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ABSTRACT 

 
 

IV-VI semiconductors grown by molecular beam epitaxy (MBE) on various 

substrates are extensively attractive for mid-infrared optoelectronic device application. 

The main goal of this research is to improve device performance by lowering defects 

densities in the epitaxial layers during MBE growth of Pb-salt materials on a lattice-

mismatched substrate. Most of the work is based on MBE growth of monocrystalline 

PbSe on Si (111) substrates. Details of experiments are described and supported by 

reflection high-energy electron diffraction (RHEED) patterns. The effect of the in-situ 

surface treatment methods with a motivation of improving electrical and 

morphological properties of epilayers is demonstrated.  

A detailed study on surface morphologies and chemical composition of growth 

pits and dislocations in PbSe epilayers is provided. Various growth defects are 

investigated by scanning electron microscopy (SEM) and energy-dispersive x-ray 

analysis (EDXA). Through a series of experimental studies, it has been confirmed that 

the vast majority of growth pits within PbSe epilayers contains either single or 

multiple PbSe microcrystals with a distinct cuboid shape.  

Lead salt mid-infrared optoelectronic devices are fabricated on various substrates. 

Several other research works include: (1) Edge-emitting infrared lasers on BaF2 (110) 

substrates. A method of substrate transfer from a BaF2 substrate to a copper heat-sink 

is developed. Pulsed photoluminescence (PL) measurements are conducted with help 

of Fourier transform infrared (FTIR) spectroscopy method during every single step of 

device processing. (2) Mid-infrared detectors on silicon (111) substrates. Single-

element PbSnSe infrared detectors have been made on CaF2 /Si (111) heterostructures; 

I-V measurement is accomplished on these detectors. 

 

Key words: Molecular beam epitaxy, Pb-salts, in-situ surface treatment, defects, Mid-

infrared optoelectronic devices. 
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1.1 Introduction to IV-VI Semiconductors  

IV–VI lead salt semiconductor devices can be traced back to the 1874 when the 

first rectification was observed with natural galena (PbS) by F. Brann et al.1. From 

that point forward, narrow band gap IV–VI lead salt semiconductors like PbTe, PbSe, 

and PbS and their ternary and quaternary alloys such as PbSnSe, PbSnTe, PbSrSe, and 

PbSnSeTe have been widely used in various solid state midinfrared devices, such as 

light emitting devices (LEDs), laser diodes (LDs), detectors, and thermoelectric 

generators 2  3 . Due to their two orders of magnitude lower non-radiative Auger 

recombination rates as compared to those of III-V and II-VI narrow band gap 

semiconductors, IV-VI semiconductors optoelectronic devices such as detectors and 

lasers are considered to be the best candidates for room-temperature operation. 

Moreover, the high permittivity of lead salt materials will effectively shield electric 

charges from defects, which in turn yields superior and fault-tolerant devices4. IV-VI 

semiconductors present one of the rare naturally occurring semiconductors and the 

name “lead salts” for the IV-VI semiconductors is in common use in infrared 

optoelectronics5 6 7. 

 

1.1.1 General Properties of IV- VI Materials 

The binaries PbS, PbTe, and PbSe (ordered by their band gap equivalent 

wavelengths), and typical mixed crystals of this material family like the ternaries 

PbSnTe, PbSnSe, PbCdSe, PbSSe cover a band gap range from 50meV to 500meV, 

with a corresponding wavelength range of roughly 3µm to 30µm. Fig. 1.1 gives an 

overview by showing the relation of the band gap of some mixed crystals on the 

lattice periodicity length. These crystals have rock-salt structure. Ternaries with Eu, 

Mn, and Gd are of further interest, since they result in semimagnetic materials8. 
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Quaternary material is grown for strain and stress engineering. While these materials 

are the most widely investigated ones due to their possible use in infrared devices, 

others like SnSe have also been used for early quantum structures9. 

 

1.1.1.1 Bonding and crystal structure 

In contrast to the tetrahedrally-coordinated group IV semiconductors like diamond, 

silicon, germanium, and the III–V (GaAs, AlAs, InAs, etc.) or II–VI semiconductors 

Fig. 1.1 The band gap of typical IV-VI materials as a function of the lattice 
periodicity length (upper abscissa) or of the relative lattice misfit to Si (lower 
abscissa). For comparison also data for Si, Ge and some III-V and II-VI 
compounds are shown. Adapted from Zogg et al. (1989) 
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(ZnTe, CdTe, etc.), in the IV–VI compounds, there are 10 instead of 8 bonding 

electrons per atom pair. The six electrons per atom pair promote hybridization with 

the bonds orbitals nearly at 90° angles, resulting in a 6-fold coordination of the atoms 

in the crystal lattice. As a consequence, the IV–VI compounds predominantly 

crystallize in the rock-salt structure. As a result, many physical and electronic 

properties of the IV–VI semiconductors differ strongly from that of the tetrahedrally 

bonded semiconductors. In addition, the lead salt compounds are mechanically much 

softer than their tetrahedrally bonded counterparts. This easy plastic deformability has 

significant implications for device fabrication processes. 

 

1.1.1.2 Energy band structure  

The direct band gap minimum of IV-VI semiconductors is fourfold and located at 

the L-points (on the (111) axes and on the Brillouin zone surface), in contrast to the Γ-

point (in the center of the Brillouin zone) minima of the technically more common 

semiconductors. For comparison, parts of the band structures of PbSe and GaAs are 

shown in Fig. 1.2. The conduction and valence bands of PbSe are quite similar, so that 

electrons and holes have comparable masses. These masses, however, differ along the 

(111) axes and perpendicular to them, giving ellipsoidal energy surfaces for 

technically relevant carrier concentrations. The order of magnitude of the 

corresponding mass anisotropies ranges from 10 for PbTe to 1 for PbS. As a typical 

example, the constant energy surfaces of PbSe are shown in Fig. 1.3 and band 

structure in Fig. 1.4.  

In contrast to the majority of technically important semiconductors, the lead salt 

band gap widens with temperature. This is explained qualitatively by a structural 

transition close to zero Kelvin, which “softens” the relevant energies. This fact must 
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be considered when interpreting experimental optoelectronic data. It leads for instance 

to absorption of radiation 

originating from electrically or 

optically pumped regions embedded 

in non-pumped material. This is due 

to the relative blue shift of the active 

region band gap by localized heating 

via pumping losses, which pushes 

the emission energy into band-to-

band absorption of the cladding. 

The wavelength dependence of 

the refractive index is of typical 

semiconductor behavior. The refractive index increases with decreasing wavelength 

within the band gap spectral range 

with a maximum close to the optical 

band edge. The temperature behavior 

corresponds to that of typical 

semiconductors, but the temperature-

induced change is negative relative to 

the usual, in accordance with the 

different energy shift of the gap with 

temperature. The refractive index n is 

quite high and around n = 5, the static 

dielectric constant is of the order of 

1000 giving rise to large depletion lengths. For PbTe and carrier concentrations of the 

Fig. 1.3 Constant energy surfaces of 
PbSe. Aside of the band edge minima at 
the L-points (open half-ellipsoids), the 
Σ-pockets are also shown, since they 
must be considered in connection with 
hot carriers.  Adapted From Tacke et al. 

PbSe

Fig. 1.2 Comparison of typical IV-VI and 
III-V band structures. From Tacke et al. 
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order of 1017cm−3, the depletion length exceeds 300nm. These large depletion lengths 

make the carrier concentrations quite constant across quantum structures. This is an 

important feature, since it allows comparatively straightforward interpretation of 

experimental data that depend on carrier concentrations. 

Due to the large dielectric response, excitons should have very large Bohr radii 

Fig. 1.4 Band structure of PbSe calculated by non-local empirical 
pseudopotential methods. From online publication. 
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and very low binding energy; in accordance with this expectation, distinct exciton 

transitions are not observed directly in this narrow band gap material. There are, 

however, interpretations of experimental data that are consistent with the existence of 

such states with binding energies of one to two inverse centimeters, i.e. around 

0.1meV10. 

The effective masses of electrons and holes are similar. Due to the four valley 

structure and electron mass anisotropy, electron effective masses are effective 

averages of the masses for motion parallel to the minimum rotation ellipsoid axes (ml) 

and perpendicular (mt). While the masses of electrons and holes of the IV-VI 

compounds are smaller than those of heavy holes of III-V semiconductors, the density 

of states masses md* are comparable, since they are mixed of the transverse and 

longitudinal masses mt and ml by md* = 42/3(ml mt
2)1/3 11. 

Since the IV-VI semiconductors are long wavelength infrared materials, free 

electron absorption in general is strong at wavelengths of interest, with absorption 

coefficients beyond 102cm−1 for a material with a carrier concentration of 1x1018cm−3. 

Free carrier absorption depends on wavelength, the absorption coefficient α being 

proportional to the carrier concentration n, the wavelength λ squared, and inversely 

proportional to the free carrier effective mobility mass meff and mobility µ or, using 

the relation between mobility, mass, and scattering time τ with quantum energy ћω of 

the photons. From liquid nitrogen to room temperature, the mobility of good grade 

material is typically not limited by impurities, but rather by optical and acoustical 

phonon scattering. The reason is qualitatively found in the very high dielectric 

constant which shields impurities. In this range of temperature T, the mobility 

empirically follows a power law like T−5/2 for pure crystals12. Room temperature 

mobilities are of the order of 1000cm2V−1s−1. Due to the similar band extrema of 
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electrons and holes, the mobilities of p-type and n-type materials are comparable, the 

n-type mobility being usually a little larger. The mobility of ternary material is 

lowered by alloy scattering as usual. However, this effect is sometimes outbalanced 

by a reduction of the effective mass resulting from the shrinking of the gap. This 

effect is found notably in the narrow band gap materials Pb1−xSnxSe and Pb1−xSnxTe, 

that even go through zero band gap due to band inversion. Due to the small mass, 

mobility increases13.  

The minority carrier lifetime in narrow gap semiconductors is typically limited by 

the Auger effect. There is a strong difference between IV-VI materials on one side, 

and on the other side, II-VI and III-V material, in that the Auger recombination rate is 

two orders of magnitude smaller in the IV-VI material with comparable band gap 

energy, which is the reason for the IV-VI dominance in mid-infrared diode lasers. 

This effect was found both theoretically 14 15 16 and experimentally17 18. The Auger 

effect is due to one carrier being excited within a band while two others recombine, 

one being an electron from the same band, and the other a hole from the valence band. 

This effect depends on the detailed band structure via energy and momentum 

conservation. The multi-valley lead salt band structure leads to a special mechanism, 

intervalley-scattering, where a large momentum is taken up by the intraband transition 

of the Auger carrier14 16. A pump-probe optical experiment by Klann et al. 17 on PbSe 

with carrier concentration 3x1018cm−3 evaluated an Auger coefficient close to 

10−28cm6s−1, and thus an effective lifetime of 10−9s, as predicted theoretically15. In 

comparison, Auger recombination coefficients were found to be (at 300K) 60, 210 

and 90 in units of 10−28cm6s−1, for InAs, InAs0.91Sb0.09 and an InAlAsSb multiple 

quantum well, respectively19.  
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Current/voltage characteristics of p-n junctions are usually found to be dominated 

by carrier generation/recombination characteristics that probably are due to 

imperfections and/or material impurities. The corresponding non-radiative 

recombination times of PbSe were 0.7ns for bulk material and 0.45ns for MBE grown 

material. The defect dominated lifetime is an indicator of a substantial material 

growth optimization potential20. 

 

1.1.1.3 Band gap engineering 

As stated above, a main property of the electronic band structure of the lead salt 

compounds (PbSe, PbTe, PbS), representing the technologically most important IV–

VI materials, is their small and direct energy gap of less than 410 meV at the L-point 

of the Brillouin zone (see Fig. 1.1 and Fig. 1.4). As a result, photons can be directly 

absorbed or emitted at the band edges. The conduction and valence bands are nearly 

mirror symmetric with almost equal effective masses for the electrons and holes. 

Because of the narrow energy gaps, the energy bands are strongly non-parabolic and 

the effective masses of electrons as well as holes are rather small (0.02m0–0.08m0 for 

the transverse masses). In addition, the bands are anisotropic, i.e., the Fermi surfaces 

are elongated ellipsoids of revolution around the <111> axes, characterized by a 

longitudinal and transverse effective mass ml and mt parallel and perpendicular to the 

8-fold <111> directions. While for most semiconductors the energy band gap 

increases with decreasing temperature, in the lead salt compounds it decreases upon 

cooling to from room temperature to 4 K by about 150 meV. This represents a large 

relative change with respect to the absolute value of the band gap, and thus, the 

emission of lead salt based diode lasers can be tuned of over a broad wavelength 



 10

range just by changing of operation temperature. This effect is used for spectroscopic 

applications of these lasers. 

For adjustment of the fundamental absorption edge of infrared detectors as well as 

the adjustment of the emission wavelength of lead salt diode lasers, alloying of the 

lead salt compounds with other chalcogenide compounds is used 21 22 23. This is 

shown in Fig. 1.1, where the band gap energies of several IV–VI compounds and their 

alloys are plotted versus lattice constant and compared with various III–V, II–VI and 

group IV semiconductors. Band gap engineering is also a crucial prerequisite for 

fabrication of quantum confined low dimensional heterostructures. This is based on 

the alloying of different semiconductor materials by which the energy band gap of the 

material can be varied over a wide range. For the IV–VI semiconductors, a number of 

different ternary and quaternary alloys have been used for this purpose. Of the 

classical alloys within the IV–VI compounds, the ternary PbSnTe and PbSnSe single 

phase pseudo binary alloys have been widely used for far infrared applications up to 

wavelengths of 30 µm (see Fig. 1.1). Since the conduction and valence bands in the 

tin chalcogenides are exchanged compared to the lead chalcogenides, the band gap of 

the ternary alloy decreases linearly with increasing Sn content reaching zero for a 

certain alloy composition. Other pseudo binary IV–VI alloys with exchanged group 

IV (e.g. Pb/Ge) or group VI element (e.g. Se/Te) are less useful for band gap 

engineering since the achievable variations of the band gap energies are 

comparatively small, while the lattice constants change rather strongly with varying 

alloy composition. For these alloys, the largest tuning range can be achieved in the 

PbSe1–y Sy system with a band gap variation from 172–310 meV at 77 K. Since other 

IV–VI compounds such as SnS, GeTe or GeSe do not crystallize in the rock-salt 

crystal structure, only a limited miscibility regime exists for their alloys with the lead 
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salt compounds. The same applies also for alloys with MnTe or CdTe. Only Pb1–

xCdxS exhibits a relatively wide miscibility region and shorter wavelength IV–VI 

diode lasers have been fabricated in this alloy system. 

In order to obtain higher band gap materials, alloys of the lead salts with rare earth 

mono-chalcogenides (EuTe, EuSe, EuS, YbTe, SmTe, etc.) or alkaline earth 

chalcogenides (SrTe, SrSe, SrS, BaTe, BaS, CaTe, CaS) have been used 23 24 25. These 

compounds share the same rock-salt crystal structure as the lead salt compounds. Of 

the rare earth mono-chalcogenides most are metallic, with the exception of those with 

the divalent rare earth elements Eu, Yb, Sm and Tm. The corresponding highly ionic 

mono-chalcogenides are semiconductors with energy band gaps in the 1–2 eV range. 

The Eu chalcogenides are the ones with most stable rare earth ion in the 2+ state due 

to the half filled 4f shell. Thus, a complete miscibility exists for the Pb1–xEuxX 

systems (X stands for Te, Se, S), resulting in a large band gap tunability of more than 

1.5 eV. The lattice constants as well as energy band gaps of the Pb1–xEuxX alloys 

depend nonlinearly on Eu content. For Eu contents below about 10%, the change in 

energy band gap is very large, with dEg/dx = 3.5, 3.0 and 5 eV for Pb1–xEuxTe, Pb1–

xEuxSe and Pb1–xEuxS, respectively, with little changes in the lattice constants. 

Consequently, Pb1–xEuxX alloys have been the most widely used high energy band 

gap alloys for lead salt based heterostructures and devices 23 24. 

The alternative group of materials for high energy band gap alloys are the 

alkaline-earth chalcogenides. These compounds such as CaX and SrX have energy 

band gaps above 4eV and lattice constants comparable to that of the lead salt 

compounds. For the alloys Pb1–xCaxS and Pb1–xSrxS, a complete miscibility exists, and 

for Pb1–xCaxTe, Pb1–xSrx Te and Pb1–xSrx Se solid solutions have been obtained for Sr 

or Ca mole fractions at least up to 15%25. For other alloys with alkaline-earth 
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chalcogenides such as BaTe or MgTe, only a very small solubility region exists. In the 

lead/alkaline earth chalcogenide alloys again the energy band gap increases very 

rapidly with alkaline earth content with little change in the lattice constants. This 

makes these alloys equally well suited for fabrication of lead salt based quantum well 

structures and MIR diode lasers13. 

