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Abstract

Novel lasers and detectors in the mid-infrared wavelength region are
proposed, and the device structures were grown by hot wall epitaxy system
prepared for device applications. The mid-infrared range (3-30um) is
technologically important for night vision, gas sensor, and optical
spectroscopy, due to the strong absorption lines of various gases in this

range.

New electrically pumped vertical cavity surface emitting lasers
(VCSELs), which based on conductive IV-VI semiconductors, were
designed, and grown on BaF,(111) substrate. The laser structure consists of
p- and n-type PbTe/PbS higﬁ reflectivity Bragg mirrors, and non-dope PbSe
as active layer. Optical transmission and reflection spectra of the laser
structure designed for 6um in output wavelength was measured. From the
temperatufe dependence of optical transmission spectra, absorption at
resonant wavelength (6pum) was observed at 150K, as expected from the

band gap of PbSe.

EuTe/PbTe quantum cascade structures were deposited on KCI (100)
substrate by hot wall epitaxy system. XRD measurements of the structure
exhibited many number of satellite peaks, which confirmed a high quality

EuTe/PbTe quantum cascade structure. Intersubband absorption in this



structure was observed at room temperature in normal incident
transmission spectra measured by Fourier transform infrared (FTIR)
spectroscopy. This structure gives the possibility of fabrication of novel
devices, such as vertical cavity surface emitting quantum cascade laser

(VCSEQCL) or intersubband image sensor at normal incidence.

Resonant cavity detector (RCD) structure, which has sensitivity for
special wavelength designed, was also proposed using the n-PbSrSe
-PbSe-p-PbSrSe active region between p-, n- PbTe/PBS Bragg resonator.
Optical transmission Spectra of the RCD structure was measured and

discussed.
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Chapter 1
Introduction

1.1 General introduction

The infrared radiation (IR) is the region of the electromagnetic spectrum with
wavelength longer than visible light (400 to 710nm) but shorter than microwaves (1 mm
to 30 cm). It is often divided in three sub regions: the near infrared (NIR) going from
710 nm to 2.5um.The mid-infrared (MIR) from 2.5 to 25 pm, and the far infrared (FIR)
from 25um to Imm.

The near-infrared radiation interacts with matter essentially the same way as visible
light. This spectral range has a major technological importance because it is a standard
for optical telecommunications and data storage. Nowadays, it is the most developed
among the three IR sub regions in terms of available laser sources and detectors. High
performance NIR diode laser are easily available and inexpensive because of
mass-fabrication. According to Ref.1, 396 million units have been sold during year 2004,
compared to 337 millions of visible diode laser and 131 millions of all other types of
lasers.

The far-infrared to terahertz region is at the boundary between light and microwaves.
Coherent THz local oscillators are important in astronomy since most of the interstellar
dust clouds emit in thls region. Other application of THz radiation including imaging in
the field of biology, medicine, and home land security and absorption spectroscopy.
However, the development of these applications is slow because of the lack of compact,

powerful sources of coherent radiation in this region. This situation may change with
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the ongoing development of THz quantum cascade lasers if cryogenic free operation can
be achieved.

The MIR range, sometimes called the finger-print region of the electromagnetic
spectrum, is of enormous scientific and technological interest since many molecules
have their fundamental rotational and vibrational absorption bands in this range. The
MIR absorption spectrum is very specific to the structure of a particular molecule,
allowing highly selective detection. In addition, since these absorption lines are very
strong (several order of magnitude stronger than the overtone and combination bands in
the NIR), concentrations in the parts-per-billion (ppb) to parts-per-trillion (ppt) ranges
can be detected using relatively compact laser- based sensors. Fast, sensitive, and
selective chemical sensors are needed in numerous applications. In industrial process
control they are used for detection of contamination in semiconductor fabrication lines
and for plasma monitoring, in law enforcement for drug and explosive detection, in
automotive industry for engine exhaust analysis, in environmental science for pollution
monitoring, in medical diagnostics for exhaled breath analysis.

Another interesting feature of the MIR is the atmospheric transiission windows
between 3-5 pm and 8-12um which enable free-space optical communications, remote
sensing, and thermal imaging. High power lasers in the 3-5um range will also enable the

development of infrared counter-measures for homeland security.

1.2 Lead salt lasers

The IV-VI lead salt semiconductors are interesting materials for MIR optoelectronics
[2], detectors, and thermal device [3, 4]. In these materials the direct band gap located at

the L points of the Brillouin zone. In addition, the conduction band and valence band are



quite similar, so that electrons and holes have comparable effective masses. This
property results in a two orders of magnitude smaller Auger recombination rate for the
Pb salts compared to III-V material with equal band gap energy, allowing maintaining
population inversion and thus lasing operation, at higher temperature [5].

Laser diode based on this material system has been developed for operation at
wavelengths from 3 to 30 um. The active regions are usually double heterostructures
and are grown by MBE or HWE [6-9]. The active material is PbSe, PbTe or PbS and the
band gap of cladding material is adjusted by addition of Cd, Sn, Eu or Yb that leads to
strong shift of band gap with little lattice constant variation. Because of the small Auger
recombination fate, laser operation up to 60°C at 5um has been achieved in pulse mode
[10], but, because of the low thermal conductivity of those materials, CW operation was
observed only up to 223K [11], and thus this laser required liquid nitrogen cooling. The
typical output powers are of the order of hundreds of microwatts. Although single-mode
distributed feedback devices have been demonstrated, the limited market has not
allowed the necessary investments to turn them into a commercial product. The standard
devices are Fabry-Perot chips tuned by current or temperature. The typical tuning range
is 1000-1200 cm™ by varying the device temperature, or several tens of cm™ by
changing the injection current. In the present work, fabrication and characterize optical
properties of IV-VI narrow gap compoun‘ds VCSEL structure for the 5-7pm wavelength

range at low temperature are described.

1.3 IV-VI photodetectors

Infrared devices for the thermal 3um to 12um wavelength range fabricated in narrow

gap semiconductors exhibit highest sensitivity at a given operation temperature. With
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single crystal IV-VI materials, cut-off wavelengths covering the whole thermal infrared
range from about 3um up to above 30um are possible. IV-VI semiconductors infrared
photodetectors are realized in photovoltaic and photoconductive mode. The latter are
commercially available [12-14]. Photo diodes and photo diode arrays have been realized
using various designs [15]. We will describe EuTe/PbTe infrared detector using

intersubband absorption property in this thesis.

1.4 Motivation

The main purpose of this work was to grow and characterize IV-VI semiconductor thin
layers, and applications for mid-infrared devices. Narrow gap IV-VI semiconductors,
mainly binary PbTe, PbSe and PbS, were epitaxially grown by hot wall epitaxy on (111)
oriented BaF, and (100) oriented KCI. Owing to their direct narrow band gaps in the
range of 0.2~0.3 eV, the main applications are mid-infrared optoelectronic devices
such as lasers and detectors. In this thesis, we will focus on design and fabrication of
electrically pumped vertical cavity surface emitting laser structures and detectors based

on IV-VI semiconductors in the mid-infrared spectra range.

The present PhD thesis is organized as follows:
® Chapter 2 describes material properties of the lead chalcogenide compounds
(means PbTe, PbS and PbSe).
® Chapter 3 includes basics of growth method: Hot wall epitaxy system, and
substrate.
® Chapter 4 describes basic description and characteristic of experimental

techniques used for characterization of grown samples.
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® Chapter 5 describes applications of IV-VI compounds for optoelectronic
devices. Basic theoretical of VCSELSs, original results on electrical pumped
VCSEL structure based on IV-VI semiconductors, and the fabrication of
device processing are described.

® Chapter 6 describes the result of normal incident intersubband absorption in
EuTe/PbTe quantum cascade structure for infrared detector application; and
resonant cavity enhance detector structure base on IV-VI semiconductors are
also proposed.

® Chapter 7 is summary of this work result and conclusions are given.



References

1.

2.

10.

11.

12.

13.

14.

15.

Kincade, Kathy and Stephen Anderson, Laser Focuse World, 2005,41,1.
A.Ishida, and H. Fujiyasu, laser application of IV-VI semiconductors, in Lead
chalcogenides physics and application, Taylor and Francis.

H. Zogg, S. Blunier, T. Hoshino, C. Maissen, J’:."”‘Masek, and A. N .Tiwari, IEEE
Trans. Electron Devices, 1991, ED38 , p 1110.

A. Ishida, D.S.Cao, S.Morioka, M. Veis, Y. Inoue, and T.Kita, Appl. Phy. Letter,
2008, 92, p. 182105.

M.Tacke, Phil. Trans. R. Soc. A, 2001, 359, 547.

R. Rosman, A.Katzir, P. Norton, K. H. Bachem and H.M.Peier, IEEE J.
Quantum Electron., 1987, QE-23,94.

B. Spanger, U. Schiessl, A.Lambrecht, H. Bottner, and M. Tacke, Appl. Phys.
Letter, 1988, 54, 2582.

K.Murase, S. Shinomura, S. Takaoka, A. Ishida, and H. Fujiyasu, Superlattices
and Microstructures, 1985,1,177.

K. Shinohara, Y.Nishijima, H. Eba, A.Ishida, and H. Fujiyasu, Appl. Phys.
Letter, 1985,47,1184.

U. P. Schiessl and J. Rohr, Infrared Phys. Techﬁol., 1999, 40, 325.

7. Feit , M. McDonald, R. J. Woods, V. Archambault and P. Mak, Appl. Phys.
Letter, 1996, 68,738.

Hamamatsu company, Japan, www.hamamatsu.com.

Calsensors, Santa Rosa, CA, USA, www.calsensors.com.

Juson Technologies, Montgomeryville, PA, USA, www.judtech.com.

H. Zogg, K. Alchalabi, D. Zimin, K. Kellermann, IEEE Trans. Electron



Devices, 2003,50,208.



Chapter 2
Material properties

The lead chalcogenides such as PbTe, PbSe and PbS together with other IV-VI type
compounds possess an exceptional set of physical features described in many reviews
[1-6]. A relatively complete list of reference papers published up to 1968 1s available in
Ref.2. In order to limit the number of references in this chapter, we will mainly explain

IV-VI semiconductor crystal lattice, band structure and doping methods.

