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Abstract
This thesis describes the design, construction 

and commissioning o-f a molecular beam epitaxy system to 
fabricate lead chalcogenide semiconductor diode lasers 
emitting in the spectral range from 3.5pm to 20pm. The 
aim of the project is to cover this entire spectral range 
using a minimum number of alloy compounds, a common 
substrate and a unified structure. The lasers fabricated 
are to be optimised for low threshold currents, single 
mode spectra and high operation temperatures.

Careful system design considerations to grow lead 
chalcogenide semiconductors by the molecular beam epitaxy 
method enables different types of lasers to be made from 
the ternary materials Pbi_KSnMSe, PbSi_KSe„ and 
Pbi-„Eu„Se. The best results can be achieved with lasers 
having graded refractive index confinement layers 
employing Pbi-MEuMSe, a material which is used for the 
first time. This direct band gap alloy system exhibits a 
large absorption edge shift from 2250 cm”1 (x = 0) to 
over 8000 cm-1 (x > 0.15) thus permitting it's use in 
short wavelength IR diode laser confinement layers.

The doping of the lead chalcogenides has been 
achieved by the use of bismuth (n - type) and silver
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(p - type) and carrier concentrations of over 1 0 cm-3 
in both n - type and p — type material has been possible 
with correspondingly high mobility values of over 
500 cm2V“15“1.

Lasers with wavelengths above 10pm are easier to 
fabricate than lasers with wavelengths below 10pm. The 
shortest wavelength achieved in the work presented here 
is 3.5pm and the longest is greater than 21pm. The 
highest operation temperature for a laser in continuous 
operation is 163K whilst for pulsed operation this figure 
is as high as 270K resulting in the simplification of 
necessary cooling apparatus associated with such a device 
used within measurement sytems.
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1) THE SEMICONDUCTOR DIODE LASER

1.1) Introduction
The work presented in this thesis concerns the 

molecular beam epitaxy (MBE) technique applied to lead 
chalcogenides -for the fabrication of semiconductor laser 
diodes emitting in the infra - red region of the optical 
spectrum.

Chapter 1 introduces the basic theory and 
characteristics of semiconductor laser diodes based upon 
the gallium arsenide material system. This serves as an 
introduction to the field of semiconductor diode lasers 
and the GaAs material system has been used to indicate 
the necessary lasing conditions due to the advanced state 
of the technology concerned with this material. Chapter 2 
is a summary of the properties of the materials used in 
this thesis - the lead chalcogenides. These material 
systems are well - suited to the MBE technique and, being 
direct band semiconductors, to the fabrication of diode 
lasers.

Arguments for using MBE are presented in 
chapter 3 followed by a description of the MBE apparatus 
developed by the author with specific emphasis given to 
the optimisation of design concepts. The performance of
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the system is considered in chapter 4 where the 
properties o-f the epitaxial layers are described and 
assessed.

The properties of seven different types of diode 
lasers fabricated during the course of this project are 
given in chapter 5. Conclusions and suggestions for 
improvements in future work are presented in chapter 6. 
During the course of this work, other MBE work not 
directly concerned with lasers has been performed. This 
work will not be described here but a description can, 
however, be found under the list of author's publications 
in chapter 9.

1.2) Historical development
The concepts of stimulated emission and 

electromagnetic radiation absorption were founded by 
Einstein in 1917 fll. In his work he suggested that atoms 
could be stimulated to give up or receive energy due to 
the interaction with electromagnetic radiation.

The first use of the principle to amplify 
electromagnetic radiation by stimulated emission was made 
by Weber in 1953 -C21. The principle was discussed further 
by Basov et al f3> in which the concept of population 
inversion of energy states was put forward as being a 
fundamental requirement necessary for the sustained
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production of stimulated emission. In 1958 Schawlow 
et al -C4> outlined the difficulties and technical aspects 
of applying the stimulated emission concept to producing 
coherent light sources and suggested that the Fabry — 
Perot interferometer could be employed to produce the 
required optical feedback required for such laser 
emission (laser — light amplification by stimulated 
emission of radiation). In 1960 Maiman C5> demonstrated 
the first successful laser of any type — the ruby laser, 
and two years later the first gas laser was demonstrated 
by Javan et al f6>.

The original concept to produce stimulated 
emission of photons in semiconductors by the 
recombination of carriers injected across a p - n 
junction dates back to 1961 . Population inversion is
not in this case produced by radiation from an incoherent 
light source but through the injection of electrons and 
holes into a recombination area. Due to the direct 
conversion of the laser current into coherent light, an 
extremely high power efficiency and a high output 
intensity over a narrow band width can therefore be 
expected in continuous operation. A consequence of the 
injection principle and the short lifetimes of the 
injected carriers is that modulation is possible at 
microwave frequencies through direct modulation of the
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device current.
The semiconductor laser has taken a much longer 

time than other types of laser to became established as a 
functional and practical device. This has been due to the 
necessity of building up a new semiconductor technology 
and overcoming difficult technical problems inherent to 
the device. The intense stimulated emission and non — 
radiative processes present in the semiconductor laser 
produce large rates of energy generation and heat 
dissipation becomes a difficult problem. In the course of 
its development, the semiconductor laser has undergone 
considerable alterations in its design. The simple p — n 
junction from 1961 has been superceded by structures 
consisting of several layers of semiconducting materials 
of different compositions and band gaps.

1.3) Stimulated emission and population inversion
Three types of electronic transitions can occur 

between two energy levels and these are illustrated in 
Fig(la) - Fig(lc). The figure shows the absorption, 
spontaneous emission and the stimulated emission 
transitions between two energy levels Ei (ground state) 
and Ex (excited state) C8>. Ex corresponds to a state 
near the bottom of the conduction band (CB) and E% to a 
state near the top of the valence band <VB) of a direct



(a) Absorption (b) Spontaneous emission (c) Stimulated emission

Conduction band 
E*

Valence band

h v

Fig(l). The three basic transition processes between two energy levels E? and Et .
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gap semiconductor. Transitions between these two states 
involve the emission or absorption of a photon with an 
energy

h^l2 = Ea - E t <1>

where h is Planck's constant and V is the photon 
frequency.

The equilibrium electron distribution is 
disturbed when a photon having an energy exactly equal to 
hiSisK impinges upon the system. An electron at Ex is 
excited to Ea as a result of photon absorption as 
indicated in Fig(la). This excited state is shortlived 
and returns spontaneously to the ground state emitting a 
photon of energy h ^ a  (after lxlO-3 - lxlO-- s depending 
upon the system). This is the process of spontaneous 
emission (Fig(lb)).

The third transition is that of stimulated 
emission shown in Fig(lc). Here a photon of energy h^i2 
interacts with the system which is in an excited state.
In this case, an electron at Ea is stimulated to drop to 
Ex* emitting a photon of energy hî xx which is in phase 
with the incident photon. The probability of a particular 
electron transition with energy h»Siae increases with 
increasing photon density of energy h^xa-

In thermal equilibrium, the number of systems
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with electrons at E* is very much greater than that at 
E*. Therefore the absorption process (Fig(la)) dominates 
over stimulated emission (Fig(lc)). Population inversion, 
where the number of states at Ea is greater than that at 
Ei, is required before stimulated emission becomes 
significant.

The simple two level system shows the basic 
concept of stimulated emission. A semiconductor, however, 
has a continuous range of allowed energy levels within 
the VB and the CB. It is important to note this 
difference to the two level system since it results in 
there being different photon energies hi/ contributing to 
the energy of the laser output radiation.

Population inversion in semiconductors has been 
accomplished using several excitation methods. The 
avalanche process of electron - hole pair production 
through the application of a large current pulse, 
electron beam irradiation, or optical pumping by an 
external light source are three methods which have been 
investigated by various groups of workers f9J - C14>. The 
most important process for semiconductor lasers is based 
upon creating papulation inversion by the injection of 
electrons and holes across a p - n junction by the 
application of a forward current.

In a real system, the energy released in an
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electronic transition is not always in the -form o-f 
radiative transitions. Non - radiative transitions 
involving lattice and impurity interactions often 
dominate. The materials used in this work exhibit a large 
non - radiative process probability and hence strong 
stimulated emission is required for lasing conditions to 
be satisfied.

1.4) Threshold current
A semiconductor that is pumped into an inverted 

state imparts optical gain to a propagating wave but will 
not cause laser oscillation until it is enclosed within a 
suitable optical resonator. The resonator provides the 
required feedback by reflecting a proportion of the 
generated photons back into the inverted region.

Fig(2) shows the basic structure of a junction 
laser in the form of a Fabry - Perot cavity. The 
criterion to be satisfied for lasing to commence is that 
the stimulated emission should compensate for the photon 
loss at the output and elsewhere in the resonator. 
According to this concept, the coherent laser output 
shows a threshold current at which the condition of 
photon balance is first fulfilled. The reflection from 
the ends of the optical resonator provides maximum 
feedback at a specific set of optical frequencies which



Current -flow
Optically flat and parallel 

cavity faces

p - type direct 
semi conductor 
confinement layer

Coherent radiation

Optically rough surfaces

Direct semiconductor 
active 1ayer

n - type direct semiconductor 
confinement layer

Contact

Contact

Fig(2). Basic structure of a diode laser in the form of a Fabry - Perot cavity.
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give an integral number of half wavelengths within the 
space between the two ends. This produces emission with a 
set of radiation modes, each having a different frequency 
and energy distribution.

An idealised output power — device current 
characteristic is shown in Fig(3a). No emission is 
produced until the device current reaches the threshold 
value where photon balance is achieved. As the current is 
raised above threshold, the output increases 
approximately linearly with the current which is the 
result of a number of different mechanisms. The 
instantaneous effect of increasing the current is to 
cause the stimulated emission to exceed the losses from 
the optical resonator. For a period of approximately 
100 ps the photon population builds up and the drain of 
the increasing stimulated emission lowers the injected 
carrier rate back to a point where the stimulated 
emission once again balances the losses. The photon 
papulation of the resonator stabilises at a value where 
the additional photon output compensates the increase in 
the device pump level. Fig(3b) illustrates the emission 
spectrum and shows that at threshold the radiation 
becomes coherent and narrow.

In a semiconductor laser, the pumping is supplied 
by direct injection of carriers and if all photons lost



Fig<3a). Current - power characteristic 
o-f a semiconductor diode laser.
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from the resonator appeared in the output, the laser 
would have a 100% efficiency in converting electrons into 
photons. Optical losses and light scattering in the 
resonator reduces this and since these lasses are linear, 
the output of the laser should remain a linear -function
o-f the input current.

The peak power capability o-f a semiconductor 
laser is determined by the breakdown strength o-f the 
output -facets since these su-f-fer catastrophic damage when 
subjected to an optical -flux density greater than a 
critical value -C153-. In general, the threshold current 
depends linearly upon the active layer thickness and 
hence lasers with relatively high output powers will tend 
to have high threshold currents due to the necessity of a 
thick active layer.

