model, carrier and current
distribution have been obtained under the incomplete ionization conditions. Although the
free carrier density is relatively low in the cladding, sufficient carrier injection in QW still
can be obtained at room temperature without field ionization involved. Relatively high
field have been observed locally in barrier region close to QW during the bulk simulation.
I - V characteristic is also calculated including the radiative recombinations.

The long-range Coulomb interaction between electrons and holes in the barrier and
QW regions has been taken into account and the injection induced carrier confinement in
the QW has been modeled. The above carrier distribution model is very important in other
device modeling applications. A well known example is the HEMT (high electron
mobility transistor), in which case only one carrier (electron) has to be considered. In
some special cases of QW laser modeling, this model is also important, and more gener-
ally, it can provide us an effective band offset concept, which is very helpful for device
simulation of heterojunctions which band offsets have not been very well characterized. In
this chapter, the numerical model of a HEMT simulator has been expanded to a more
general case in which both electrons and holes are taken into account at the same time. An
effective band offset approach has been developed for simplifying of Poisson equation
calculations. In the next chapter, this approach will be applied to the local optical gain
modeling of a SCH QW laser.



Chapter 4 DESIGN AND SIMULATION OF II-VI QW LASER DIODE

4.1 Introduction

Based on the material studies and electrical models developed in chapter 2 and 3,
this chapter discusses the computer simulation of II-VI QW laser diodes with the incorpo-
ration of optical modeling. For the current development stage of II-VI blue green laser
diodes, the threshold characteristics are of major concern. Thus, only the steady-state
model is considered and the optimization is aimed at low threshold operation. Simulation
results on the structure dependence of the optical gain coefficient and the threshold current

density J,;, for CdZnSe/ZnSSe/MgZnSSe SCH SQW diode lasers will be presented.

Device optimization in both vertical and lateral transverse dimensions will be discussed.
The challenge of developing an effective modeling approach is that, due to the
complicated device structure such as a QW laser, one often needs to deal with different
levels of physical detail at a different scale. In QW laser modeling, the description of elec-
tron behavior in the QW region requires solving the Schrédinger equation as described in
section 3.3, while in the barrier and cladding regions a conventional DD model is suffi-
cient. In this chapter, two types of device models will be used to obtain an accurate
description of the device performance with great computational efficiency allowing to
explore the influence of a variety parameters. A one-dimensional in-house simulation
program based on a full physical description including the quantum confinement effect (as
described in section 3.3) is used to determine local optical gain spectra as a function of

vertical-transverse parameters such as QW and barrier length, L,,, and Ly,, as well as

band gap and refractive steps. A semi-empirical approach which combines QW calcula-

tion results with a versatile commercial two-dimensional device simulator (SILVACO

49
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ATLAS-LASER), which is based on the conventional model described in section 3.2, has
been employed for lateral properties and modeling of the above-threshold laser character-
istic. The approach has the advantages that it can handle both electrical and optical
behavior in a two-dimensional fashion (lateral and vertical) without losing the local detail
of the quantum effect for the QW local gain and spontaneous emission rate.

In this chapter, the optical model and optical-electrical interaction in a laser diode,
which will be used in 2-D laser modeling, is introduced first. Followed by a physical
modeling of local optical gain and spontaneous emission rate in the QW. From which,
vertical parameters optimization for low threshold operation are obtained and phenomeno-
logical gain and spontaneous emission coefficients are derived. Then, a 2-D simulation of
QW laser are performed, based on phenomenological model and the optical-electrical

interaction calculations, with emphasized on the lateral effects modeling.

4.2 Electrical and optical interaction in laser diode

The simulation of a laser diode requires both electrical and optical behavior
modeling. By introducing the optical wave equations as additional basic equations, opto-
electronic devices such as DH lasers can also be simulated with the conventional model

introduced in section 3.2. Currently, most of the available LD simulation CAD tools are

based on such an approach.540-43

4.2.1 Optical field modeling
As a good approximation, the electrical model can be defined by equations (3.1) -

(3.2) described in section 3.2. The optical model follows the so called effective permit-

tivity formalism, as outlined by Wilt and Yariv*’. The optical field E(y, z) of TE mode in

the transverse y, z plane is given by a 2-D Helmbholtz equation:
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2
®
VZFZE(J’, z)+ {—?Sw(y, Z)— BZJE(y, 2)=0 4.1)
C

where, ®,, is the frequency corresponding to longitudinal mode m; c is the velocity of

light in vacuum and €_,(y, z) is the high frequency dielectric permittivity, which is related

to the local optical gain as follows:®

e.(y,2) = ni+(—a+i)#z—) 4.2)

where n,, is the real refractive index, o is a line width broadening factor, and g(y, z) is the

local optical gain. A physical gain model of the QW will be discussed in section 4.3.1.

The photon density S, of longitudinal mode m is given by the photon rate equa-

tion:
(Gp—R)S,+R;, =0 (4.3)

where G, is the mode gain of longitudinal mode m, Ry is the total cavity loss and Rspm is

the spontaneous-emission rate coupled into mode m.

4.2.2 Radiative recombinations
The net stimulated-emission recombination rate is related to the photon density S
and optical field E as:

c

gS|E|*. (4.4)
Mo fy

R

st =
An empirical spontaneous-emission recombination rate is given by:
2
Rsp = B(np—-n;,) (4.5)

where n;, is the effective intrinsic carrier ConCcntrationﬁ, B is the radiative constant which

depends on carrier density and temperature. It can be derived from the physical sponta-

neous-emission rate which will be introduced in section 4.3.
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Equations (4.1) - (4.5) along with the equations (3.1) -(3.6) give a full description

of the laser diode operation.

4.2.3 Threshold condition of laser diode
In the photon rate equation (4.3), the model gain G, is related to local gain g,, as:
G, =Tg, (4.6)
The optical confinement factor I" represents the fraction of the mode energy contained in
the QW active gain region.