2.1 Crystal lattice

Lead chalcogenides have NaCl-type crystal lattices of the Fm3m symmetry class. The
unit cell is a face-centered cubic lattice. Each site of the lattice is an inversion center,
and the coordination number for all atoms is six. The Brillouin zone of the lead
chalcogenides is shown in Fig. 2.1[2]. The lattice constant a and the size of cubic cell, is
given in Tab. 2.1. Concerning mechanical properties, the lead chalcogenide crystals are
rather brittle and easily cleaved along the (100) planes at relatively low temperatures.
The elastic properties are characterized by three independent elastic moduli ¢y, ¢i2 and
C44, also shown in tablel [7-10].

The dielectric constants of the chalcogenides are rather high, and the high-frequency
€, and static g, dielectric permittivities strongly differ. The magnitudes of
g, essentially depend on temperature; the room temperature values [3, 11] are shown in

Tab 2.1 together with g, .
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Figure2.1 Brillouin zone of a face-centered cubic lattice (PbTe) (Ref.2).

Table 2.1 lattice parameters of the lead chalcogenides.

Parameter PbTe PbSe PbS

a, A 6.46 6.12 5.94

£, 33 23 17

g, (300k) 414 204 169

C11,10"°N/m? 10.53 12.37 12.6

C12,10" N/m? 0.70 1.93 1.6

Cu4,10" N/m? 1.32 1.59 1.7

V1o, THz 3.42(300K) 3.99(4.2K) 6.14(300K)

V1o0,THz 0.965(300K) 1.96(300K)
0.564(4.2K) 1.32(1.4K)

n (refractive index) 5.6 5 4

The refractive index of IV-VI materials shown in Tab.2.1. In the case of light, the

refractive index is concerned with &, as follow:



n=.e.M 2.1
Where pu is its relative permeability. For most naturally occurring materials,

u. is very close to 1 at optical frequencies [51]. Therefore n is

approximately\/g .

The electron properties of the IV-VI semiconductors aré close to those of the V group
elements because both types of crystals have an equal mean number of electrons per
atom. If both atoms of the cell are considered as chemically equivalent, the crystal
lattices are simple cubic, and the difference between atoms of the IV and VI group, the
crystal becomes a narrow gap semiconductor; the metallic contribution to the total
binding, however, remains large. Thus, the binding in the crystals in question is a
complicated interplay of ionic, covalent, and metallic contributions [14-20]. The idea of
the metallic component of the chemical binding is important in the problem of
instability of the VI-VI cubic lattices [13-16]. Inasmuch as the small average energy gap

is purely ionic in the NaCl-type lattice [13-16], the binding of the lead chalcogenides

should be regarded as mainly metallic with an ionic contribution [16-20].

2.2 Band structure

Successful calculation of the electron energy spectrum was fulfilled after the
accumulation of a considerable amount of experimental data on the band structure of the
lead chalcogenides. In particular, it was established that the compounds are narrow-gap
semiconductors. The similarities between almost all the properties of the three lead salts
indicate that their band structures are also similar. It follows from the similarities in the

features of n- and p- type materials that the edges of the conduction and valence bands
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have almost are mirror-image structure, and both the maximum and minimum limiting
the energy gap are situated at the same point of the & space. The valence and conduction
bands are described by a many-ellipsoid, with the ellipsoids elongated along the <111>
directions. The number of the equivalent extrema is four; hence, both the principal
extrema are located at the boundary of the Brillouin zone along the <111> directions (L
points).

The cubic symmetry of the whole band structure is a consequence of the corresponding
lattice symmetry. The presence of the inversion center in the lattice results in at least a
double degeneracy of all electron energy bands.

Figure 2.2 shows band structures of PbTe calculated by the psedopotential method [21].
The theoretically calculated values of the energy gaps between levels at special points
of the reduced zone, where the combined density of states is maximum, were compared
with results of measurements of the ultraviolet spectra [22-23], of electro optical

experiments [24,25], and of electron photoemission spectroscopy [26-29].
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Figure 2.2 Theoretical electronic band structure of PbTe calculated by psedopotential
method [21].

The calculations yield a direct fundamental gap at the L point of the Brllouin zone. The
top of the valence band is described by the even wave function transformed in
accordance with the double group representation L's, and the bottom of the conduction
band corresponds to the odd wave function L's. The wave functions have symmetry of
such type the matrix elements of the momentum for states corresponding to the
conduction and valence band edges are not equal to zero. This is in accordance with the
optical experimental data showing allowed direct transitions at the edge of the
fundamental absorption.

The energy gap E, of lead chalcogenide depends on the temperature, pressure, and

12



composition of some solid solution. The most important characteristic of any
semiconductor, E,, was experimentally determined in the lead chalcogenides by many
optical and transport methods [30-32]. The most precise values of E,at low temperature
were obtained by optical measurements in quantizing magnetic fields [30]. These are

given in Tab. 2.2.

Table 2.2 Parameters of the edges of conduction and valence bands in the lead

chalcogenides.
Parameter PbTe PbSe PbS
Eg (T=0 K) meV 190 165 286
Eg (T=300K) meV 320 280 410
E|, meV 171.5 125 263
E;, meV 12.8 20 20
a, meV/K 0.44 0.506 0.506
6,K 20 0 0
OE, /8T , meV/K 0.45 0.51 0.51
oE, /6P10 > meV / bar -7.5 9.1 -9.1
m 0.41m, 0.07mg 0.105my
my 0.041m, 0.04mg 0.08my

In contradistinction to the energy gaps of most of semiconductors, the values E, in the
lead chalcogenides increase with an increase in temperature. The relative change of E,
from T=0K to room temperature is not small. In can be characterized by empirical

formulas, including

E (D) =E +[E; +a*(T+6)°]" 22)

With parameters E;, E;, o, and 6 [4,5] as given in Tab.2.2. In the temperature range

from about 50 K up to 400 K, the linear dependence of E,(T) was obtained, with the
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temperature coefficient 0E, /0T also being given in Tab. 2.2 [4].

The temperature dependence of the energy gap is due to the thermal expansion of a

crystal and the interaction of current carriers with phonons. The first component can be

estimated if the pressure coefficient OE, /0P , the compressibility, and the thermal

expansion coefficient are known. The measurements of fhc galvanomagnetic effects
have shown [33-35] that the energy gaps in the lead salts decrease under the pressure.
The pressure derivatives are given in Tab.2.2. The negative sign of the pressure
coefficients means that the lead chalcogenides develop into a gapless state at a high

pressure near 20K bar, and such a-transformation has been observed [36,37]. As for the

two components of the temperature derivative 0E, /0T , estimations [2] have given the

result that about half of the temperature-induced gap change can be attributed to thermal
expansion and the other half is due to interaction with phonons. Electron effective mass

of each material also shown in Tab 2.2.

2.3 Doping

For the IV-VI semiconductors, two alternative methods for adjustment of carrier
concentration exist, namely: (1) by control of the crystal stoichiometry, and (2) by
doping with various kinds of impurities. The first technique is based on the fact that the
IV-VI compounds can accommodate small deviations from the exact 1:1
metal-to-chalcogen stoichiometry by formation of vacancies or interstitials [38]. Since
the energy levels of these vacancies are resonant within the conduction or valence bands
[39, 40], each Pb vacancy acts as a doubly charged acceptor, and each doping of IV-VI

epitaxial layers is to adjust the flux ratio between metal and chalcogen atoms supplied
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during growth. This can be most easily achieved by means of a separate chalcogen
source. The resulting doping level then depends on the condition of the lead salt source
material, on the flux rate from the additional chalcogen source, and on the growth
temperature.

For PbTe, the maximum electron concentration achieved in this way is limited to a few
times 10" cm>. For higher excess Pb fluxes, Pb precipitates are formed in the layers,
leading to a drastic degradation of the electronic properties [41]. For Te-rich layers,
maximum hole concentrations of about 2 x 10'® cm™ can be achieved, but very high
excess Te flux rates of several monolayers per second are required for this, and the
resulting hole concentration strongly depends on the actual growth temperature.

Apart from stoichiometry control, doping can be achieved by various kinds of impurity
atoms, ranging from group Illa (In, Ga, TI), to group Va (As, Sb, Bi) to group Ib
elements (Cu, Ag) [42]. Most of these dopants are amphoteric p- or n-type in character,
depending on whether the impurities are incorporated on substitution metal or
chalcogen lattice sites [42, 43], which depends on the epitaxial growth conditions. Tl
and Bi supplied under chalcogen-rich conditions have proven to be most efficient as
dopants and exhibit sufficiently small diffusion coefficients to obtain abrupt doping
profiles during MBE growth [44, 45]. Occupying substitutional metal lattice sites, their
doping action is readily understood from the fact that the acceptor TI has one electron
less, and the donor Bi one electron more as compared to Pb or Sn. If Bi and TI are
supplied from elemental sourc\é; a high excess chalcogen flux must be supplied during
growth in order to ensure complete incorporation at metal lattice sites and to retain a
high doping efficiency, in particular, for high doping levels.

A better choice is the supply of Bi and Tl in chalcogenide from [Bi,Tes, or Tl,Te; [44]].

15



Evaporation studies have indicated that Bi;Te; sublimes in the form of mixed BiTe and
Te, molecules [46, 47]; that is, an excess of Te is always present during growth. Figure
3 shows the result of a Tl doping study by Partin and co-authors [45], indication the
measured hole concentration in PbTe layers and the measured T1 flux rate as a function
of the Tl Te effusion temperature. The linear behavior’j indicates a near unity doping
efficiency up to hole concentration as high as 5 x10" ¢cm™ at a Tl concentration of
increased surface defect density. Furthermore, a substantial addition Te flux is required
to ensure Tl incorporation at Pb lattice sites even when Tl,Tes is used as the source
material [45]. Thallium was found diffuse very slowly in PbTe [43], but for ternary
alloy layers its doping efficiency rapidly decreases with increasing energy band gap [438,
49].