The threshold current density in heterostructure 
diode lasers depends upon two main general factors which 
will be discussed in more detail in the following two 
sections. In most laser applications it is an advantage 
to have a low threshold current density to reduce both 
energy dissipation and give a lower total operating 
current. The efficiency with which carriers are injected 
into, and confined within the active layer, are properties 
of the heterojunctions themselves and the effect of such 
mechanisms upon the threshold current density will be
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discussed in section 1.7.

1.4.1) Optical gain
The first main factor governing the threshold 

current density is the magnitude of the optical gain 
required. An optical wave will experience gain as it 
passes through an inverted region of a semiconductor as a 
result of the effect of stimulated emission. When P(z) is 
the photon flux per unit area and dP(z)/dz is the change 
in photon flux in the direction z along the resonator
axis, the gain of a wave is given by fl6>

= dPtz) J _  {2)
dz P(z)

Equation 2 has the solution

P(z) = Po exp(gz) (3)

where Pa is a constant.
In a semiconductor laser the photon flux is not 

totally confined to the active layer. The confinement 
layers shown in Fig(2) will also contain a certain 
percentage of the total photon flux. The ratio of the 
photon flux within the active layer to the total photon 
flux is denoted by r and is called the confinement 
factor. This gives an average rate of useful stimulated 
emission equal to fr.*.*,*, where rm-fclm is the rate of
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stimulated emission within the active layer. The theory 
deducing T is outside the scope o-f this thesis, however, 
a treatment can be -found by Sze fl7> in which practical 
comparisons are made with work from Casey et al -C181. The
main conclusion to be drawn from the work is that T
decreases rapidly for active layer thicknesses, d, for d 
< X/An, where An is the difference in refractive index 
between the material in the active layer and that in the 
confinement layers.

The waves in the laser are enclosed within a 
cavity to increase the photon density within the active 
region. Spontaneous and stimulated emission couple to 
radiation modes which leave the laser in all directions, 
but predominantly in the direction of the guided modes of
the laser axis. This axial beam increases in intensity as
it travels back and forth in the active layer, reflected 
by the mirrors. The optical feedback provided by the 
cavity converts the system into an oscillator and hence a 
light source.

The wave takes on a standing wave configuration 
and Fig(4a) shows a typical distribution along a laser 
length of the wave intensity. The cavity, length L, only 
resonates when there is an integral number, q, of half 
wavelengths bridging the region between the two mirrors. 
Hence
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Fig(4a). The Fabry - Perot resonator with 
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Fig(4b). Relative emission intensity 
of a GaAlAs - GaAs DH laser 
at 300K £17}.



- 31 -

q ^ ~ L n (4)

where n is the e-f-fective refractive index of the layer 
structure- If Vw is the wave velocity of the mode, c the 
velocity of light in free space and since n = c/V** , 
equation 4 can be written

!  ■ -  ( i : )

Therefore, a large number of oscillatory 
longitudinal modes are possible, each having its own 
distinct frequency c/X- The mode separation is then given 
by

a ! — ] = --  cm-1 (6) ̂X I 2nL

Fig(4b) illustrates the intensity versus 
wavelength characteristic of a diode laser which shows 
that above threshold one main mode is present- Under the 
condition where the optical gain is constant over the 
whole length of the laser, the intensity has an 
exponential distribution with position z along the laser 
axis as seen in equation 3. In an adaptation of equation 
2 by Pilkuhn fl9>, in which the net change in photon flux 
dP(z)/dz is integrated over a closed path, 2L, an 
expression is derived for the photon flux distribution 
along the resonator length. If «c is the absorption losses
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per unit length due to diffraction, scattering, free 
carrier absorption and other losses, then

P(z)± = Po± exp±(g-«)z <7)

where the positive and negative subscripts refer to the 
forward and reverse components of the wave and Po+ and 
Pa- are appropriate constants to be determined.

If Ri and Ra* are the power reflection 
coefficients at the two resonator ends the fallowing 
condition will apply when the end boundary conditions are 
fulfilled for a wave within the resonator

RiexpL(g-«) x R2 expL(g-«) = 1 (8 )

This can be rearranged as follows
1exp2L(g-«c) = ----- (9 )Ri Rac

From this expression a relation between the nominal gain 
g and R x, 8 2  and L can be obtained

I 1 \Ing = « + \Ri Ra I (10)
2L

In practice, Rt = Ra = R and equation 10 becomes

9 = * + ( : )  l n (s )  (11)

If Ra,** is the amplification factor related to the diode 
laser current (cmA-1) then, with a threshold current
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density of i*.

g = x (12)

It follows that

* * ‘ - I 1)it = \L / \R/ (13)
B»-f-f

As a means of simplifying equation 13, Lasher and Smith 
f201 have introduced a characteristic length L« such 
that

in (M= \RI (14)

If L«/L >> 1 then equation 13 now becomes

u =  £ ; J 1 + r

Equation 15 shows that the threshold current 
depends inversely upon the length of the resonator and 
also upon the natural logarithm of the inverse of the end 
power reflection coefficients. The end power reflection 
coefficients are dependent upon the semiconductor 
refractive index n for the semiconductor — air interface 
according to the following relationship 

I n - l\=R =   (16)
I "  + W

For completeness, as L approaches infinity, i*. 
approaches the limiting value of
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it it ml n (17)Rmf-f

and when L * L«

it 2 i t mln (18)

The conclusions to be drawn from the above 
arguements are that to keep the threshold current 
advantageously low, the following laser design factors 
should be considered:

a) the cavity length, L, can be extended as implied 
by equation 15, however a practical limit is reached as 
far as mode separation is concerned when equation 6 is 
consulted;

b) equation 15 also shows that the reflection
coefficient, R, should be kept as high as possible.
Through equation 16 this is seen to be dependent upon the 
refractive index, n, of the semiconductor;

c) T can be increased by careful choice of the 
confinement layers relative to the active region and the 
active region width;

d) for the case of double heterostructure lasers, the 
active layer thickness, d, can be reduced. At very small 
values of d, however, the confinement factor T decreases 
and the threshold current increases again;

e) the absorption factor, «c, can be decreased by



- 35 -

employing purer materials hence reducing free carrier 
absorption and impurity scattering.

1.4.2) The Bernard and Duraffourg condition
The second factor governing the threshold current 

density is the way in which the optical gain of the laser 
active region depends upon injected current densities. To 
understand these effects it is necessary to discuss the 
density of states and occupation probability of a 
semiconductor to find the required electrical condition 
for stimulated emission. It is only then that conclusions 
over the threshold current can be drawn.

The CB and VB of a direct gap semiconductor are 
shown in Fig(5) as functions of energy in momentum space 
or space. The parabolic farm of the bands illustrates 
the allowed E - relations for electron states in the CB 
and VB. Band theory shows that the electrons and holes in 
bands generally have values of effective masses that are 
different to that of a free electron. These are m*.: and 
m~^ respectively. If Ee is the bottom of the CB and Ev 
the top of the VB, then the E — _k̂ relation for the CB 
states is given by f21>

h2 k2<E - Ec) = ------------------  (19)Bit2 m~c:

and for VB states is given by



E Conduction band

Valence band

Fig(5). E/k diagram of an intrinsic semiconductor, 
showing Ec and Ev.



h2 k2(Ev E) (20)
811* m~v

The distribution o-f electrons in the conduction
band and in the valence band of a semiconductor can be 
expressed in terms of the density of states p(E) at any 
particular energy E and the fractional occupation of the 
states F(E). The occupation of energy states is 
determined by Fermi - Dirac statistics since electrons 
are subject to the Pauli exclusion principle which 
prevents more than one electron occupying an identical 
state. The Fermi — Dirac distribution function is given

where k is the Boltzmann constant, T the absolute 
temperature and E+ the Fermi energy. If it is true that 
exp((Ec - E*)/kT) >> 1, then the concentration of
electrons in thermal equilibrium can be expressed by

Ne is the effective density of states in the CB f22>. 
Similarly for holes in the valence band

where is the effective density of states in the VB.

by
1

F (E) 1 (21)

(22)

(23)



- 37 -

The density of states per unit energy for 
electrons in the CB and the VB within a semiconductor are 
given by C23J

8ir m~e J 2m*c <E - Ec=)Pe= = ----------------------  (24)h3

and
8ir J 2m*v (Ev - E)Pn, = ----------------------  (25)h3

Fig(6) illustrates the Fermi Dirac function, the
carrier concentrations and the density of states for an
intrinsic, an n - type and a p — type semiconductor.

It can be seen from equations 24 and 25 that the
density of states in the two bands is proportional to 
m~3X5* and hence the difference between the electron and 
hole effective masses can lead to conduction band and 
valence band density of states diagrams showing large 
anti - symmetrical properties.

High injected carrier concentrations and, in 
particular, high doping modifies the distributions 
described by equations 22 and 23. It is therefore 
important to see how these properties effect the 
condition for stimulated emission in a semiconductor.

Fermi - Dirac statistics describes the occupation 
of the available states in terms of the Fermi energy. If 
the average proportion of occupied states in the
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semiconductors at thermal equilibrium and 
room temperature.
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conduction band at some particular energy is fe and that
in the valence band is fv then, when there is thermal
equilibrium between the two bands, a single Fermi level
exists. Injection o-f minority carriers into one or both
bands upsets this equilibrium. I-f, however, the injection
rate is not too large, the carriers in each of the bands
can keep in close equilibrium with one another and two
different Fermi levels can be defined in such a way so as
to give a good approximation to the distribution of
carriers within the bands. These are called the quasi —
Fermi levels and are denoted F«- and Fv for the conduction
band and the valence band respectively. The occupation
factor F(E) for CB states is given by

1
F (E) = I E - F«=\ (26)1 + e x p -------

I kT I
and for VB states

1
F (E) = I E - Fv\ (27)1 + e x p -------

\ kT I
The quasi - Fermi levels F* and F>, represent the energy 
levels where the states are 50% occupied. Fig(7) is a
schematic of the energy versus density of states in an
inverted semiconductor for the two cases T << E^/k and 
T = Ew/k showing the concept of the quasi — Fermi levels 
F« and F>, f24>.

Consider a transition from the state E* in the VB



(a) Inverted, T << E„/k (b) Inverted, T = E„/k
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Fig (7). Energy versus density o-f states in a semi conductor -C24>
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to Ea in the CB occuring due to absorption o-f a photon o-f 
energy Ea - Ei = E*. The rate -for this process depends 
upon the following factors:

a) the transition probability Bx»5
b) the density of photons, energy E*., P(Et) f
c) the probability that the initial state Ex contains 

an electron F(Ei);
d) the probability that the final state Ea is empty 

Cl-F(Ea)3-
The upward transition rate, r1 2 , is

r13 = B i2 F<Ex> C1—F(Ea>3 P(Et) (28)

Similarly, the photon can produce stimulated emission of
a photon by the transition of an electron from Ea to Ex. 
If rai is the downward transition rate, then

rax = Bax F(Ea) Cl-F(Ex)3 P(E*) (29)

For completeness, electrons at Ea can also return to Ex 
spontaneously and if Aax is the transition probability, 
then this process can be written as

r21 = Aax F (Ea) Cl-F(Ei) 3 (30)

Stimulated emission occurs when rax > r 13 and using 28
and 29,
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B21F(E2)C1—F(Ei)3P(E*> >

Bi2F(Ei)Cl-F(Ea)3P(Et) <31)

Using the Einstein relation that B XSt - B»x, equation 32 
becomes

F(E2) C1-F(Ei)1 > F(Ex) C1-F(E2)3 (32)

Using equations 26 and 27

or

Fc - Fv > Ea - Ei (34)

The minimum value for this transition is E* — E» = E0 and 
hence equation 35 reduces to the Bernard and Duraffourg 
condition f7>

Fc - Fv > E0 (35)

The E/l< diagram in Fig (8) illustrates the concept 
of the above condition- Typical values of the Fermi 
energies are indicated and the range of transitions is
shown that can produce net stimulated emission.