The total losses are

Ry =0, + Oy 4.7)
where
1 !
@, = ﬁm[Rle] 4.8)

is the mirror loss and accounts for the radiation escaping from the FP cavity because of

finite facet reflectivities R and R,, and o, describes the internal losses in the wave guide,
such as free-carrier absorption. The threshold condition of laser diode is given by G,, =

R;.

4.3 1-D (vertical) modeling of ZnCdSe/ZnSSe/MgZnSSe SCH QW laser

QW laser structures have superiority in performance over conventional double-
hetero (DH) structures. A fundamental advantage of QW laser is that it delivers more gain
per injected carrier than the conventional DH lasers, which results in lower threshold
currents. In the QW region, the optical field change can be neglected. The local optical
gain and spontaneous-emission spectrum can be calculated based on the effective band

offset approach developed in section 3.3.4, as will be described in section 4.3.1. Then, the
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peak-gain and radiative current vs. carrier density relations will be derived. Based on the
material studies of chapter 2, a variety of composition combinations of barrier and clad-
ding, which are all lattice matched with the GaAs substrate, have been interpolated. The
composition, band gap and refractive index of these alloys are plotted in Figures 4-1 and
4-2, where the label A, B.. stand for the alloys used for barrier and cladding in device
simulation. Thus, the different devices can be identified according to their barrier/cladding
combinations, such as A/C. The calculation is first performed on the commonly used laser
structure with a Cdg,ZnggSe QW, a ZnS(sSeggs barrier (composition A) and a

)47

Mg 1Zng ¢S 145€ g6 cladding layer (composition C)*’, whose electrical behaviors have

been discussed in chapter 3. Then the model is applied to the other barrier/cladding
combinations with the same QW. Finally, the influence of QW is considered. Based on the
above steps, the vertical parameters of a ZnCdSe/ZnSSe/MgZnSSe QW laser are estab-
lished.

4.3.1 QW gain spectra calculation

The relationship between gain, and injected carrier density in laser diode is highly
structure dependent and therefore the modelling of the gain/carrier density relation will
provide invaluable insight for device design. The goal of our studies is to arrive at a flex-
ible modeling program that allows to elucidate trends in a large parameter space and can
be easily applied to a variety of different material systems, rather than a sophisticated

procedure that generates highly accurate data for specialized situations. Hence, we

adopted a simplified theoretical approach to the gain/injection rate calculations?® based on

the electron-hole plasma picture (EHP). The controversial issue of the possible strong

1.*4 will not be consider here.

exciton effects, as argued by Ding et a
Once we have obtained the carrier densities, following the approach described in
section 3.3.2, the quasi-Fermi levels can be derived by equations (3.6)-(3.7) in both

conduction and valence band. For simplicity, continue quasi-Fermi levels across the
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heterojunctions are assumed. Then the gain spectra can be calculated from the so-called
band-to-band recombination formalism (EHP assumption). The EHP model has been

demonstrated to be very successful in III-V type laser modeling and also has been applied

to II-VI blue green lasers™.
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Figure 4-1: MgZnSSe alloys lattice matched with GaAs.
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The detailed gain calculation procedure follows closely Ref3®, The optical gain

experienced by an incoming photon with energy hm is determined by:

_(L\mth o _
stho) = (5 KoL o MapEe =B~ f) 4.9)

where, p(Ey-E,) is called the reduced carrier density of states, and My is the bulk transi-
tion matrix element. The polarization effect for the stimulated transition (i.e. TE vs. TM)

due to the anisotropy of the QW structure and compressive strain effects were included in

the term uy,.

The intraband relaxation effect on the optical gain spectra was taken into account
assuming combined Lorentzian broadening of electron and hole states with a fixed intra-

band relaxation time T, providing the following broadening formulation

1 (h/7y)
L(E,) = = 5 5 - (4.10)
T(E,,—hw)*+(h/T))
Where the broadened gain follows from the convolution
ghw) = Jg(h&))L(Eeh)dEeh : (4.11)
The spontaneous emission rate is also calculated as:
1\ me2h
R _(how) = |— }——u; M2 p(E,,-E 1 - 4.12
”’( “ (hm)eoncm(%um aveP e g)fC( fal ( )
where M,M2 =1/3 MTZ. The total radiative current is then obtained from
Joud = q-[RSP(h(n)d(hm) . (4.13)

In our model, the gain and spontaneous emission due to the barriers are also calcu-
lated and added to the total gain and spontaneous emission spectra.

The total radiative current density J;,q has a QW component J,,, and a barrier

componen 580 = + . pach component can be calculated from the sponta-
ponent Jy,, 50 Jraq = Jgy + Jpa- Each component can be calculated from the spont
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neous emission:

Tpw = quijj;’(hm)d(hm} (4.14)
E?I

To, = Qquaij::(hm)d(km) (4.15)
Ey

where q is the electronic charge, Ly, and Ly, the thickness of the QW and single-side
barrier regions, respectively; E, is the QW spectral range and Ey is the barrier spectral

range.

An effective band offset Q. = 0.53 has been derived by comparing the quasi-Fermi
levels as calculated from the simple square well Schrédinger equation with those calcu-
lated from the comprehensive model based on the coupled Poisson and Schrodinger equa-
tions at injection levels near threshold (see section 3.3). Using this fixed effective Q., for
all injection levels considered, the band configuration of a simple square well is used for
the gain modeling program (gns.f, see Appendix B). The inputs of the program include
device geometry parameters, temperature, band offset ratio, intraband relaxation time T
and injected carrier density. Based on different injection levels as measured by the total
carrier density at certain temperature, gain and spontaneous emission spectra are calcu-

lated. Examples are plotted in Figure4-3 and 4-4 for device A/C.