The n-type doping in IV-VI semiconductor with Bi>Te; also has been study by several
groups [43, 48, and 50]. The Bi concentration was determined by precise calibration of
the Bi,Te; flux rate by a quartz crystal microbalance and by extrapolation to lower
Bi,Te; effusion temperatures. As is indicated by the dashed line, for Bi concentrations
up to 5 x 10" ecm™, each Bi atom contributes one electron to the conduction band. This
means that all Bi atoms are incorporated substitution ally at metal lattice sites. In this

works, we used the second method for doping PbTe for n- or p-type source.
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Chapter 3
Growth Technology

3.1 Hot wall epitaxy

Hot wall epitaxy (HWE) is a deposition method developed by Prof.Adolfo Lopez
Otero [1] and has proved as a very successful growth method for IV-VI, III-V and II-VI
compounds [2-5]. It has been used since the early 1970s for the fabrication of
high-quality lead salt layers and multilayer. In contrast to LPE, the layers are grown
from the vapor phase under high vacuum conditions. The different source materials are
contained and sublimed in the lower part of a quasi closed quartz tube with well-defined
temperature gradient along the tube axis. The flux of the sublimed source materials is
guided by the hot tube walls to the substrate, which is placed at the end of the tube to
condense the epitaxial layer at temperature of 280°C. In this quasi closed system, the
consumption of the source material is very small and epitaxial growth occurs near
thermodynamic equilibrium. The carrier concentrations of the layers are usually
controlled by using an additional chalcogen source zone at the bottom of the tube.

In this work, growth of the p- and n- type PbTe/PbS multiple mirrors system and
PbSe/PbSrSe system have been done by\'ﬂtile evaporation of the source materials. All
source materials are solids and no additional gas was introduced into the growth
chamber. Figure3.1 shows the schematic picture of the HWE growth system. The
growth chamber was pumped by turbo molecular pump ULVAC UTM-500 to the
ambient vacuum pressure usually about 5 x 10”7 Torr. The set of three new substrates

was introduced by the load locking system from the loading chamber, which was
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pumped separately. Then, their vertical position was lowered to the growth position by
mechanically control system.

The growth of VCSEL structure has been done by consist of two hot wall furnaces and
which can be moved by stepping motor as shown in Figure 3.1. One hot wall system
consists of four source tube. In HW1, p-type PbTe, n-type PbTe and PbS were used as
source for growth of p-type and n-type multiple mirrors. Bi;Te; was used as donor
impurity to get the n-type PbTe source. T dopant was used as acceptor impurity to get
the p-type PbTe source. The PbS source was not doped. Te source was used to ensure
chalcogen rich during growth. InnHWZ, PbSe , BiyTes, Sr, and Se were used as sources
for growth of VCSELSs active layer. Temperature of the source walls were usually set on
550°C, reservoir set on 300°C, and the substrate temperature was usually 280°C.

The deposition of multiple mirror or superlattice (SL) has been done by constant
movement of heated substrate above all source walls. Because all three substrate holders
were mounted on the rotating disk, this movement was provided by rotation of this disk.

The thickness of each layer in the SL was controlled by time above each wall.
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(a) HWE furnaces

Substrate holder

N

(c) Substrate holder (d) growth chamber

Figure 3.1 Schematic picture of the HWE system for VCSEL, (a) two hot wall furnaces
prepared in vacuum chamber: HW1 for n- and p- type multiple mirror growth, and HW2
for growth of VCSEL active layer. (b) Side view of HWE furnaces. (c) Substrate holder.

(d) Growth chamber with background vacuum of 107 Torr .
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3.2 Source Tube

A major prerequisite for preparation of high-quality lead chalcogenide crystals is the
availability of high purity (usually 6N grade) containers, starting metals (Pb,Sn), and
chalcogens (S , Se, Te). Fused silica (quartz) is used as a main container material
because it is pure enough and does not react with the starting materials and metal
chalcogenides. To remove the surface contam’iaatiqns, the ampoules, crucibles, and
other quartz components should be thoroughly etched in a 20% solution of HF for 0.5 to
several minutes, in a HF:HNO; or HCI:HNO; mixture. To be rinsed with cold and
boiling deionized water and then out-gassed by heating in a vacuum to 600°C for one

hour.

3.3 Substrates

3.3.1 KClI substrate

In much of the early works, cleaved alkali-halide (NaCl or KCI) single crystal plates
served as substrates for the lead chalcogenide epitaxial layer [6,7]. These compounds
share the same rock salt crystal structure, have lattice constants not too different from
those of the lead salts, and their natural (100) cleavage plane is also the preferred
growth direction of the lead salt compounds. However the very large difference in the
thermal expansion coefficients between the IV-VI compounds and the alkali halides on
the order of Aa=20x10°K" results in the formation of micro cracks or even
peeling of the epitaxial layers upon thermal cycling. For the alkali halides, KCI is the
best compromise, providing a relatively close lattice matching to PbSe (Aa/a =+2.7%)

as well as PbTe (Aa/a =—2.75%), as well as a vapor pressure below 2 x 10 mbar up
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to 300°C.

3.3.2 BaF, substrate

Despite their different crystal structure (calcium fluoride structure), the alkaline-earth
fluorides (CaF,, SrF,, BaF;), in particular BaF;, are much better suited for lead salt
epitaxy than the alkali halides. This was first demonstrated by Holloway and co-authors
[8-10]. On the one hand, the lattice mismatch between BaF, and PbSe or PbTe is not
very large (-1.2% and +4.2%, respectively). On the other hand, in contrast to all other
potential substrate materials, the thermal expansion coefficients are very well matched
to that of the lead salt compounds at temperatures greater than 300K. Therefore, the
cooling from the epitaxial growth temperature to room temperature or below does not
produce significant thermal stains in the layer. Furthermore, BaF; is highly insulating
and transparent in the mid-infrared region. Thus, BaF; has been the most widely used

substrate material for the IV-V1 epitaxial growth.
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Chapter 4
Characterization Methods

4.1 Optical property

In this work, to investigate the optical properties of semiconductor films, room
temperature optical transmission spectra were measured by Fourier transform infrared
(FTIR) spectrometer (Jasco FTIR). The main part of the spectrometer is Michelson
interferometer with movable mirror, which inducing a time delay. The beams from the
laser source interfere; allow the temporal coherence of the light to be measured at each
different time delay setting. By making measuring of the signal at many discrete
positions of the moving mirror, the spectrum can be reconstructed using a Fourier
transform of the temporal coherence of the light. The detailed of principles of FTIR
spectrometer can be found elsewhere [1].

Once the transmittance spectra are measured, their theoretical simulation can be done,
using electromagnetic theory of light. When the light beam impacts the multilayered
structure, such as semiconductor multilayer mirror, it is partly reflected and partly

transmitted, as is schematically show in Fig.4.1.
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Figure 4.1 Schematic showing reflection and transmission of optical
waves inside the multilayered structure. '

Normal incident reflection and transmission amplitudes at each interface are given by

n,,—n —i(K, , —K,)

e n,, +n, — i(Ki+1 + Ki)
“4.1)
t — 2ni+l — 2i(Ki+1 —Ki)
e n.,,+n — i(Ki+l + Ki)

where n; is the refractive index of the i-#4 layer and K; is the extinction coefficient which

is given by

K, = A (4.2)
47r

where o, is the absorption coefficient of the i-th layer, and A is the wavelength of the
incident light. If we consider triple layer reflection and transmission amplitudes taking

into account multiple reflections inside i-th layer can be written as

_ F T exp(—2i¢, —ad,)
147, 7, exp(—2ig —ad,) (43)

i+1,i%1i

Viv1,i-1
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while the transmission coefficient is given by

t,,, .t ., exp(—ig, —0.5ad.)

i+1,i%i,1

Livriol = . '
T A o (2i¢, — ad) @9
and the phase¢; is given by
27
@, = 1 nd, (4.5)

where d; is the thickness of the layer. Thus, transmittance and reflectance are given by

|2 2, respectively.

|t11 and |rn

4.2 X-Ray Diffraction

X-ray diffraction (XRD) is a’ powerful method to investigate the crystalline structure of
various materials. The first XRD patterns of rock salt were obtained in 1971 [2]. Single
crystal and powder diffractions were two dominant methods used during first seven
decades [3]. Single crystal diffraction method for structural analysis revealed the crystal
and molecular structure of inorganic, organic and more recently biological compounds.
For semiconductor epilayers, XRD is mainly used to evaluate the quality of the film,
determine the mole fraction of alloys, and investigate the thickness, and fine structure of
materials with superlattice layers [4, 5].

In 1913, W. L. Bragg observed a diffraction pattern of X-ray radiation after the
reflection on crystal structure. He explained this effect by the reflection of X-ray on
each atomic plane and their mutual interference. The condition for constructive

interference can be written as
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2Ds i) = NA i

and is well known as the Bragg law. In the equation , N is the integer representing the
order of diffraction, A is the X-ray wavelength, D is the inter-planar spacing between
the atomic diffracting planes, and 6 is the angle of incidence. The definition of 0 is

shown in Figure 4.2.

figure 4.2: Bragg diffraction from a cubic crystal lattice and the definition of 6 .

In this work, Rigaku RINT Ultima III diffract meter was used to study the crystalline
quality, interface abruptness and layer thickness uniformity throughout the superlattice
or multiple mirror layers. The typical schematic picture of XRD system is shown in
figure 4.3. The X-ray radiation is produced by X-ray tube due to the characteristic X-ray
Transitions in a metal anode (this case is Cu) after the interaction between the anode and
accelerated high energy electron beam. The wavelength of radiation is in the order of
angstroms [A] (for Cu anode, K a1 is 1.54056 A and K o, is 1.54439A). The beam
conditioners are used to collimate and monochromatic the X-rays. The sample is
mounted onto the holder which can rotate along three axes: @, @and‘¥ . A

scintillation detector is used to collect the diffracted radiation, where the detector can
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move through the Bragg angle while scanning. The measured intensity is in counts per

second (CPS) units.

There are two basic types of XRD scan modes:

0 -w (rocking curve) XRC scan: in this case, the resulting data intensity VS w
(sample angle) show detailed structure of material being investigated. The width of
the rocking curve is a direct measure of the range of orientations present in the
irradiated area of the crystal, as each sub-grain of the crystal is probed as the crystal
is rotated. For a film, which is not exactly epitaxial, the widths of a rocking curve
give the information about the quality of the epilayer.