One general problem associated with the high energy band gap lead salt alloys is 

the very rapid deterioration of the electrical properties of the epitaxial layers with 

increasing rare-earth or alkaline-earth content 23 24 25. In fact, for all of these alloys a 

decrease of the low temperature electron mobility by more than two orders of 

magnitude has been observed already for alloy compositions of only 10%. This has 

been explained by very strong alloy scattering of the charged carriers24, which can 

even lead to a disorder-induced metal to insulator transition. 

 

1.1.1.4 Dielectric properties and refractive indices 

An important property of the lead salt compounds is their huge static dielectric 

constant. This results from the fact that these materials, in particular PbTe, are close 

to a structural phase transition from the cubic to a rhombohedral phase that exhibits 

obvious ferroelectric properties. Thus, although PbTe remains cubic at all 

temperatures, the temperature dependence of the static dielectric constant ε0 ∝ C/(T–θ) 

can be associated with an extrapolated negative Curie temperature θ of –75 K. As a 

consequence, the static dielectric constant increases strongly with decreasing 

temperature, reaching a value of ε0 = 1350 at 4 K. The dielectric constants of the lead 

compounds in the mid-infrared spectral region are also exceptionally large, causing a 

refractive index above 5 for PbSe and PbTe (see Fig. 1.5). By combining the lead salt 

compounds with wide band gap and low refractive index materials such as EuTe, 
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EuSe, SrSe or BaF2 (see Fig. 1.5), very high reflectivity epitaxial Bragg interference 

mirrors, as required in vertical 

cavity surface emitting lasers 

(VCSELs), can be obtained 25 . 

The refractive index contrast 

achieved by combining the lead 

salt compounds with these 

materials is up to five times larger 

as compared to those of III–V 

materials (see Fig. 1.5). As a 

result, the optical quality of lead 

salt based Bragg mirrors is 

significantly better than those of other materials26. 

 

1.2 IV–VI Molecular Beam Epitaxy (MBE) 

Molecular beam epitaxy (MBE) of IV–VI semiconductors has been used for 

fabrication of low dimensional structures such as quantum wells and superlattices as 

well as infrared optoelectronic devices. In 1964, the first mid-infrared p–n junction 

laser was made by Butler et al. 27 using Pb1–xSnxTe, and since then, efficient mid- and 

far-infrared IV–VI compound diode lasers have been fabricated, finding their main 

applications for remote sensing of gaseous pollutants in trace gas sensing devices, 

toxic gas analysis systems, human breath analysis in medical diagnostics and 

industrial process control. Recent progress in epitaxial growth techniques has led to 

the fabrication of lead salt midinfrared diode lasers operating at temperatures up to 

225 K in continuous (cw) mode 28 and up to 60 °C in pulsed mode29. In fact, lead salt 

Fig. 1.5 refractive index of various III–V, II–
VI, IV–VI, group IV semiconductors and 
selected fluorides and oxides plotted versus 
lattice constants. Taken from Schwarzl et al.  
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IV–VI compound diode lasers can cover the whole 3–30 µm wavelength region and 

feature the highest operation temperature of conventional infrared band gap lasers. 

Apart from this, IV–VI MBE has also been used for the fabrication of detector arrays 

on Si substrates 2 and of novel thermoelectric devices30. In addition, MBE has been 

extensively used for the growth of low dimensional electronic and magnetic systems 

like quantum wells31, superlattices 32and self-organized quantum dots33. 

In contrast to other compound semiconductors, the main constituents in IV–VI 

MBE are supplied from compound effusion sources loaded with PbSe, PbTe, PbS, 

SnTe, SnSe or GeTe, etc. This is due to the fact that the IV–VI compounds evaporate 

predominantly in the form of binary molecules, which means that nearly congruent 

evaporation occurs. While the degree of dissociation is only few percent for lead salt 

compounds, it notably increases for the tin and germanium chalcogenides. Therefore, 

additional group VI flux is usually used to assure the right stoichiometry of the 

epilayers, but only a very small excess group VI is required. By changing the total 

group IV to group VI flux ratio, the background carrier concentration and type of 

carriers can be controlled flexibly. 

Excess group IV flux leads to n-type and excess group VI flux to p-type 

conductivity in the epilayers. For the high energy band gap alloys required for band 

gap engineering, the group IV elements are substituted by rare earth (Eu, Yb) or 

alkaline earth elements (Sr, Ca). Due to the very low vapor pressure of their 

chalcogenide compounds, these elements are supplied from elemental sources, which 

must be complemented by the corresponding amount of excess group VI flux. 

Dopants such as Bi, Tl or Ag can be supplied either from elemental or compound (e.g., 

Bi2Se3, Bi2Te3 or Tl2Te) sources. Generally, effusion temperatures for the IV–VI 

compounds are in the range of 400 to 600 °C, for the group VI elements (Te, Se) in 
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the range of 150–300 °C and for the rare earth and alkaline earths around 450 to 900 

°C. The substrate temperatures are typically in the range of 250 °C to 400 °C, where a 

unity sticking coefficient of all components except for Te, Se or S exists. Above 400 

°C a significant reevaporation from the lead salt layers occurs and the growth rates 

and layer composition become increasingly difficult to control. 2D layer-by-layer 

growth can be achieved down to temperatures as low as 150 °C, as proven by in situ 

RHEED studies in which pronounced RHEED intensity oscillations were found over 

a large temperature range22 23. 

Concerning the substrate materials for lead salt epitaxial growth, not only the 

lattice mismatch to common semiconductor substrates such as Si or GaAs is rather 

large (10% and more, see Fig. 1.1), but also the crystal structure and even more the 

thermal expansion coefficient β of the IV–VI compounds of around 20 × 10–6/K differ 

strongly from that of Si as well as that of the zinc-blende type III–V or II–VI 

compounds (β typically less than 6 × 10–6/K) 36 37. As a consequence, large thermal 

strains are induced in the epitaxial layers during cooling of the samples to room 

temperature and below after sample growth. For thicker epilayers, this leads to a 

significant structural degradation of epilayers or even to the formation of cracks and 

peeling during thermal cycling 36 37. A best compromise in these respects is achieved 

for BaF2 substrates, in spite of its different crystal structure (calcium fluoride 

structure). As shown in Fig. 1.1, BaF2 shows only a moderate lattice-mismatch to 

PbSe or PbTe (– 1.2% and + 4.2%, respectively) and moreover, the thermal expansion 

coefficient is almost exactly matched to that of the lead salt compounds. Therefore, 

the epilayers are stable against thermal cycling. Furthermore BaF2 is highly insulating 

and optically transparent in the mid-infrared region. Thus, BaF2 has been the most 

widely used substrate material for the IV–VI epitaxial growth. Due to its high ionic 
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character, good BaF2 surfaces can be obtained easily only for the (111) surface 

orientation. Therefore, in most cases, IV–VI heterostructures have been grown in this 

surface orientation. However the problems still exist regarding to the BaF2 substrates, 

such as low thermal conductivity, hard to cleave along (110) or (100) orientation etc. 

 

1.3 Applications of IV-VI Semiconductors  

1.3.1 Midinfrared Detectors 

Narrow-gap lead chalcogenides (IV–VI compounds) such as Pb1-xSnxTe or Pb1-

xSnxSe have been known for a long time and were employed as early as the 1970s to 

fabricate infrared detector arrays for thermal imaging.34 They can cover the infrared 

(IR) range from <3 µm to >30 µm by choosing appropriate chemical compositions. 

The properties of IV–VI materials are remarkably different from the well-known II–

VI or III–V compounds (see Table I). The ultimate sensitivities obtainable with IV–

VI compounds are similar to those of II–VI narrow bandgap semiconductors such as 

Cd1-xHgxTe (MCT) under similar conditions (i.e., bandgap and operating temperature). 

They are limited by Auger recombination in both cases (see Table I). This leads to 

Table I. Some Properties of IV–VI Materials versus MCT
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maximal RoA (differential resistance at zero bias times area) products over a certain 

doping concentration: e.g., optimal concentrations for 0.1 eV bandgap devices at 80 K 

are ~2 ×1014 cm-3 to ~5 ×1015 cm-3 for MCT and ~1 ×1017 cm-3 to ~3 ×1017 cm-3 for 

Pb1-xSnxTe or Pb1-xSnxSe. The much higher optimal concentrations in Pb1-xSnxTe and 

Pb1-xSnxSe are due to the larger homogeneity region and high permittivities in these 

materials. These high permittivities, as well as the high thermal expansion coefficients 

(7 times higher than Si), were one reason why development for IR focal-plane array 

(FPA) thermal imaging was nearly stopped in the early 1980s in favor of MCT. 

However, IV–VI materials remained the only choice to fabricate mid-wave infrared 

(MWIR) laser diodes before the invention of the quantum cascade laser, 35  and 

continue to be of importance today. 

Renewed interest started in the mid-1980s with the growth of IV–VI epitaxial 

layers on non-latticematched substrates such as Si. High-quality layers were obtained 

by molecular-beam epitaxy (MBE) on Si(111) substrates with a very thin CaF2 buffer 

layer for compatibility. Of most importance is the relief of the thermal mismatch 

strain by glide of dislocations: the dislocations glide on {100} planes, which are 

inclined with respect to the (111) surface plane, i.e., the Schmid factors and therefore 

the shear strains are not zero. On each temperature change, the threading ends of the 

misfit dislocations glide to remove the mechanical thermal strain built up. They never 

block (as might occur in zincblende type II–VI and III–V semiconductors) and in 

addition may even react to decrease the density of threading dislocations and therefore 

increase the structural layer quality.36 Linear IV–VI IR sensor arrays on Si(111) were 

demonstrated with cut-off wavelength ranging from ~3 µm to ~15 µm.4 A two 

dimensional (2D) FPA with the IV–VI layer grown epitaxially on an active Si chip 

containing the readout multiplexing electronics was also demonstrated, proving the 
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concept that whole IR FPAs might be fabricated by post-processing of complete and 

tested Si-complementary metal oxide semiconductor (Si-CMOS) circuits.37 

 

1.3.2 Midinfrared Lasers 

Lead salt semiconductor diode lasers 13 28 have been widely used for high-

resolution gas spectroscopy 38 due to the numerous absorption lines of almost all 

molecular gases in the MIR spectral region. Due to their large wavelength tunability 

and their narrow line widths, lead salt lasers have been an excellent tool for gas 

sensing applications. In mid-infrared vertical cavity surface emitting lasers (VCSELs), 

the laser resonator is created by epitaxial growth of planar Bragg interference mirrors. 

Therefore, the laser light is coupled out perpendicular to the epilayer surface. 

VCSELs offer a variety of advantages such as a small beam divergence, large mode 

spacing and single mode operation and the possibility of monolithic integration, and 

they have a great potential for reducing threshold currents and increasing the 

operation temperatures.  

Lead salt mid-infrared VCSELs were first demonstrated by G. Springholz’s 

research group 39 for wavelengths between 4.5 and 6 µm. This development was based 

on the realization of novel high-reflectivity epitaxial Bragg mirrors and ultra-high 

finesse microcavity structures for the infrared region 44. These mirrors consist of 

multilayer stacks of optically transparent dielectric layers with alternating low and 

high refractive index and an optical thickness equal to one quarter of the target 

wavelength λT for which the reflectivity is maximized. The high reflectivity is purely 

caused by multiple-interference effects and can be arbitrarily tuned from 0 to 100% 

just by changing the layer sequence and/or number of layer pairs. Due to the quite 

short length of the active region of around 1 µm of VCSELs compared to several 
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hundreds µm for edge emitters, the reflectivity of the cavity mirrors must be very high, 

i.e., typically above 98%. This can be only achieved either by using a large number of 

λ/4 layer pairs or by combining materials with very large refractive index contrast. As 

shown in Fig. 1.1, the combination of lead salt materials (with high refractive index) 

(n ~ 5) with wide band gap materials such as EuTe, EuSe or BaF2 with n ~ 2.5 to 1.5 

clearly fulfills this requirement. Due to the resulting very high refractive index 

contrast ∆n / n of up to 100%, ultra-high reflectivity Bragg mirrors with reflectivity 

above 99.5% can be achieved already with 3 layer pairs 27, in great contrast to the case 

of III–V Bragg mirrors, which require typically around 20 periods because the 

achievable refractive index contrasts are only around 15%. In addition, these materials 

are epitaxially compatible with the lead salt compounds, featuring lattice constants 

and thermal expansion coefficients that fit reasonable well to that of the lead salt 

compounds. Due to the very high refractive index contrast, lead salt Bragg mirrors 

exhibit ultra-broad high-reflectivity stop band regions with a spectral width of up to 

80 % of the central mirror wavelength. This makes them highly suitable also for 

passive optical elements such as low loss omni-directional mirrors and interference 

filters40. 

 

1.3.3 Quantum Dots 

Strained-layer heteroepitaxy has become a powerful tool for fabrication of self-

assembled semiconductor nanostructures41 42. It is based on the natural tendency of 

highly strained layers to spontaneously form coherent, i.e., dislocation free three-

dimensional (3D) nanoislands on the surface of a thin 2D wetting layer43 . This 

islanding is driven by the highly efficient strain relaxation possible within the islands 

due to lateral elastic expansion or compression in the directions of their free side 
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faces44. For islands larger than a certain critical size, such relaxed elastic energy 

outweighs the corresponding increase in free surface energy, leading to an effective 

lowering of the total free energy of the system. Overgrowth of these islands with a 

higher band gap barrier material results in a confinement of the free carriers in all 

three directions of space and thus, self-assembled quantum dots are formed. Due to 

the statistical nature of growth, however, these dots exhibit considerable variations in 

size and shape. This results in a large inhomogeneous broadening of the quantum 

confined energy levels and the corresponding optical transitions45. 

In addition, there is little control over the lateral arrangement and position of the 

nanoislands. Both factors pose considerable limitations for device applications. Three-

dimensional stacking of self-assembled quantum dots in multilayer or superlattice 

structures provides an effective tool for controlling the vertical and lateral 

arrangement of the dots. PbSe/PbEuTe quantum dot superlattices represent a 

particular interesting system for investigation of such interlayer correlations. On the 

one hand, the elastic anisotropy is particularly large and therefore, an exceedingly 

efficient vertical and lateral ordering takes place. On the other hand, different dot 

stacking types occur for different spacer thicknesses as well as growth conditions. 

Therefore, this system is very well suited for testing of various theoretical predictions 

of superlattice growth models. In addition, comprehensive systematic studies on 

interlayer correlation mechanisms have been carried out in this material system46 47. 

Quantum dots can be made by self-organized growth from quantum-well 

structures, and also by photolithographic techniques. Due to the possibility to grow 

adjacent layers of quite different lattice constant in the IV-VI material family, strain 

can well be incorporated into superlattice structures. The inherent strain can be 

designed and predetermined by selection of the material composition and layer 
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thickness. The first reported self-organized quantum-dot structure was made by MBE 

from Pb1−xEuxTe (x = 0.05 to 0.1) spacers and PbSe wells, with some 5.5% lattice 

mismatch35. Growth resulted in PbSe islands that were embedded by consecutive 

spacers. While these islands appeared at irregular positions in the first PbSe layer, 

they got organized in subsequent periods, resulting in a face centered cubic (FCC) 

superstructure of the single dots localized in the wells. The lattice constant of the 

resulting dot crystal was shown to be variable and determined by changing the 

superlattice period. The comparative ease of making these quantum-dot crystals bears 

considerable potential for optoelectronic device applications. 

 

1.4 Thesis Overview 

The main goal of this research is to improve the Pb-salt materials quality for 

midinfrared detector and laser application. In order to achieve such goal, proper design of 

a procedure of MBE growth and fabrication of laser and detector structure on various 

substrates are needed that would preferentially make the device to operate in high 

performance such as high temperature, high sensitivity, etc. Chapter one introduces the 

basic properties of the IV-VI semiconductors and their applications in various fields. 

Chapter two discusses the growth defects in the Pb-slat epilayers such as growth pits and 

etch pits. The growth pits in Pb-salts semiconductors are studied thoroughly in shape, 

size and density since the threading dislocations have been studied by the other 

researchers previously. Normaski and Scanning Electron Microscopy (SEM) images are 

provided to verify the properties of the growth pits in IV-VI semiconductors in order to 

deeply understand the origin of the growth defects. Chapter three describes the in-situ 

surface treatment method, which is carried out during MBE-grown PbSe on CaF2/Si (111) 

heterostructure. The details of the experimental procedures are given step by step and 

supported by in-situ RHEED patterns. The promising results are listed in form of the 
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enhanced electrical and optical performance of the Pb-salt epilayers. Chapter four 

discusses fabrication and characterization of a single element Pb(Sn)Se mid-infrared 

detector grown on Si(111) substrate. The details of the growth and processing are 

addressed based on detector structure, doping, etching, Ohmic contact, etc. I-V curves 

from the P-N junctions are provided to verify the performance and properties of the P-N 

junction and the issues related to the performance and fabrication of the detector are 

addressed too. Chapter five presents the fabrication of an edge emitting Mid-IR laser 

structure grown on a polished (110)-oriented BaF2 substrate. The details of fabricating 

procedures are addressed and fabrication issues have been discussed according to the 

intensity and linewidth of the photoluminescence (PL). By using electroplating technique, 

a metal base is formed in contact with epitaxial layer and is followed by a growth 

substrate removal for complete transfer of the epitaxial layer to a metal membrane. 