4.3.2 Threshold current density and temperature relation

The total radiative current is then obtained by integrating the spontaneous emission
spectrum at each injection level. The position of the maximum gain peak of the gain
spectra is automatically located for each injection level by a data process program
(fdpk.sel, see Appendix B). The peak gain vs. injected carrier density n and radiative

current J,,q vs. n relations are thus obtained. Examples are plotted in Figures 4-5 and 4-9.

The threshold current density can be determined from the threshold gain which is about
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1300 cm™! , as estimated from the total cavity loss (assume uncoated facet) and the confine-

ment factor I'. A computer program for the calculation of complex modes of electromag-
netic wave propagation in plane-layered dielectric structures called MODEIG 46 is used
for optical wave guide modeling and I' calculation. The total cavity loss is estimated as

about 23 cm™! by assuming a I mm long cavity length and 8.1 cm’! internal loss with an
uncoated facet. The temperature dependence of both internal losses and the intraband
relaxation time are neglected for simplicity of calculations.

The above procedure for threshold current density is repeated for the temperature

region from 85K to 394K. From the J;;, vs. temperature relation plotted in Figure 4-7, one

can see that the modeling results agree well with experimental data*’ when choosing an
intraband relaxation time Ty = 0.1 ps. This value is somewhat larger than reported for a
more complicated model**® but consistent with GaAs data. It should be noted that for
simplicity, a possible temperature dependence® of T, and oy, has been ignored in this

approach.

4.3.3 Design and optimization of vertical parameters

The next step is to use the above gain modeling approach for optimizing the struc-
ture parameters of the CdZnSe/MgZnSSe SCH QW laser diode for low threshold current
density operation. The design and optimization of vertical parameters are basically based
on trade-off between electrical and optical confinement. The the optical waveguide
modeling shows that for the commonly used laser structure with a Cdg,Zng gSe QW, a
ZnS ) gSe( 94 barrier and a Mg 1Zng ¢S 145€ g¢ cladding layer (device A/C), the barrier

size Ly, on each side of the QW which provides the maximum I" is about 100 nm as

compared with 250 nm used in Ref. 47, as shown in Figure 4-7. Thus, at RT J;;, could be

reduced from 554 to 399 A cm™ just by optimizing the barrier size. However, a
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ZnS() peSeq 94 barrier still provides only a relatively small band gap difference to the
strained Cd,Zng ¢Se QW, leading to an insufficient band offset for preventing carrier

spill-over into the barrier.
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Figure 4-3: Local gain spectra (TE) at different injection levels of device A/C at 300 K.
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Regression of set O results to set 1
Number of observations = 10
A[0] is the constant, A[i] is the coefficient for ith power of X
A[0] =-69.6548521

A[l] = 6.46586909¢-11

A[2] =2.38910303e-23

R square = 0.9999688

AvgY =740.4537

SdevY =422.259

Avg X =4.45e+12

Sdev X = 1.513825e+12
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Figure 4-6: Radiative current vs. injected carrier density at 300 K and regression results.
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To eliminate such spill-over, we propose an improved configuration by using a

Mgo.05Zn99550.15€0.9 layer (composition B) with a larger band gap E; = 2.79 eV as

barrier material. This reduces the optimized Jy;, value to 376 A cm™. For better optical

confinement, the cladding layer requires increased Mg content as summarized in Figures

4-1 and 4-2. The optimized J;;, at RT for a Mg sZn( 550 485€( 57 cladding layer (composi-

tion G) is predicted to be as low as 224 A cm™.

Finally, the threshold current density vs. QW thickness L, relations are calculated
for a Cd( ,Zn( gSe QW with the two different barrier/cladding combinations as shown in
Figure 4-9. It appears that the optimized L, is in the range of 4.5-6.5 nm in both case.

Thus, the vertical structure parameters of ZnCdSe/MgZnSSe SCH SQW diode
lasers were optimized for low threshold current density operation by modeling the optical
gain based on the electron-hole plasma theory, and the optical confinement factor I' in the

SCH waveguide. A substantial reduction in threshold current density from 554 A cm in

the commonly used laser structure to as low as 224 A cm’2 is predicted.
y p

4.4 2-D simulation of ZnCdSe/ZnSSe/MgZnSSe SCH QW laser

In practical laser diode devices, the current in the lateral direction is often confined
through various fabrication techniques to reduce the total operation current and control the
optical mode laterally. In a gain-guided SCH QW laser structure as shown in Figure 2-5 as
well as its cross section shown in Figure 3-1, the stripe geometry is used for this purpose.
The variation in the optical gain g(y) in the lateral direction leads to the confinement of the
lateral modes. Carrier diffusion plays an important role here. The problem of lateral-mode
determination for a gain-guided laser diode is an extremely complicated process, a numer-
ical approach is generally required. In this section, the coupled electrical and optical equa-

tions will be solved self-consistently in both vertical and lateral (y and z) directions for a
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gain-guided ZnCdSe/ZnSSe/MgZnSSe SCH QW laser based on the model introduced in
section 4.1 combined with some phenomenological parameters based on results from

section 4.3. The threshold dependence on stripe width of such device will be determined.
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Figure 4-8: Optical confinement factor vs. barrier width of different barrier/cladding
combinations, with the same QW (Cdy ,Zn gSe, L, = 6.5 nm).
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4.4.1 Phenomenological gain and spontaneous-emission model

A phenomenological gain relation is defined by the following equation:®

8(x,¥) = 800+ 8in N+8&1p P+ 8&onp NP+ &ipmin Min(n, p). (4.16)
Parameters g ~ €1min can be determined by fitting the gain - carrier density relationship
obtained by 1-D calculation of previous section.