In a semiconductor laser, therefore, the gain 
depends upon the energy — band structure and is a 
complicated function of doping levels and temperature- As
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Fig<8). Illustration o-f lasing condition in a semi conductor 

showing range o-f k -for transitions with net 

stimulated emission -for a particular value of 

the quasi - Fermi level separation.
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the -forward current is increased, the quasi — Fermi 
levels Fet and Fv, change, leading to increased gain and an 
increased range of possible emission frequencies.

It is passible to calculate the electron and hole 
concentrations at zero gain for any initial doping level. 
The calculations can then be used to find suitable doping 
levels to minimise the threshold current density. In the 
gallium arsenide system, for example, it is found that 
due to the density of states in the CB being less than 
that in the VB, n — doping should considerably reduce the 
threshold current density whereas p - doping should have 
little effect.

1.5) Laser Emission frequency
It has been discussed above that the state of 

population inversion is necessary for laser emission to 
be possible in a semiconductor and that this can be 
achieved by injecting carriers across a p - n junction 
into a recombination region. Equation 36 describes the 
condition in terms of the difference between the two 
quasi — Fermi levels present in the CB and the VB. The 
laser emission frequency, therefore, is dependent upon 
this difference which is approximately the band gap E* of 
the active recombination region. The active layer of a 
diode laser, therefore, controls the emission frequency 
which can be influenced by the following aspects:



- 42 -

a) The use of a mixed crystal system X*-MYMZ gives 
the opportunity through the choice of x of producing a 
variety of frequencies between those of the two binary 
materials XZ and YZ due to the composition dependence of 
the band gap E^« Fig(9) presents the emission frequencies 
which are either available or potentially available with 
It — I and H - St compound semiconductor lasers fl8>. The 
list of materials being used for laser diode work is 
expanding and there are a whole number of new materials 
to be investigated.

b) The band gap of a material is in general 
temperature dependent and enables, through the control of 
the laser temperature, the emission frequency to be tuned 
about the wavelength controlled by the active layer 
composition. The tuning rate will depend upon the 
material band gap temperature coefficient dE^/dT.

c) A significant range of emission frequency tuning 
can also be achieved through control of the diode 
current. As more current and hence power is delivered to 
the device, Joule heating occurs and the diode 
temperature will increase. This has the effect of 
changing the band gap of the active layer and the 
emission frequency will change as described above.

d) If the thickness of the active layer is reduced to 
the order of the de Broglie wavelength, X = h/p, where h



Fig(9). Emission wavelengths either presently or potentially
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is Planck's constant and p the electron momentum, two — 
dimensional quantisation occurs and results in a series 
of discrete energy levels given by the bound - state 
energies of a finite square well. Fig(10) schematically 
shows the concept of the quantum well in which the energy 
eigenvalues are designated by and E f o r  electrons
and E*,i and E^at for holes f 25>. Interband recombination 
transitions (An = 0 selection rule) occur from a bound 
state in the CB (for example at E.*) to a bound state in 
the VB (for example at E*,*). The energy of the transition 
is given by

hk' = Eg2 + E«i + Ehi (36)

Thus the recombination can occur between two 
energy levels in contrast to a bulk semiconductor. The 
thin active region under the quantum effect, therefore, 
produces emission frequencies that would normally be 
emitted from a material with a larger band gap.

Aspects a) - d) enable lasers to be fabricated 
which can cover a large range of pre — determined 
frequencies without the need to change the semiconductor 
composition.

1.6) Temperature effects upon threshold current
Section 1.4.2 shows that temperature affects the



h H

Eo2

Fig(10). Square potential in a quantum - well 
heterostructure C25>.
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threshold current density- This dependence results -from a 
combination of the fundamental temperature variation of 
the gain / current characteristic of the active layer 
with various other temperature dependent mechanisms 
associated with the particular structures such as carrier 
and optical confinement- Typical variations of two types 
of laser are shown in Fig(11) f26>- Empirically a law of 
the form

often applies where T is the heat - sink temperature and 
To a device — specific constant which can be 
experimentally evaluated -C271. The temperature dependence 
of the various laser types will be dealt with in more 
detail in the following section.

1-7) Diode laser structures
The work presented in chapter five covers double 

heterostructure (DH) lasers, localised gain region (LGR) 
lasers and graded refractive index (GRIN) lasers 
fabricated from lead chalcogenides. These types of 
semiconductor lasers are introduced in sections 1.7.2 to 
1.7.4 in which the the physical appearance and expected 
characteristics are described for the gallium arsenide 
(GaAs) — based system. GaAs and its ternary and

(37)



Fig(ll). Schematic o-f the threshold current density dependence
upon temperature -for single and double heterostructure lasers.
Values o-f T. are taken -from GaAs laser structures {26}.
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quaternary compounds are well — documented and in the 
following sections, these materials will be referenced, 
giving a basis for the interpretation of lead 
chalcogenide lasers grown by the author- Section 1-7-1 
introduces the basic concept of the heterostructure in 
the form of the single heterostructure (SH) laser.

1.7.1) Single heterostructure laser (SH)
Kressel and Nelson €281 and Panish et al €29} 

introduced the single GaAs heterostructure (SH) laser in 
1969- The SH laser is shown in Fig(12) and is physically 
the simplest device described in connection with this 
work.

The central region of the laser has one wider 
band gap layer lying adjacent to it. A p — n junction is 
formed in the smaller band gap material and the 
heterojunction is placed at a distance away on the p — 
side where it can prevent the unrestricted diffusion of 
electrons injected into the p — layer. This provides an 
optical waveguide resulting from the barrier due to the 
bandgap and refractive index differences between the two 
materials. The p - n junction itself provides the second 
injecting contact and the other boundary of the 
waveguide. To achieve satisfactory confinement, the n — 
side of the junction must be highly doped. The band
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Fig(12). Diagram of a single heterostructure GaAs laser,



- 46 -

diagram under forward bias and the distributions o-f 
refractive index n and light intensity I are shown in 

Fi g (13)-
The use of a single heterostructure yields a 

relatively low injection efficiency of electrons and 
produces an asymmetric optical waveguide. The lower limit 
for the threshold current density is set by the minimum 
thickness to which the p - type layer may be reduced 
before optical guiding and the injection efficiency at 
the p - n junction become unsatisfactory. This minimum is 
of the order of 1pm. A lower threshold current density 
can be achieved in more elaborate structures as described 
below.

1.7.2) Double heterostructure laser <DH)
In the double heterostructure (DH) laser the 

active layer is sandwiched between n - and p - type 
layers of larger band gap material. The DH laser is shown 
schematically in Fig(14). The first reported successful 
operation of such a structure was a GaAs device made by 
Alferov in 1970 f30>.

Fig(15) shows the band energy diagram under 
forward bias and the distributions of the refractive 
index and light intensity in a DH laser. Optical 
confinement deteriorates when the thickness of the
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bands, refractive index and light intensity 
perpendicular to the p - n junction in a 
single heterostructure laser under forward bias.
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central active layer is reduced below a certain critical 
value. The critical value can be made smaller by 
increasing the refractive index difference between the 
active and confinement layers. It is this optical guiding 
effect which sets the lower limit to the passible 
threshold current density.

Fig(16) shows the expected relationship of the 
threshold current density to the active layer thickness 
(d). For large values of d (> 0.5pm) the behaviour is a 
straightforward linear dependence between the threshold 
current density and d as discussed in section 1.3.1. As d 
is reduced the confinement factor T of the optical 
distribution decreases and for d less than about 0.2pm, 
the threshold current density increases with a further 
reduction of d. The minimum threshold current density 
occurs at an appreciably smaller value of d than does the 
minimum optical spread on account of the non — linear 
gain / current characteristic f311.

1.7.3) Localised gain region laser (LGR)
It can be an advantage to construct 

heterostructures in which the injected carriers are 
confined to a narrow part of the total region in which 
the light is confined. The light is as closely confined 
as the wave guiding structure allows but a further
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reduction in the threshold current density is obtained by 
confining the injected carriers to an even narrower 
layer. The threshold current density can be drastically 
reduced -C321 or the LGR form can be used to increase 
output power with similar threshold currents to that of 
the DH laser -C33>.

The type of LGR laser investigated with regards 
to this work is a five - layer device in which the inner 
heterojunctions are used for carrier confinement and the 
outer heterojunctions are used for optical confinement. 
Fig(17) shows the structure of such a device using GaAs 
and Fig(18) is a schematic of the distributions 
perpendicular to the junction of the CB and VB, 
refractive index and light intensity.

In Fig(19) the dependence of the threshold 
current density upon the active layer thickness d is 
shown. The critical thickness for optical confinement in 
this structure can be avoided due to the carriers being 
confined in the narrow inner cavity. Here the active 
layer can be made very thin in comparison to that of the 
DH laser thus enabling the threshold current to be 
maintained at a low level. Fig(20) illustrates the 
temperature dependence of the threshold current density. 
In the LGR the increase in threshold current density is 
expected to be similar to that of a DH laser with good
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confinement f34>.

1.7.4) Graded refractive index laser (GRIN)
The laser structures described above use abrupt 

heterojunctions. The fourth type of laser of interest to 
this work is the graded refractive index (GRIN) laser 
which differs from the DH laser by the fact that the 
outer confinement layers have graded material composition 
profiles in the vicinity of the active layer. Fig(21) 
shows the structure investigated and Fig(22) 
schematically presents the energy and refractive index 
distributions perpendicular to the laser.

The effect of the graded composition confinement 
layers is to ease the thermalisation of the injected 
carriers through the resulting change of the material 
band gap and hence refractive index. Since the funnel can 
be made as deep as required, the threshold current 
density dependence upon active layer thickness and 
temperature can be expected to behave like that of the 
LGR laser as suggested by Fig(17) and Fig(20).

1.8) Heterostructure technology
Most heterostructure semiconductor diode lasers 

have a method of limiting the spread of injected carriers 
and lasing emission in the plane parallel to the
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junction. This is easily achieved by the simple stripe 
geometry contact and the necessary insulation to confine 
the current outside the stripe can be incorporated in 
several ways leading to a range of different devices.
This type of simple stripe contact geometry laser is 
covered in detail in chapter 5 and will not be discussed 
further here.