Chapter six details the future direction for this project and explains the issues needing 

further investigation and improvements.  

Some material properties and outcomes thereafter were still not clearly understood. 

Therefore, some questions remain unanswered. Despite these, many novel processes have 

been already developed and many challenges were overcome in an honest effort towards 

betterment. Hopefully this dissertation provides a clear picture of the field in Pb-salt 

semiconductor materials and devices and therefore inspires a continuation of this work at 

the University of Oklahoma. 
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2.1 Defects in Semiconductors 

Understanding the defects in semiconductors will lead to improve the performance 

of semiconductor devices for applications in civil and military technology. The focus 

of this research is the study of one kind of defects (growth pits) in IV-VI Pb-salt 

semiconductors. The goal is to understand how this kind of defect originate, their 

shapes, and their effects on the properties of the materials.  

The physical characteristics of semiconductors are determined both by the 

properties of the host crystal and by the presence impurities and crystalline defects. 

Dopant impurities, which typically substitute for a host crystal atom, introduce 

electronic states in the bandgap close to the valence and conduction band edges and 

thus determine the type and conductivity of the material. These so-called shallow 

level defects enable the wide range of semiconductor devices available today. 

However, crystal lattice defects or other impurities, which introduce electronic states 

deeper in the bandgap and are referred to as deep level defects, also modify the 

properties of the semiconductor and thus may make a semiconductor unsuitable for its 

intended applications.  

When a semiconductor film is grown epitaxially on a substrate that has a slightly 

different lattice constant, the lattice mismatch strain in the film may be relaxed by the 

introduction of misfit dislocations or other lattice defects. The electronic and 

optoelectronic devices for many important semiconductor applications are complex 

engineered structures in which both the lattice mismatch strain and the defects must 

be tightly controlled. 

As is well known, some of the defects in the semiconductors play a dramatic role 

on the performance of the devices. For instant, detectivity (D*) of photovoltaic (PV) 

detectors is restrained by threading dislocations and operability of detectors is limited 
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by growth pits density in the semiconductors. While the main defects in Pb-salt 

semiconductors are exactly threading dislocations and growth pits.  

 

2.1.1 Threading Dislocation in IV-VI Materials 

The threading dislocations in IV-VI semiconductors were studied in references

1 2. The scientists have found the ways to reduce the threading dislocation densities in 

lattice-mismatched layers. For Pb-salt semiconductors grown on the Si (111) 

substrates, the lattice and thermal expansion mismatch strain can be relaxed by glide 

of dislocations in the main {100} <110> glide system for epilayers which have the 

NaCl crystal structure. Fig. 2.1 shows a schematic drawing of the glide and 

crystallographic geometry. Nearly complete strain relaxation is obtained in layers 

with a thickness of several µm, and on each temperature cycle, e.g., from room 

temperature (RT) to 80 K. Even after more than 1400 such cycles, plastic strain 

relaxation still occurs on each temperature change, and it was estimated that the layers 

Fig.2.1. Schematic drawing of the arrangement of the {100} <110> glide 
system for the NaCl type PbSe (111) layers on Si(111). (a) Perspective 
drawing; (b) arrangement of possible a/2<110>-type Burgers vectors; dashed 
lines: Burgers vectors which are inclined to the interface and therefore belong 
to glissile dislocations. Taken from Muller et al. 
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had undergone a cumulative plastic deformation exceeding 400% in report3. The 

structural quality has changed only slightly after these procedures. Even higher 

quality of epilayers is obtainable if the samples are annealed at 200 – 400 0C in 

vacuum or Se vapor environment. An estimate based on geometrical arguments and 

the experimental findings was performed which predicted movements of the threading 

ends of misfit dislocations in the centimeter range in layers with dislocation densities 

of 108 cm-2 4. 

Etch-pit (threading dislocation) densities of typical PbSe layers after growth were 

1 × 107 to 3 × 107 cm-2. To demonstrate the easy mobility of threading ends, 

rectangular islands were etched into the layers. Fig. 2.2(a) shows the etch-pit density 

of an as-grown island. A homogeneous distribution of etch pits is observed. Similar 

islands of the same sample (but where no etch-pit treatment was applied) were heated 

to 300 0C, and etched after cool down to RT for etch-pit analysis. Fig. 2.2(b) shows a 

micrograph of such an island. The most striking feature is the extremely reduced etch-

pit density over most of its interior. On all such rectangular islands investigated, 

similar patterns were reproducibly observed. All showed the same features, a very low 

dislocation density in the interior, and an increased density along a U-shaped band 

Fig. 2.2 Distribution of etch pits on rectangular PbSe (111) islands on Si(111) 
before (a) and after (b) a thermal cycle to 300 0C. The crystallographic orientation 
is plotted pointing into the same directions as in Fig. 2.1. Adapted from Zogg et al. 
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located a few micrometers away from the edges. This band runs along three of the 

four edges only, while no increased density is observed along the fourth edge (Fig 2.2

（b）right side). This latter edge runs parallel to the [101] direction formed by the 

intersection with the surface of the (010)-glide planes inclined away from the edge 

(i.e., the (010)-glide planes plotted in Fig. 2.1 with the island on the left). On the other 

three edges with a different crystallographic orientation, a band with increased etch-

pit density was observed. The asymmetry is correlated with the mechanical strain, 

which decreases to zero at the edges. For most orientations, it becomes too small near 

the edge to move the threading segment of the misfit dislocation completely out of the 

island. Only for edges oriented along [101] and with the (010)-glide planes inclined 

away as described, the strain field is changing in a manner that the threading ends can 

escape completely.  

The decrease of dislocation densities (etch-pit densities) with increasing layer 

thickness is plotted in Fig. 2.3. A similar sample was etched down to different 

thicknesses and annealed, 

and the revealed etch 

pits in the interior of the 

samples were counted. 

With increasing 

thickness, the threading 

dislocation density at the 

surface of the layer 

decreases with 

approximately the 

square of the thickness d, which is different from III-V or II-IV semiconductors, 

Fig. 2.3 Etch-pit density in PbSe (111) on Si(111) vs 
thickness d of the layers (points). A 1/d2 dependence 
is indicated by the dashed line. Taken from Fach et al. 
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where a 1/d scaling is observed, or even a leveling off of the density for thicker 

layers5. The 1/d dependence can be understood as the probability that two threading 

dislocations meet during growth in order to annihilate is proportional to dislocation 

density ρ2 6. The near 1/d2 dependence found in the study for annealed PbSe can be 

explained as follows: For a certain grown layer with thickness d (and before 

performing anneals or temperature changes), the threading dislocation density existed 

during growth scales with 1/d as described. When changing the temperature (after 

growth is completed), one has to take into account that each threading end of the 

misfit dislocations is able to glide along the whole layer dimension. If a threading 

dislocation does not encounter and react with any other threading dislocations on its 

glide across the whole sample, no change in the 1/d dependence results. However, 

assuming that this moving threading end encounters another threading end and reacts 

(annihilates or fuses) with it, a further dislocation reduction takes place. 

Remembering that all threading dislocations behave in this manner, the result must be 

that this reduction again scales with 1/d in order to finally achieve the observed 1/d2 

dependence. 

An explanation of this dependence has to take into account the inhomogeneous 

distribution of dislocations across the layer thickness. The junctions where two 

threading ends have reacted in the interior of the layer may be able to move further 

towards the interface as long as the dislocation density is low. Near the interface, the 

dislocation density increases and the junctions encounter more obstacles to move 

down. Thus, a higher decrease of the dislocation density is possible closer to the 

surface. Clearly, a 1/d2 dependence as compared to a 1/d dependence leads to a faster 

decrease of dislocation density with increasing layer thickness, which is of value for 

growth of thick layers with very low dislocation density. The exact nature of the 
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dislocation interactions for these NaCl-type semiconductors is not known and 

deserved further studies. 

 

2.1.2 Growth Pits in II-VI Semiconductors 

 As compared to IV-VI materials, growth defects in II-VI semiconductors have 

been investigated extensively7 8 9. For example, in the prevailing II-VI material, Hg1-

xCdxTe (MCT), different growth defects have been identified as dislocations, stacking 

faults and twins, voids and hillocks, as well as precipitates. Fig. 2.4 shows typical 

defect complexes (one kind of voids defects) in MCT. From the images, one can see 

the voids exist inside hillocks, or voidhillock complexes. These defect complexes 

appear to be associated with a nest of ‘decorating’ dislocations. This becomes 

apparent upon defect etching small sections of films such that the location of each 

individual defect complex is relatively precisely correlated during the etching process. 

The large voids, with sizes usually greater than 5 µm, nucleated at the substrate-

epilayer interface. The smaller voids, however, appeared to nucleate away from the 

substrate-epilayer interface. Direct evidence of these voids on cleaved cross-sections 

Fig.2.4 (a) Defects which appear to be voids inside hillocks. (b)Defect complexes 
where the hillocks appear to be associated with void edges. Taken from Chandra et 
al. 
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of MBE-grown films has been obtained earlier10  and reproduced in Fig. 2.5. As 

displayed, usually the voids, once nucleated either at the substrate-epilayer interface 

or away from it, continued to replicate through to the top surface of the films. 

Fig. 2.6 displays a fraction of the voids appears to close before reaching the film 

surface. Here the voids nucleated slightly away from the film-substrate interface, 

continued to replicate for a while as the growth progressed, but then relatively rapidly 

closed off at significant depths from the film surface. The whole sequence was 

completed before two-thirds of the film growth was completed. Examination of the 

top surface of these films does not reveal any indication of voids within the depth of 

the films. These only become apparent upon examination of cleaved cross-section of 

these films. Voids, which close during growth, can nucleate either at the interface or 

Fig. 2.5 Cross-sectional and three dimensional SEM microphotographs of void 
defects nucleated at various stages of MBE growth: at the growth interface, (a) in the 
middle of the growth run, (b) near the end of the growth run. Adapted from Aoariedn 
et al
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away from the interface. Furthermore, these voids may not always be leaving any 

“fingerprints” on the top surface. Defect etching these films did not indicate a 

presence of nesting dislocations. However, void density increased upon selective and 

progressive removal of the epilayers. When defect etching was performed following a 

partial removal of the film, dislocation nests were observed decorating these voids in 

some cases. An example is displayed in Fig. 2.7. No nests or decorative pattern of 

Fig.2.6 Cross-sectional SEM microphotograph of void defects which “closed” 
before the end of the growth. These voids will be completely hidden and not 
apparent from the top surface. Taken from Frazier et al. 

Fig.2.7. Dislocation etching of a MBE epilayer containing “hidden” voids. (a) 
Dislocation nests are not apparent on the top surface, (b) but become apparent
upon removal of half of the film. Adapted from Shih et al. 
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dislocations were observed upon defect etching the top surface of a selected small 

section of a MBE film (Fig. 2.7a). Upon removal of approximately half of the film 

thickness by chemical etching, this section was then defect etched. A number of 

dislocation nests springs into view (Fig. 2.7b). 

As stated above, Void defects during MBE growth of HgCdTe can nucleate at the 

substrate-epilayer interface as well as away from it. The latter kind of void defects is 

smaller in size compared to voids nucleating at the interface and appears to be usually 

present as a defect complex, which leads to the formation of an associated decorative 

dislocation nest. Both kinds of voids usually penetrate through to the surface of the 

films. However, examples where voids have closed before reaching the top surface of 

the films have been found. No indications of these hidden voids can be observed by 

examining the top surface of the films. Elimination of fluctuations in growth 

conditions, usually likely to be associated with multi-layer and multi-composition 

films, eliminated the formation of these complex defects. 

 

2.2 Investigation of Growth Pits in IV-VI 

 Although IV-VI semiconductors like Pb1-xSnxSe show a comparably high 

capability in comparison to II-VI and III-V materials, such as Hg1-xCdxTe and InSb11 

12 , not many efforts have been devoted to exploring the full potential of IV-VI 

materials. Recently, an investigation of defects in the IV-VI Pb-salt materials was 

carried out by our research group and a significant conclusion in nature of growth pits 

was made according to our experimental results. 

 

2.2.1 Samples Preparation  
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In this research, a single monocrystalline Lead salt (PbSe) layer was epitaxially 

grown on silicon substrate in a customer-designed MBE apparatus. Throughout the 

growth process, the reflection high energy electron diffraction (RHEED) patterns 

were recorded for confirmation of the quality of epilayer. Further details regarding to 

the growth have been described in elsewhere13. The surface morphology of epilayer 

was then characterized by Nomarski microscopy and scanning electron microscopy 

(SEM). Energy dispersive x-ray analysis (EDXA) was performed on the special area 

of the epilayer surface to investigate the composition of the growth defects.  

Fig. 2.8 shows a Nomarski micrograph of an as-grown PbSe epilayer surface on a 

Si (111) substrate. A number of bright spots with various sizes are conventionally 

called “growth pits” or surface defects, which are also prevalent in epitaxial 

semiconductor materials such as Hg1-xCdxTe and SiC14 15. The detailed information 

about the growth pits in PbSe epilayer is presented through SEM observation. Fig. 2.9 

shows a typical SEM image of 

a PbSe epilayer grown on a Si 

(111) substrate, from which the 

detailed characteristics of the 

growth pits can be clearly 

observed. Higher resolution 

images of a small growth pit 

(labeled by a circle) are 

displayed in Fig. 2.10 in plan 

view and Fig. 2.11 in 60° 

oblique view. It is very interesting to note that the growth pit is composed of two 

micro-sized cuboids both of which have rectangular facets approximately parallel to 

Fig. 2.8 Nomarski micrograph of an as-grown 
PbSe epilayer on Silicon substrate. 
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Fig. 2.9 SEM image of PbSe epilayer grown on a 
Si (111) substrate. 

Fig. 2.10 Plan view of enlarged SEM image of 
the circled part in Fig. 2.9.  

the (111) crystal plane of Si 

substrate. The 3-dimensional 

(3D) display of the micro-

cuboids in Fig. 2.11 shows 

that the upper part of the 

larger micro-cuboid extrudes 

outwards from the epilayer, 

and the facets of the micro-

cuboid are vertically 

intersecting each other. Fig. 

2.12 provides a 3D image of 

another micro-cuboid. While 

the orientations of the micro-

cuboids differ from one 

structure to another, similar 

micro-cuboids were readily 

observed in our samples.  

 

2.2.2 Composition of Micro-Cuboids 

EDXA was conducted in order to investigate the chemical composition of the 

micro-cuboids. Fig. 2.13 shows the EDXA spectrum of the micro-cuboid in Fig. 2. 11, 

where the two most intense peaks were identified to be lead and Selenium. Elemental 

analysis of EDXA shows that there is a very small compositional difference between 

micro-cuboids and the surrounding epilayer. The atomic percentages of Pb and Se are 

51% and 46%, respectively, which indicates that both the micro-cuboids and the 
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Fig. 2.12 3-D of SEM image of Micro-cuboid. 

Fig. 2.11 600 oblique view of enlarged SEM 
image of the circled part in Fig. 10.  

epilayer are made of PbSe. Considering that IV-VI semiconductors like PbSe and 

PbTe possess a cubic NaCl-type structure, it is reasonable to identify the micro-

cuboids as PbSe micro-crystals 

since both facets and regular 

shapes of micro-cuboids are of 

single crystalline character. 

The facets of the micro-cuboids 

in Fig.2.11 and Fig.2.12 are 

most likely attributed to the 

{100} plane of lead salt 

materials. The RHEED patterns, 

however, indicate a three-fold 

rotational symmetry during the 

growth, which means that the 

crystalline orientation of the 

PbSe epilayers is along the 

<111> direction of Si substrate. 

The discrepancy of crystal 

orientations between PbSe 

epilayer and micro-crystal 

suggests that the PbSe micro-

crystals may originate from a self-assembly growth mode which is completely 

different from the growth mechanism of the surrounding PbSe epilayers. 

  

2.2.3 Multiple Growth Pits 
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In addition to the smaller growth pits (~1µm), several larger growth pits were also 

observed as shown in Fig. 2.14 with a 60° oblique view.  The size of those pits is 

more than 5µm. Obviously, this larger growth pit is a direct result of a stack of micro-

cuboids with the size 

of each cuboid 

around 0.5 to 1 µm. 

However, every 

cuboid has a specific 

crystal orientation, 

and the size of single 

micro-cuboids is not 

uniform. Some of the 

smaller cuboids are so close to their neighbors, so it is difficult to identify individual 

cuboids because they overlap or merge with each other, appearing as irregular shapes. 