In this case we have n=p and by linear fitting the g - n relation (Figure 4-5) and
quadratic fitting the J - n relation (Figure 4-6) around the injection range close to estimated
threshold carrier densities, the following results for room temperature operation are

obtained:
200 =-1988 (cm™), g min =6.6x 107'® (cm™"), and g}, = g1, = gop =0.
B=9.8x 10" (c:m3 s'l).
These results along with the other material parameters are used as independent

input data for the 2-D device simulation.

4.4.2 Stripe geometry structure design based on 2-D model

The dependence of threshold current on stripe width in gain-guided QW lasers has

been extensively studied in III-V devices.% It has been observed that the gain-induced

anti-guiding effect is extremely strong in strained-layer InGaAs/GaAs QW lasers which is
totally different from unstrained GaAs/AlGaAs QW lasers.%” For strained CdZnSe/ZnSSe/

ZnMgSSe SCH QW lasers, various stripe widths such as 5 pm,%® 20 pm'? and 50 um*’
have been used by different research groups. However, a systematical study on the
threshold current dependence vs. on stripe width in these device has not been reported yet.
The 2-D numerical model of QW lasers developed in this section provides a useful tool to
investigate this problem theoretically as illustrated below.

First, consider the widely used laser structure device A/C with a Cdg ,Zng gSe QW,

a ZnS() gSe( o4 barrier and a Mg 1Zng 9S( 145€( g6 cladding layer. The cross section of
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this device has been shown in Figure 3-1, which has a stripe contact of width W = 10 um.
The electrical behavior, such as the V - I characteristic, was obtained in section 3. When
the applied bias exceeds 2.5 volts, the optical field calculation and electron-photon interac-
tion are included in the simulation. The initial effective index, photon density and cavity
losses are specified as input parameters. Only one longitudinal mode is considered in the
simulation with a specified wavelength (500 nm). As the bias voltage goes above 2.9 V,
laser oscillations begin to occur. With the coupled optical field modeling, the optical mode
pattern at 3.2 volts, the L-I curve, G-I curve and V-I curve were calculated as well as
shown in Figure 4-11. The plotted currents are normalized to the longitudinal dimension
(cavity length L=1mm). Thus, the threshold current for the chosen 1 mm cavity length is

about 137 mA in this case. The corresponding average current density value is about 1.4

kA/cm?, which is substantially higher than the result previous calculated in the 1-D model.
This is so because in the 2-D model, the density-of-state function is using a parabolic
function instead of step function in QW case. Thus the carrier density in the QW is under-
estimated. In the future work, this problem can be solved by incorporation of a step func-
tion in the density-of-states. The current density distribution of the 10 um stripe device at
3.2 V bias is shown in Figure 4-12. The lateral carrier distribution along a cut line placed
in the center of QW is plotted in Figure 4-13, under the bias voltages both below (2.9 V)
and above (3.2 V) threshold. The line width broadening factor o is chosen to be equal to 4
in the above calculations. As a consequence of the finite o in eqn. (4.2), the dip in the
lateral carrier distribution observed above threshold (3.2 V) causes an the increase of the
refractive index in this region, which leads to the so-called self-focusing effect. In the
region under the strip, the electron and hole concentrations are relatively close, while in
the region away from the strip edge, the hole concentration drops to much smaller values
than the electron concentration. This is due to the relatively smaller lateral spreading of
the hole current as compared to the electron current.

The above procedure is repeated for devices with different stripe widths,
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providing the L-I curves as shown in Figure 4-14. The threshold current vs. stripe width
relation of the 1 mm long device A/C is thus obtained as plotted in Figure 4-15. Figure 4-
15 shows that the threshold current vs. stripe width behavior of strained CdZnSe/ZnSSe/
ZnMgSSe SCH QW lasers is more like the behavior observed in unstrained GaAs/AlGaAs
QW lasers, unlike the strained-layer InGaAs/GaAs QW lasers. This is due to the fact that
although the strain effect in CdZnSe can increase the heavy hole mobility in the lateral
direction, the value is still quite low compared with the hole mobility in InGaAs. The
effect of the low hole mobility in CdZnSe is two fold: first it reduces lateral current
spreading; second, it induces a stronger self-focusing effect which works towards reducing
the anti-guiding effect. The self-focusing effect is especially significant in devices with
large W, as shown in Figure 4-16 in a device with W = 50 um. The fundamental lateral
mode is maintained even with such large stripe width due to the self-focusing effect. This

is consistent with the experimental results. 1047

4.5 Summary

In this chapter, the optical field guiding model and the local optical gain model
have been introduced and evaluated in combination with the 2-D electrical model. The
simulation and optimization of the gain-guided stripe-geometry ZnCdSe/MgZnSSe SCH
SQW diode laser has been performed. Starting from vertical transverse 1-D simulation,
the gain/spontaneous emission spectra and injected carrier density relations of such
devices were obtained from which a phenomenological gain model as well as radiative
(spontaneous-emission) coefficient were established. This phenomenological gain and

spontaneous-emission coefficient are then combined with a comprehensive double hetero-

structure (DH) laser simulator (SILVACO LASER),E' which is based on solving the
coupled Poisson and Helmholtz equations, to perform a full two-dimensional simulation

that includes above-threshold modeling. V-I, G-I and L-I curves of such device have been
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obtained. For low threshold current (density) operation, the transverse device parameters
are obtained first by the 1-D model and then the lateral related parameter (stripe width) is
calculated by the 2-D model. The calculated results on stripe width dependence of lateral
optical mode size are consistent with the published experimental observations. Finally, the
interrelationships of the different models used in chapter 3 and 4 are summarised as illus-

trated below.