6-26 XRD scan: the resulting data of intensity vs. 2 § shows peaks for x-rays
satisfying the diffraction condition (4.6). This scan is issued to indentify the lattice
constant, and determine the mole fraéti;)n of alloys. It is also used to investigate the
thickness and fine structure of materials with superlattice layers. While the ideal
epitaxial film exhibits only one peak for each diffraction order, ideal superlattice
exhibits a set of satellite peaks resulting. The position of satellite peak is also give
by the Bragg diffraction conditioﬁ (4.6), where d in this case means the thickness of
one superlattice period. Since any interdiffusion at interfaces between the
superalttice layers correlates with the structure of satellite peaks, their sharpness

indicate the quality of the interface abruptness and the periodicity of superlattice.
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Incident beam

Figure 4.3: Schematic diagram of the XRD setup.

The XRD pattern can be calculated as a summation of reflection intensities for all

atomic layers in the structure. The reflection intensity I ( 6 ) can be expressed by

1(8) =3 fr (@)@ 4.7
and
¢mn, - (47den sin 6) /A (4.8)

Where 0 is the incident angle of X-rays, f,, 1s the atomic scattering factor of the

mn' —th atomic layer (n'—th atomic layer in the m—th superlattice layer) and ¢

mn'

is the phase difference of X-rays between the first atomic layer in the first superalttice

layer and the mn' atomic layer. The value of ¢, . is calculated using the values 0,
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A and d,, ( the distance between the first and mn’ atomic layer ). Atomic scattering
factor f describes the property of each atom to scatter the X-rays. As a first
approximation, these factors are determined assuming that the electron density of each
atom is a discrete and spherically symmetric entity. They are independent of the
wavelength of radiation and only depend on scattering angle and the type of atom. At
zero scattering angles the value for an atomic scattering factor of a given atom has a
value equal to the number of electrons in the atom. As the scattering angle is increased,
the value of the scattering factor is decreased. The decrease of scattering factor with
increasing scattering angle is reasonable because X-ray photons hitting different parts of
the electron could of an atom are not expected to scatter in phase with one another. Also,
the more diffuse the electron cloud, the more repaid will be reduction in the scattering
function with scattering angle. |

Owing to the Bragg condition (4.6), the determination of the lattice parameter is
possible from the experimental XRD data. This can be used for the monitoring of the
stress in ultrathin layers in the superlattice structure. When the lattice parameter d is
changed due to the induce stress, tI;e position of XRD peak is shifted. This situation is

displayed in Figure (4.4).
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Figure 4. 4 the dependence of XRD peak position and shape on the strain of the film.

4.3 Hall effect measurement
Hall measurements are a standard method for epitaxial semiconductor layers. Some
general issues as well as some specific experiments based on the Hall effect are

described in this section.

4.3.1 The Hall Effect and the Lorentz Force

When a magnetic field is applied to a conductor carrying a current, an electronic field
appears across the conductor in a direction perpendicular to the current and to the
magnetic field. This effect was discovered by E. H. Hall in 1879 in thin metallic foils

and was named as the Hall Effect. Now it is a very important method for the
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investigation of electrical properties of semiconductors.
Figure 4.5 shows a magnetic field B applied along the z-axis and an electric field
E applied along the x-axes. When holes (consider a p-type semiconductor) move in a

conducting layer that is introduced in a magnetic field, a Lorentz force F } appears:

—_—

F,=qvxB (4.9)
where ¢ is the charge (g=|e|, e is elementary charge) and v the velocity. If electrodes are

placed across the transverse dimension of the layer, a voltage VH, called the Hall voltage

can be measured.

V4
ié‘ Bz
X

ay _

%ﬁ”/{/w/

®—
E_®
| |

Hilil+=

Figure 4.4. Hall Effect measurement setup.

For ideal plate geometry, the Hall voltage can be written

IB IB
Vy=—=Ry,—,
HT d Mg (4.10)

where 7 is the current, B the magnetic field component transverse to the current, p is

charge carrier density, d is the thickness of the layer, and

35



Ry =— 4.11)

is the Hall coefficient.

A similar result can be obtained for an n-type semiconductor, except that the Hall

coefficient is negative:

Ry=——. 4.12)

A measurement of the Hall voltage for a known current and magnetic field yields
1 IBd
- S
gR,  aVy

p= (4.13)

All the quantities in the right-hand side of the equation can be measured. The majority
carrier concentration and carrier type can be obtained directly from the Hall

measurement [6].

4.3.2 Van der Pauw method for the Hall measurements

In order to determine both the mobility # and the sheet density p =p/d, a combination
S

of a resistivity measurement and a Hall measurement is needed. The van der Pauw
technique is widely used in semiconductor analysis for this purpose [7]. The sample of

thickness d may have any shape, and have to satisfy:
* The contacts are at the circumference of the sample
* The contacts are sufficiently small

* The sample is homogeneous in thickness and composition
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* The surface of the sample is singly connected, i.e., the sample does not have isolated
holes.

The objective of the resistivity measurement is to determine the sheet resistance Rj.
There are two characteristic resistances R; and R, associated with the contacts shown in
Fig. 4.6. R; and R, are related to the sheet resistance R, through the van der Pauw

equation

(4.14)

v )
IY0!
ws)
)

Vic Viac
Figure 4.6 A schematic square van der Pauw configuration.
The objective of the Hall measurement in the van der Pauw technique is to determine
the sheet carrier density p; by measuring the Hall voltage Vy. To measure the Hall
voltage Vg, a current [ is forced through the opposing pair of contacts B and D and the

Hall voltage Vg (=V,4c) is measured across the remaining pair of contacts A and C with
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and without the magnetic field B (in Fig. 4.5 magnetic field is perpendicular to the page

plane). Once the Hall voltage Vy is established, the resistance R; can be calculated via

AR, = = > (4.15)

where AV,=V,c(measured voltage between A and C with magnetic field)-V (without
magnetic field).

For the carrier density it can be written

pP=— 4.16
R, q ( )

and in the case of highly doped semiconductors ~

1
p= . 4.17)
qpHy

The Hall mobility x,, can be found as

1 R,
Hg=—"=—"". (4.18)
qp P
Ryand p can be found from the four resistance measurements
R, = dAR, , (4.19)
B
_md R +R, (4.20)

p_ln2 2 vdP>

where f,,is a correction factor which depends on contact symmetry. For a square

sample f, . =1.
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Chapter 5
Design and  Fabrication of
Electrically Pumped VCSEL

5.1 Introduction

In recent photonics research fields, the vertical cavity surface emitting lasers
(VCSELs) have become one of the hot topics. The unique geometry of VCSELSs results
in several significant advantages over their edge emitting counterparts, including a low
threshold current, single- longitudinal-mode operation, circular output-beam profile.
These advantages make VCSELs promising as compact light source for future
applications in optical ‘communications, interconnects, optical storage and as pump
source [1-4].

In general, VCSELS consists of an active region sandwiched between two distributed
Bragg reflectors (DBRs) [5]. The thickness of the active region is only several hundreds
of angstrom, when the resonator length is only in wavelength order in VCSELs. It is
difficult to obtain enough gain in such thin active region. Therefore, mirrors with high
reflectivity are necessary in VCSELSs in order to reduce the loss of the resonant cavity
and achieve stimulated emission [6, 7]. For these mirrors, typically a multilayer stack
consisting of quarter-wavelength dielectric or semiconductor layers with low- and
high-index materials are used. The DBRs, which constitute a sophisticated Fabry-Perot
resonator in VCSELSs, provide more than 99% reflectivity. However, the DBRs would
reduce the output power seriously as the increased resistance when the reflectivity
becomes higher and higher [8, 9]. This phenomenon, which is caused by self-heating, is
particularly evident in the p-type DBR [10]. Self-heating, which increases the
temperature of the cavity and changes the refractive index and the band gap of each
semiconductor layer, will reduce the output power.

Lead salt mid infrared optical pumped VCSELs were first demonstrated by
Springholz group [33, 34], and in the same year 2000, Shi group published for
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wavelength between 4.5 and 6pm [35]. Within a short time, the performance of optically
pumped lead salt VCSELs was drastically improved with pulse laser emission now
reaching up to 65°C [36]. In addition, Springholz group have achieved CW emission at

long wavelength up to 8um [37], which represent the longest wavelengths of all
VCSELSs up to now. In this chapter, we design and fabricate the new VCSELSs structure

based on lead salt for electrical pumped laser.

5.2 Theory of VCSEL

The first all-semiconductor VCSELs were demonstrated in 1989 by Jewell et al. using
epitaxial Bragg mirrors [11]. As shown schematically in Figure 5.1, these lasers have a
completely different design as compared to edge emitters because the resonator axis is
perpendicular to the growth plane of the layers. The Fabry-Perot cavity is formed by
two high reflectivity interference mirrors consisting of a stack of dielectric layers. Thus,
the generated radiation is reflected and amplified many times across the active cavity
region until it is coupled outward vertically through the top or bottom mirrors. Generally,
the resonator length of VCSELSs is comparable to the optical emission wavelength. This
is because pumping can occur only over a limited thickness of the active region and
because in this way single mode operation is easily obtained. On the other hand, to
compensate the short length of the gain medium, the reflectivity of the VCSEL mirrors
must be very high at about 99% as compared to typically only 30% for edge emitters.
Due to the rapid progress in research and development [12-14], already in the middle of
90th VCSELs have become available on a commercial basis [15]. Up to now, however,
most work has been focused on III-V electrically pumped VCSELs with emission from
the visible to NIR spectral region (400 nm [16, 17] to 1.5 pm [18, 19]). Owing to the

tremendous difficulties in fabrication of high reflectivity infrared Bragg mirrors.
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A particular feature of micro cavity lasers is the large mode spacing of their resonator
structure. For a dispersion free dielectric medium, the separation Akyq of these

Fabry-Perot modes is constant in wave number of frequency space and is given by

Ak =2nl, )" 50

Where L., is the cavity length, which in a surface emitting laser is the total layer
thickness of the cavity region, and » is its refractive index. As the cavity length is
comparable to the emission wavelength of the active medium, the laser emits on one of

the first fundamental cavity modes k,, , which are given by
_ -1
k,=m(2nL,,)
A, =(2nL

cayv

)/ m (5.2)

Where the integer number m = 1,2,3 ... corresponds to the order of the mode. Thus,

first order emission occurs for a microcavity laser with L.,=2 /2, and for VCSELs

usually the cavity length is typically in the range of A /2t0 2 4 .
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Figure 5.1 Schematic representation of a VCSEL, consisting of two high reflectivity
Bragg mirrors of multiple A /4 layer pairs with alternating high and low refractive
index and an active region inserted between. The laser light is emitted in the vertical

direction through the top or bottom Bragg mirror.