 

2.2.4 Origin of Growth pits  

Regardless of the size of 

the growth pits, there are 

always narrow gaps between 

micro-cuboids and 

surrounding epilayers, which 

indicates that these micro-

cuboids are in fact embedded 

in PbSe epilayer rather than 

simply on the surface. This 
Fig.2.14 SEM image of a ~5 µm growth pit with a 
60° oblique view formed by A cluster of single 
micro-cuboids.  

Fig. 2.13 A typical EDXA spectrum of micro-cuboids. 
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line of reasoning is confirmed in Fig. 2.15, where a cross-sectional SEM image of a 

cleaved sample clearly shows 

that the “roots” of the micro-

cuboid are located near the 

middle of the epilayer. 

However, this is one 

representative case as the roots 

of other micro-cuboids were 

found at various depths 

throughout the profile of the 

epilayers. Additionally, if the 

surface of the epilayer was 

blown by nitrogen or cleaned in 

an ultrasonic bath, most of large 

micro-cuboids were removed 

and craters were left behind 

them (see Fig. 2.16). The depths 

of craters differ and follow the 

general rule: the larger the size 

of micro-cuboid, the deeper the 

crater. These results indicate that the nucleation of PbSe micro-crystals can take place 

at various stage of the epitaxial growth, while the heights and volumes of micro-

crystals increase along specific crystal orientations as the epitaxial growth is ongoing.  

 

2.2.5 Conclusions on Growth Pits 

Fig. 2.16 SEM image of crater after the surface 
was blown by nitrogen gas. 

Fig.2.15 Cross-sectional SEM image of a 
cleaved sample which clearly shows that the 
“roots” of the micro-cuboid are located near the 
middle of the epilayer. 
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 All of these results provide definite clues about the growth mechanism of 

micro-cuboids. As mentioned above, the individual micro-cuboids can be identified as 

PbSe micro-crystals, but the random crystalline orientation of all micro-cuboids is a 

strong indication of polycrystalline growth. Herein, we tentatively assume that 

polycrystalline seeds provide the initial stage of micro-cuboidal growth. In subsequent 

stages, single crystalline PbSe micro-crystals will grow randomly along various 

crystal orientations of the polycrystalline seeds. Apparently, the growth along <100> 

is faster than the growth in other directions since the {100} facets have a lower 

surface energy than that of the higher index planes. This reason coincides with the 

growth of other PbSe nano-crystals whose shapes vary from spherical to highly 

faceted truncated octahedrons to cubic with sizes ranging from several nanometers to 

tens of nanometers16 . We believe that in our case, once the polycrystalline seeds are 

formed at a certain stage, the high growth rate of micro-cuboids promotes the out-

plane growth and the self-assembling of micro-cuboids. Because the height and 

volume of micro-cuboids prevents further deposition in the shadows of micro-cuboids, 

gaps will appear between micro-cuboids and epilayers. 

 Interestingly, after we decorated the threading dislocations in PbSe epilayers 

using H. Hogg’s etching technique17 , there are no extra dislocations observed around 

growth pits. However, the situation is reverse for II-VI materials grown by MBE. The 

dislocation densities always increase in the areas near growth defects like voids and 

void/hillock for II-VI materials18 . In our case, the gaps between micro-cuboids and 

the epilayer are believed to play an important role, because the gaps prevent the stem 

of micro-cuboids from coming into contact with the epilayer, the micro-cuboids will 

not introduce extra strain fields into the epilayer around them. Once passivated by 

post-growth treatments, these larger defects, which are actually highly-crystalline 
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material, are not expected to negatively impact the performance and reliability of 

fabricated devices. Additionally, it should be noted that the same structures of PbSe 

micro-crystals were also found in PbSe and PbSnSe epilayers grown on BaF2 (111) 

substrates, which means that the formation of micro-crystals is a common fact for IV-

VI epitaxial growth.  

 Possible explanations behind the polycrystalline seed nucleation include the 

large lattice mismatch between lead salt materials and silicon substrates or surface 

contaminations. Here we present only preliminary results and discussions about the 

structures and morphologies of the growth pits in Pb-salt semiconductor on Si 

substrate. In order to further clarify the growth mechanism, IV-VI epilayers grown on 

the different substrates should be investigated and other high-precision characteristic 

techniques such as transmission electron microscopy (TEM) are required. 
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3.1 Introduction of Surface Treatment for II-VI Epitaxy 

In-situ surface treatment is extensively used in the interfaces during growth of 

semiconductors on mismatched substrates. For example, a nitrogen-plasma (N-Plasma 

is one kind of in-situ surface treatment) was applied to the interfaces between 

substrates and epilayers during MBE growth of ZnSe on Si (111) for improving the 

quality of the epilayers1.  

As we know, high quality ZnSe epilayers are difficult to obtain due to the 

chemical and mechanical mismatch between ZnSe and Si. The ~ 4.3% lattice 

mismatch and the difference in the thermal expansion coefficients between these two 

materials are responsible for the introduction of crystal defects like dislocations and 

stacking faults2 3. On the other hand, it is known that an imbalance in the interface 

charge is one of the serious problems associated to the growth of a polar 

semiconductor on a nonpolar one4. For example, at the (100) interface between Si and 

the Se plane of ZnSe, the interface bonds will each receive a total of 5/2 electrons per 

bond instead of the two electrons required. This excess charge would generate a huge 

internal electric field. Harrison et al4 suggested that in order to eliminate the excess 

charge the growth process itself produces modifications in the ideal atom arrangement 

resulting in a distorted interfacial geometry. Moreover, if the bonding problems at the 

interface are such that in the absence of any flux of Se, the sticking coefficient of Zn 

on the Si surface is very small5. Furthermore, chemical reactions between Si and Se at 

the interface during the very initial stage of growth cause the formation of a thin SiSex 

amorphous interlayer6 7. This layer hinders the smooth growth of ZnSe, resulting in a 

high density of crystal defects in the films. From the above statements, it is clear that 

the control of the initial stages of growth is essential in order to reduce the defect 

density. 
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The scientists described the effects of Si substrate surface irradiation with plasma 

of nitrogen (N-plasma) prior to the molecular beam epitaxial (MBE) growth of ZnSe, 

and found that a substantial improvement on the crystal quality of ZnSe epilayers on 

Si(111) can be achieved by this novel substrate surface treatment with N-plasma1. The 

use of this surface treatment allowed the researchers to obtain a two dimensional 

growth of ZnSe on Si, as revealed by the presence of reflection high-energy electron 

diffraction (RHEED) oscillations at the initial stages of growth. 

 

3.1.1 N-plasma Si Surface Treatment 

N2 gas was introduced in the MBE chamber 

when the oxide was fully desorbed from the 

Shiraki-cleaned Si (111) surface. In order to 

increase the reactivity of nitrogen with the Si 

surface, an rf-plasma discharge source was used 

to produce highly reactive nitrogen species8 . 

After the N-plasma treatment the substrate 

surface showed a RHEED pattern with bulk 

1×1 streaks and a blurred 7×7 reconstruction, as 

observed in Fig. 3.1.  

Fig. 3.2 shows the RHEED pattern obtained 

after 8 ML of ZnSe grown by conventional 

MBE directly on Si(111) without the N-plasma 

treatment. The intense bulk spots and the 

diffuse background are indicative of a three-

dimensional growth mode. With further growth, 

Fig. 3.1 RHEED patterns of N-plasma 
treated Si(111) substrate. Taken from 
Méndez-García et al. 

Fig. 3.2 RHEED patterns of Growth 
of 8 ML ZnSe on an untreated 
Si(111) substrate. Adapted from 
López-Lópezet et al. 
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crystal defects became evident by the appearance of extra-spots indicating the 

formation of twinned regions, as observed in 

the RHEED pattern of Fig. 3.3 that 

corresponds to the growth of 30 ML of ZnSe. 

It is difficult in obtaining a smooth ZnSe 

growth by this technique. The three-

dimensional islands resulting from the direct 

MBE growth on untreated Si substrates are 

shown in Fig. 3.4. 

 

3.1.2 Improvement by 

Surface Treatment 

 The great improvement in 

the epitaxy obtained when 

growing on a Si surface 

treated with N-plasma. Fig. 

3.5 shows the RHEED pattern 

obtained after 8 ML of ZnSe grown by pulsed 

MBE on an N-plasma treated substrate. The 

RHEED pattern looks very streaky, and 

moreover a 2-fold reconstruction can be 

observed suggesting a two-dimensional 

growth mode and an atomically ordered 

surface. The improved epitaxy is evident when 

comparing these RHEED patterns with the corresponding patterns obtained by direct 

Fig. 3.3 RHEED patterns of 30 ML of 
ZnSe grown by conventional MBE 
directly on an untreated Si(111) 
substrate. Taken from Méndez-García
et al.

Fig. 3.4 Atomic force microscopy images of 30 ML 
of ZnSe grown by conventional MBE directly on a 
treated Si substrate. Adapted from Hernández-
Calderón  et al.

Fig. 3.5 RHEED patterns of 8 ML and 
(f) 30 ML of ZnSe grown by pulsed 
MBE on an N-plasma treated Si(111). 
Taken from López-Lópezet et al. 
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MBE on untreated substrates (Figs. 3.2). The RHEED patterns in Figs. 3.5 have a low 

background and are much streakier, indicating a flat surface.  

Auger measurements revealed 

a better ZnSe-coverage for the N-

plasma treated Si surface, 

supporting the idea of a layer by 

layer growth promotion by this 

technique. The AFM image in Fig. 

3.6 confirmed the flatter ZnSe 

surface obtained on the N-plasma 

treated Si surface.  

 

3.1.3 Growth Model 

The two dimensional growth 

could be induced by the formation of 

a nitrogen interlayer that avoid the 

formation of the SiSex compound, 

and could balance the electric charge 

at the ZnSe/Si interface, thus allowing 

the growth of a smooth ZnSe epilayer.  

For the (111) interface a sub-

monolayer amount of nitrogen is 

enough. For example, charge balance 

occurs when the nitrogen atoms 

displaces Si atoms and take the place of 50% of the surface sites, so the N atoms share 

Fig. 3.6 30 ML of ZnSe grown by pulsed MBE on an 
N-plasma treated Si substrate. Taken from 
Hernández-Calderón  et al.

Fig 3.7 Schematic picture of a possible 
atomic arrangement of the Si surface after the 
N-plasma treatment. Adapted from Uhrberg 
et al.

Fig 3.8 Schematic picture of a possible 
atomic arrangement in the early stages of the 
ZnSe growth. Taken from Uhrberg et al. 
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three bonds to the substrate, as shown in Fig. 3.7.. In this way the growth could 

smoothly continue with a complete monolayer of Zn atoms bonded to a surface 

formed by Si and N, as illustrated in Fig. 3.8. A different sub-monolayer amount of N 

could be possible depending on the particular atomic geometry at the Si surface. The 

partial coverage of the Si(111) surface with nitrogen could be reflected by the blurred 

7x7 reconstruction after the N-plasma  treatment, as shown in Fig. 3.2.  

 

3.2 In-Situ Treatment for IV-VI Epitaxy 

Although many of the methods were applied to reduce the defects in IV-VI 

epilayers grown by MBE, such as low and high temperature cycling, defects are still 

the major challenge for device applications especially for epitaxy on Si substrate. In 

particular, the growth pits and etch pits in the Pb-salt semiconductors are relatively 

higher than those in III-V and II-VI materials. For instance, the threading dislocations 

density in Pb-salt epilayers is usually from high 106 to low 108 cm-3, compared to 

MCT with dislocation density of only 104 ~ 105 cm-3. Hence, reduction of dislocations 

in IV-VI semiconductors is critical for high performance device applications. In this 

research, we explored a new surface treatment method to reduce dislocation density. 

This method, as is described in the following section, will reduce the thermal 

mismatch as well as the lattice mismatch between the interfaces.  

 

3.2.1 Motivation of research 

The continual improvement of IV-VI materials grown by molecular beam epitaxy 

(MBE) is a key step in the development of IV-VI infrared semiconductor devices on 

silicon substrates. This research presents a novel surface treatment method which is 

carried out during MBE growth of monocrystalline PbSe on Si(111)-oriented 
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substrates.  Details of the experimental procedures are described and supported by 

reflection high-energy electron diffraction (RHEED) patterns.  The effect of the in-

situ surface treatment method is exhibited in the forms of improved electrical and 

morphological properties of PbSe thin films. Specially, the carrier mobility increases 

almost three-fold at 77K and nearly two-fold at 300K. The density of the growth pits 

undergoes almost three-fold reduction, whereas the density of the threading 

dislocations decreases around four-fold respectively after surface treatment. 

 

3.2.2 Traditional growth of Pb-salt on Si 

One of the most important applications for IV-VI semiconductors is the detection 

of light in the mid- and far- infrared region. Growth of homogeneous high quality 

materials on Si substrates makes IV-VI semiconductors a promising candidate for the 

large format focal plane array (FPA) detectors. 9 It has already been shown that IV-VI 

detectors especially those based on Pb1−xSnxSe materials grown on Si substrate offer 

high sensitivity similar to that of MCT detectors.10 11 Nonetheless, the full potential of 

IV-VI semiconductor detectors is not yet entirely realized, mainly due to lattice and 

thermal expansion mismatch of IV-VI materials with Si substrate. These mismatches 

introduce defects such as dislocations.  As is well known, defects in semiconductors 

play a critical role on the performance of the devices. There are primarily two kinds of 

defects in epitaxial IV-VI semiconductor materials – threading dislocations and 

growth pits.  

The thermal expansion and lattice parameter mismatches between PbSe and 

silicon substrates are about 12% and 700% at 300K respectively (see Table II). 

Despite these large mismatches, high quality IV-VI layers can still be grown on (111)-

oriented silicon substrates successfully and hence reported. 12 Initial work in this area 
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focused on using a stacked BaF2/CaF2 buffer layer on Si substrate, but later MBE-

growth results have shown that just a thin CaF2 layer produces good PbSe epitaxy.13 

This fluoride buffer layer, even when as thin as 20 Å, appears to be necessary for 

good PbSe epitaxy since attempts to grow PbSe directly on Si(111) substrate have 

resulted in poor layer quality.14 The layer-by-layer growth modes for both CaF2 and 

PbSe are observed by RHEED intensity oscillations and reported in literature. After 

growth, the epilayers are reported to be entirely free of cracks and their crystalline 

quality is reasonably good as evidenced by high resolution X-ray diffraction (HRXRD) 

with full-width half-maximum (FWHM) values of typically less than 200 arcsec.15  

However, the dislocation density in all these reports has still been in the range of high 

107 cm-2, which needs to be further reduced for high device performance.              

 Up to date, post growth annealing seems to be the most effective way 

implemented to reduce the dislocation density in IV-VI epilayers after MBE growth 

lead salt on mismatched substrates, but the lowest dislocation density by annealing 

seems to be limited to mid 106 cm-2 even after 1400 cycles.16 So it is highly desirable 

to develop other ways to reduce defect density either before or after growth. A 

promising method is substrate treatment before growth. Based on this idea, we 

designed a MBE-growth procedure for obtaining high quality IV-VI epilayers with 

further reduced defect density. Several buffer layers are applied between CaF2/Si 

substrate and PbSe epilayer in relation to their crystal structure, lattice constant and 

thermal expansion coefficient. 

 

3.2.3 Design of Experimental Procedure                                                            

Based on the properties of IV-VI semiconductors as well as the characteristics of 

their MBE growth (see Table II), we figured out an experimental procedure during 
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MBE-Growth of PbSe on CaF2/ Si(111) heterostructure for further reducing growth 

defects and thread dislocations. According to the material properties, in particular 

their crystal structure, lattice parameters and thermal expansion coefficients and our 

feasible sources as 

well MBE chamber 

conditions, we 

designed a detailed 

growth approach by 

considering every 

growth parameter such 

as substrate 

temperature, source 

flux, growth time, etc. 

The details of the 

designed experiments 

are shown in Fig. 3.9. In the traditional growth method PbSe film is directly grown on 

Lead atoms 

Fluorine 
atoms 

Calcium atoms 

Strontium 
atoms 

Selenium 
Atoms 

Bulky PbSe 

                 Si wafer 
Fig. 3.9 Schematic of layer by layer growth of the 
in-situ surface treatment. 

Table. II. Properties of semiconductor materials related to surface treatment at
300K 
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CaF2/ Si(111)  substrate without any additional treatment, like ZnSe directly grown on 

Si substrate. However, under the treated growth procedure, several more layers are 

grown between substrate and epilayer as shown in Fig. 3.9. Strontium source is open 

for a while right after CaF2 growth, it is expected that a single atomic layer of SrF2 can 

be formed on the CaF2 surface at high surface temperature, moreover, no extra strain 

introduces during this growth due to the same crystal structure of the CaF2 and SrF2. 

Next, selenium source is opened for growth of the SrSe on SrF2. It is supposed that Se 

atoms are only reacted by Sr atom on the surface and thus the surface is covered Se 

atoms after this step. Finally, PbSe is grown on SrSe with the reduced lattice 

mismatch and the same crystal structure. 