o o . (Effective band offset)
— Schrodinger Eqn.
(3.12) 1-D QW model (gns)
Electrical model :
Poisson Eqn. (20, B)
(V,n, p) (3.1) =L
Continuity Eqn. 2D DH model
Bulk (32)-(3.3) (SILVACO)
Current/carrier &
relations $
3.4)- 3. s
(3:4)-(3.7) S
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Optical model 2-D Helmholtz Eqn. ~ ¥
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2-D QW simulation
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Figure 4-12: 2-D current density distribution of gain guided 10 um stripe QW laser.
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Chapter 5 NOVEL II-VI HETEROSTRUCTURE DEVICES

5.1 Introduction

The rapid development in ZnSe based material technology also stimulated the
investigation on hetero-structures based on other material systems. In this chapter, we will
discuss two novel heterostructure devices which take advantage of the recent and potential
future improvement of the technology. The first device is a laser diode based on MgZn-
TeSe which is using an alternative approach for improving of p-type conductivity. The
second device is related to the electronic application of wide band gap semiconductors for
HBT emitters. In this device, a ZnS emitter is analyzed in a Si bipolar transistor configura-
tion. The advantages, as well as detailed device structures of these proposed device will be

discussed.

5.2 Novel blue green laser diode based on MgZnSeTe

ZnSe is known to have residual n-type conductivity. Although a breakthrough in p-
type doping was achieved by applying the nitrogen radical doping technique in molecular

beam epitaxy (MBE),9 the doping levels remain moderate (at most 108 cm‘3) with a rela-

tively deep acceptor level (> 100 meV).!2

This leads to difficulties in forming ohmic
contacts and results in high electrostatic fields necessary in the p-layer for ionizing the
acceptors, (as discussed in chapter 3) which makes a reliable practical device operating
CW at room temperature still unavailable. It is known that ZnTe is the only binary of the

wide band-gap II-VI semiconductors which can be highly doped with p-type impurities
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(> 101? cm‘3)50. In fact, ZnTe has been introduced in a ZnTe/ZnSe graded superlattice as a
quasi-Ohmic contact layer to p-type ZnSe*. Also, low-resistance Ohmic contacts for p-

type ZnTe were obtained recently”!. It was already established in the 1960’s that the alloy

ZnSej_yTey, as prepared by a vapor phase growth technique, could be doped both p- and n-
type (bi-polar conductivity property) in the composition range of 0.5 <y < 0.6 using impu-

rity diffusion®2. But a double-hetero (DH) structure for both electron and hole confine-
ment can not be realized in such a system, due to the relatively small band gap energy
difference and the type II alignment of the ZnTe/ZnSe hetero-junction. Additionally, of
course, lattice matching is not possible in such a hetero-structure. Incorporation of the Ila
element Mg into the ZnSeTe system would open up the available band gap range for DH
structure design, which has been demonstrated in the MgZnSSe system. Compared with
MgS and MgSe, MgTe has less ionicity in the bonding. The ionicity is only 19% for MgTe
compared with 30% for MgSe and 35% for MgS, as estimated from the difference of elec-

tronegativity shown in Fig. 2-1. Thus, MgTe can be more easily formed in the zinc-blende

(ZB) structure>>, Adding Mg does not change the doping property very much®®. Thus, by
engineering the new material MgZnSeTe, a DH laser can be obtained with improvements
in carrier confinement, high p-type doping and low Ohmic contact resistance, as proposed
previously by Cai and Engelmann® and more recently by Chadi’®. Here, we first describe
a separate-confinement-hetero (SCH) single quantum well (SQW) laser structure using the
early work of M. Aven2as a guide, then introduce a modified configuration reflecting the
recent developments in experimental work.>’

The lattice constant of ZB binaries can be calculated from the tetrahedral covalent
radii, which we found quite consistent with available experimental data, as discussed in
section 2.3.1. Thus this method was used to obtain the lattice constant of ZB MgTe. The

band gap of MgTe is estimated at about 3.3 eV for the ZB structure at room temperature

based on Ref. 7. The bowing parameter b and band gap of ternary and quaternary of
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MgZnSeTe are then determined by following the procedure described in section 2.3.1.

GaAs
5.0 T S R |In|.:' T T G.-aSb T
MgS

40t :
= ZnS
=
= MgTe 1
(1]
S
330} j
(1]
om

20} ]

CdSe ’
5.4 5.6 58 60 62 64

Lattice Constant (A)

Figure 5-1: Band gap vs. lattice constant of the relevant zinc blende II-VI compounds

at room temperature. In the above figure, the region in between the two dotted lines
connecting the ZnSeTe and MgSeTe band gap valleys represents the composition where
the bi-polar conductivity is expected. Cl: cladding (Mg, gsZn, 5Seg4Tey¢), Bl: barrier
(Mg ¢Zng 4SeqsTeq ;) and Al: QW (Mg, Zn, Te, x =0 - 0.2) for SCHI. C2 and B2 are the
cladding and barrier for SCH-II.
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Notice that MgSe;_yTe, has a similar bowing characteristic as ZnSe;_yTe,. Also,

the doping property of Mg,Zn,_,Te is very similar to that of ZnTe for x as high as 0.75 o

Hence, we expect that the engineered zinc-blende Mg;_,Zn,Se_, Te, quaternaries between
the dotted lines in Fig. 2-1 (0.5 <y < 0.6), have a similar bi-polar conductivity property as
their ternary counterpart ZnSe_,Tey (0.5 <y <0.6). Thus, by choosing Mg;_,Zn,Se;_yTe,
cladding layers with y in the range of 0.5 - 0.6 the preparation of a pn diode structure
should be feasible. For blue-green light emission, the band gap of the cladding should be

close to 3 eV. Hence, Mg g5sZng 15Se 4Teq ¢ is chosen as cladding layer material (C1 in