Fig<23), on the other hand, shows cross - 
sectional views of various heterostructure lasers which 
use advanced heterostructure technology to limit injected 
carrier spread. The forms shown in Fig(23) will 
theoretically yield better laser characteristics and a 
detailed description of the fabrication and function of 
the various types can be found in good text books upon 
diode lasers €351. Such contact technologies must also be 
investigated in the future for the work described in this 
thesis but for the simplification in understanding the 
results of lasers grown by the MBE technique, only simple 
stripe geometries are considered here.

1.9) Applications of semiconductor lasers
Due to its compact size and capability for high - 

frequency modulation, the semiconductor diode laser is 
one of the most important radiation sources for optical 
fibre communication systems. There are currently three
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wavelengths of particular interest due to the absorption 
loss minima o-F the silica fibres. These occur at 0.9um 
for GaAs and at 1.3pm and 1.55pm where the absorption 
coefficient (0.2 dB/krn f36>> and dispersion cofficients 
are low. For this wavelength, M — I quaternary compound 
lasers, such as Ga* In».->«AsvPx-v/lnP lasers, have been 
intensively researched. Longer wavelengths an the other 
hand (for example at 4pm for the new fluoride — based 
fibres) have much smaller absorption coefficients t37> 
and Fig(9) shows that possible material candidates are 
the lead chalcogenides.

Due to the fact that in 1970, narrow spectral 
linewidths were observed in a semiconductor diode laser 
of Pbi-HSnKSe , research has spread to other applications 
for the diode laser. The current tuning of this single 
mode with and a high degree of stability and reliability 
in the lead chalcogenide diode lasers allows their 
potential use for applications in technology and basic 
research. Fields of interest include ultra - fine 
resolution gas spectroscopy (e.g. SF*, NH3, C2I~U, CO, 
CO*, N*0, N O N O ,  SO* etc.), molecular spectroscopy 
(nuclear spectroscopy and Zeemann splitting) and local 
oscillators for use in infra — red heterodyne detectors 
and isotope analysis (LF3-̂ * and LF3“F* in the 16pm 
region).
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Fig(24) shows the centres of the vibrational - 
rotational absorption wavelength bands of a large number 
of molecular gases -C381. Laser alloys with band gaps 
corresponding to these wavelengths are also included. It 
can be seen that lasers based upon the IE - IE group of 
compounds cover this range. Lead chalcogenide lasers in 
fact allow the spectral region 2.5 - 34um to be covered 
thus including the environmentally dangerous gases listed 
above which forms the basis of the goal set for this 
work. The physical, electrical and optical properties of 
lead chalcogenides will be discussed in detail in the 
fallowing chapter.
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2) g - g COMPOUNDS AND GROWTH TECHNIQUES

2.1) Introduction
This chapter presents the properties and 

characteristics of the lead chaicogenide materials used 
for the fabrication of diode lasers emitting in the 3.5pm 
to 20pm range as described in chapter 1.

Section 2.2 lists the production steps and 
properties of the g — g binary compounds and section 2.3 
discusses similar aspects of ternary compounds relavant 
to this work.

2.2) g - g binary compounds
The group g elements germanium, tin and lead form 

nine binary compounds with the group g elements sulphur, 
selenium and tellurium. The most interesting group g — g 
binary compounds for this work are the cubic B x 
structured PbSe, PbS and PbTe (lead chalcogenides) and 
the orthorhombic B2<* structured SnSe. These compounds and 
SnSe are direct, narrow — gap semiconductors.

2.2.1) Crystal growth techniques
The compounds PbS, PbSe, PbTe and SnSe may be 

synthesised by direct reaction of the elements in vacuum.
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The elements are first purified using a simple heated 
quartz reactor tube with flowing hydrogen to reduce the 
contaminants. The purified materials are then placed into 
a synthesis reaction chamber under a pressure of 1 mbar 
of hydrogen as shown in Fig(25). Care must be taken to 
ensure that the anion (Se, S, or Te) does not volatilise 
excessively before the reaction and generate explosively 
dangerous pressures. Temperatures required for the 
synthesis of PbS, for example, are shown in the diagram 
next to the profile.

Crystals of PbS, PbSe, PbTe and SnSe may be grown 
by a variety of techniques C39> - f421. The method used 
to grow single crystals in the work described here is 
that of vapour transport growth. This is the technique of 
subliming the compound in an evacuated ampoule to a 
cooler position within the ampoule.

The synthesised binary material is weighed into 
12g portions and is placed into a quartz ampoule with a 
length of approximately 150 mm. Under a vacuum of better 
than 1x10“® mbar, a quartz stopper is fused into the 
ampoule forming an evacuated ampoule of 100 mm in length. 
This is now placed into a furnace with the temperature 
profile shown in Fig(26) to produce a single crystal, the 
crystal growth time being over a week -C43J.

This method of single crystal fabrication
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produces crystals with C1001 -facets o-f approximately 
1 cm2 substrate area. From the 12g of material loaded, an 
average of 50Z will be effectively used for further laser 
manufacture. Bartel Metallphysik in Gottingen, West 
Germany have measured the dislocation density of the 
crystals to be lxlO3 — 1x10^ cm-2. This low level of 
dislocation density is over an order of magnitude smaller 
than commercially available lead chalcogenide substrate 
material.

The single crystals of PbX <X=5, Se, or Te) 
prepared by these methods will exhibit compositions 
which, according to preparation, deviate from 
stoichiometry. For this reason and since an excess of 
either lead atoms or X atoms will introduce charge 
carriers, single crystals usually yield carrier 
concentrations in the range lxlO17" - lxlO1̂  cm-3.

The composition (and thus the carrier 
concentration) of a crystal may be modified by annealing 
in either a lead — rich or an X — rich vapour. Either a 
two — temperature anneal or an isothermal anneal may be 
used. PbSe £44} and PbTe £45} have been annealed using 
the farmer method with the crystal being at a temperature 
Ti in a vapour of partial pressure p of either lead or X2 
obtained from material in a second region at a 
temperature T2 where T* > T2. The latter isothermal
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method developed by Brebrick and Allgaier -C461 anneals 
the crystal in the presence of a lead - rich or X - rich 
two - phase PbX alloy until equilibrium is achieved. This 
technique has been applied to PbTe f47> and to diffusion 
experiments in PbSe C481. Both techniques shift the 
equilibrium composition of the crystal in accordance with 
the phase diagram of the system. The equilibrium 
conditions can then be kept by rapidly cooling the 
crystal to room temperature.

The pressure — temperature — composition diagram 
for PbSe is shown in Fig<27) C49>. The diagram shows the 
partial pressure pSe2 of Se2 in equilibrium with with 
solid (or solid plus liquid) PbSe at a given temperature. 
In the figure, the contour BAFCDE is the line along which 
solid PbSe and liquid coexist in the presence of Se 
vapour and encloses the region in which solid exists. 
Compositions are given as carrier concentrations n - or 
p - type by assuming that two electrons correspond to one 
selenium vacancy f50>. Thus the line KJF marked 5xl01-7r 
electrons cm-3 corresponds to a non - stoichiometric 
composition containing lxlO1® excess lead atoms cm-3. A 
similar arguement is also applicable on the p — type side 
of the solid region. The intrinsic line FG corresponds to 
n = p and hence to stoichiometry. Similar diagrams are 
available for PbS £51> and PbTe f52>, but will not,
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however, be presented here.

0-f particular interest to the work described in 
this thesis, a mass spectrometric study indicates that 
PbSe, PbS and PbTe sublime primarily as molecular 
PbSe(g), PbS(g) and PbTe(g) respectively C(g) = gaseous] 
■C531. Also the partial pressure p o-f PbX(g) in 
equilibrium with solid PbX is independent o-f the 
composition o-f the solid PbX. However, the partial 
pressure of X2 (g) in equilibrium with solid PbX varies 
strongly with the composition of the solid phase. The 
sublimation of solid PbX must therefore be described in 
terms of the partial pressures of both PbX(g) and X2 (g) 
in equilibrium with the solid.

2.2.2) Crystal structure
Lead selenide, sulfide and telluride are polar 

semiconductors in which the bonding is due to a large 
extent to the electrostatic forces between the ions 
forming the crystal. This type of system, in which there 
is a strong ionic contribution to the bonding of the 
compounds, is characteristic of the sodium chloride or 
rock salt structure which all three above compounds 
exhibit f54>. The space lattice is face - centred cubic, 
with a basis of one lead ion and one X ion associated 
with each lattice point £55>. The structure is shown in



- 58 -

Fig(28) where the lead and X ions forming the basis are 
separated by a distance d/2, d being the body diagonal of 
the unit cube formed by eight lead ions (or eight X 
ions) . The distance, a, is the customary lattice 
constant- If A = a/2, then the positions of the ions in 
the unit cell are

Pbs (000); (AAO); (AOA); (OAA) (38)

and

X : (AAA); (00A); (0A0); (A00) (39)

Thus the lead ion at (000) and the X ion at (AAA) 
(separated by a distance d/2 = a/3/2) form the PbX basis 
associated with the lattice point (000)- There are four 
PbX units in each unit cube of volume a/3. Table (1) 
gives values of the lattice constant a for nominally 
stoichiometric PbX £56> and that of BaF2 £57>«

Table (2) shows the thermal expansion of PbSe,
PbS and PbTe, measured from 20 to 340K using 
polycrystalline samples £58}, with BaF2 £57> for 
comparison. BaF2 data is included here since it proves to 
be an excellent cubic structured substrate material upon 
which lead chalcogenides can be epitaxially deposited.



F i g (28). The sodium chloride crystal structure. 
The space lattice is face centred cubic.

C0013
♦

✓

ig(29). The first Brillouin zone for PbSe, PbTe and
PbS. The symmetry points T, L and X are shown 
as are two ellipsoids of constant energy -C59>



Compound a
(A)

Volume of 
unit cube 

(A3 )
Volume of 
one PbX 

<A3>
Experimental

density
(gcm~3)

PbSe 6. 124 229.7 57.43 B. 10
PbTe 6.462 269. B 67.45 8.16
PbS 5.936 209.2 52.30 7.50
BaF, 6.120 ------ ----

Table (1). Lattice parameters and density for PbSe, 
PbTe, PbS and BaF* at 300K C56>, C57>.

Temperature (K) PbSe PbTe PbS BaF,

30 7.65 9.02 7.54
50 12.92 14.30 12.43
70 15.63 15.38 15.42 14.80
100 17.37 17.70 17.55
300 19.40 19.80 20.27 18.20

Table (2). Linear expansion coefficient for PbSe, PbTe, 
PbS and BaF* in units of 10*K-» C58>, £57}.

Material 77K
(eV)

300K
(eV)

PbSe 0. 176 0.279
PbTe 0.217 0.310
PbS 0.307 0.410

Table (3). Minimum energy gap of PbSe, PbTe and PbS £61>.
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2-2.3) Band structure

The band structures o-f PbS, PbSe and PbTe have 
been extensively investigated. The -first Brillouin zone 
is shown in Fig(29) and is that of a face — centred cubic 
lattice f591. The eight equivalent L points are each at 
the centre of a hexagonal Brillouin zone face at its 
intersection with a C1113 direction C60>. The six 
equivalent X points are each at the centre of a square 
zone face at its intersection with a C0013 direction. The 
T point is at the centre of this zone.