An important parameter that characterizes the quality of the resonator is the finesse or

quality factor F of the cavity given by

\/E ]' km
CSTICR - mdk, 63

Where R is the reflectivity of the mirrors at the resonance wavelength. The finesse
describes how often the photons pass back and forth through the gain region before
being emitting. Thus, the higher the finesse, the lower the threshold of the laser. As
indicated by equation (5.3), the finesse can be easily determined by measuring the width
of the cavity resonance peak ok, in transmission or reflectivity spectra. Typical
finesse values required for VCSELs are around 300, which corresponds to mirror
reflectivity of about R= 99%. Due to the large mode spacing of VCSELs, the gain
spectrum of the active medium overlaps only with one resonator cavity mode. Thus,

lasing occur only on a single mode. Other advantages including simplified planar
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processing and monolithic integration in arrays and logic or control devices, and their
symmetric circular output beams with very small beam divergence angles allow an easy
coupling into optical fibers. Finally, very low threshold currents can be obtained.

High reflectivity epitaxial Bragg interference mirrors are crucial elements of vertical
cavity surface emitting lasers. As already indicated in Figure 5.1, these mirrors consist
of multilayer stacks of optically transparent dielectric layers with alternation low and
high refractive indices and an optical thickness equal to one quarter of the target
wavelength A 1 for which the reflectivity is maximized. The reflectivity of Bragg
mirrors is purely caused by multiple interference effects and can be tuned arbitrarily
from 0 to 100% by changing the layer sequence or number of layer pairs. In addition,
Bragg mirrors exhibit very small intrinsic absorption unlike metallic mirrors, where the
high reflectivity is due to extinction of light. Therefore, Bragg mirrors are particularly
well suited for application such as VCSELs where very high reflectivities without any
losses are required.

For an ideal Bragg interference mirror consisting of N periods of dielectric 2 /4 layer
pairs of alternating low and high refractive indices n; and n;, at the target wavelength

A 11 waves reflected at the interfaces are exactly in phase. Thus, the reflectivity is high

and at this wavelength is given by

l—n,/n,(n /n,)*N

1+n,/n(n /n,)*"

R(A;) = (5.4)

Where n; and 7y are the refractive indices of the media in front and behind the mirror.
n; and n; are the refractive indices of the mirror material, respectively. Equation 5.4
shows that the reflectivity is essentially determined only by two parameters, namely, the

total number N of A /4 layer pairs and the refractive index ratio or refractive index
contrast An/n = 2|n2 —nl|/|n2 +n,|. Obviously, the condition that all reflected waves

are in phase is fulfilled exactly only for the target wavelength. Therefore, with
increasing deviation from this wavelength, the Bragg mirror becomes less ideal and the
reflectivity remains high such that a high reflectivity spectral region called stop band is
formed. The whole reflectivity spectrum of such a mirror can be calculated using the

transfer matrix method [20, 21]. The result shows that the relative width of the stop
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band Ak, /K, depend only on the refractive index contrast [22]

stop

Ak —
Ak, 7T n, +n,

Thus, the stop band is wide only for Bragg mirrors with very high refractive index

contrast and outside of this region the reflectivity rapidly falls off.

5.3 Mirror materials

For high reflectivity Bragg mirrors, several requirements must be fulfilled:

(1) The achievement of smooth 2 /4 layer interfaces to avoid diffuse light scattering.

(2) A precise control of the layer thickness to obtain the desired target wavelength.

(3) The use of a sufficient number N of high refractive index contrast layers.

(4) For laser application;, the mirror materials should exhibit a high thermal
conductivity for efficient heat dissipation.

(5) For electrical pumping, the materials must also have a good electrical
conductivity, low resistance.

(6) For monolithic integration in a vertical laser device, the mirrors must be grown
epitaxially onto the substrate and should be compatible with the growth of the
active region. All layers should be reasonable lattice matched to prevent defect
formation.

Many groups use the lead salt compounds two type of dielectric materials are well
suited as low refractive index layer, these are the wide gap Eu-chalcogenide
semiconductors EuSe and the insulator BaF, with a band gap in the UV range, electrical
conductivity of these materials are very low, and don’t suit for electrical pumped VCSEI
structure. In this work, we use PbTe and PbS as mirror materials. The two materials

satisfy all the properties described above.

5.4 Preparation of PbTe and PbS films

PbTe and PbS films were grown to measure the growth properties using HWE system
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as shown in chapter 3. The sample was grown on BaF, (111) substrate. Bi;Te; (200ppm)
was added in PbTe source as donor impurity for prepare n-type PbTe. T1;Tes (200ppm)
was added as acceptor impurity for p-type PbTe source. The source temperatures of
n-type PbTe, p-type PbTe and PbS source were 550°C, and temperature of Te source
was 300°C. During the growth , the substrate temperature was set at 280°C. The growth
rates and electrical properties are shown in Tab 5.1. Carrier concentration of p-type
PbTe film was 4.9 x 10'® cm™, and that of n-type PbTe was 8.6 x10'7 cm™. The carrier
concentration of nondoped PbS film was 2.6 x 10" em™ with p type condition. This
condition is suitable to make low carrier concentration high reflectivity Bragg mirrors.
Optical transmittance measured by FTIR are shown in Figure5.2. The blue dashed line
shows theoretical absorption coefficient of each film. During the theoretical calculation,
we also considered the free carrier absorption in each film, and the free carrier
absorption did not affect seriously the reflectivity in the resonant region of the VCSEL.

The thickness of the each film was calculated from optical transmittance spectrum.

Table 5.1 Electrical properties of PbTe and PbS and growth rate.

Hall measurement data
growth | .
_ thickness o » carrier growth
Name time Resistivity | Mobility _
(num) P/N | concentration | rate
(s) (Q-cm) | (cm2/V-s)
(/cm3) (A/s)
p-PbTe | 1800 2.1 0.0017 770 p 4.9E+18 11
n-PbTe | 1800 4.1 0.0049 1500 n 8.6E+17 22
PbS 1800 1.3 0.091 270 p 2.6E+17 7
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Figure5.2 Optical transmission spectra of PbTe and PbS films at 300K. Blue dashed

lines shows calculated absorption coefficients of the films.

5.5 PbTe/PbS multiple mirror

The mirrors employed in a VCSELs are stacks of many pairs of layers, and the

thickness of each layer is A/4n (n is refractive index of material) at the design
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wavelength L. Each pair is composed of a high and low refractive index layer. Although
the reflectance at each interface is small, all the reflective amplitudes add in phase and
the net reflectivity calculated by the amplitude squared can be above 99%. The
refractive indexes of PbTe and PbS are 5.6 and 4.0, respectively, and six or seven
periods of PbTe/PbS multiple layers are enough to obtain a reflectivity exceeding 99%.
Table 5.2 shows the electrical properties of PbTe/PbS multiple mirrors. The p-type
multiple mirrors for 6 um VCSEL structure is designed with p-type PbTe and non-dope
PbS, which is consist of seven layers PbTe and six layers PbS as shown in figure 5.3.
The carrier concentration was about 1.4 x 10'® cm™. The same structure of n-type Bragg
mirror was designed with n-type PbTe and non-dope PbS, and the carrier concentration

was about 3.5 x 10" em™.

Table5.2 Electrical properties of PbTe/PbS multiple mirrors

Hall measurement data

.. i carrier

Sample Name | substrate Resistivity Mobility i
3 P/N concentration
(Q-cm) (ecm”/V-s) 3

(em™)
mirror021 BaF, 0.0065 670 p 1.4E+18
mirror(22 BaF, 0.019 910 n 3.5E+17

Figure 5.4 shows the room temperature transmission spectra of p-, and n-PbTe/PbS
multiple mirrors (red line) measured by FTIR, and the theoretical transmission spectrum
of samples fitted to experimental data (dashed line is transmittance, blue line is

reflectance). The reflectivity of multiple
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Figure 5.3 Schematic of multiple mirror structure. The mirror consists of seven layers

PbTe and six layers PbS.
100 : : . 100

20 p-type mirror 1go

60 60
s 40 :40 =
é 20 20 E’
g100 L 0 8
g 20 -_n—type .IIIII‘I‘OI‘ 20 é
§ 60} 60 &2

40}
20

39

1000
Wavenumber (cm’ 1)

Figure 5.4 : Room temperature transmission spectra of PbTe/PbS multiple mirrors ( red
line) measured by FTIR and its theoretical calculation ( dashed line), blue line shows
theoretical reflectance. The reflectivities of p- and n- type mirrors are 99.2%, 99.3%,
respectively.
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mirrors are more than 99%. We determined the absolute reflectance considering that
reflectance + transmittance + absorbance = 1. Good agreement between experimental
and theoretical reflection spectra was obtained. In the theoretical calculation, we
considered a dispersion of refractive index through Kramers-Kronig relations between
absorption coefficients and refractive indexes [38]. Furthermore, we also considered the

free carrier absorption which increases proportional to the wavelength squared, to fit the

1

theoretical spectra to experimental ones. The absorption coefficient 170 cm™ at the

central wave number of the mirror gives theoretical reflectance of 99.2%, absorbance of
0.3%, and transmittance of 0.5%. Thus the free carrier absorption existing in the
conductive multiple mirrors does not strongly affect the reflectance in this carrier
concentration. So this conditions of electrical properties of n-, and p- multiple mirrors

are suitable for electrically pumped VCSEL.