Fig.5-1), which is lattice matched to GaSb, a commercially available substrate. For the

barrier and active layers, doping is of minor concern, but the band offset is the most

important issue. Based on the general band alignment picture and Ref. 30 it is the advan-
tage of the MgZnSeTe system that the Se/Te ratio can be adjusted to provide a reduced
valence band offset, thus overcoming the type II alignment problem of the ZnSe/ZnTe
system, as shown in Fig. 5-2. The barrier can be easily chosen to be lattice matched with
the cladding, as B1 (Mg ¢Zng 4Seq 3Te 7, Eg=2.8 eV) in Fig.5-1. The simple binary ZnTe
could be the choice for an unstrained QW, emitting in the green (538 nm). To obtain blue
emission, preferably a compressively strained QW such as Al in Fig. 2-1 (Mg,Zn;_,Te)
could be incorporated. With a Mg composition x of about 0.2, emission at a wavelength of
about 490 nm can be achieved. Figure 5-2 demonstrates the pronounced hole-barrier
lowering for ZnTe with respect to the MgZnSeTe alloys as compared with ZnSe, which is
favorable for Ohmic contact formation to the p-type cladding layer. A ZnTe top layer can
be used for both Ohmic contact formation and shielding the hygroscopic MgZnSeTe clad-
ding layer against exposure to air. In order to reduce the barrier for electrons between the
n-type MgZnSSe cladding and GaSb substrate, a graded AlGa(As)Sb layer can be incor-

porated. The complete proposed device structure is shown in Fig.5-3.
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Figure 5-2: Band alignment of SCH-I using GaAs as the energy reference;

Improved carrier confinement of the MgZnSeTe/(Mg)ZnTe system as compared with the
ZnSe/ZnTe system is demonstrated. Also note the lower electron barrier in the
MgZnSeTe/AlSb heterojunction than in the MgZnSeTe/GaSb heterojunction.
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Recently, W. Faschinger et al. °7 have investigated the doping behavior of ZnSe/
ZnTe short period superlattices grown by MBE. They showed that averaged Te content has
a strong positive effect on p-type doping and negative effect on n-type (by Cl) doping. At
average Te concentrations above 20% the measured electron concentrations are below
10'® cm™. With such a technology, a second SCH structure can be designed which is
lattice-matched to an InP substrate, for which the cladding and barrier are also shown in
Fig.2.1, as C2 and B2 respectively. A ZnSeTe QW layer A2 can be chosen in this case
either compressively or tensively strained. The band alignment techniques combined with

the graded AlGa(As)Sb layer described above can be also applied in this case.

5.3 ZnS/Si heterojunction bipolar transistor (HBT)

Many material systems are currently under study for use in HBT devices. The most
extensively studied is the AlGaAs/GaAs system. Because the silicon based devices will
continue to dominate the electronic industry, many efforts also have been put into a Si

based HBT. The SiGe HBT, in which a low band gap material SiGe alloy has been used as
base, has been demonstrated to have high speed performance.’® Wide gap emitters for Si

such as GaP and SiC, have been reported before.>?: 60 ZnS, which has a lattice constant of
5.410 A, (very close to that of Si which is 5.43 A, mismatch is only about 0.3%), and a
very wide band gap of 3.66 eV, should also be a very attractive material to be used as an
emitter. Exact lattice matching can be realized by incorporation of small amount of Cd or
Se to form the ternaries CdZnS or ZnSSe. Epitaxial layers of ZnS have been grown on Si

substrates in a variety of growth methods, including sputtering, evaporation, MBE,
MOCVD and ALE® %2, The heterojunction of ZnS/Si has also been investigated in solar

cell studies.®! Recently, through the rapid development of the ZnSSe based blue-green

diode laser technology, epitaxial growth and doping of ZnSe and ZnS based alloys have
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been extensively studied. An Ohmic contact to n-type ZnSSe is also readily available with
In or Au. Thus, a semiconductor device based on the ZnS/Si heterostructure system
becomes a realistic possibility.

The major material properties of ZB ZnS is listed in table 5-1 along with those of
Si..

Table 5-1: Comparison of material properties of ZnS and Si

ZnS Si
Band gap E, 3.66 eV ldoEY
Lattice constant a 5.410 A 5431 A
Electron affinity 39eV 4.1eV
m,/m, 0.18-0.34 0.19
Effective mass my/m, 1.76 0.54,
my,/m,, 0.23 0.15
0.014 eV (Iodine) 0.039 eV (Sb)
Donor level
0.11eV (CD) 0.049 eV (P)
0.18 eV (Al) 0.049 eV (As)
Ohmic contact Au, In Al

The band gap of ZnS is 3.66 eV, much large than that of Si, which is only 1.12 eV.
This large band gap difference (more than 2.5 eV) leads to several very interesting device
applications. The exact band alignment is still uncertain at this time. Fig 2.4 gives three
possible band alignments of the ZnS/Si heterojunction. If the conduction band offset

remains relatively small, as estimated by the affinity rule at ~0.1 eV, a Si based npn type
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heterostructure bipolar transistor (HBT) with ZnS (or its alloy) as an emitter can be fabri-
cated. The simulation of such a device can be done on the numerical model developed in
chapter 3. The results show that the a DC common emitter current gain f3 of 100-1000 and

a current gain cut-off frequency fr of 50-175 GHz can be obtained with an uniformly

doped still un-optimized structure. An example of the simulation results is shown in

Figure 5-5. If, on the other hand, the conduction band offset is relative large, as estimated

from the Harrison-Tersorff model 3 at ~0.4 eV, a hot electron HBT which would operate
at higher speed may be fabricated. If the conduction band offset is so large that it is greater

the band gap of Si, as reported by Maierhofer et al. 62

, then a so called Auger transistor
with a current gain larger than one can possibly result. The simulation of the device opera-

tion in these situations will be performed in the future.

AV Affinity rule Cardona and Maierhofer et al.,
; A V) Christensen (Experimental)
A 4
A 0.2
0.8
3 ¥
L1 A 1.8
I 1.1
2 ....... v
3.6 23 ?
1.1
1 S i 1'7
r
. y Y Y
ZnS Si

Figure 5-4: Possible band offset of ZnS/Si hetero-junction.