Experimental results indicate that the surfaces 
of constant energy for both the conduction and valence 
bands are prolate ellipsoids of revolution. The centres 
of the ellipsoids are at L points and the major axes are 
in Cl 111 directions. Hence, there are eight equivalent 
constant energy ellipsoids for the conduction band states 
and eight for the valence band states. Portions of two 
such ellipsoids are shown in the figure.

The general features of the band structures of 
PbS, PbSe and PbTe are similar C61>. In each case, the 
valence band maximum and the conduction band minimum both 
occur at the L point. This results in a direct minimum 
energy gap E^. At room temperature and above, E^ can be 
estimated from the positions of peaks in the refractive 
index as a function of incident photon energy. A summary
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of these results is given in Table (3) and it can be seen 
that the data show the unusual positive temperature 
coef f icient of the energy gap E« (dE^/dT). The variation 
of E^ between 80 and 373K is linear and these values are 
platted in Fig(30). From the plot, values for dE^/dT 
between 80 and 373K are calculated to be 4.5xl0“*f 
4.5x10“* and 4.2x10“* eV K ~ x for PbS, PbSe and PbTe 
respectively. Although these values are very similar, the 
band gap variation below 80K for each of the above 
compounds is different as shown in the plot.

2.2.4) Optical properties
Fig(31) shows the optical absorption * of PbS, 

PbSe and PbTe as a function of photon energy hî  at 300K 
£621. For each compound there is a sharp threshold for 
absorption and for direct transitions across the energy 
gap, a plot of « against /(hi-' - E«) is linear -C631.

Fig(32) shows the reflectivity of PbS, PbSe and 
PbTe at 300K -C641. The values of the reflectivity are 
important for determining the quality of the resonator in 
a diode laser made with these materials in the active 
region.

The refractive index of PbS, PbSe and PbTe at 77, 
300 and 373K is shown in Fig(33) as a function of photon 
energy £65>. As quoted in equation 16, the reflection
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coefficient is dependent upon the refractive indices of 
the materials forming the interface- Hence the refractive 
index at photon energies greater than 0-6 eV can be 
calculated from the measured reflection coefficients 
shown in Fig(32) and reflection coefficients in the 
0 — 0.6 eV range can be calculated from the refractive 
indices shown in Fig(33) thus providing information aver 
a large range.

2.2.5) Electrical properties
The electrical conductivity tr and the Hall 

coefficient RH yield useful information an the carrier 
density and mobility in a semiconductor. There have been 
a number of investigations of these characteristics over 
wide temperature ranges -£661. The data indicate that RM 
is practically constant over the entire temperature range 
4K - 300K, implying that the extrinsic carrier 
concentration n (or p) = (l/eRM) is also independent of 
temperature. This, in turn, implies that at 295K in these 
samples, intrinsic carriers are not numerous enough to 
influence the conduction process. With the exception of 
rare samples with very low carrier concentrations, PbS, 
PbSe and PbTe are not intrinsic at 300K or below. The 
intrinsic carrier concentration n* at 300K has been 
calculated to be BxlO1® cm-3 for PbS, 3x10** cm-3 for
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PbSe and 1.5xlOlA cm-3 for PbTe £67>.
The mobility jj of both electrons and holes in 

PbS, PbSe and PbTe has been studied and data between 
liquid helium temperature and room temperature is given 
for PbS in Fig(34), PbSe in Fig(35) and PbTe in Fig(36) 
C66J. All plots have similar forms and as the temperature 
is decreased, a increases as T“c where C is a number 
dependent upon the carrier concentration- The absolute 
values of carrier mobility are given in the following 
table (Table (4)) C68>.

Material Electrons Holes
PbS 600 700
PbSe 1200 1000
PbTe 1800 900

Table (4). Mobility of PbS, PbSe and PbTe at 300K 
in units of cnPV-4s~* f68>.

2.2.6) Impurity and stoichiometric effects
Both impurities and defects due to deviations 

from stoichiometry may produce electrically active 
centres in the lead compounds. Extrinsic carrier 
concentrations as high as 2xl02° cm-3 have been obtained,
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for example, by the incorporation of bismuth f69>. In 
section 2.2.1 it has been stated that two electrons in 
the lead chalcogenides are associated with one 
chalcogenide vacancy. However, it is not clear whether 
the crystal defects giving rise to these centres are of 
the Schottky (vacancy) type, the Frenkel (interstitial) 
type or a combination of the two. The energy of formation 
of a lead vacancy, for example, has been reported to be 
0.3 eV and for that of a tellurium vacancy to be 1.2 eV 
•C70>.

There have been a number of investigations of the 
electrical activity of impurity atoms in the lead 
compounds. Sodium -C71>, silver and thallium -C72> are 
acceptors whilst copper f72>, iron -C73>, bromine t74> and 
bismuth f72> are donors. These examples do not exhaust 
the list of possible dopants and more about the two 
dopants important to the work here, namely bismuth and 
silver will be presented in chapter 4.

2.3) Lead chalcogenide ternary compounds
As mentioned in section 2.2, the lead 

chalcogenide binaries (and SnTe) crystallise in cubic B* 
and SnSe in orthorhombic B3«* structures. Therefore, for 
example, the ternaries Pbi_MSnMTe and PbSi_>«SeM exist for 
all compositions x, whilst the existence range for
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Pbi-MSnMSe with cubic Bi structure is restricted (to 
x < 0.4). Fig(37) schematically shows the dependence of 
energy gap and lattice constant a upon the composition 
x for the lead chalcogenide systems existing between the 
binaries SnTe, PbTe, PbS, PbSe and SnSe -C75>.

2.3.1) Requirements of the project
Fig(38) shows the band gap plotted against the 

lattice constant a for important lead and tin systems.
The binary PbSe was chosen as the substrate material due 
to its central lattice constant value in the figure and 
to the relative ease of producing good quality p - type 
single crystals and the ability of polishing sawn 
substrates to a high standard.

In the simple DH laser, the PbSe substrate is 
buffered by the first confinement layer giving a choice 
of confinement band gap energy and refractive index and 
isolating the active layer from strain caused by lattice 
mismatch. SnSe can be added to the active layer of a 
laser structure to produce wavelengths longer than 8»im at 
77K without significant lattice mismatch occuring between 
the layers. Any mismatch may be reduced by the addition 
of Te in the active layer if this is found to be 
necessary.

Two different approaches have been used to
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obtain wavelengths below 8pm. Confinement layers of PbS 
may be used with an active layer of PbSi_MSeM to produce 
lasers having wavelengths as low as 5pm. However for the 
case of the PbS / PbSi_MSe>« system below 5pm, the optical 
confinement in a simple DH laser becomes too small 
between the layers and a more complicated structure has 
to be used employing compounds of PbS which increase the 
band gap beyond that of pure PbS. Therefore, other 
ternary compounds based upon PbSe have been investigated 
to obtain large band gap materials. This enables a 
unified technology for laser production covering the 
spectral range required using a minimal number of alloys. 
The dotted lines in Fig(38) illustrate the course of 
action to be taken by using Pb*-„YMSe compounds.

Cadmium, germanium, manganese and strontium and 
the rare earths europium and ytterbium all form compounds 
of the form Pbi_MYMSe with PbSe. Each compound has the 
property of producing an increasing band gap Eq with an 
increasing composition factor x. Of these, cadmium £761, 
£771, germanium £781 and manganese £771 have allaying 
problems and ytterbium £791 acts as a donor. The 
Pbi_>«Eu,«Se alloy has been investigated as a suitable 
material having a sufficiently large band gap for laser 
devices working near the 3pm region of the IR spectrum 
and is introduced in section 2.3.4.
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2.3.2) Pbi-xSn^Se alloys
Fig(39) shows the temperature — composition 

diagram -for the PbSe — SnSe system £80}. The phase 
diagram is of the eutectic type, the eutectic temperature 
being 1143K. There is considerable separation between the 
liquidus and solidus -for the cubic B* structure alloys. 
For the orthorhombic B2«* this difference is negligible 
since the eutectic temperature is only 2K lower than the 
melting point of SnSe. In this work, the shorter 
wavelength material is important thus all discussions on 
Pbi-MSn„Se will be limited to the cubic Bj. alloy with 
x < 0.43.

In Fig(40), the existence range for PbSe is 
presented £81}, £82}. It can be seen that the existence 
range for PbSe is approximately symmetrical with respect 
to the stoichiometric composition and shifts towards the 
Se side of the diagram as the SnSe content increases.

In the range of solubility of Pbi—xSnxSe, the 
variation in band gap is nearly proportional to the 
composition x. Fig(41) shows in detail the dependence of 
the band gap upon the composition for the Pbi-MSnMSe 
system £83}. Laser emission has been obtained in 
Pbi_MSnMSe diodes with x upto 0.28 £84}. The results of 
the work from Harman et al support a band model in which
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the conduction and valence band edge states cross as the 
Sn content is increased from 0 to 0.28. For x < 0.1, the 
temperature coefficient of the energy is positive whereas 
for x > 0.19, the temperature coefficient is negative.
The results also indicate that the band gap is direct on 
both sides of the crossover point which at 4.2K occurs 
for x = 0.15.

2.3.3) PbSi-xSe». alloys
The temperature - composition phase diagram for 

the PbSi-xSeM system is presented in Fig(42) f85>. Unlike
the Pbi_KSnHSe system, the PbSx_„Se,« alloys exhibit 
complete solubility and solidus lines for the PbSx-MSeM 
alloy system are shown in Fig(43) f86> where the metal -
rich data are taken from work by Strauss C87>. As in the 
case for PbSe, the solidus field for PbS is approximately 
symmetrical with respect to the stoichiometric 
compositi on.

The dependence of the optical energy gap with 
the composition factor x is nearly a linear relation, 
similar to the Pbx_xSnMSe system *C88>. Fig (44) shows in 
detail the dependence of the energy gap with composition. 
Lasers fabricated using the PbSi_MSeM system 
theoretically have emission wavelengths ranging from 4um 
(x = 0) to 7.5um (x = 1) at 77K.
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Fig(42). Temperature - composition diagram for the 
PbSe - PbS system €B5>.
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2-3.4) Pbi-xEUxSe alloys
The Pbi_MEuMSe alloy is interesting for covering 

the short wavelength range of lead chalcogenide diode 
lasers. The in-formation upon the Pb ± _>« Eu* Se system 
available at present is described below, and section 4.5 
covers the work per-formed by the author.

The rare earth selenide compounds are -face 
centred cubic. Eu tends to be divalent in 
monochalcogenides due to the relative stability o-f the 
hal-f - full 4f shells. The divalent Eu ions are larger 
than the trivalent ions, thus resulting in a slightly 
larger lattice constant than other rare earth selenides 
(exceptions are SmSe and YbSe). EuSe has a lattice 
constant of 6.191A -CB9} compared to the PbSe lattice 
constant of 6.126A thus providing the possibility of good 
lattice - matched systems.