 

3.2.4 In-situ Surface Treatment Procedure 

As stated above, the Pb-salt semiconductors are generally grown on the cleaved 

bulk BaF2 or on silicon with fluoride buffer layers. To further improve the quality of 

the epilayer, we figured out an in-situ surface treatment procedure. In this procedure, 

PbSe thin films were grown on 

a (111)-oriented Si substrate 

covered by several buffer 

layers using a compound PbSe 

source and an elemental Se 

source. A single-sided polished 

p-type Si substrate (resistivity 

~ 100 ohm-cm) was prepared 

by the modified-Shiraki 

cleaning method for epitaxial 

Fig. 3.10 RHEED pattern (20 kV) from a clean 
Si (111) surface at 770°C with the streaky (7x7) 
surface reconstruction along [112] incidence 
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growth. When the substrate temperature reached 770 ºC, a clear 7x7 reconstruction 

RHEED pattern (as seen in Fig. 3.10) indicates the oxidation layer was thoroughly 

removed and the substrate surface was ready to grow fluoride buffer layers on it. A 20 

Å thick CaF2 layer was then grown as a buffer layer whose quality was confirmed by 

RHEED pattern in Fig. 3.11 (a).  

The substrate with buffer layers was then transferred to the main MBE chamber 

for PbSe growth. At this time, an optimized surface treatment method was applied to 

CaF2/Si heterostructure. When 

the substrate was heated up to 

530 ºC, the strontium source 

associated with the main 

chamber was opened for 200 

seconds. Thus the substrate 

surface was covered with SrF2 

as evidenced by RHEED in 

Fig.3.11 (b). Subsequently, the 

selenium source attached to the 

main chamber was opened for 

30 seconds and at this point, 

the surface was covered with 

SrSe as evidenced by RHEED 

image shown in Fig. 3.12. 

Finally, the substrate 

temperature was set at 375 ºC 

and a PbSe single layer was grown on the treated substrate. The RHEED pattern in 

Fig.3.11 RHEED image in the [112] azimuth (a) 
during growth of the CaF2 layer at a temperature of 
7700C and (b) during growth of the SrF2 layer at a 
temperature of 5300C

 b) 

 a) 
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Fig.3.13 confirmed the epitaxial growth of the lead salt layer. During the growth of 

PbSe, a 12% Se-to-PbSe flux ratio was maintained while the growth rate was kept 

constant at 2.0 µm/hr. 

 

3.2.5. Results and Discussion 

The buffer layers grown 

by the optimized in-situ 

surface treatment at the 

interfaces between CaF2/Si 

and IV-VI epilayer are to 

reduce lattice and thermal 

mismatches between the 

adjacent layers in a gradual 

manner. 17  The purpose of 

growing each buffer layer is described in detail as following. Firstly, a thin CaF2 layer 

is grown on the Si (111) 

substrate because mismatch 

of their lattice parameters is 

only 0.6% at 300K (see 

Table. II).The thickness of 

CaF2 layer is controlled 

within the critical thickness 

of CaF2 on Si substrate at 

the corresponding 

temperature. Secondly, the 

Fig.3.13 RHEED image in the [112] azimuth during 
growth of the PbSe layer at a temperature of 3750C 

Fig.3.12 RHEED image in the [112] azimuth 
during exposure of the SrF2 /CaF2 layer in 
selenium flux at a temperature of 5300C 
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CaF2   layer is exposed to strontium flux so as to form a single atomic layer of SrF2, 

whose thermal expansion coefficient is nearly the same as that of CaF2. There is no 

visible change on the RHEED patterns during growth of SrF2 as seen in Fig.3.11 (a) 

and Fig.3.11 (b), because the crystal structures of CaF2 and SrF2 are the same and also 

their lattice mismatch is only 5 % at 300K (see Table. II). However, there is indirect 

evidence which supports the 

formation of SrF2 on CaF2. If a 

CaF2 layer without the strontium 

treatment is directly exposed to 

the selenium flux at 530 ºC, 

RHEED patterns have no change 

even after several hours’ exposure. 

However, there is an obvious 

change on the RHEED patterns 

after strontium and then selenium 

treatments as seen in Fig. 3.12. 

Thirdly, the SrF2 layer is exposed 

to selenium flux in order to 

deposit a single atomic layer of 

SrSe on SrF2 surface. As already 

mentioned, there is a visible 

change on the RHEED patterns 

during growth of the SrSe layer 

because the crystal structures of SrF2 (Cubic Closest Packing) and SrSe (Rock salt) 

are totally deferent. Actually, the SrF2 and SrSe layers are the elastic-strain layers, 

Fig. 3.14 Nomarski images of growth pits (a) in 
traditional growth: 1352 cm-2   (size <5µm) and 
383 cm-2 (size >5µm) and (b) pits in optimized 
growth: 454cm-2 (size <5µm) and 167 cm-2   (size 
>5µm) 

  500µm

 a) 

   500µm 

 b) 
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which help in releasing strain by reducing lattice and thermal mismatch between the 

CaF2/Si heterostructure and the PbSe epilayer.18 19 Finally, a monocrystalline PbSe 

layer is grown on the SrSe surface (see RHEED patterns in Fig. 3.13) because their 

crystal structures are the same and their lattice mismatch is only 2% at 300K. 

After the MBE growth, the samples are taken out and the growth pits density is 

measured under the Nomarski microscope. The improvement by the in-situ surface 

treatment on the reduction of 

growth pits density is almost 

three-fold. The growth pits 

density decreases from 1735 

cm-2 by traditional MBE-

growth to 621 cm-2 by the 

improved MBE-growth as 

shown in Fig. 3.14 (a) and Fig. 

3.14 (b). This, on the other 

hand, signifies that the defect 

limited operability of the 

detector based on such 

improved IV-VI materials 

increases from 99.60% to 

99.85% theoretically, where the 

pixel operability is predicted 

for 30µm x 30µm pixels with 

30µm pixel spacing. The etch 

Fig. 3.15 SEM images of etch pits (a) in traditional 
growth (PbSe on CaF2/Si) and (b) in optimized 
growth (after in-situ surface treatment), both in 
etchant for 5 minuets at 75 0C. 

 a) 

 b) 
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pits density, as characterized by scanning electron microcopy (SEM) in Fig. 3.15 (a) 

and Fig. 3.15 (b), reduces from a level of 2×108 cm-2 to 5×107 cm-2 due to the surface 

treatment. Moreover, the in-situ surface treatment helps in increasing the mobility of 

majority carrier from 9,875 cm2/V.s (carrier concentration: 8.0 × 1016 cm-3)   to 29,912 

cm2/V.s (carrier concentration: 7.2 × 1016 cm-3) at 77K and from 647 cm2/V.s (carrier 

concentration: 2.0 × 1017 cm-3)   to 1,073 cm2/V.s (carrier concentration: 1.7 × 1017 

cm-3)   at 300K. As we know, the detectivity of the detectors is limited by the 

threading dislocation and the carrier lifetime is mainly determined by the mobility.  It 

is, therefore, highly expected that the IV-VI device performance would increase 

significantly by using these 

improved MBE-grown epilayers.  

3.2.6 Water-resist  

Another phenomena observed 

during the experiments is that 

water-resistence becomes weak if 

the CaF2 buffer layer is too thick 

(over 50 angstrom). For example, 

the surface of a sample named by 

Si38608 with 50 angstrom CaF2 

buffer layer became rough when 

it was placed in DI water for 24 

hours (Fig. 3.16 (b)) compared to 

the as-grown one in Fig. 3.16 (a)  , 

but the epilayer with 20 angstrom Fig. 3.16 Nomarski images of surface: (a) as-
grown sample Si38608 (b) Samples Si38608 
in DI water for 24 hours 

a)

b)



 60

CaF2 buffer layer did not change in DI water for 24 hours or longer. We thought that a 

persuasive explanation is: the function of the buffer CaF2 layer becomes weak when 

the thickness of the buffer layer is higher than the critical thickness of silicon and 

CaF2 at growth temperature. Normally if the thickness of a buffer layer is within the 

critical thickness between the layers, then the buffer layer serves as an elastic strain 

layer, so the extra stress may be released by this layer. Otherwise, if the thickness of 

the buffer layer is much thicker than the critical thickness, the buffer layer (actually, 

this layer does not work as the buffering function any longer) just grows as itself 

crystal structure and therefore it loses its adjustment between bottom and top layers. 

The other mechanism regarding this result is still in study.  

 
 
3.2.7 Conclusions of In-situ Surface Treatment 
 

In summary, by applying a surface treatment method on CaF2/Si, the quality of 

IV-VI epilayer increases considerably. The reduction of growth pits and etch pits 

densities in the epilayer by this optimized surface treatment method is roughly three-

fold and four-fold respectively. This is extremely valuable for the IV-VI midinfrared 

detector applications. Meanwhile, the improvement in carrier mobility is more than 

three-fold at 77K and two-fold at room temperature respectively. As is shown in this 

chapter, the preliminary results are very encouraging and could lead to significant 

progress in future device performance of IV-VI materials. The impact of this 

procedure with respect to additional performance factors related to device operation is 

an ongoing research and will be provided in future. 
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4.1 Narrow Band-gap Mid-Infrared Photodetectors 

At present, efforts in infrared (IR) detector research are directed towards 

improving the performance of single element devices and large electronically scanned 

arrays, and to obtain higher operating temperature of detectors. Another important 

goal is to make IR detectors cheaper and more convenient to use. Recent progress in 

different IR photodetector technologies includes: HgCdTe (MCT) photodiodes, InSb 

photodiodes, alternative to HgCdTe, III-V and II-VI ternary alloy photodiodes, and 

monolithic IV-VI (lead chalcogenide) photodiodes. Investigations of the performance 

of photodiodes operated at short wavelength IR (SWIR), 1-3 µm; medium wavelength 

IR (MWIR), 3-5 µm; and long wavelength IR (LWIR), 8-14 µm; are carried out and 

discussed in this chapter. 

 

4.1.1 Introduction of Narrow Gap Detectors 

The years during World War II saw the origins of modem infrared (IR) detector 

technology. Recent success in applying IR technology to remote sensing problems has 

been made possible by the successful development of high-performance IR detectors 

over the last six decades. Many materials have been investigated in the IR field. 

Spectral detectivity curves for a number of commercially available IR detectors are 

shown in Fig. 4.1.1 Interest has centered primarily on the wavelengths of the two 

atmospheric windows 3-5 µm and 8-14 µm, though in recent years there has been 

increasing interest in longer wavelengths stimulated by space applications. 

During the 1950s IR detectors were built using single-element-cooled lead salt 

detectors, primarily for anti-air-missile seekers. Usually lead salt detectors were 

polycrystalline and were produced by vacuum evaporation and chemical deposition 

from a solution, followed by a post-growth sensitization process.2 The first extrinsic 
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photoconductive detectors were reported in the early 1950s. Since the techniques for 

controlled impurity introduction became available for germanium at an earlier date, 

the first high performance extrinsic detectors were based on the use of germanium. 

Extrinsic photoconductive response from copper, zinc, and gold impurity levels in 

germanium made devices possible in the 8- to 14- µm long wavelength spectral 

window (LWIR) and beyond to the 14- to 30- µm very long wavelength region 

(VLWIR). The extrinsic photoconductors were widely used at wavelengths beyond 10 

µm, prior to the development of the intrinsic detectors. They must be operated at 

lower temperatures to achieve performance similar to that of intrinsic detectors, and a 

sacrifice in quantum efficiency is required to avoid impracticably thick detectors. 

 

Fig. 4.1 Comparison of the D* of various commercially available infrared detectors 
when operated at the indicated temperature. Chopping frequency is 1000 Hz for all 
detectors except the thermopile (10 Hz), thermocouple (10 Hz), thermistor 
bolometer (10 Hz), Golay cell (10 Hz) and pyroelectric detector (10 Hz). Each 
detector is assumed to view a hemispherical surround at a temperature of 300 K. 
Theoretical curves for the background-limited D* for ideal photovoltaic and 
photoconductive detectors and thermal detectors are also shown. Adapted from 
Rogaiskia et al. 
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At the same time, rapid advances were being made in narrow bandgap 

semiconductors that would later prove useful in extending wavelength capabilities and 

improving sensitivity. The first such material was InSb, a member of the III-V 

compound semiconductor family. The semiconductor alloys in III-V, IV-VI and II-VI 

material systems were introduced by the end of the 1950s. Table III and IV listed 

important electrical and optical parameters of the materials used in IR detectors 

fabrication. These alloys allowed the bandgap of the semiconductor and hence the 

spectral response of the detector to be custom tailored for specific applications. In 

Table III. Some physical properties of narrow gap semiconductors 

Table IV Some material properties of narrow-gap semiconductors for IR sensor 
application. 
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1959, research by Lawson and co-workers triggered development of variable bandgap 

HgCdTe alloys, which provided an unprecedented degree of freedom on infrared 

detector design.3 

 

4.1.2 Theory of Infrared Photodetectors 

The photodetector is a slab of homogeneous semiconductors with the actual 

electrical area Ae that is coupled to a beam of infrared radiation by its optical area Ao. 

Generally, the optical and electrical areas of the device are the same or close. The use 

of optical concentrators can increase the Ao/Ae ratio. Detectivity D* as the main 

parameter characterizing normalized signal to noise performance of detectors is equal 

4 5 

 

  

For a given wavelength and operating temperature, the highest performance can 

be obtained by maximizing η/[t(G+R)]1/2. This means that high quantum efficiency 

must be obtained with a thin device. Assuming a single pass of the radiation and 

negligible frontside and backside reflection coefficients, the highest detectivity can be 

obtained for t = 1.26/α.6 In this optimal case η = 0.716 and detectivity is equal 

 

To achieve a high performance the thermal generation must be suppressed to 

possible the lowest level. This is usually done with cryogenic cooling of the detector. 

        (1)  

(2) 

                 (3) 
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For practical purposes, the ideal situation occurs when the thermal generation is 

reduced below the optical generation. At equilibrium the generation and 

recombination rates are equal, and then we have 

 The ratio of absorption coefficient to the thermal generation rate α/G is the 

fundamental figure of merit of any material for infrared photodetectors which directly 

determines the detectivity limits of the devices. An optimized photodetector of any 

type should consist of the following regions (see Fig. 4.2): (1) Lightly-doped narrow 

gap semiconductor region, which acts as an absorber of IR radiation. Its band gap, 

doping and geometry should be selected. (2) Electric contacts to the narrow gap 

region which sense optically generated charge carriers. Contacts should not contribute 

to the dark current of the device. (3) Passivation of the narrow gap region. The 

surfaces of the absorber regions must be insulated from the ambient by a material, 

which also does not contribute to the generation of carriers. In addition, the carriers, 

which are optically generated in absorber, are kept away from surfaces, where 

recombination can reduce the quantum efficiency. For the best sensitivity the 

frontside face should perfectly transmit IR radiation. (4) Refractive, reflective or 

diffractive concentrator of IR radiation. (5) Backside minor for double pass of IR 

radiation. 

In real case, such device can be obtained using 3-dimensional gap and doping 

Fig. 4.2 Schematic of 3-D heterostructure photodetector. Taken from Piotrowski et al
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engineering, with the narrow gap absorber buried in a wide gap semiconductor. The 

undoped wide gap material can be used as a window, and/or a concentrator of 

incoming radiation. Doped n- and p-type semiconductors are used for contacts. The 

device must be also supplied with contact metallization and electrodes. Thermal 

generation in the contact regions is virtually eliminated by making them wide gap. 

The generation-recombination (G-R) processes are associated with the 

predominant recombination mechanisms. There are three important generation and 

recombination mechanisms: Shockley-Read, radiative, and Auger mechanisms. The 

Shockley-Read mechanism occurs via lattice defects and impurity energy levels 

within the forbidden energy gap. These mechanism sets can be controlled by the 

procedure used to grow the material; consequently, the Shockley-Read process is not 

a fundamental limit to the performance of the detector. The radiative generation-

recombination and Auger mechanisms are fundamental band-to-band processes, 

which are determined by the electronic band structure of the semiconductor. It 

appears that Auger mechanisms dominate generation and recombination processes in 

high-quality narrow gap semiconductors. The generation rate due to the Auger 1 and 

Auger 7 processes can be described as 7 

where τi
A1 and τi

A7 are the intrinsic Auger 1 and Auger 7 recombination times. Then 

Auger dominated detectivity is equal [see Eq. (1)] 

 

 

where γ = τi
A7/ τi

A1. Since the resulting Auger generation rate achieves its minimum 

for p = γ1/2 ni, it leads to important conclusion about optimum doping. The optimal 

           (4) 

            (5) 
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performance of Auger limited detectors can be achieved with a lightly p-type doping 

with hole concentration p = γ1/2 ni. 