2 g T

- ? Yee = 3.Bv
-24
_gi
..41

-5i

-7i

(Ampe/Micrond)

-8

_gi

legtl3

2.60
vl

" 9.80 " 1.00 1.28

(Volis)

log(Ft <Hz))

saamal

¥
-8

-5 5 -2

log{lc (Ampe/Micrond)}

87

Figure 5-5: Simulation results of ZnS/Si HBT assuming a small conduction band offset.
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5.4 Summary

In conclusion, we have presented the design of novel diode laser structures based
on the MgZnSeTe quaternary alloy system. The basic idea is to take advantage of the
possibility of bi-polar doping in ZnSeTe and add Mg to increase the band gap energy to
get good carrier confinement. Also an AlIGaAsSb layer can be employed for reducing the
possible difficulties in electron transport. SCH SQW structures can be prepared with
improvements expected in diode laser performance for blue-green light emission.

A novel heterojunction transistor based on ZnS/Si has also been discussed. The
extremely large band gap difference between ZnS emitter and Si based may lead to some
interesting effects depending on the actual band alignment, which is currently not well

established yet.



Chapter 6 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

Just like the device fabrication technology, the device simulation and modeling of
II-VI semiconductor devices is far from mature compared with Si and GaAs technology.
Most of the work presented in this dissertation is initiative in nature, follow-up work is
necessary in the future.

The atomic bonding of the compounds was chosen as a fundamental concept for
material property study. Based on the covalent bond parameters, the lattice constant and
energy band bowing parameter were obtained; in addition, impurity solubility limitation
were explained; and strain effect and elastic module relations between WZ and ZB struc-
ture were evaluated.

The design and simulation of II-VI semiconductor devices are benefited from the
above mentioned material property study, which lead to more accurate modeling of the
CdZnSe/ZnMgSSe based QW laser diode, as well as generated the idea of a novel ZnMg-
SeTe laser diode and a ZnS/Si heterojunction bipolar transistor. The accurate modeling of
QW lasers involves the coupling of three types of fundamental equations: the Schrodinger
and Poison equations for electrons/holes, and Helmholtz equation for the optical field. To
simplify the numerical solution procedure, the model is split into two parts. The first part
is used for the QW region, where the quantum confinement is important and the optical
field change can be neglected. Thus, the model is constructed from the coupled
Schrddinger and Poison equations in a 1-D domain. For further simplification, the solution
of the Poisson equation in this case resulted in a phenomenological method of proper
adjustment of the band offset at large enough injection. This method is called effective

band offset approach. Based on this approach, with a separate calculation of optical
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confinement factor and threshold condition, the gain and threshold radiative current
density relation was obtained. The results are matched quite well with available experi-
mental data. Additionally, the optimized vertical structure parameters for low-threshold
operation of a CdZnSe/ZnMgSSe based SCH QW laser diode were obtained. The second
part of the model is for the bulk regions including cladding and barrier where quantum
effects can be neglected. The optical field change becomes significant in these regions,
thus the model consists of Poisson and Helmholtz equations but now in a 2-D domain. The
QW influence on gain and spontaneous recombination is incorporated by phenomenolog-
ical parameters obtained from the first part of the model. Thus, a complete electrical and
optical simulation of QW lasers has been achieved. Major trends of lateral structure
parameters such as stripe-width influence on device performance were elucidated in this
approach.

In the follow-up work, the 1-D model need to be improved in the following
aspects. For the band filling process other conduction band valley (e.g. X, L..) need to be
incorporated in future study along with a more accurate band structure calculation. A more
comprehensive intra-band scattering model needs to be considered for gain modeling. The
interface characteristics of II-VI heterojuntions need to be further evaluated.

The current 2-D model is still quite approximatic in some respect. As a first step
for a more accurate model for the QW laser, the step like density-of-states function need to
be used instead of parabolic one. Further, a full-physical model can be developed based on
a more advanced numerical approach, thus the complete spectral behavior with multiple
longitudinal modes can be included in the calculation. From the electrical modeling of the
II-VI QW laser, one can see that space-charge induced high electrical field were observed
locally near the QW region in barrier layer, this may lead to some high-field effect such as
field ionization of impurities (Frankel-Poole effect) and impact ionization. The inclusion
of these effects in the activation of carrier is necessary in the future work. The evaluation

of such effects on device degradation will be another important issue. Hot electron effects
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need to be evaluated in the ZnS/Si heterojunction bipolar transistor modeling in the case
where a large conduction band offset exists.

Related experimental work is also important. The model needs to be adjusted with
results from laser diode processing and characterization lab work. The novel devices
proposed in this thesis need to be demonstrated in fabrication. Other wide-band-gap mate-
rials such as used in GaN based devices will be another suitable area for applying the

model developed in this thesis.
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Appendix A

Numerical solution for coupled Schridinger and Poisson equations

The solution of Poisson equation is based on a standard finite difference method.
The boundary conditions are based on the total given charges, e.g. total injected carriers,
and a point of zero potential and a certain potential gradient (field value) at another point
where the potential and field value can be predicted. The program starts calculation from
the point where the field has been defined, then according to this predefined field value,

the potential values at the two closest point u; and u;_; can be obtained. By using a central

difference approximation,
Uipy = 2u=u;_y = (Ax)%p (A1)

where the Ax is the distance step. The whole potential profile can be obtained through
repeating this procedure.

The solution for the Schrédinger follows the method called Numerov process as

described by P. C. Chow’! and briefly discussed below:

Using a general form of the Schrédinger equation, i.e.