The Pbi_>«EuMTe system shows a large increase in 
band gap with relatively small concentrations of Eu f 90>. 
Assuming that EuTe and EuSe have similar properties, it 
is to be expected that the Pbi_MEu„Se system also 
exhibits this strong dependence of the band gap upon Eu 
content. The band gap of EuSe at 300K has been found to 
be 1.8 eV C91>.
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3) MOLECULAR BEAM EPITAXY SYSTEM

3- 1) Laser -fabrication techniques
Lead chalcagenide semiconductor diode lasers have 

been prepared by a variety o-f techniques and these can be 
listed as follows:

a) Diffusion of foreign atoms;
b) compositional interdiffusion;
c) liquid phase epitaxy;
d> vapour phase epitaxy;
e) hot wall vapour deposition;
f) molecular beam epitaxy.

In this chapter methods a) — e) will be briefly 
described in the first two sections. MBE is introduced in 
section 3.1.3, followed by a detailed discussion of the 
technique which has been developed by the author for the 
growth of lead chalcogenide films and diode lasers. 
Emphasis is put upon the important factors governing the 
successful growth of lead chalcogenide compounds under 
MBE conditions and the inherent problems that arise from 
the properties of these materials.

3.1.1) Diffusional techniques
Cadmium is a suitable laser diffusant since it
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has been shown that Cd produces low carrier concentration 
n - type material with a high mobility. At a Cd partial 
pressure of lxlO-3 mbar, the electron concentration 
becomes saturated to a value of 1.2x10*® cm-3 in PbTe and 
is practically independent of the substrate type and 
concentrations. Electron mobilities of 3.8x10^ cm2V“1s~1 
have also been reported f92>.

A schematic diagram of a Cd diffused diode laser 
is shown in Fig(45). The Cd diffusion is performed with 
temperatures of the order of 670K using prepared p — type 
substrates with a hole concentration of between 1x10*® 
and lxlO1^ cm"3. The junction depth is proportionally 
dependent upon the square root of the diffusion time and 
is a function of the substrate hole concentration p -C93>. 
Junction depths are of the order of a few microns after 
1 hour and the depth can be controlled to ± ljim.

Another diffusion technique is to anneal p - type
Pbi_MSnMSe, PbSi_„Se,« or Pbi-KSn,,Te substrates in the 
presence of Pbi_vSnvSe, PbSi_vSev or Pbi_vSnvTe powder 
respectively, thus forming heterostructures. This is the 
compositional interdiffusion technique (CID). Results 
from this type of laser are comparable to those of the
Cd - diffused laser. Linden et al C94> have grown
PbSi-MSeK and Pbi_MSnKSe lasers based upon the CID 
technique.
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Fig(45). Schematic of Cd - diffused stripe lasers {93).



- 71 -

3.1.2) Epitaxial film deposition
Lasers produced by the two above techniques 

suffer from poor electrical and optical confinement 
giving high threshold currents, low internal quantum 
efficiencies and low operating temperatures.

To obtain electrical and optical confinement, 
heterostructures must be used and can be produced by a 
number of techniques: liquid phase epitaxy (LPE); vapour 
phase epitaxy (VPE); MBE and hot wall vapour deposition 
(HWVD). Evaporative techniques are particularly 
attractive because the E — H semiconductors have 
convenient vapour pressures and sublime predominantly as 
diatomic molecules. Of the methods listed above, MBE and 
HWVD are best suited to growing multi — layers with 
thickness control in the 1pm range. This is required for 
active regions for lasers with lowest threshold currents, 
although liquid phase epitaxy does produce interfaces of 
superior quality.

Epitaxial layers of Pbi_HBnMTe grown by cooling 
from 800 - 780K in an LPE system yield hole 
concentrations of lxlO1® cm-3 f95>. Results from X - ray 
diffractometry measurements indicate that for a 1pm thick 
epitaxial layer, the composition changes from 78.57, to 
100X PbTe in a distance of less than 0.75pm. Although the
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surfaces and interfaces produced by LPE are superior to 
the HWVD and MBE methods of film deposition, such a 
composition inhomogeneity is unacceptable.

Epitaxial layers of Pbi-«SnMTe grown upon PbTe 
substrates by the VPE technique show an even larger 
region of graded composition. Carrier densities of lead 
chalcogenides grown by VPE are approximately 2xl010 cm-3 
and electron microprobe analysis indicates that due to 
the relatively high deposition temperatures of 900K, some 
Sn diffuses from the layer into the substrate producing a 
graded composition layer of the order of Sum thickness 
{961.

The HWVD method has been applied to many lead 
chalcogenide alloy systems and Kasai et al {97}, for 
example, have grown Pbi-MSnKTe. Growth rates are possible 
in the range 0.3 - 4.8 umhr— 1 with typical source and 
baffle temperatures of 720 - 830K and a substrate 
temperature of 600K. Carrier concentrations of as - grown 
layers are in the range 1x10** — lxlO1^ cm-3. The carrier 
mobility is of the order of 1x10“* cm2V-1s“1 at 77K and 
hence the HWVD method is very acceptable for the growth 
of lead chalcogenide diode lasers.

3.1.3) The molecular beam epitaxy technique
The MBE technique dates back to the middle 1960's
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when work in the optoelectronic field caused the start of 
intensive research and since then MBE has developed to 
the extent that reproducible control over lattice 
composition and thickness is now passible.

The basic MBE process achieves epitaxial growth 
through the reaction of multiple molecular beams of 
material with a heated single crystal substrate. This is 
illustrated in Fig(46) for the growth of doped 
Pbi_mSn„Se, Each furnace encloses a crucible containing 
one of the constituent elements or compounds of the 
desired film. The temperature of each furnace is chosen 
so that the vapour pressures of the materials are 
sufficiently high for free evaporation of thermal energy 
molecular 'beams'. The furnaces are arranged so that the 
intersection of their axes coincide with the centre of 
the substrate surface. Through the choice of appropriate 
furnace and substrate temperatures, epitaxial films of 
the desired chemical composition can be obtained. 
Additional control over the growth process is achieved by 
means of individual furnace shutters situated between the 
furnace orifice and the substrate thus allowing abrupt 
interfaces to be fabricated.

The standard MBE system also incorporates a 
preparation chamber connected to the growth chamber via a 
transfer rod system to allow the possibility of loading



ShuttersHeated substrate PbSe

Ba-ff les

Se

SnSe
Molecular beams Furnaces

Fig (46). Illustration o-f the molecular beam epitaxy technique 
(-furnaces shown are -for the p - type growth o-f 
Pbi-KSn.Se ) .
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3.2) MBE vacuum system details

The original system concept Mas co — planned with 
Varian GmbH, Stuttgart, West Germany, the -final welding 
work upon the chambers being per-farmed by Varian 5.p.A in 
Torino, Italy. Many other MBE — specific parts are also 
o-f Varian origin and the contrary will be mentioned where 
appropriate.

The system is an ultra - high vacuum (UHV) system 
consisting of two chambers (the working chamber and the 
loading chamber), pumps and ancilliary equipment. Fig(47) 
and Fig(48) show pictures of the vacuum system and the 
electronic racks respectively. Fig(49) and Fig(50) are 
diagrams to supplement the details of the MBE system. The 
working chamber houses the furnaces, substrate holder, 
beam flux monitor, mass spectrometer and cryoshield, the 
details being given in Fig(51a) and Fig(51b). This is 
connected to the loading chamber via a gate valve through 
which a magnetically operated transfer rod arrangement 
can pass. This rod is mounted in the loading chamber 
which accomodates upto seven substrates stored in holders 
on a rotating wheel. A side view of the loading chamber 
is shown in Fig(52).

The need for UHV conditions arises from the 
relatively slow growth rate of approximately 2 umhr— 1 in 
comparison, for example, with LPE where growth rates can



F i g ( 4 8 )

Fig(47). Photograph of the molecular beam epitaxy 
system built by the author for the growth 
of lead - salts.

II H

Photograph of the three electronic racks 
housing control equipment for the MBE system.
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Fig(49). Side view of the MBE system.
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Fig (50). Top view a-f the MBE system.
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Fig(52). Preparation chamber in detail (side view)
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be as high as 60 urnhr— 1 £98}. If a background gas species 
with a unity sticking coefficient on the growth surface 
were present in the vacuum chamber at pressures of 
1x10“* mbar, roughly half of the grown film would be 
contaminants. Partial pressures of gases with high 
sticking coefficients must therefore be maintained to a 
very low value to avoid incorporation. This value has 
been estimated as having to be better than 1x10“*° mbar 
■C99>.

To obtain such a low vacuum, the system is 
constructed of low vapour pressure stainless steel (type 
BS 304S15 with composition: S-0.03%; P—0.045%; C—0.08%; 
Si-17.; Mn-27.; Ni-107.; Cr-197. and Fe-687.) which can be 
baked out to 650K. The system constructed in this work is 
restricted to a bakeout temperature of 470K due to the 
fluorelastomer gaskets used in the two gate valves. After 
bakeout, the stainless steel has the negligible 
outgassing rate of lxlO-12 - 1x10“** mbar 1 s“1cm“5B. The 
growth chamber is equipped with a maintenance - free 
200 1 s-1 Ultek. ion getter pump and an Ultek titanium 
sublimation pump which maintains the background pressure 
(measured at the circumference of the chamber with hot 
furnaces) to a level of 1x10“* mbar. The integral 
cryoshield surrounding the substrate holds the vacuum 
well below this value in the vicinity of the substrate to
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minimise the incorporation of contaminants.

The UHV achieved in the working chamber takes 
over 48 hours to produce, therefore a load - lack system 
has been incorporated. The loading chamber is pumped via 
a versatile and quick 360 1 s—1 Leybold Heraeus 
turbomolecular pump which can achieve a vacuum of 
lxlO-"7, mbar within 5 minutes thus permitting substrate 
transfer 90 minutes after loading without allowing a 
significant amount of water vapour to enter the working 
chamber.

This chapter will concentrate upon the important 
pieces of MBE apparatus. Section 3.3 discusses the MBE 
furnace in terms of requirements and results, section 3.4 
shows the problems of MBE shutters and section 3.5 
describes the substrate holder assembly.

3.3) Sources
□ne of the most important pieces of apparatus in 

an MBE system is the molecular beam source. Control and 
stability over long periods of time and beam 
characteristics govern the accuracy with which the 
stoichiometry and composition of the deposited film can 
be controlled.

Flexibility is one of the main advantages of the 
MBE technique. For example, with the binaries PbSe, PbS,
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PbTe and SnSe as the separate source materials, layers of 
binary, ternary and quaternary material can be produced. 
The system described in this work was designed with six 
furnace ports, two for doping materials and the remaining 
four for combinations of the above materials. As the 
project proceeded, other materials such as europium, 
strontium and silver have been loaded for the use in the 
lead chalcogenide alloy systems.