5.6 VCSEL structure

For the design of the electrically pumping IV-VI semiconductor VCSEL structures,
several parameters must be optimized. First, the vertical resonator structure must have a
high finesse in order to obtain low laser thresholds. This can be achieved using Bragg
mirrors with high refractive index contrast (eg. PbTe and PbS). Second, the active
region should have high infrared luminescence efficiency. For this purpose, both lead
salt quantum well structure and bulk like binary epitaxy layers can be as well as single
lead salts layer [23]. To adjust the emission wavelengths, ternary alloy of the lead salts
with Eu, Sr or Sn chalconenide compounds can be used, this tunes the energy band gap
can be turned over a wide range from below hundred to several hundreds of meV
[24-30]. The third design issue is the matching of the cavity resonance mode to the
emission of the active region. This is crucial because, in contrast to edge emitting laser,

the mode spacing of VCSELs is generally much wider than the width of the gain

50



spectrum and because lasing can occur only if the active region emits into a resonator
mode. Finally, to realize the electrical pumped VCSELs with ready to use at low
threshold current, it needs the bottom and top mirrors have good electrical conductivity.

Another essential design issue is the targeted operation temperature of the VCSELs
because the optical constants as well as the energy band gaps and luminescence
wavelengths of the lead salt compounds strongly vary with temperature.

A VCSEL structure was employed wtih resonant design intended for liquid nitrogen
temperature operation, and consists of PbSe as the active layer between the p-type
PbTe/PbS Bragg mirror and n-type PbTe/PbS Bragg mirror. PbSe exhibits a still lower
Auger coefficient compared to PbTe which should lead to lower threshold current. In
the resonant design, the active layer has a thickness of a multiple A/ 2 of the design
wavelength A . Prior to the growth of laser structure, we investigated optical and
electrical properties of non doped PbSe film. Figure 5.5 shows PbSe transmission
spectra depending on temperature. Red line shows the data measured by FTIR at room
temperature. The absorption edge is about 2200 cm™, and band gap is 280 meV. During
the sample cooling by liquid nitrogen, the absorption edge shifted to longer wavelength.
The absorption edge at 90K was 1450 cm™, which corresponds 179 meV in energy.
From this result, the emitting wavelength for the PbSe active layer is less than 7um for
the temperature above 90K. The Tab. 5.3 shows electrical property of non doped PbSe.

Carrier concentration was 2.7 x 10'” cm™ (p type). Growth rate was 5 A/s for the PbSe
source temperature 520°C. These film properties are suitable as the active

layer of the VCSEL.

Table 5.3 Electrical properties of non doped PbSe film.

Sample Mobility Carrier Thickness Growth
name (cm2/Vs) Concentration (am) rate
(cm3) (Als)
PbSe004 330 2.7TE+17 7.3 5
(p)
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Figure 5.5 Transmission spectra at 300K, 150K and 90K for non doped PbSe.
Absorption edge shift to low wavenumber side with decreasing temperature. Absorption

edges are shown by arrows, owing to positive temperature dependence of the band gap.

The resonant wavelength of the VCSEL was designed about 6um suitable for the
operation around 150K. Because no cleavage is required for fabrication of VCSEL, lead
salt VCSELSs can be grown on readily available substrates such as BaF, (111) , whereas
high cost single crystalline lead salt substrates are needed for conventional diode lasers.
Many works have proven BaF, to be an excellent substrate material for lead salt
heterostructures and multilayer. It is not only readily available in high crystalline quality,
but is also optically transparent and offers a five times larger thermal conductivity
compared to lead salt substrate. This allows a much better heat dissipation during the
laser operation. Also, BaF; has a much higher mechanical hardness, which facilitates the
processing of the laser structures. As a consequence, up to now lead salt VCSELs have
been grown on BaF, substrates. On the other hand, BaF, exhibits (111) natural cleavage
planes as opposed to the preferred (100) planes for the lead salt compounds.

The cavity was formed between the bottom Bragg mirror and the top Bragg mirror as

shown in Figure 5.6. The thickness of PbSe was A /2n (n=5) about 0.6 pm. The bottom
mirror is p-type, the thickness of PbTe (0.27pum) and PbS (0.38um) was decide by 1

/4n (n is refractive index, npy=5.6, npps=4 ). The top mirror was n-type. The FTIR

transmission spectrum of the cavity structure at 300k is shown in Figure 5.7, illustrating
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this high optical quality of the cavity structure. Within the wide stop band region, a
sharp cavity resonance peak was observed. The red line shows experimental
transmission spectrum. The dotted line shows theoretical one, and blue solid line shows
theoretical reflection spectrum, then we can get the reflectance spectrum. The

reflectivity of Bragg mirror is more than 99%.

n-PbTe
" mirror
X 6{

n-PbTe
PbSe M2 cavity
X 6 { p-PbTe
_ - B
p-PbTe
BaF2 g

Figure 5.6 Schematic of electrically pumped VCSEL structure.

We also measured temperature dependence of transmission spectrum as shown in
Figure 5.8. As the temperature is lowered, the resonance absorption edge shifted to
longer wavelength, and the resonance peak was damping due to interband absorption at
PbSe band gap depending on temperature. The blue dashed line shows calculated
absorbance in active layer.

The micro cavity structure can be also used as a sensitive detector for determining the
dispersion of the active region absorption. Because the width of the cavity resonance
peak is linearly related to the cavity absorption [32]. The more detail, we will introduce

in next chapter.

53



100

e
-
-

)

o0
(=

|
—_—

N
(=

N
(@)

Reflectance (%)

Transmittance (%)

(\®)
S

3%00 2000
Wavenumber(cm'l)

Figure 5.7 Optical properties of VCSEL structure at room temperature, red line shows
the experimental data measured by FTIR, while dashed line and blue line describes the
theoretically calculated transmission and reflection spectra, respectively. The reflectivity

of Bragg mirror is more than 99%, and resonant peak is observed.
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Figure 5.8 Temperature dependence of experimental transmission spectrum of
VCSEL structure. The resonance peak was damped with the temperature decrease. The

blue dashed line shows theoretical absorbance in resonant region.

5.7 Etching technique for device fabrication

Etching process is necessary to fabrication injection type laser. The device structure is
schematically shown in Figure 5.9. Indium was used as contact electrode for contact.
Four different method of device fabrication has been developed in the recent years:

® (leaving
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® Wet chemical etching
® Reactive ion etching(RIE)

® Focused ion beam (FIB) etching.

Tadinr n- PbTe/PbS multiple mirror
l PbSe active layer
.
p- PbTe/PbS multiple mirror Insulation layer

Figure 5.9 Schematic cross-section view of a VCSEL laser structure. Indium is used for

the contact electrode.

More suitable for mass production are wet chemical etching and RIE technology.
However, these methods show somewhat less promising results and etching technology
has to be developed further. RIE can introduce damage to the sample by reactive ions in
regions near the surface and this is difficulty in obtaining smooth etched sidewalls
(typical roughness 50nm) which are required for device functionality [31]. The
disadvantage of RIE is relatively high cost.

Wet chemical etching is an inexpensive way to obtain laser device. No special
equipment such as plasma or focused electron beam source is needed. Standard
photolithographic procedures are applied to protect specified surface areas with photo
resist from etching. In this work we used the wet chemical etching method to fabricate
laser device. Two types photoresists were used for the etching process of laser structure
as described in Appendix. One is positive photo resist; this resist is removed after
development at the exposed areas, while the unexposed resist remains on the substrate
after development. Figure 5.10 (a) shows the photography after lithography process
using positive photo resist (OFPR800). The resist diameter about 100um, thickness is
about 0.9 pum. Figure 5.10(b) shows 3D photography obtained by confocal laser

microscope.
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(a) (b)

Figure5.10. Lithography process using positive photoresist. (a) Top view of photoresist,
the diameter of dot is about 100 pum. (b) 3D photo of photoresist, the thickness of

photoresist is about 0.9 um.

(a) (b)

Figure 5.11 Laser structure after etching by HBr+Br». (a) top view of laser structure. (b)

3Dmage of laser structure, the etching thickness about 4.2pm.
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Figure 5.11 shows the laser structure image after the etching by HBr+Br, for 40
seconds and its 3d image. From this figure, we can clearly see that diameter of the laser
is about 100pm, and etching depth is about 4.2 um. The side wall of laser structure also
very smooth. However, the bottom of sample has considerable roughness. This is due to

the etching liquid for the PbTe, did not work well for the PbS layer.
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Figure 5.12 Photolithography processes using negative photoresist OMRS3 as

isolation layer. The circles and stripes were taken away by lithography process.

Figure 5.12 shows photolithography image using negative photo resist OMRS3.
Negative photoresist behaves opposite to the positive photoresist: The areas exposed
crosslink during a subsequent baking step (post exposure bake, PEB) and remain after
development. We used the mask including the circles and a stripe. The circle diameter is
80 um less than the first process, and this is easy to fix the sample. The photo resists
thickness about 0.8 um (the depth profile is measure by optical microscope) as isolation
layer for laser structure. Then evaporated indium used as electrode. Figure 5.13 shows
photography of laser structure. (a)Using positive resist process to remove indium, (b)
shows photography of the lasted process of laser structure; white colour is indium as

electrode.
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Fig. 5.13Photolithography process: using positive resist process to remove indium. (a)
photography positive resist after development. (b) Photography of lasted laser strucuture,

indium as electrode.

5.8 Summary

Up to now, the electrically pumped VCSEL base on IV-VI semiconductor has never
been reported. New hot wall epitaxy system for the electrical pumped VCSEL was
designed and fabricated. In this system, the p- and n- type high reflectivity PbTe/PbS
Bragg mirror were successfully prepared. The VCSELs structure consists of p- and
n-type multiple mirrors and non-doped PbSe as active layer were grown on BaF, (111)
substrate. Optical transmission and reflection spectra of the laser structure designed for
6pm in output wavelength were measured. From the temperature dependence of optical
transmission spectra, absorption was observed at 150K as expected from the bandgap of
PbSe. To fabricate the laser device, the etching process of grown structure is necessary.

Wet-chemical etching method for preparing the laser device was realized.
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Chapter 6
Infrared detectors

6.1. Introduction

Looking back over the past 100 years we notice that IR itself was unknown until 200
years ago when Herschel’s experiment with thermometer was first reported. He built a
crude monochromattor that used thermometers as a detector so that he could measure
the distribution of energy in sunlight. In April 1800 he wrote [1]: thermometer No.lI rose
7 degrees in 10 minutes by an exposure to the full red colored rays. I drew back the
stand ... thermometer No.l rose, in 16 minutes, 8.375 degrees when its center was 0.5
inch out of the visible rays. |
The early history of IR was reviewed about 40 years ago in two well-known
monographs [2, 3]. The most important steps in development of IR detectors are the
following:
® In 1921 Seebeck discovered the thermoelectric effect and soon thereafter
demonstrated the first thermocouple.