Assuming that the saturation dark current Is of a photodiode is only due to thermal 

generation in the base layer and that its thickness is low compared to the diffusion 

length, then we have 

where G is the generation rate in the base layer. Because the zero bias resistance-area 

product is 

 

 

so 

 

Taking into account the Auger 7 mechanism in extrinsic p-type region of n+-on-p 

photodiode, we get 

 

 

And the same equation for p-on-n photodiode 

where Na and Nd are the acceptor and donor concentrations in the base region, 

respectively. By now, photodiodes were only analyzed in which the dark current was 

limited by diffusion. However, several additional mechanisms are involved in 

determining the dark current-voltage (I-V) characteristics of the photodiode. The dark 

current is the superposition of current contributions from three diode regions: bulk, 

                                           (6) 

                                    (7) 

                                                         (8) 

                                              (9) 

                      (10) 
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depletion region and surface. If we are concerned with the current contribution of 

high-quality photodiodes with high RoA products limited by: (1) generation-

recombination within the depletion region, (2) tunneling through the depletion region, 

(3) surface effects, then we will get the following equations. The first two 

mechanisms are schematically illustrated in Fig. 4.3. 

The generation-recombination current of the depletion region can be described as  

if a trap is near the intrinsic level of the band gap energy. In this equation τo is the 

carrier lifetime in depletion region. The surface leakage current can be described in 

the same way. 

The space-charge region generation-recombination current varies with 

temperature as ni, i.e., less rapidly than diffusion current which varies as ni
2. 

The zero bias resistance can be found by differentiating Eq. (11) and setting V = 0: 

Fig. 4.3 Schematic representation of some of the mechanisms by which 
dark current is generated in a reverse biased p-n junction. From online 
publication.

                                      (11) 
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where Vb = kTln(NaNd/ni
2). In evaluating Eq. (12), the term of greatest uncertainty is 

τo. 

The third type of dark current component that can exist is a tunneling current 

caused by electrons directly tunneling across the junction from the valence band to the 

conduction band (direct tunneling) or by electrons indirectly tunneling across the 

junction by way of intermediate trap sites in the junction region (indirect tunneling or 

trap-assisted tunneling - see Fig. 4.3). 

The tunneling current (and RoA product) is critically dependent on doping 

concentration. Fig. 4.4 shows the dependence of the RoA product components on the 

doping concentrations for 

one-sided abrupt HgCdTe, 

PbSnTe and PbSnSe 

photodiodes at 77 K (Eg ~ 

0.1 eV). To produce high 

RoA products for HgCdTe 

and lead salt photodiodes, 

the doping concentration of 

1016 cm-3 and 1017 cm-3 (or 

less) are required, 

respectively. The maximum 

available doping levels due 

to onset of tunneling are 

          
                (12) 

Fig. 4.4 The dependence of the RoA product on 
doping concentration for one-sided abrupt HgCdTe, 
PbSnTe and PbSnSe photodiodes at 77 K (Eg ~ 0.1 
eV). (see Ref 11). 
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more than an order of magnitude higher with IV-VI than with HgCdTe photodiodes. 

This is due to their high permittivities ε because tunneling contribution of the RoA 

product contains exp [const (m* ε / N)1/2 Eg] factor. 8 

 

4.1.3 IV-VI Photovoltaic Infrared Devices 

The first photovoltaic IV-VI IR-detectors were fabricated in 1970 by Holloway et 

al. 9 10 in layers grown on BaF2 (111) substrates (lattice mismatch 4% versus PbTe). 

They were of the Schottky barrier type with Pb evaporated as a blocking contact on p-

PbTe. Pb inverts the surface region, so the barrier height approximately corresponds 

to the band-gap. The devices fabricated on Si-substrates follow the same technique. 

The first devices on Si were demonstrated in 1985 11 12 using a CaF2/BaF2 buffer layer 

and HWE (hot wall epitaxy) for growth of lead salt. Currently, the Pb-salt devices are 

grown in a MBE system with CaF2 buffer layers. 

 

4.1.4. Comparison of IV-VI with Other Narrow-gap Detectors 

The theoretical ultimate sensitivities are almost the same for the different narrow 

gap semiconductor families like HgCdTe or lead-salts under similar conditions (such 

as bandgap, operation temperature, etc). Both MCT and lead salt (mainly PbSnSe, 

PbSnTe) technologies were developed for IR-sensor applications with comparable 

efforts until to the end of the 1970s. 13 At that time, it was decided that it did not make 

sense to develop two materials in parallel, and then the IV-VI were given up. Reasons 

for this decision were the large permittivities of the IV-VI which make the devices 

slower, the large thermal expansion coefficient of IV-VI which makes the hybrid 

connection to Si more difficult, and because bulk IV-VI materials are extremely soft 

which make the processing more difficult. While this decision might have been right 
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at that time when mainly scanning systems were anticipated, these arguments no 

longer hold for staring arrays with photovoltaic sensors today. Moreover, one might 

argue in retrospect that the decision was unfortunate since it turned out that MCT was 

extremely difficult to develop and has some drawbacks. IV-VI detector arrays are able 

to compete with MCT in each of the important aspects14: The material technology is 

much easier with IV-VI than with MCT, and IV-VI detectors can withstand higher 

temperatures. 

As stated in introduction, the thermal expansion mismatch does not impede 

fabrication of high quality layers and IR-detectors on Si (l11) substrates. The high 

permittivities of IV-VI still do not pose problems with speed for staring FPA, but 

have the advantage to shift the optimal carrier concentrations for photodiodes (the 

sensitivity is ultimately limited by Auger recombination) to near two decades higher 

values than in MCT. These rather high doping levels are easily controlled. In addition, 

the high permittivities shield the electric field of charged defects. Higher quality 

devices are therefore obtained in lower quality material. The optical absorption is 

strong enough in IV-VI with 1-2 µm thickness to obtain a near reflection loss limited 

quantum efficiency. 

Up to date, the quality of the IV-VI devices was still limited by the rather high 

dislocation densities in the high 107 to 108 cm-2 range. It is surprising that devices at 

these high dislocation levels still work satisfactorily, although their performance is far 

below their theoretical limitation under most operation conditions. With a dislocation 

density p = 2*107cm-3, the theoretical sensitivity limit for PbTe Schottky barrier 

detectors was obtained down to 150K. By fabricating devices into layers with p = 

1*106cm-3, the theoretical sensitivity limit would be obtained down to 80K for e.g. 

PbSe Schottky barrier sensors.15 For PbTe p-n junctions, the theoretical performance 
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(diffusion limit) is higher than with Schottky barrier devices; with a similar 

dislocation density (1*106 cm-3), the diffusion limit would be followed down to about 

180K. Therefore, a rather small effort would suffice to make IV-VI-on-Si sensor 

arrays operating at the theoretical sensitivity limit under many operation conditions, 

and hence technically even competitive to the best presently available techniques. 

Moreover, concerning manufacturability, homogeneity, and costs, photovoltaic IV-VI 

sensor arrays on Si substrates offer substantial advantages compared to MCT. 

Material technology is much easier: MBE growth is straightforward and already in 

routine use for laser fabrication. No Hg-related problems occur, and material stability 

and diffusion is no problem in IV-VI. The bandgap of Pb1-xSnxSe depends much less 

on x than in Hg1-xCdxTe, much higher uniformities in cutoff wavelength are therefore 

achievable. For example, the cutoff wavelength of a nominally 0.1 eV Pb1-xSnxSe 

sensor (12.4 µm cutoff) depends five times less on chemical composition x than in 

Hg1-xCdxTe. This is because at x =0, PbSe is already narrow gap, whereas Eg is as 

high as 1.6 eV in CdTe. In addition, there is no need for very low residual impurity 

levels because the optimal carrier concentration for photovoltaic detectors is as high 

as in the low 1017 cm-3 range.  

 

4.2 PbSnSe Single-element Detectors on Si 

4.2.1 Design and Growth of Detector Structure 

The detector consists of 4.5 µm p-type PbSnSe layer with carrier concentration of  

1.3 × 1017 cm-3 and 0.5 µm n-type (bismuth doped) PbSnSe layer (see Fig. 4.5) with 

carrier concentration of 2.0 × 1018 cm-3. The designed absorption wavelength at 77K is 

10 µm. Single element detectors are formed by the square absorption areas with size 
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variable from 100×100 µm2 to 500×500 µm2. The gap between n-type contact and p-

type contact is 10µm. The process 

undertakes photolithography, wet 

etching, surface passivation and 

formation of Ohmic contact, wire 

bonding, etc. Before growth of 

devices, a set of photo-masks for 

detectors processing were designed 

and fabricated according to the 

future detector structure. 

The growth of epilayers is performed under ultra-high-vacuum (~ 10-10 Torr) 

MBE system in our research group; this MBE chamber is specially designed and 

machined for IV-VI materials growth. A 3-inch Si(111) wafer with high resistivity 

was treated by modified Shiraki method and dried by high-purity nitrogen gas. The Si 

substrate was outgassed in the buffer chamber at 200 oC for 2 hours and then 

transferred to the subsidiary MBE chamber for growth of buffer layer of CaF2.  A thin 

layer of CaF2 was deposited on the 

dioxided Si surface at high substrate 

temperature. The Pb-salt materials 

were deposited in the main MBE 

chamber. For Pb1-xSnxSe, the flux ratio 

of a PbSe and SnSe source determines 

x, and an additional Se source is used 

to adjust the carrier concentration to p-

type in the low 1017 cm-3 range. In our 

                 CaF2 (20 Ǻ) 

 
 

Silicon (111)  
With high resistivity 

P-PbSnSe (4.5 µm) 

N-PbSnSe (0.5µm) 

Fig. 4.5 schematic of designed PbSnSe 
infrared detector structure on CaF2/Si(111) 

Fig. 4.6 SEM image of P-N junction after 
wet etch. The etched surface is 
comparable to the unetched one. 

5µm 
1.2µm 

Silicon 

Etched 
(p-type)

Unetched 
(n-type) 
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case, the flux ratio of SnSe and PbSe is kept to 5%, and the ratio of Se and PbSe is 

10%. Substrate temperatures are maintained at 420 °C, growth rates are around 2 

µm/h, and epilayer 

thicknesses are estimated by 

beam flux for 5 µm.  

After growth, the sample 

was annealed in MBE 

chamber for 48 hours at 200 

°C for reducing dislocation 

density and improving the 

surface morphology of 

epilayer. When temperature is 

down to room temperature, the sample was taken out for post-growth processing. At 

this stage, several standard processes were conducted on sample toward device 

fabrication.  

A mesa structure was etched in 

ultrasonic bath as shown in Fig. 

4.6. From the figure one can 

clearly see that the etched surface 

(P-type side) is comparable to the 

unetched surface (N-type side). 

The smooth and uniform surface 

results from our optimal etching 

approaches, which is important for 

the subsequent processing. A mesa 

Fig 4.8 Nomarski image of comb structure of 
detector after electroplating of gold for 
Ohmic contact

P-contact

N-contact

Gold stripes 

Fig. 4.7 Nomarski images of Etched mesa 
structures and wire-bonding on P- and N contacts  

p-contact
with wire

p-contact 
with wire 

gold 
wire 
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structure was followed by the second lithography for gold electroplating.  Fig. 4.7 

shows that the Ohmic contacts (p-type and n-type) were made by electroplating gold 

on the photoresist windows. 

The comb structures were also 

made at the same 

experimental processing as 

shown in Fig. 4.8. Fig 4.9 is 

partially enlarged from Fig. 

4.8, which clearly illustrates 

the comb structure with p- and 

n- contacts. In the Fig. 4.9, 

the widths of p- and n- contact 

stripes are 10 µm and the gap between p- and n- type is 10 µm too.  

The gold wires were 

bonded by wire–

bonding processing as 

seen in Fig. 4.7. The 

different sizes of the 

contacts were made in 

one chip, which 

indicates tens of the 

single element detectors 

can be made at the same 

time. The current-

voltage (I-V) curves in 

Fig. 4.9 Nomarski image of partially enlarged comb 
structure after gold electroplating (see Fig 4.8) 

N-contact 
fingers 

P-contact 
fingers 

Etched 
n-type 
fingers 

6 -0.4 -0.2 0.0 0.2 0.4 0.6 0

-0.02

0.00

0.02

0.04
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A

)

V ( v)
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Fig.4.10 I-V characteristics of P-N junction made by 
improved PbSe epilayer on CaF2/Si (111) heterostructure 
(N-type doped by Bi~2.0 x 1018 cm-3) 
Inset: single element detector after processing (etching, 
Ohmic contact, passivation, wire bonding, etc) 
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Fig. 4.10 shows the characteristic of the fabricated P-N junction in Fig. 4.7. In Fig. 

4.10 the contact sizes of p- and n- type are 200 × 200 µm2 and the gap between p- and 

n- contacts is 10 µm. The threshold voltage of the P-N junction is around 0.15 volts 

and forward current-voltage response is comparable to that of II-VI detectors.16 The 

leakage current, however, is still high in reverse bias (two magnitudes higher than that 

of the II-VI detectors), so the performance of the P-N junction still needs to be 

enhanced by further improving the material quality and device fabrication technique. 

In the future, it is expected that the linear or two-dimensional arrays of PbSnSe 

photovoltaic detectors will be fabricated on Si chips that contain the complete readout 

circuits as illustrated in Fig. 4.11. Currently, the readout circuit is fabricated in 

complementary metal-oxide semiconductor (CMOS) technology on Si (111) chips. A 

fanout is insulated by polymers or fluoride layer. Illustration is from the backside 

through the IR-transparent buffer layers and Si substrate. According to our theoretical 

calculation, an optimal detector structure will be applied by changing detector profiles, 

Fig 4.11 Designed PbSnSe monolithic FPAs on silicon for mid-infrared detection 
in the future 
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which includes the graded p-type PbSnSe layer and the wide bandgap confinement 

layers. In this procedure, The highest temperature of all materials growth and device 

fabrication have to controlled below 450 oC because of aluminum metallization 

(standard integrated circuit technology).  
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5.1 Midinfrared Diode Lasers 

Mid-infrared emissions were first demonstrated in 1963, which were from InAs 

and InSb p-n junction diode emitting at a wavelength of 3.1 µm 1  and 5.3µm 2 

respectively. In 1964, just after one year, laser emission from PbTe p-n junction diode 

at a higher wavelength was reported3. After this demonstration of first Pb-salt laser, 

standard MIR lasers were fabricated from narrow gap IV-VI semiconductors such as 

PbS, PbTe, PbSe, PbSSe, PbSnTe, and PbSnSe in the next twenty years. These lasers 

were all diffused-diodes emitting in 4 – 30 µm wavelength range with an operation 

temperature of 4 – 77 K. As the epitaxial growth techniques advanced, new growing 

techniques such as liquid-phase-epitaxy (LPE), hot-wall-epitaxy (HPE), molecular-

beam-epitaxy (MBE) were developed and therefore double-heterostructures (DH) (see 

Fig. 5.1) were grown. Carriers are sufficiently accumulated within the active region to 

induce population inversion in a double-heterojunction (DH) structure, where a thin 

Fig. 5.1 Schematic illustration of a double-heterostructure semiconductor laser. 
Taken from online publication. 
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active layer, typically ~ 0.1 µm thick, but as thin as 10 nm in quantum well lasers, is 

sandwiched between n- and p-type cladding layers, which have wider band gaps than 

the active layer. 

Electrons and holes 

injected into the 

active layer through 

the heterojunctions 

are confined within 

the thin active layer 

by the potential 

barriers at the 

heteroboundaries, 

as illustrated in Fig. 

5.2(a). The DH 

structure forms an 

efficient optical 

waveguide as well, 

because of the 

refractive-index 

difference between the active and cladding layers shown in Figs. 5.2(b) and 5.2(c). 

Thus, the DH structure facilitates the interaction needed for laser action between the 

optical field and the injected carriers.  

DH-structure made revolution in IV-VI laser performances as well. Lead-salt DH 

lasers remained the standard of MIR lasers still 1990. These lasers were grown on 

PbS, PbSe or PbTe substrates, with active layers having PbEuSSe for 3 – 4 µm4, 

Fig. 5.2 Diagram illustrating carrier confinement and 
waveguiding in a double heterostructure (a) Energy-band 
diagram at high forward bias; (b) refractive-index 
distribution; (c) light intensity distribution. Ec and Ev: 
The edges of the conduction and valence bands. V: 
Applied voltage. d: Active-layer thickness (~0.1 µm). Γ: 
Confinement factor. Taken from online publication. 
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PbEuSeTe or PbEuSe for 4 – 8 µm range, and PbSnTe or PbSnSe for wavelengths 

beyond 8 µm. During that time DH laser based on III-V materials were becoming 

promising candidate for MIR light source as well. AlGaAsSb/GaInAsSb/AlGaAsSb 

DH lasers on GaSb substrate and InAsPSb/InAsSb/InAsPSb DH lasers on InAs 

substrates showed excellent performance at room temperature in the 2.0 - 2.5 µm 

range 5  6 . The InGaAsSb/AlGaAsSb strained multi-quantum-well (MQW) laser 

showed striking results in CW operation at and above room temperature and till date 

appears to be well-established technology for laser emission in the 2.0 - 2.7 µm 

wavelength range7. Beyond 2.7 µm, type-II quantum well lasers based on the InAs–

GaSb system, III–V quantum cascade laser and IV–VI lead salt semiconductor lasers 

are in use8 9 10. 