3.3.1) Source flux rate requirements
The growth rate of the growing film is directly 

proportional to the main material furnace flux rate. When 
the sticking coefficient of the material on the substrate 
is unity then a flux rate of lxlOie* molecules s-1cm-2 
arriving at the substrate surface corresponds to a 
deposition rate of approximately a monolayer per second.
This gives an acceptable overall growth rate of

2 umhr— *.
Fig(53) illustrates two possible forms of furnace 

construction namely the open ended type and the Knudsen 
cell. The governing factors for the flux rates are the 
furnace temperature T», the orifice diameter d (in the 
open ended type, d = d*«■-«»*=•) and the material surface 
area Am (in the Knudsen cell, Am is not important due to
the fact that d << d#Urn«e«)-



Flux = -f (T, A„, d)

□pen cell

FI ax = -f (T , d)

Knudsen cell

Fig (53). Schematic o-f two types o-f source 
used in MBE systems.
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The open ended source is frequently used in the 
X — I compound semiconductor system due to the low vapour 
pressures of the materials at temperatures where the 
materials are liquid hence producing a constant Am- The 
lead chalcogenides have relatively high vapour pressures 
suggesting that an open ended type of furnace will 
require a low operating temperature to obtain the same 
flux rate- Low temperatures are difficult to control in a 
UHV environment due to the lack of heat conduction 
through the vacuum, meaning that the lead chalcogenides 
are solid at the operating temperatures- This is a 
disadvantage in the open ended source due to a continuous 
variation in Am and hence the Knudsen cell arrangement 
was necessary for the work presented here.

The expected flux rate from an ideal Knudsen cell 
with a particular source material can be calculated. The 
source material is assumed to effuse from the thin — 
walled furnace orifice in a hemispherical pattern in 
which the flux at any position on the hemisphere is 
proportional to the cosine of the angle from the orifice 
normal- The cosine law distribution is such that the flux 
at the normal is twice the average flux over the 
hemisphere and is given by

lr\ it2ttD2 - = - 4r3 T (40)
\ 2 / 4



where T is the -flux (molecules cm_25"1) incident on a 
substrate positioned at a distance D (cm) from an orifice 
of radius r (cm) emitting a flux T (molecules cm_2s_1). 
Rearranging, equation 40 becomes

Assuming a true Knudsen cell where the pressure p (mbar) 
of the cell is kept low enough to maintain molecular flow 
through the orifice and where vapour — solid equilibrium 
is maintained, it can be shown that

Here k (JK-1) is the Boltzmann constant, M (kg) is the 
atomic mass unit, m the atomic weight of the effusand and 
T« (K) is the isothermal temperature of the furnace. 
Vapour pressures p <«tm> of the effusand are given by the 
standard Clausius — Claperion equation -C100>

where a (K~x) and b are material constants given in 
Table (5) -C1011. Combining the equations 41, 42 and 43,
the flux rate impinging upon the substrate can be 
quantitatively written in terms of molecules cm_2s_1 as

molecules cm_2s-1 (41)

/“2iT^nM”kT^ molecules cm-2s~1 (42)

alogio p (atm) = b (43)Tm



Material a (K-1) b atomic weight m

PbSe 11032 7.302 286.15
SnSe 10495 7.318 197.65
PbTe 11636 7.946 334.79
PbS 11780 7.448 239.25

Table (5). The material constants a, b and m for 
selected lead chalcogenides {1011.
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This numerical equation can be used to -find the 
approximate operation temperature required for a given 
flux rate and furnace geometry- Fig(54) shows a computer 
plot of flux rate versus furnace temperature for PbSe in 
a furnace having an orifice diameter of 2mm and a 
substrate to orifice distance of 190mm which corresponds 
to the system distance for one of the lower furnace 
ports.

3-3.2) Source stability requirements
Due to the fact that interface states between two 

non - lattice - matched layers can give rise to 
undesirably short carrier lifetimes, it might be 
necessary to lattice - match epitaxial layers to the PbSe 
substrate £102>. This can be achieved by the addition of 
Te thus correcting the mismatch in the form of the 
quaternary material Pbi_>«SnMSei_vTev . It is of utmost 
importance to design furnaces that are stable enough to 
produce the minimum amount of deviation from the required 
stoichiometery necessary to produce lattice - matched 
layers- The amount of mismatch that an active layer can 
allow without having a detrimental effect upon lasing 
characteristics is dependent upon its composition and its 
thickness. It has been suggested that with active layer
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Fig (54). Plot of PbSe -flux versus -furnace temperature 
■for an orifice - substrate distance of 190mm 
and an orifice diameter of 2mm according to 
equation 44.
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thicknesses of 0.5am in the PbSe rich area of the 
Pbi_„SnMSe system, lattice - matching of better than 
0.01X is necessary C1021.

If ai is the lattice constant of the cladding 
layers and a2 is the lattice constant of the active 
region, then this requirement can be written as 

Aa 2 (ai - a2>  = -----------  = 1x10"* (45)a ax + a2

In order to find the lattice — matching 
composition, it is necessary to use the generalised 
modification of Vegard's Law as derived by Moon et al 
C1031. According to this model, the lattice constant of 
the quaternary compound Pbi-MSnHSei,-yTey is given by

aPbsnB.T. = xyaenT. + X (1-y) +
( 1—X ) dlpbT* +
(1—x)(1—y)apbs. (46)

where aPbTa - 6.460 A -C104J
aPb8. = 6.126 A -C104}
aSnT* = 6.328 A Cl051

and a8r,Sa. — 6.003 A -C1061 at 300K.
Inserting these parameters into equation 46

apbBnsaT* = 6.126 + 0.334y
0.123x - 0.009xy A (47)

In the PbSe rich area, x << 1 and y << 1 and equation 47 
reduces to
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3pb8n8«T« — 6.126 + O.334y
- O. 123x A (48)

Far lattice - matching

= - O.123 (49)
\ d x / y

Therefore
Aa 0. 123 Ax  = ---------- = 0. 02Ax (50)a apbs*

The required lattice - match as stated above is 
Aa/a = lxlO-*. Hence from equation 50

Ax 5x10~3  = ----- (51)x x

For lasers emitting in the 10pm region at 80K, 
x = 0.05 and implies from equation 51 that the acceptable 
error in the x value Ax/x is approximately 0.1. Similarly 
for y, Ay/y is approximately 0.03. DH lasers of 
wavelengths approaching 8pm using the Pbi-MSnMSei-yTey 
system reach their lower wavelength limit due to the 
inherent lack of confinement. Here Ax/x = Ay/y = 0.02 and 
this was set as the goal for the stability of the main 
material furnaces.

Similar results are found for the stability 
required to fix a certain laser emission wavelength to 
within 1% accuracy around 16pm. At wavelengths around 
10pm, acceptable errors in composition are of the order
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2 - 37..

As mentioned above, the flux rate of the furnace 
is directly proportional to the furnace temperature. Here 
the stability of a furnace is dependent mainly upon the 
temperature stability. The required temperature stability 
can be estimated assuming that chemical potential 
equilibrium is present within the Knudsen cell. 
Thermodynamic considerations lead to an empirical 
equation relating the pressure fluctuations AP/P within a 
Knudsen cell at a temperature T = 1000K to the 
temperature fluctuations AT/T

AP AT  = 25.334   (52)P T

Therefore, in an MBE furnace loaded with PbSe, 
PbS, PbTe or SnSe, a temperature stability of AT = 0.8K 
is required if a flux stability of 27, is to be 
maintained. This is calculated by assuming that the local 
pressure fluctuations AP/P are directly responsible for 
the flux variations. This is a stability which can be 
achieved by the use of modern temperature regulators. 
Standard furnaces from the Varian company have been used 
and the resulting flux stability is described in the next 
section.
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3.3.3) Practical binary material sources
The characteristics of a furnace with a 2mm 

diameter orifice in a lid placed in the middle of the 
standard 130mm long Varian crucible are discussed here. 
The furnace details are given in Fig(55). The furnace 
itself is constructed from tantalum and the crucible from 
surface — treated graphite rather than pyrolytic boron 
nitride since this is easier to machine. Due to the 
inherent reactive nature of selenium and its compounds, 
the thermocouple is tungsten / 26% rhenium - tungsten /
5% rhenium.

Fig(56) shows that the flux rate from this 
furnace is stable and free from variations upon the 
minute scale which is important for laser active layer 
growth where the emission wavelength depends upon the 
stoichiometric composition and where active layer growth 
times are short. Flux rates are given in millibar due to 
the method of measurement. An open ionisation gauge is 
used and a direct calibration of the measured pressure 
values into actual flux rates is not necessary. Relative, 
and not absolute, flux rates are of importance to the 
work here in determining growth rates and setting film 
compositions. An overall constant fall rate of 
approximately 2% hr— 1 can be seen in the charge —





Flux rate (mbar)
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Fig (56). Minute - scale -flux rate resulting from a modified furnace filled with PbSe.
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lifetime profile in Fig(57).

The observed 27. fall rate can be directly related 
to the Varian furnace heating construction. In the 
stabilisation phase (approximately five hours after the 
loading of the charge) the lead chalcogenide has sublimed 
to form a block behind the cover through which an axial 
hole is formed. The diameter of this hole corresponds to 
that of the orifice and Fig(58) shows the material form 
created. This means that the vapour pressure in the 
crucible is dependent only upon the block surface facing 
backwards into the crucible (T» is constant). As the 
material is used up, the surface moves towards the cover 
and into a lower temperature zone hence producing a 
continually declining overall flux rate. This declining 
flux rate has been measured with lids in different 
positions within the crucible length and the 2V. quoted 
fall rate is that from the best cover position found. A 
position well into the hot crucible does not bring any 
increased advantage as far as stability is concerned and 
the filling capacity would also become impractical.

At growth rates of 2 pmhr— x, a constant drift 
rate of 27. hr~* is acceptable when it is remembered that 
all main component furnaces will have very similar flux 
rate decay characteristics and so film composition 
variations will be smaller than the required limits
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Fig(58). Details of the sublimed lead chalcogenide block
■formed within the stabilisation phase o-f a furnace-
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quoted in the previous section.
Although the used furnace is stable, section 3.4 

will show that it is very sensitive to the position of 
the shutters. The final modified version of this furnace 
can be found in that section.

3.3.4) Doping material sources
In section 4.3 it will be seen that the dopants 

for the lead chalcogenides used in conjunction with this 
work are Bi for n — type layers and Ag and Se for p - 
type layers. Bi is sublimed as Bi2Se3 for reasons to be 
described later. The materials Bi2Ses and Ag have 
slightly lower vapour pressures than the lead 
chalcogenides. This does not, however, present any 
problems due to the much lower dopant flux rate required 
(approximate beam flux ratios are Bi2Se3 : PbSe = 0.0005). 
This fact means that it is passible to use the Varian 
furnace and customised graphite crucible described for 
the main lead chalcogenide components in the previous 
section. It will also be seen from the initial 
experiments that this step is justified due to the 
excellent flux rate stability that can be achieved at the 
required doping levels.