® In 1929 Nobili constructed the first thermopile by connecting a number of
thermocouples in series[4],

® In 1933 Melloni modified thermocouple design and used bismuth and antimony for
it [5].

Langley's bolometer appeared in 1880 [6]. Langley used two thin ribbons of platinum
foil, connected so as to form two arms of a Wheatstone bridge. Langley continued to

develop his bolometer for the next 20 years (400 times more sensitive than his first
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efforts). His latest bolometer could detect the heat from a cow at a distance of a quarter
of mile. Thus, at the beginning the development of IR detectors was connected with
thermal detectors.

The photodetectors were developed in 20th century. The first IR photo- conductor was
developed by Case in 1917 [7]. In 1933 Kutzscher at university of Berlin, discovered
lead sulphide (from natural galena found in Sadinia) was photoconductive and had
response to about 3um [8].

Many materials have been investigated in the ’IR filed. Observing a history of the
development of the IR detector technology, a simple theorem, after Norton [9], can be
stated: all physical phenomena in the range of about 0.1-1 eV can be proposed for IR
detector. Among these effects are: thermoelectric power (thermocouples), change in
electrical conductivity (bolometer), gas expansion (Golay cell), pyroelectricity
(pyroelectric detectors), photon drag, Josephson eff@pt ( Josephoson junctions ,
SQUIDs), fundamental absorption ( intrinsic photodetectors), impurity absorption
(extrinsic photodetectors), low-dimensional solids (superlattice (SL) and quantum well
(QW) detectors, different type of phase transitions, etc.

Fig.6.1 gives approximate dates of significant development efforts for the materials
mentioned. The years during World War Il saw the origins of modern IR detector
technology. Interest has centered mainly on the ;&e{velengths of the two atmospheric

windows 3-5 and 8-12um, though in recent years there has been increasing interest in

longer wavelengths stimulated by space applications [10].
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Figure 6.1 History of the development of IR detectors.

6.2 Classification of IR detectors

Progress in IR detector technology is connected mainly to semiconductors, which are
included in the class of photo detectors. In this class of detectors the radiation is
absorbed within the material by interaction with electrons. The observed electrical
output signal results from the changed electronic energy distribution. The photon
detectors show a selective wavelength dependence of the response per unit incident
radiation power. They exhibit both perfect signal-to-noise performance and a very fast
response. But to achieve this, the photon detectors require cryogenic cooling. Cooling
requirement are the main obstacle to the more widespread use of IR systems based on
semiconductor photodetectors making them bulky, heavy, expensive and inconvenient
to use. Depending on the nature of interaction, the class of photon detectors is further
sub-divided into different types. The most important are: intrinsic detectors, extrinsic
detectors, photo emissive (metal silicide Schottky barriers ) detectors, and quantum well

detectors. Table 6.1 shows the comparison of various IR detectors.
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The second class of IR detectors is composed of thermal detectors. In a thermal
detector the incident radiation is absorbed to change temperature of the material, and the
resultant change in some physical properties is used to generate an electrical output. The
detector is suspended on lags which are connected to the heat sink. The signal does not
depend upon the photonic nature of the incident radiation. Thus, thermal effects are
generally wavelength independent; the signal depends upon the radiant power but not
upon its spectral content. Thermal detector typically operates at room temperature. They
are usually characterized by modest sensitivity and slow response, but they are cheap
and easy to use. They have found widespread use in low cost applications, which do not

require high performance and speed.

Table 6. 1 Comparison of IR detectors (Ref.[11])

Detector type advantages disadvantages
Thermal light, rugged, reliable Low detectivity at
and low cost room high frequency
temperature operation Slow response
( ms order )

Photon intrinsic

IV-VI available narrow-gap Poor mechanical
Materials well studied Large permittivity

II-VI1 Easy band-gap tailoring non-uniformity over
Well-developed theory large area, High cost
and experiment in growth and
Multicolor detectors  processing

Since the initial proposal by Easki and Tsu [12] and the advent of MBE, the interest in

semiconductor superlattice and quantum well structure has increased continuously over
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the years, driven by technological challenges, new physical concepts and phenomena as
well as promising aiﬂplications. Many case of quantum well infrared detector based on
intersubband absorption was report, the material such as GaAs/AlGaAs, InGaAs/InAlAs,
InAs/GalnSb and so on. Howe;é;, IV-VI semiconductor detector based on intersubband
absorption has never reported. Our group found strong intersubband absorption in
short-period EuTe/PbTe double well superlattice at normal incidence [13]. In this
chapter, we will describe the intersubband absorption of EuTe/PbTe quantum cascade

structure at normal incidence suitable for infrared detector and resonant cavity enhanced

detector using Bragg mirrors.

6.3 Introduction of Photovoltaic infrared detector

based on intersubband absorption

A question arises concerning the motivation for studying quantum well infrared
photodetector (QWIPs). After all, technologies based on IV-VI group interband and
HgCdTe and InSb are well developed for IR detection and imaging in the wavelength
region of about 3-14 um. The first and foremost important advantage relates to the
availability of a mature material and processing technology for QWIPs. With the mature
technology, it is anticipated that the cost of an imaging device based on a QWIPs would
be substantially less than that based on HgCdTe or InSb, and that a large volume
production capability can be easily established [22]. Other advantages relate to the
uniqueness and the flexibility of the QWIPs approach, e.g., in high speed and multicolor
application.

Most QWIP studies so far concentrated on the photoconductive detection mechanism,
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where photon excited carriers are swept out of the quantum well (QW) region by an
externally applied electric field. A different class of QWIP structures is formed by
devices with built-in inversion asymmetry acting as an internal filed; the device can in
principle be operated without external bias voltage. At first sight, this concept has the
advantage of a vanishing dark current, such that no generation-recombination noise is
present under dark conditions. However, the photocurrent of these photovoltaic QWIPs
is associated with much smaller gain by comparison to photoconductive QWIPs.
Therefore, photoconductive QWIPs are preferable for applications which require high
responsivity, e.g., for sensors operating in the atmosphere windows region. Photovoltaic
QWIPs will be a good choice if the integration time of the FPA is limited by the storage
capacity of the readout circuit.

Early device concepts for photovoltaic QWIP like structures are shown in Fig.6.2 a
and b. the device reported by Kastalsky ef al. [17] relies on inter-miniband absorption in
a superlattice with an adjacent barrier layer. While electron motion in the lower
miniband is blocked by this barrier, electrons excited into the upper miniband gain
enough energy to traverse this barrier, thus giving rise to a photocurrent already without
external bias voltage. Goossen et al. [18] reported different approach, in which the
capacitance of the device is influence by carriers emitted into a depletion layer located
between an n-type QW and a surface metallization. The asymmetrically doped
double-barrier QW structure depicted in Fig. 6.2¢ and gives rise to an efficient transport

mechanism. The general concept
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Figure 6.2 Transport mechanism (arrows) of photovoltaic infrared detectors involving
intersubband transitions: (a) superlattice with blocking barrier. (b) Single quantum well
with surface depletion layer. (c) Asymmetrically doped double- barrier quantum well.
(d) General subband configuration for photovoltaic detection, and (¢) modulation-doped

single barrier quantum well.

behind this transport mechanism is characterized by the configuration of subband level
shown in Fig. 6.2d, which forms the basis for the photovoltaic QWIP structures. As a
first application of this concept, it is straightforward to conceive of a detector similar to
Fig.6.2c, but with reduce barrier heights. This idea leads to the single-barrier QW of
Fig.6.2e. Recently a configuration similar to Fig.6.2 e was reported [19] by generating
the built in filed by a digitally graded superlattice barrier rather than modulation doping.
The photovoltaic effect was successfully achieved. However, this “quantum cascade

detector” (the band diagram actually resembles a quantum cascade laser) showed
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limited performance due to dark currents cause by residual carrier leakage into resonant

states of the barrier.
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Figure 6.3 Schematics of the four-zone approach for photovoltaic intersubband photo

detection.

A similar detectivity as for photoconductive QWIPs has been achieved for
photovoltaic detection by using the concept of the “four-zone” [20, 21]. Here each
period of the active QWIP region is divided into four zones which can be optimized
independently as show in Fig. 6.3. In the excitation zone, carriers are optically excited
and emitted into the quasicontinuum above the band edge of the drift zone. A
photocurrent without external bias voltage is achieved, if the excited carriers relax into
the capture zone. Finally, the carriers have to cross the tunneling zone in order to
populate the adjacent QW. In this work, intersubband absorption in EuTe/PbTe quantum
cascade structure was studied at normal incidence. Since intersubband absorption in
III-V semiconductor is not observed at normal incidence; it has a merit in the device

design.
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6.4 Intersubband absorption in EuTe/PbTe quantum

cascade structure

EuTe/PbTe multiple quantum wells superlattices were prepared by hot wall epitaxy
with PbTe, Eu, and Te as source materials. Cleaved KCl (100) was used as the substrate.
Bi;Te; dopant as a donor impurity in the growth equipment, all grown sample were
n-type. The backgrouﬁd in the growth chamber was about 5*107 Torr by ULVAC
UTM-500 turbo molecular pump during growth. The source temperatures were 550°C
for PbTe, 450°Cfor Eu and 300°C for Te. The substrate temperature was 260°C.The
growth rate of the PbTe was 1.5nm/s. The sample structure prepared was 200 periods of
monolayer EuTe/7.5nm PbTe/monolayer EuTe/4.5nm PbTe/monolayer EuTe/3nm
PbTe/monolayer EuTe /1.5nm PbTe grown on KCL (100) substrate with 2.5um PbTe
buffer layer. Total thickness of thin film is about 6pum. X-ray diffraction (XRD) was
employed to characterize the quality of the sample structures by Rigaku RINT Ultima
III diffract meter, and Cu (Ko, Kay) radiation was used as the X-ray source. Room
temperature (RT) and Low temperature (LT) optical transmission spectra were measured
by FTIR spectrometer (Jasco FTIR). The film thickness was calculated from the optical
transmission spectrum.