O2(r) = (V(r)-E)Q(r) : (A.2)

where @(r) is the electron wave-function, V(r) is the potential and E is the energy eigen-

value. The wave-function @(r) is expressed by a Taylor expansion around point r,

o ()"
orth) = F B o0 (A3)

n=0

The first derivative can be eliminated easily with all other odd parity terms by considering
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as follows:
- hiz " (2;1)
[ (r+h)+o(r-m] = 3, ooi@ () (A4)
n=>0
Further, by differentiating twice,
l. @ 2 2n+2
S0P+ )+ (r-m) = 2 @ g+ ) (A5)

The result is the Numerov recursion formula with an error in the sixth order.

This approach has been implemented in the software package SPS (Appendix B).



Appendix B

Computer program/software used for II-VI device simulation

The following programs/software have been obtained/modified/generated for II-VI

device simulation:

Program alloyx2-6.f

- Program to calculate lattice constant and band gap of semiconductor alloys.
Bowing parameters are calculated by Hill’s methods. Written by Yijun Cai. Last modified
Nov. 11, 1993.

Program gns.f

- This program calculates the gain spectra of a ZnSe based SCH SQW laser struc-
ture. It is an extension of the following InGaAs/AlGaAs QW laser gain modeling
programs.

1) gainspec.f by John Ebner, Oregon State University, 4/11/89

i1) engfind.f by Nu Yu, EEAP/OGI, 12/8/90

Modified for carrier spill-over calculation and amended for II-VI parameters by
Yijun Cai. Last modified 8/17/93.

The following assisting programs have been added for data processing of gns.f
Program fdpk.sel

- Automatically searches for peak value in the gain spectra file. Written by Yijun
Cai.

Program ctj.c
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- Converts carrier density to current density. Written by Yijun Cai.
Program SPS package (Schroe.f etc.)

- Program for self-consistent solution of the coupled system of Schrédinger and
Poisson equations for a single carrier (electron) one-dimensional domain. Originally
written by Claus Fischer, and Cristiano Sala (Institute for Microelectronics, Technical
University Vienna, Austria), and Ralf Deutschmann (Siemens Munich, Germany), 1993.
The program was originally designed for HEMT device simulation; it was modified for
simultaneously calculating electron and hole (two carrier) distributions and applied to QW

structure modeling by Yijun Cai. Last modified May 9, 1995. Courtesy of Claus Fischer.

Program MODEIG/II
- For transverse optical field and optical confinement factor calculation. Runing on

Macintosh. Coutesy of Gary Evans, Southern Methodist University.

SILVACO ATLAS package (BLAZE, LASER and TONYPLOT)
- For 2-D heterostructure device modeling. BLAZE is used for compound semi-
conductor heterostructure electronic modeling. LASER is used for DH diode laser

modeling. TONYPLOT is used for data plot.



Appendix C Major material properties of wide-band-gap compounds

Table 1: II-VI Compounds

Static and Bon
dynamical lattice Band structure parameters d-
parameters ing
Str. ionic Rfe
11 Luttinger [3]
o Cik [10 dEg,dileT )
a[Al N m2] EgleV]at T [K] | m[mg] para:nete [meVK-] Yo
= Eg,(lir : 6.10 calc. [IJ
BeS | ZB | jocc Eg ing : 4.17 calc. 22
’ E; opt 1 <5.5
- Eg gir : 4.73 calc. [1]
BeSe | ZB 5'139 Eg ing : 3.61 calc. 19
: T
o Eg gir : 1.45 calc. [1]
BeTe | ZB 5.625 Eg ing ¢ 2.89 calc. 9
: Eooncs 27
a: 5.62 [2],
MgS | ZB | 5.635 E, gir : 4.5 at 77 35 3]
est.
a: 5.89 [2],
MgSe | ZB | 5.866 E, ir : 3.6 at 77 30 3]
est.
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Table 1: II-VI Compounds

Static and Bon
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Table 1: II-VI Compounds

Static and Bon
dynamical lattice Band structure parameters d-
parameters ing Re
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11 Luttinger [3]
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Table 1: II-VI Compounds

Static and Bon
dynamical lattice Band structure parameters Fl-
parameters ing
Str. ionic Rfe
11 Luttinger [3]
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Table 2: III-V(Nitride)

Static and dynamical Bond
lattice parameters Band structure parameters -ing
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tance | -ture ) 11 [3] nces
a[A] ﬁ;‘fz[]w N | Eglev]atTIK] m [mo] %
m,: 0.752 (11, [3]
Eggir : 14.5at RT | mp 2 0.375
BN ZB | a: 3.6157 Egina(X) : 6.4(5) at 0.926 |22
RT m, : 0.150
0.108
a: 4.37 _ [5]
7B 4.53 est. Eg,dir :6.18 at RT
AIN 43 3
a: 3.11 . (1], [
WZ c: 4.98 Eg,dir : 6.2 at 300
ZB | a:4.53 est. Eg gir : 3.34 at RT [5]
a: 3.160 (1], [3]
GiN, [ o | =890 Eggir : 3:503at 1.6 | my: 0.27 39
i B B 3.44 at 300 my: 0.8
«.5.190

901



Table 2: ITII-V(Nitride)

Static and dynamical Bond
lattice parameters Band structure parameters ing
Subs- | Struc ioni | Refere
tance | -ture 3 11 [3] nces
a[A] ol N | EgreviatTIK] | mmol | %
ZB | a: 4.94 est. E, gir : 1.79 at RT 5]
InN a: 3.5446 E g :211at78 | Mot 012 4 | [11,13]
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Series 11I/22a, (1992).
2. H. Okuyama et al., J. Crystal Growth 117, 139-143 (1992).
3. L. Pauling, The nature of chemical bond, Cornell University Press, 1960.
4.S. G. Park et al. , J. Electrochem. Soc. 118, 979 (1971)
5. All the data in italic are estimated by Yijun Cai.
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