 

5.2 Lead-Chalcogenide Diode Lasers 

Lead chalcogenide diode lasers emitting in the MIR region have been 

commercially available for more than three decades. Their emission covers the 

wavelength range from 3µm to more than 20µm11. Electrically injected lead salt lasers 

have achieved 223K operation in continuous wave mode 12  and above-room-

temperature operations in pulsed mode13. In the earlier stage, there was misconception 

regarding the incapability of IV-VI lasers to produce high output power. However, in 

1997 it was reported that even a diffused-junction laser can produce up to 24 mW of 

CW output power14.  

 

5.2.1 Properties of Lead Salt Diode Lasers 

Bandgap energies of IV-VI semiconductors increase with increasing temperature. 

Hence, they have very large temperature and current tuning ranges. The temperature 
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induced bandgap energy change also helps in reducing facet heating. Facet heating is 

a big disadvantage of III-V lasers that suffer from thermal runaway problems 

associated with the decrease in bandgap energy with increasing temperature 15 . 

Absence of facet heating in IV-VI lasers make them more reliable for high 

temperature operation.  

Among all the previously-mentioned state of the art MIR lasers, lead salt diode 

lasers have the advantages of large tuning range, easy current tuning and narrow line-

width. Group IV-VI materials have suppressed Auger non-radiative loss16 17. Also 

they posses much lighter electron and hole masses that lead to further reduction of the 

lasing thresholds. These properties enable lead salt lasers to set and maintain the 

earlier records for maximum operation temperatures for both pulsed and CW 

operation among all 

mid infrared 

semiconductor diodes. 

As can be seen in 

Fig. 5.3, the wavelength 

of a MIR Pb-salt diode 

can be easily tuned by 

changing the 

composition from 3.5 

um to 10 um with high 

reproducibility. It is clear from Fig. 5.4 that further fine-tuning of the bandgap by 

changing QW width and temperature is possible. As also can be seen in Fig. 5.4, the 

temperature tuning is about five times larger than that of III-V materials. It was 

mentioned before that the energy bandgap of IV-VI semiconductors increase with the 

Fig 5.3 Energy band gap of PbSnSe at room 
temperature (Taken from Dewali’s thesis, 2007) 
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increasing temperature. Therefore, an increment in injection current will make a blue-

shift of both the gain peak and the energy band gap by Joule-heating and thus the 

laser emission wavelength can be easily tuned. For a number of years, lead salt diode 

lasers remained the only 

commercially available 

semiconductor laser 

emitting in the mid-

infrared region. However, 

their performance 

remains far from that 

desired. Low thermal 

conductivity of IV-VI 

materials prevents room 

temperature CW 

operation of traditional IV-VI lasers. Also, there are issues with high dislocation 

density18 (~106 to 107 cm-2) as well; therefore commercially available Pb-salt lasers 

require cryogenic cooling presently.  

The lead salts differ from the more usual semiconductors in their band structure as 

mentioned in the introduction. As an example, PbSe has a bandgap absorption at 4.6 

µm and relative density of states masses of 0.3 and 0.34 for electrons and holes; the 

corresponding data for InSb are 6.9 µm, 0.014 and 0.4. While these III–V and IV–VI 

data are quite different, the effective temperature behavior of heterostructures does 

not differ too much regarding threshold carrier concentrations; the differences seem to 

cancel by and large when it comes to device characteristics. There is, however, one 

notable material difference of central importance to lasers: the non-radiative 

Fig. 5.4 Temperature dependant emission 
wavelengths of PbSe/PbSrSe QW structures 
(Adapted from Dewali’s thesis, 2007) 
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recombination of carriers by the Auger effect is lower by two orders of magnitude in 

materials with the lead-salt band shape, as opposed to those with III–V band shape. 

This effect is strongly dependent on the band structure, grows with laser emission 

wavelength, and is the main reason why conventional diode lasers made from III–V 

heterostructures cannot compete with lead-salt lasers from longer than 3.5 µm 

wavelength onward. 

Apart from these band shape related properties, the refractive index of the IV-VI 

materials is also important for the design of optoelectronic devices. In this point, the 

lead salts are somewhat special as well. On one hand, the relative static dielectric 

constant is very large, of the order of a few hundred. This results in a screening of 

imperfections that reduces free carrier scattering and thus increases carrier mobility; it 

also results in longer recombination lifetimes. This large dielectric constant makes 

infrared detectors comparatively slow, so that they do not play any role in military 

applications which are governed by II–VI detectors, and, increasingly, quantum-well 

devices. However, it does play a minor role for lasers. The infrared dielectric constant 

is quite high as well, as can be seen in Fig. 5.5. It follows the usual rule that an 

Fig. 5.5 The refractive index of lead-salt materials. Taken from Katzir et al.  



 89

increase in bandgap energy is connected to a decrease in dielectric constant. Hence 

one may combine all of these materials to form structures that at the same time 

confine the carriers and guide the infrared radiation. This is in accordance with the 

other optoelectronic semiconductor material families. 

The lead salts have a comparatively low thermal conductance. This is a definite 

disadvantage for laser application because of their high heat dissipation and limits 

continuous wave (CW) operation temperatures, as compared with the much higher 

pulsed operation temperatures. The other material advantages, however, are so strong 

that no other heterostructure laser diodes can compete regarding maximum CW 

operation temperatures for wavelengths longer than 3.5 µm. One further concerning is 

the comparative softness of the Pb-salt materials which gives lead-salt devices less 

stability. On the other hand, the material properties are quite reproducible after a 

deformation. Hence the devices have inherent stability, and Pb-salt diode lasers have, 

for instance, successfully passed vibration tests for space-born applications.11 

 

5.2.2 Application of Pb-Salt Lasers 

The present lead-salt diode laser market is governed by the needs of gas analysis 

with highest demands regarding selectivity and sensitivity, and target molecules like 

N2O, NO, NO2, or hydrocarbons like HCHO, CH4, C2H2, C2H4, C2H6, to name some 

from two chemical groups of interest. These can be detected by tunable diode laser 

spectroscopy with detection levels to below 100 ppt.  

Typical requirements from such applications for lasers are as follows. The power 

should be larger than 100 µW in order to lift detector noise limits. The linewidth 

should be of the order of 10 MHz for the 10−6 resolution needed at reduced pressure 

(Doppler-) linewidth in order to reach optimum selectivity. Resolution and sensitivity 
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ask for laser power noise less than 10−6, since the laser noise directly shows up in the 

detector signal. In order to trace the absorption of a single line, the emission 

wavelength must be stable to 10−6. In order to scan lines well, fast tuning across a 

minimum of 10−5 is needed with low power modulation and constant low noise; larger 

variations would be good in order to allow simple multi-component measurement. In 

order to hit a specific absorption line, a larger tuning range is of course necessary; 1 

cm−1 usually is considered to be sufficient. 

The lead-salt diode lasers fulfill these requirements by and large. One would of 

course like higher operation temperatures than the present cryogenic ones. 

Additionally, toady’s lead-salt lasers must be selected for single-mode operation near 

a target absorption line, and carefully tuned regarding current and temperature in 

order to run under appropriate conditions. Single-mode designs have been 

demonstrated with success, and technically their development would not pose any 

substantial problems, but up to date the limited gas analysis market has not allowed 

the corresponding investments. Lead-salt lasers fulfill the needs of high-performance 

gas analysis quite well; in a suitable system, they stay on line for years with 

reproducible performance, and have an impressive record of working under difficult 

conditions. 

Gas analysis requirements as discussed above are met by the lasers fabricated 

today and selected for this purpose. For longer wavelengths, these are homostructure 

lasers; between 3 and 10 µm DH-lasers with mesa structure, buried waveguide or 

stripe contact lateral confinement are standard. While the stripe contact is, of course, 

the simplest lateral design and allows good production yields, it is well known to 

often produce laterally multi-lobed emission. The missing lateral carrier confinement 

gives rise to both ineffective injection and possible current density instability, the 
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latter being detrimental to high-resolution spectroscopy since it reduces 

reproducibility and increases the effective linewidth. Hence laboratory models often 

have lateral structures by growth of DH structures and subsequent mesa formation, or 

by growth of a single heterostructure (SH), a lateral etch process and subsequent 

epitaxial overgrowth of this then buried heterostructure (BH). These are the most 

common designs. 

One quite obvious laser parameter for monitoring development success is the 

operation temperature. On one hand, the present cryogenic operation temperatures ask 

for unwanted investments in cooling equipment; these costs are reduced by allowing 

for higher temperatures. On the other hand, the larger the operation temperature range 

is, the larger the tuning range for a single laser device; this is helpful for detecting 

different molecules with the same laser. Most important for contemporary high-

performance gas analysis equipment is CW (or at least quasi-CW) operation, since 

under pulsed conditions, the linewidth of laser emission is too large to resolve 

Doppler broadened absorption lines. 

 

5.2.3 Trends of IV-VI Lasers 

One objective for future IV-VI research is to find higher operation temperatures, 

with room-temperature or higher operation of course being the primary goal. Another 

is for higher emission power. Both of them probably cannot be met with the present 

selection of lead-salt laser structures and material combinations. One can expect 

further steady improvements, but no breakthrough by now, since the laser designs are 

optimized empirically without available models for Pb-salt lasers. So the question is 

where the limitations can be found? We shall concentrate on the output power, and 

discuss operation temperatures as we move along. 
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The efficiency of lead-salt lasers is usually of the order of one to a few per cent if 

operated in multimode emission. A general observation is that the smaller the cross-

section, the lower the output power is. This effect runs opposite to the design for 

maximum operation temperature, where one tries to minimize the active volume 

thickness in order to obtain a high carrier concentration at constant current load. DH 

lasers with the same lateral structures reach higher operation temperatures with a thin 

active layer (as is standard), but get higher output power with a thick active region.  

Typically, the total power of lead-salt diode lasers at standard operation 

temperatures is of the order of a few milliwatts per ampere in CW mode. One 

explanation 

for low 

external 

efficiencies 

is high 

internal loss. 

This is, 

however, 

quantitativel

y 

unreasonabl

e at low 

temperatures

, where the 

free carrier 

absorption is 

Fig. 5.6 The gain curve reaches threshold at a single point as 
the current is increased from zero. In this position, its half-
width is of the order of the multimode wavelength band width 
(a few 10 cm−1). The unsaturated gain, which reduced in 
maximum to a curve touching gth at the mode positions (here 
symbolized by a flat line), would be much higher than gth 
(broken line). Adapted from Tacke (2000). 
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lower than the equivalent loss due to resonator out coupling. Another explanation is 

saturation. Saturation is evidenced by the multimode operation of these lasers. 

Inhomogeneous broadening leads to spectral hole burning around the lasing mode, so 

that the gain curve is not clamped to its position at threshold, but rather touches the 

threshold gain for the whole multimode emission band width. This is shown 

schematically in Fig. 5.6. In order to reach this higher gain (especially at the 

multimode emission high-energy band edge), additional injected carrier concentration 

is necessary. 

As stated above, improving the heat dissipation in the active region of Pb-salt 

lasers is urgently required for enhancing the performance of the laser operating at 

high temperature. In this research, we designed a way by removing growth substrate 

with the low thermal conductivity and replacing it for metal heat sink with high 

thermal conductivity. From the above mentioned points, this should increase the laser 

performance, in particular operation temperature significantly. The details of the 

experimental procedures are described and supporting data and figures are listed in 

this chapter. 

 

5.3 Edge-Emitting Lasers on BaF2 (110)  

In this chapter, a lead salt mid-infrared laser sample grown by molecular-beam 

epitaxy (MBE) on a polished BaF2 [110] substrate is studied. For improving the laser 

performance at higher operation temperature, a method of substrate transfer from a 

BaF2 substrate to a copper heat sink is developed. The cleaved facet along the {100} 

plane, which is helpful for the formation of a Fabry-Pe′rot resonant cavity on the laser 

sample, is observed. Pulsed photoluminescence measurements are conducted on the 
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laser sample step by step during processing in order to trace the effect of each process 

step. 

At the initial stage, lead salt laser structure on BaF2 (110) were fabricated and 

examined, owing to the advantages mentioned in the previous section. In order to 

overcome the existing problems associated with the [100] orientation of the edge 

emitting devices, the [110]-orientation was then chosen. Compared with the 

conventional [100]-oriented materials, [110]-orientation provides higher material 

quality, high modal gain and partially lifts the degeneracy. Despite the low thermal 

conductivity of IV-VI semiconductor (thermal conductivity 4.2 Wm-1.K-1@300K for 

PbSe), proper design of a laser fabrication method on those substrates having higher 

thermal conductivity allows significant improvement in the laser operation 

temperature. A successful epitaxial transfer and cleaving of [110]-oriented IV-VI 

laser structure on copper substrate, which has almost 34 times higher thermal 

conductivity (401 Wm-1.K-1@298 K) than BaF2 substrates (11.7 Wm-1.K-1 @300 K), 

was reported. This dissertation describes all my experimental work towards the 

development of lead-chalcogenide laser structures. The journey was full of challenges 

and the following chapters also describe how they were met and solved. 

 

5.3.1 Motivation of This Research 

Mid-infrared semiconductor lasers have been investigated extensively in recent 

years due to tremendous application requirements in both research as well as in 

industry. Most of the attraction has originated from the prospects for ultrahigh-

sensitivity trace-gas sensing systems based on laser absorption spectroscopy. 19 

Presently, the leading technologies for serving these applications are:  III-V interband 

quantum cascade lasers, Sb-based type-II band alignment quantum well 
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semiconductor lasers, and IV-VI lead–salt semiconductor lasers.20 21 Compared with 

the other mentioned techniques, IV-VI lead salt lasers have obvious advantages such 

as large and easy current tuning capability, narrow spontaneous emission linewidth, 

and low Auger recombination rate, which are essential for mid-infrared gas sensing 

applications. Due to the existence of two parallel facets along the {100} plane to form 

a Fabry-Pe’rot resonant cavity, the lead salt diode laser structures are naturally 

fabricated on [100]-oriented lead salt substrates. 

 It has been demonstrated that [110] is the best orientation for lead salt laser 

performance.22 Previous theoretical simulations23describe that the gain from [110]-

Fig. 5.7 Calculated peak gain for [111], [100] and [110] QW structure at 
different injected carrier concentrations at 300 K. The free carrier 
absorption (solid line) is shown as well. Taken from Shi (2004) 
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oriented lead salt quantum well structures is radically higher than that from [100]-

oriented counterparts (see Fig. 5.7). Moreover, the maximum operation temperature 

of a [110]-oriented lead salt laser is 70 0C higher than that of a conventional [100]-

oriented lead salt laser. In addition, two parallel cleavage facets can also be formed on 

[110]-oriented lead salt materials in order to fabricate a Febry-Pe’rot cavity. 24 

Recently, our group has successfully demonstrated an electrically-pumped Pb-salt 

laser on the [110]-oriented PbSnSe substrate. In that report, the maximum achievable 

heat-sink temperature for the pulsed (40% duty cycle) laser emission at λ = 5.2 µm 

was 158 K as seen in Fig. 5.8. 25  The limitation in high-temperature operability of 

such lasers is mainly due to the low thermal conductivity of lead salt substrates. 

Additional disadvantage for these substrates are their commercial unavailability and 

associated high expense. BaF2, which is considered to be a widely accepted growth 

Fig. 5.8 Laser light output per facet versus injection current (L-I) at 
several heat-sink temperatures. Inset: Laser spectrum at 158 K. Taken 
from Mukherjee (2007). 
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substrate for lead salt epitaxial layers, is the best substrate suitable for lead salt lasers. 

The thermal conductivity of BaF2 substrate (11.7 W/m K at 300 K) is six times higher 

than that of a lead salt substrate (1.8 W/m K at 300 K). Moreover, BaF2 substrates are 

commercially available and thus less expensive than PbSnSe substrates. The lattice 

mismatch between BaF2 and PbSe is only 0.6% at 300 K; therefore a successful lead 

salt epitaxial growth is obtained on BaF2 substrates without producing any significant 

lattice strain. The ultimate goal of a lead salt laser fabricated on the [110]-oriented 

substrate is to achieve the high-temperature operation of mid-infrared lasers. 

However, BaF2 has a natural {111} cleavage plane, whereas the lead salt can be 

naturally cleaved along the {100} plane. The main challenge, therefore, lies in the 

formation of the cleaved facets on lead salt epilayers grown on a [110]-oriented BaF2 

substrate with a dissimilar cleavage plane.  This necessitates the requirement of a 

novel bonding and cleaving mechanism for lead salt materials on BaF2 substrates.  