X-ray diffraction for the sample in 26-0 measurement is shown in Fig.6.3. Satellite
peaks are observed at the angles which satisfy the Bragg condition 2Dsin& = nA (D:
one period thickness of quantum cascade structure, n: integer) and the intensities are
simply calculated as the square of the absolute value of summation of scattering

amplitudes from all the atomic layers of the quantum cascade structure. The theoretical
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values are also shown with the dashed line in Fig. 6.4. A very good agreement between
the theoretical and experimental results was obtained, which shows good controllability

of the quantum cascade structure with the Hot Wall Eptitaxy (HWE) system.
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Figure 6.4: Experimental (solid line) and simulated (dished line) X-ray diffraction
patterns of EuTe/PbTe QC structure.

Figure 6.5 shows the subband structure calculated for the sample. In this calculation,
band-edge effective masses in PbTe was assumed to be m;= 0.41m, and m=0.041m,,
which give good agreement between experimental and theoretical intersubband
absorption edges in PbTe -based superlattices at room temperature . The effective
mass of EuTe was assumed to be 0.4my and band offset was assumed to be AEq=
1000 meV. Energy band structures were calculated for the sample by envelope function

approximation. In narrow direct gap semiconductors, the E-k relationship near the

bottom of conduction band has a large nonparabolicity due to the mixing of core states
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in valence band top and conduction band bottom[14,15], thus , the orthogonality of

envelope functions can be broken and transition element get non zero value of transition

probability.
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Figure 6.5: Subband structures for EuTe/PbTe QC structure, calculated by envelope

function approximation. Absorption position indicated by arrows.

Optical transmission properties were measured by FTIR spectrometer for sample at
normal incidence and the results are shown in Figure 6.6 with absorption coefficients
obtained by simulation and different temperature. In the simulation, we assumed
Lorentian-shape ISB absorption and free carrier absorption proportional to the
wavelength squared. The blue lines shown absorption coefficient of sample obtained by
simulation. The arrow indicates the theoretical value of intersubband transition obtained
form subband calculations. The absorption position shifts to high energy side with the
temperature decrease owing to a large temperature dependence of PbTe the effective
masses. The band gap decrease strongly with the decreasing temperature. The

proportion of effective mass to the band gap in PbTe shifted the intersubband transition
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energy to the higher energy side with decreasing temperature. This structure gives the

possibility of fabrication of novel devices, such as intersubband image sensor at normal

incidence.
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Figure 6.6: Temperature dependence of optical transmission spectra and absorption

coefficients (blue line). Intersubband absorption position shifted to high energy side
owing to the temperature dependent effective masses in PbTe. Arrows show theoretical

absorption positions.

6.5 Resonant cavity enhance detector structure base on
IV-VI semiconductors

6.5.1 Design of RCD

The aim of this section is to describe mid-IR photo detectors which are selectively
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sensitive to a specific narrow wavelength range. Resonant cavity detectors (RCDs) are
optoelectronic devices whose performance is enhanced by placing the active device
structure inside a Fabry-Pérot resonant cavity. Such devices benefit from the
wavelength selectivity and the large increase of the resonant optical field in the cavity.
Off-resonance wavelengths A#\, are rejected by the cavity. Photo detector structures
based on RCD can have very thin active layers [16]. This yields higher directivities
(smaller volume where noise carriers are generated), and, in addition, to faster devices.
Moreover, high quantum efficiencies n result because the photon may be reflected many
times before it is absorbed in the thin active layer. And RCD have major advantage
compared to the use of a band pass filter in front of a conventional detector. Quantum
efficiencies close to unity can be achieved even for very thin absorber layers. Due to the
multiple possible passes of a photon inside the cavity until it is absorbed. Therefore the
volume where generation recombination noise and diffusion currents are generéted is
smaller compared to a conventional photo diode, while the quantum efficiency remains
high. This results in an improved noise limit. Here are described resonant cavity diodes
with resonant wavelength X in the 5 to 7 pm wavelength range. Figure 6.7 shows band
structure of active layer structure of RCDs. In PbSe active layer, carriers flow by
diffusion. On the other hand, carriers flow by electric field in the depletion layer,

resulting in fast response time, in the PbSrSe/PbSe DH active layer.
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(a) (b)
Figure 6.7 Band structure of RCD active layer. (a) PbSe active layer. (b) PbSrSe/PbSe
DH active layer.

We also compared theoretical optical properties of RCD structures with PbSe active
layer and with PbSrSe/PbSe/PbSrSe DH active layer at 90K as shown in Fig. 6.8.
Dashed lines show absorption coefficients in active layers. For RCD with PbSe
(thickness is 700nm) active layer, the absorbance is about 30% at resonant center, and
the transmittance peak was damping at resonant region. For RCD structure with
PbSrSe/PbSe/PbSrSe DH active layer, the absorbance is about 40% at resonant center

with sharp resonant line, and resonant peak still is not damping with narrow line width.
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Figure 6.8 Calculated of optical reflectance, transmittance, and absorbance for different
active layer RCD structures at 90K, (a) PbSe (thickness is 700nm) as active layer, the
absorbance is about 30% at resonant center. (b) PbSrSe/PbSe/PbSrSe DH as active layer,
the absorbance is about 40% at resonant center, and resonant peak still not damping

with narrow line width.
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6.5.2 Fabrication of RCD

As a Fabry-Perot resonator, a resonant cavity detector consists of a cavity embedded
between two mirrors. Both the mirror must be non-absorbing at the target wavelength
and the reflectivity of the mirrors has to be high. A schematic drawing is shown in
Figure 6.9. Bragg mirrors are used for high reflectance with thicknesses of the

individual layers d=A/4n. The PbTe and PbS film property same with chapter 5.

n-PbTe
RS
mirror
x 3{ n-PbTe
X3 { p-PbTe
R
p-PbTe
BaF2 i

Figure 6.9 Schematic of RCED structure.

Figure 6.10 shows the target wavelength about 6um RCD optical property with varies
temperature. Top and bottom mirror consist of (PbTe (0.27um) and PbS (0.37 pm))* 3
periods +PbTe (0.27um). In order to block unnecessary modes, material properties of
the absorbing layer may be changed. By adding Sr to the PbSe absorbing layer, a shift

of the cut off wavelength occurs. Resonant cavity consists of n-PbSrSe 0.25um PbSe
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0.1pm, p-PbSrSe 0.25um as active layer and the mirror reflectance at the target

wavelength is more than 99%. The reflectance spectrum (blue line) was also calculated.

We also considered the free carrier absorption in the mirror during theoretical

calculation. Transmission spectra measurement of the completed RCD structure was

made at varies temperature from 300 K to 90K. The possibility to obtain a photovoltaic

detector with sensitivity only within a narrow wavelength range at any desired

wavelength in the mid-infrared rang is the advantage of this type of
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6.6 summary

EuTe/PbTe quantum cascade structures were deposited on KCi (100) substrate by hot
wall epitaxy system. XRD measurements of the structure exhibited many satellite peaks,
which confirmed a high quality of EuTe/PbTe quantum cascade structure. Intersubband
absorption in this structure was observed at the room temperature in normal incident
transmission spectrum measured by FTIR. This structure has the possibility to apply for
an intersubband image sensor at normal incidence.

Resonant cavity detector (RCD) structure, which has sensitivity for special wavelength
designed, was also proposed using the n-PbSrSe -PbSe-p-PbSrSe active region between
p-, n- PbTe/PbS multiple resonator. Optical transmission spectra of the RCD structure

have been measured and discussed.
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Chapter 7
Conclusions

This work has been dedicated to the growth of IV-VI semiconductors for optical
device application. PbTe and PbS were used as materials to prepare p- and n- type
Bragg mirrors for electrically: pumped VCSEL and RCD applications. The optical
transmission properties of ther VCSEL and RCE structures were measured to confirm
the growth of designed structures.

New hot wall epitaxy system for electrical pumped VCSEL was designed and
fabricated. In this system, high quality p- and n- type high reflectivity PbTe/PbS
multiple mirror were successfully prepared. The VCSELs structure consists of p- and
n-type multiple mirrors and non-doped PbSe as active layer were grown on BaF,(111)
substrate. Optical transmission and reflection spectra of the laser structure designed for
6pum in output wavelength were measured. From the temperature dependence of optical
transmission spectra, absorption af resonant wavelength (6pm) was observed at 150k as
expected from the bandgap of PbSe. To fabricate the laser device, the etching process of
growth structure is necessary. Wet-chemical etching method for preparing the laser
device was realized.

EuTe/PbTe quantum cascade structures were deposited on KCI (100) substrate by hot
wall epitaxy system for mid-infrared detector application. XRD measurements of the
structure exhibit many satellite peaks, indicating a high quality of EuTe/PbTe quantum
cascade structure. Strong intersubband absorption in this structure was observed in the

room temperature transmittance spectra measured by FTIR at normal incidence.
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Resonant cavity detector (RCD) structure based on the n-PbSrSe -PbSe-p-PbSrSe
active layer sandwiched with p- and n- PbTe/PbS Bragg mirrors was proposed and
prepared. Transmission spectra of the RCD structure were measured at varies
temperature. Optical transmission spectra were compared with theoretical value and
good agreement, which shows the growth of high quality RCD structure was obtained.
In theoretical calculation, high sensitivity and narrow line width detection were

expected for the DH active structure compared with PbSe thick active layer.
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Appendix Photolithography procedure

Positive photoresist process (OFPR-800)

1 HMDS 3000rpm 60sec

2 Oven 80°C 3min

3 OFPRS800 3000rpm 50sec

4 Oven 80°C 20min

5 Exposure 3sec

6 Draw NMD-3 23°C (RT) 30sec
Pure water 30sec

7 spin dry

8 Post baking oven 120°C 30min

Negative Photoresist Process (OMR83)

1 HMDS 3000rpm 60sec

2 Oven 80°C 3min

3 OMRS83 3000rpm 50sec

4 Oven 80°C 20min

5 Exposure 0.5sec

6 Draw develop 23°C (RT)
Rinse 30sec

7 spin dry

8 Post baking oven 120°C 30min
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