The technology of transferring epitaxial layers together with removal of the growth 

substrate has already been developed for various material systems.26 27 28 Despite 

successful transfer of lead salt epilayer on different substrates such as GaAs, 6 the 

limitation of high-temperature operation persists. This problem can be alleviated if 

one can use a substrate whose thermal conductivity is considerably higher than that of 

GaAs or lead salt. This is vastly important for the prospect of realizing mid-infrared 

optoelectronic devices with high output power because the loss in the form of Joule 

heating could be easily dissipated by the substrate.  

A support membrane with high thermal-conductivity is urgently needed for this 

purpose, so, in recent, we proposed a novel bonding and cleaving mechanism which 

entails replacing a BaF2 substrate with a copper heat sink. The thermal conductivity of 

the copper (401 W/m K at 300 K) is almost 34 times higher than that of BaF2; this is 
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highly expected to improve the high-temperature emission characteristics for lead salt 

mid-infrared lasers significantly.  

 

5.3.2 Experimental Procedure 

5.3.2.1 Substrates Preparation 

The first step towards the fabrication of [110]-oriented Pb-salt lasers on BaF2 

substrate is the development of surface preparation technology for [110]-oriented 

wafers for the epitaxial growth of IV-VI layers. Since (110) crystal facets are not the 

natural cleaving facets of BaF2, {110} BaF2 is obtained by cutting the crystal along 

[110]-orientation. Therefore, the surface of an unpolished substrate is so rough with 

surface defects and grooves. Fig. 5.9 shows the SEM image of an unpolished {110} 

BaF2 wafer, as bought from a 

commercial vendor.  

As we know, Polishing helps 

in achieving surface planarity, 

removes the surface roughness, 

and lowers the defect density on 

the surface. Epilayers grown on a 

polished substrate should have a 

much better quality and at the 

same time enables to be easily processed during the device fabrication therefore.  

A novel chemical-mechanical-polishing (CMP) recipe was developed to make 

epi-ready [110]-oriented BaF2 substrate for MBE growth. There were several 

challenges related to this process. Epi-ready BaF2 substrates are not commercially 

available. Also up to date there is no report referable to polishing of [110]-oriented 

Fig. 5.9 SEM image of the surface of 
unpolished {110} BaF2 wafer from a 
commercial vendor. 
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BaF2 wafers. Metal halides are not common materials for epitaxial growth; rather they 

have wide applications in IR windows. For these applications the surface flatness 

needed is not comparable to the flatness required for an epi-ready wafer. While 

developing a polishing recipe for {110} BaF2 polishing, the biggest challenges was 

the extremely low Mohs’ hardness value of BaF2 crystal. Mohs’ hardness is actually 

the physical property of a material that represents a materials resistance to scratching. 

And among all metal fluorides, BaF2 has mush lower Mohs’ hardness of 3 compared 

to diamond, which is the material available in nature having the maximum Mohs’ 

hardness value of 10. Now all the abrasives and chemical slurries available in the 

market for CMP contain either Alumina (hardness: 9) or colloidal silica (hardness: 6 -

7) which are much harder than BaF2. Therefore, commercially available slurry 

materials for CMP do not have the capacity to produce scratch-free surface of BaF2, 

regardless of their particle size. In addition, most of the chemical polishing cloth was 

slightly harder and was found to scratch BaF2. Therefore, a polishing method for BaF2 

that overcomes all these shortcomings needs to be developed. After a thorough 

research and rigorous experiments, a novel polishing recipe was developed by our 

research lab, which contains both mechanical and chemical material removal steps for 

BaF2 wafer. 

After a series of experiments, a novel polishing recipe was developed with three 

steps. The purpose of each step was described as following respectively: (1) reduction 

of surface roughness on back and front side of wafer with CMP-I (2) rough polishing 

with CMP-II (3) final chemical polishing with CMP-III.  In the first step CMP-I is 

used as the polishing solution on a 1200 grit size SiC cloth till the substrate become 

transparent and blisters on the surface get removed. Nomarski image in Fig. 5.10 

shows the substrate surface after 17 minutes polishing with CMP-I recipe. 
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Once the substrate reaches the above stage, the next step is polishing with CMP-II 

until no scratches are visible under 50X magnification of the Nomarski Microscope. 

CMP-II is an alkaline solution containing 

high purity nano-abrasives. The cloth 

initially moistened by DI water and the 

polishing solution was added at a rate of 1.5 

ml/min. The substrates were polished for 10 

minutes and checked for scratches. After 

every run, the cloth was thoroughly flushed 

with DI water and the substrates were rinsed in DI water as well. Cleaning the cloth at 

regular interval with DI water is important as the silica particles in the polishing slurry 

solidify quickly in air-contact 

on the cloths thus causing 

deterioration of the cloth and 

the substrate surface. It can be 

seen in Fig. 5.11 that 

scratches become invisible at 

higher magnification (×50) of 

Nomarski Microscope after 

polishing 25 minutes with 

CMP-II.  

The next stage involves final polishing using a purely chemical solution without 

any abrasive to attain a completely uniform surface without scratches under SEM 

observation. After polishing with the CMP-II, although a scratch-free surface was 

observed under Nomarski but the SEM images still showed light scratches and 

Fig. 5.10 Nomarski image of 
substrate surface after 17 min 
polishing with CMP-I. 

Fig. 5.11 Nomarski image of polished substrate
surface after 25 minutes polishing with CMP-II. 
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roughness on the surface. Fig. 5.12 

shows the SEM image of the 

substrate after polishing with CMP-

II for 25 minutes and before final 

polishing stage. It is observed from 

the above SEM that CMP-II was not 

sufficient to produce epi-ready 

surface. Therefore, final polishing 

was carried out using another fresh 

solution, CMP-III for 40 seconds. The 

cloth was initially moistened using the 

same solution and then the solution was 

added continuously at a rate of 1 ml/sec. 

Fig. 5.13 shows the surface of the 

substrate without surface non-uniformity 

or any scratches after final polishing with 

this new solution. After all of the above 

polishing steps, we got an epi-ready BaF2 substrate for laser structure growth. 

 

5.3.2.2 MBE Growth 

After polishing, the substrate was cleaned by acetone and proponal in ultrasonic 

bath and dried by using high-purity nitrogen gas. The substrate was inserted into the 

MBE chamber and out-gassed in buffer chamber at 200 0C for 4 hours. And then it 

was transferred to the main MBE chamber for structure growth, at this point, the 

second out-gassing was conducted at 500 0C for 30 minutes before growth. The 

Fig. 5.13 SEM image of the substrate 
surface polished with CMP-III 

Fig 5.12 SEM image of the substrate 
surface polished with CMP-II. 
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(100) 
Fig.5.15  Schematic of top-view of Cu pattern 

(100) 

Cleaving 
Direction 

(111) 

 Fig. 5.14 Schematic of cross-section of copper 
pattern on the laser structure by electroplating 

 Copper 

BaF2 

Gold 

optically-pumped laser structure was consisted of a stack of PbSe/PbSrSe multiple 

quantum wells (MQWs), which was successfully epitaxially-grown on a polished 

[110]-oriented BaF2 substrate by our MBE system.29 The laser structure consisted of 

13 pairs of PbSe/PbSrSe (20nm/30nm) and a top and bottom optical confinement 

layers of PbSrSe. During the MBE growth, a Se-to-PbSe beam flux ratio of 15% for 

PbSe and PbSrSe layers, a Sr-to-PbSe flux ratio of 3% for PbSrSe confinement layers 

and a ratio of 2.5% for PbSrSe barriers of multiple quantum well structures were 

maintained. The growth rate was controlled around 1.8 µm/hr, and the substrate 

temperature was held at 375 °C.  

 

5.3.2.3 Processing after Growth 

After the epilayer growth, the sample was cut along the surface to find [111]-

oriented facets. The 

rectangular stripe 

patterns were formed 

on the laser samples by 

using a set of properly-

designed masks, as 

shown in Fig.5.14. The 

stripe width in the mask 

varied between 20 µm 

and 50 µm, and the 

distance between the 

centers of two adjacent 

stripes varied from 200 
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µm to 350 µm. In order to obtain [100] natural cleavage direction for PbSe crystal, the 

masks were placed on the 

sample surface with the 

rectangular stripe creating an 

angle of 54.7° with the [111]-

orientation during the 

lithography processing as 

illustrated in Fig. 5.15. The 

lithography process was 

followed with gold 

electroplating (thickness ~1µm) 

on the striped laser patterns. Substrate (BaF2) transfer was then accomplished by 

depositing copper on the gold-electroplated sample in order to achieve higher heat 

dissipation for continuous-wavelength (CW) operation of lasers. After the copper 

electroplating (thickness 

~100µm), as illustrated in Fig. 

5.16, the BaF2 substrate was 

removed by thinning using CMP 

methods down to 50 µm and 

placing the entire sample in an 

acetic solution for purely 

chemical removal. When the 

substrate was fully removed, the 

laser sample was cleaned and 

then blown by high-purity nitrogen gas and reinserted into the MBE chamber for the 

200 nm PbSrSe 

MQWs(13 pairs) 

1.5um PbSrSe 

Gold layer 

Copper layer 

BaF2 (800Å) 

CaF2 (1200Å) 

Fig. 5.17 Final laser structure with passivation 
and protection layers 

 
MQW (13 pairs) 

 
PbSrSe (1.5um) 

 
Gold layer (1um) 

 
Copper layer (100um) 

Fig. 5.16 Laser structure with gold and copper 
electroplating layers and BaF2 substrate 

 
Polished BaF2 (110) 

 
200 nm PbSrSe
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second growth. Thin layers of BaF2 (thickness ~ 800 Å) and CaF2 (thickness ~ 1200 

Å) were grown on top of the lead salt epilayers (initially covered by BaF2 substrate) 

supported by the copper heat sink (see Fig. 5.17). BaF2 and CaF2 layers were grown 

with the purposes of providing surface passivation and protection.  

 

 5.3.3 Results and Discussion  

 
As shown in Fig. 5.18, streaky reflection high-energy electron diffraction 

(RHEED) patterns were recorded from the epilayer soon after the first MBE growth 

of the epilayers on the BaF2 substrate. Those patterns confirmed the two-dimensional 

nature of the lead salt epilayers grown on a [110]-oriented BaF2 substrate. In order to 

study the influence of the processing steps on optical properties, pulsed 

photoluminescence (PL) was conducted using a 1064-nm neodymium: yttrium-

aluminum-garnet (Nd: YAG) laser with a pulse-width τpulse of 30 ns and pulse 

repetition frequency of 10 Hz. For comparison, spontaneous emissions emanating 

from the sample were 

recorded at different 

processing stages. In Fig. 

5.19, the black curve 

represents 

photoluminescence 

emissions from the 

backside of the laser 

sample initially grown in 

the MBE chamber; the red 

and blue curves in Fig. 5.19 show photoluminescence emissions from the laser sample 

Fig.5.18 RHEED image in the [112] azimuth 
during growth of the PbSrSe layer at a temperature 
of 3750C
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after the copper electroplating and BaF2 substrate removal, respectively. The 

linewidth of the photoluminescence intensity after the MBE growth was measured to 

be 146.56 cm-1. After the copper electroplating and subsequent BaF2 removal, the 

linewidths were calculated to be 177.42 cm-1 and 180.38 cm-1, respectively. However, 

the photoluminescence intensity in the two aforementioned cases reduced by a factor 

of 1.8 and 2.2 times respectively. Thus the entire spontaneous emission power, 

calculated by taking the area of the spontaneous emission into account, remained 

almost constant for all three cases. We assume that the initial stress release and 

redistribution might have caused the increase of the photoluminescence linewidth 

during metal electroplating and substrate removal. This together with interface traps 

generated during the sample processing was thought to be the cause of reduction of 

the photoluminescence intensity.30 The formation of a cleaved facet along the [100]-

Fig. 5.19 Photoluminescence spectra at room temperature of laser sample 
right after growth, plating copper and removing BaF2   
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orientation on the laser structure, as shown in Fig. 5.20, was an indication of our 

successful growth and processing of the laser sample.   

 

5.3.4 Summary of Transferring Technology 

Using specially-designed masks and alignment tools, we successfully transferred a 

[110]-oriented Pb-salt laser structure grown on a BaF2 substrate to a copper heat sink. 

Two parallel cleaved facets were formed to achieve laser oscillation. We expect that 

the laser performance will be significantly enhanced by using the copper heat sink in 

conjunction with the smooth {100} cleaved facets. The measurement on this laser 

sample is still ongoing and the results will be provided in the near future. 
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6.1 Summary  

The research described by this dissertation has focused on the IV-VI lead-salt 

semiconductors growth and characterization for mid-infrared device applications. 

Several novel approaches that have not been reported previously were developed in 

this dissertation. The ultimate goal is to develop a high-performance mid-infrared 

detector and lasers for civil and military application. Processing techniques and 

procedures, as well as theoretical design and calculations have been successfully 

developed, which could lead to high-temperature CW laser and high-sensitivity 

detector operation.  

This dissertation includes six chapters. Chapter One introduced the primary 

properties of the IV-VI semiconductors and their applications. Chapter Two focused on 

the investigation of the growth defects in Pb-salt epilayers. In this chapter, the growth 

pits in IV-VI semiconductors were studied thoroughly in shape, size and density. 

Nomarski and SEM images were provided to verify the properties of the growth pits in 

order to deeply understand the origin of the growth defects in Pb-salt epilayers.1 Chapter 

Three described the in-situ surface treatment procedure, which was carried out during 

MBE-grown PbSe on CaF2/Si (111) heterostructure. The details of the experimental 

procedures were given step by step and supported by RHEED patterns. The promising 

results were listed in form of the improved electrical and optical performance of the 

epilayers.2 Chapter Four discussed fabrication and characterization of a single element 

PbSnSe detector grown on Si(111) substrates. The details of the growth and processing 

were addressed based on structure, doping, etching, etc. Current-voltage curves were 

provided to verify the performance and properties of the P-N junctions and the issues 

related to the performance and fabrication were addressed too. Chapter Five presented 

the fabrication of the edge-emitting laser structure grown on a polished (110)-oriented 
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BaF2 substrate. The details of fabricating procedures were addressed and fabrication 

issues have been discussed according to the intensity and linewidth of the 

photoluminescence (PL). By using electroplating technique, a metal base was formed in 

contact with epitaxial layer and was followed by a growth substrate removal for complete 

transfer of the epitaxial layer to the metal membrane.3 Chapter Six detailed the future 

direction for this project and explains the issues needing further investigation and 

improvements.  

 
6.2 Recommendations for Future Work  

In this dissertation, a preliminary study on growth defects in IV-VI epilayers has 

been carried out, but most of details still need to be further investigated and verified. 

Besides the growth pits and etch pits, other defects related to material quality could be 

studied as well. Also the formation mechanism of each kind of defects could be 

studied and at the same time the ways of controlling the evolution of defects would be 

come out. The final purpose of this study is to reduce defects in Pb-salt epilayers. 

The in-situ surface treatment method has been demonstrated in Chapter Three. 

Although the results are promising and encouraging, evidences are still required to 

support the experimental data. For instant, we have claimed that the growth has been 

conducted layer by layer and several single atomic layers have been formed, this is, 

however, pure speculation, which needs the experimental support by RHEED 

oscillation or other characterization methods.  

Mid-infrared lasers and single element detectors have been fabricated in our 

research group, but their performances still need to be enhanced. Single element mid-

infrared detectors grown on Si substrate have been tested on I-V characteristic, as 

mentioned in Chapter Four, in reverse bias, their leakage current is still too high 
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compared to their II-VI and III-V counterparts, so the material quality and fabrication 

techniques for IV-VI detectors have to be improved urgently in the near future. 

 

6.3 Conclusion  

Up to date, lead chalcogenides have been known for more than a century. 

Unfortunately, they have been left out of the mainstream research in recent years. The 

modern epitaxial technologies that allow high-quality alternative material growth and 

advanced device concepts have made a revitalization of IV-VI mid-IR optoelectronic 

devices. High-performance and –efficiency Pb-salt lasers and detectors have been 

made by several research groups in the world. Nevertheless, the challenges still exist, 

in particular, the material quality of IV-VI semiconductor needs to be further 

improved. At present, continuously reducing dislocations in Pb-salt epilayer is a key 

step towards successful fabrication of IV-VI mid-infrared optoelectronic devices on 

various substrates. Moreover, optimizing the fabrication technologies is also an 

essential way to high-performance device preparation.  

Throughout this research, several novel processes have been developed. All the 

developed techniques are generic and can be applied to most of Pb-salt materials. 

However the challenges, which are not met yet and further experiments that are 

recommended in the previous section, present opportunities for ongoing research.  

Conclusively, the work presented in this dissertation is promising and makes a 

step ahead towards the compact mid-infrared optoelectronic devices. Such devices 

will eventually lead to many applications such as high-efficiency CW tunable laser 

and fast-response high-detectivity FPA detector systems. 
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