P — type doping with the use of Se on the other 
hand is more difficult. Se has an extremely high vapour
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pressure compared to all the other materials present in 
the system, and would need low temperatures for the 
required flux rates if placed into one of the above 
furnaces. Therefore, an entirely new type of furnace has 
had to be designed. This is shown in Fig(59) and features 
the following three main differences to the standard 
type:

a) All forms of heat insulation have been omitted and 
silver thermal conduction paths to the mounting flange 
are present to assist heat dissipation;

b) the orifice diameter has been reduced and 
lengthened and opens not directly to form a Se beam but 
first passes to an area enclosed by a disk with a 2mm 
diameter axial orifice. This area serves as a vapour 
pressure equaliser and regulator;

c) to avoid the risk of Se precipitation near the 
primary orifice, the heating elements have been designed 
to heat the crucible in three zones, the hottest being 
near the top and the coldest at the bottom.

These alterations to the standard furnace have 
produced a selenium furnace with rates of acceptable 
stability. The stability tolerances of this quasi - 
compensation source are not as stringent as other furnace 
requirements and the fluctuations of 107. about the 
average value are within the necessary limits.
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Fig(59). Details of the selenium furnace.
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It must be mentioned here, however, that the 
selenium flux rate is difficult to measure due to the 
material's volatility. The beam flux monitor components 
can, therefore, be coated with a thin layer of Se within 
seconds. This consequently becomes a secondary source, 
heated by the monitor filament. As a consequence, flux 
values are measured within 3 seconds after opening the 
selenium shutter. As soon as the value is taken, the 
shutter is reclosed preventing further selenium being 
deposited onto the measuring head.

3.4) Furnace shutters
Section 3.2 stated the growth rate as 5 As-1 and 

hence abrupt interfaces on the interatomic scale are 
possible when growing heterostructures using the MBE 
technique. Separate mechanical shutters placed directly 
in front of the individual furnaces enable each beam to 
be independently interrupted without changing the furnace 
temperature. By operating the furnace shutters alone, 
multi - layer, multi - composition structures such as 
double heterojunction <DH) lasers and quantum 
superlattices can be fabricated.

The shutters are manually operated and 
constructed of tantalum sheet on stainless steel frames. 
This is shown in Fig(60). Tantalum is used due to its



Fig(60). Furnace shutter and position in the MBE system
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high melting point and low contamination rate which is 
important when a hot -furnace 'sees' a closed shutter. The 
-frames move vertically through guiding lugs in the water 
— cooled shield. The movement is achieved through a 
stainless steel band system pulling the shutter down 
against the -force of a return spring.

Tantalum collimators sandwich the shutters onto 
the shield. The collimators restrict the sublimation of 
source material onto parts of the vacuum system where it 
could cause electrical short circuits. Placing the 
shutters between the collimators and the cooling shield 
ensures that the shutters are tight when in the closed 
position.

The reaction of source flux rates to changes of 
the shutter position is, however, very unsatisfactory.
Fig(61) shows the flux rate of a main material furnace 
and the effect that a shutter closed in front of the 
furnace has upon the flux rate after reopening the 
shutter. A stabilised PbSe furnace, for example, shows 
increases of 10 - 20% of the original flux rate when the 
shutter is reopened after being closed for 10 minutes. 
This increase diminishes within a period of 10 - 15 
minutes and the furnace assumes its original flux value. 
The increase can be explained by the fact that a certain 
amount of heat will be reflected back into the crucible
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Fig (61). The shutter effect observed -from one of the top three furnaces loaded with PbSe.
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-from the closed shutter thus increasing the temperature 
of the -furnace orifice and hence changing the furnace 
temperature profile. The three horizontally positioned 
furnaces with a small orifice - shutter distance show a 
more pronounced effect than the three 30* - tilted 
furnaces with a correspondingly larger distance. The 
effect in the latter case is further reduced by the fact 
that the shutters are not angled at 90* to the furnace 
axis and so a certain amount of heat will be reflected up 
to the water cooled shield and not directly back into the 
furnace.

The temperature increase AT responsible for this 
effect can be estimated from the measured flux rate 
deviation using equation 44 since the material effusion 
rate is directly proportional to the furnace temperature. 
The figure shows that for the case of PbSe loaded in a 
top furnace position (D = 16.0cm, r = 0.1cm, m = 286.15, 
a = 11032K, b = 7.203) the deviation can be as high as 
10 — 20'/.. If rx is the original flux rate corresponding 
to a temperature T* and T* is the flux rate after re — 
opening the shutter corresponding to a temperature Ta * 
then the numerical equation is found which relates and 
f* to Ti and T*
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For a 20% deviation,

rx■—  #  0-8 (54)ra

Equating 53 and 54, substituting -For a = 11032K 
and inserting a typical original operation temperature 
Ti = HOOK, iteration shows that Ta = 11 UK, or AT = 11K, 
which is a relative temperature shift of only 1%. This 
temperature change is not compensated by the temperature 
controller due to the temperature profile for the case of 
an open shutter being different to that when the shutter 
is closed. If the temperature of the material block is 
held constant by positioning the thermocouple just behind 
the orifice, temperature distributions are created where 
the differences between the open and closed shutter cases 
are minimised. A furnace equipped with such a modified 
thermocouple system is shown in Fig(62) and the results 
of this arrangement are presented in Fig(63). Although 
the effect has not been completly eliminated, the 
10 - 20% flux variation quoted above has been reduced to 
an acceptable value of 3 - 5% and the recovery time is 
reduced to 2.5 minutes.

3.5) Substrate Holder Assembly
The substrate holder assembly hangs from the top 

flange of the working chamber via a precision rotary



Fig<62). Details of the furnaces presently used showing the
positioning of the thermocouple to reduce the shutter effect.

i n 11 i t  1 1  u . m i i ' i i j  1 1 1 j n ■/ / /

777 77 77 I / F T T L  1 1 1 1  n  FI 1 11 rrTT

Graphite crucible Thermocouple Orifice plate



Flux rate Shutter closed Shutter opened
(mbar)

1.3x10

10 mi n

mi n

Time (minutes)

Fig (63). The decreased shutter effect resulting -from the modified thermocouple positi
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■Feedthrough as shown in Fig (64). The assembly consists of 
the heated substrate holder and the open ionisation gauge 
type beam flux monitor, the two items being positioned 
90* to each other about the feedthrough axis.

The heated substrate holder shown in Fig(65) 
(customised Varian MBE 360 item) is a bayonet type of 
arrangement designed to accomodate molybdenum substrate 
blocks which are heated by radiation from a spiral 
filament heater mounted directly behind the block. 
Substrates are mounted onto the blocks with a Ga - In 
alloy (50 — 5071 eutectic). This is a liquid at room 
temperature and the alloy adequately wets the back sides 
of polished lead chalcogenide and cleaved BaF2 substrates 
so that they are held firmly in the vertical growth and 
storage positions. The back of the lead chalcogenide 
substrates are polished after epitaxy in order to remove 
the interdiffused alloy whereas it is simply removed with 
propanol from the BaF2 substrates. The block temperature 
is measured by the integral tungsten / 2671 rhenium — 
tungsten / 571 rhenium thermocouple, the thermocouple 
contact being the block itself. The wires are protected 
by the spring return plate which ensures no thermocouple 
contact with the block until the block has been turned 
into the lock position and the transfer rod is removed.

The beam flux monitor is an open — type



Fig(64). The substrate holder assembly (bottom view).
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ionisation gauge (Varian type UHV 24) (Fig(66)) which 
measures the pressures of the incident beams over the 
background pressure when swung into the sample position. 
A heater positioned around the back shield enables the 
whole head to be outgassed thus reducing the problems 
associated with Se deposits. As mentioned in a previous 
section, the beam flux monitor pressures are not 
converted to actual flux rates since relative, and not 
absolute, flux rates are required in this work.
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4) EPITAXIAL LAYERS AND ASSESSMENT

4.1) Introducti on
The initial experiments designed to test the 

system under the constraints outlined in chapter 3 are 
described in sections 4.2 and 4.3. Section 4.4 shows how 
it is possible to dope the lead chalcogenides, with 
section 4.5 concentrating upon the properties of the new 
Pbi_MEuMSe alloy system.

4.2) Growth o-f binary films
The -first -film grown was PbSe deposited upon a 

BaF2 substrate at 645K with a flux rate o-f 3xlO-A mbar 
for one hour. The resultant epitaxial film thickness was 
4.8um which can be expected when a unity sticking 
coefficient is considered and a 100% ionisation yield is 
assumed for the beam flux monitor. These assumptions 
predict a 5 umhr— 1 growth rate.

Fig(67a) and Fig(67b) show the PbSe thickness 
distribution across the 30mm diameter sample holder for 
two different furnace geometries. The measurement 
technique uses the principle of light interference 
performed with a Mireau head mounted upon a Zeiss 
microscope. The interference fringes have a 2730A period
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Fig (67b). PbSe -film thicknesses measured -from 
a -furnace in port 6.
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and thicknesses are measured by the -fringe shift due to, 
for example, a sharp step. A method is used where the 
substrate is partially covered by a second substrate, the 
second being removed after epitaxy to reveal the step to 
be measured. This technique has been employed using BaF2 
substrates arranged around the block circumference for 
the case of the PbSe furnace being in port position 2 
(top middle i.e. axially square) and port position 6 
(bottom right i.e. 30* off two axes). The beam uniformity 
for port position 2 is excellent, having a deviation of 
approximately the measuring technique uncertainty 
(± 500A). The results from port 6 show the expected non — 
uniformity across the substrate holder where the 
deviation in this case is ± 2500A.

The growth rates for the PbSe furnace are 
constant between runs. This can be seen in Fig(68) where 
the thickness distributions of four samples grown one 
after another with identical growth conditions from a 
PbSe furnace in port position 2 are shown. The 
thicknesses of these samples show a variation between 
runs of less than ± 800A, an excellent stability rate 
when it is considered that the PbSe furnace is re — 
calibrated to 3.0 ±0.01 xl0~* mbar before each 
deposition, meaning that the furnace is at operating 
temperature for over 7 hours. Cither experiments have
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shown that these variations are achieved independent of 
the age of a furnace load. The vapour pressures of the 
lead chalcogenides given in section 3.3.1 indicate that 
similar results are to be expected for PbS, PbTe and 
SnSe.

The films described above have been investigated 
using a scanning electron beam microscope. The films 
deposited upon BaF2 at substrate temperatures above 620K 
show a high quality morphology, disturbed only by 
cleavage lines formed from the Cl 113 cleavage plane. Such 
a film is shown in Fig(69). Films deposited at lower 
temperatures are sooty in appearance and are 
polycrystal1ine as seen in Fig(70). The lower image is an 
image of the same sample but at a higher magnification. 
The films are not transparent which indicates that the 
nodules have developed after an initial substrate 
coverage. Epitaxial layers grown on polished PbSe 
substrates are found to have the same surface features as 
the underlying substrate as shown in Fig(71) where a 
faint scratch from polishing can be seen.

Dislocation etch pit counts were performed upon 
grown layers and upon PbSe substrates using a dislocation 
etch described by Norr (lOg KOH in 10ml water, 1ml 
glycerol, 0.5ml 30% H2 O2 - Samples are cleaved and etched 
at 300K for 2 minutes) fl07>. Typical etch pit counts



Fig (69). Scanning electron microscope image o-f a 3um
thick PbSe film grown on cleaved BaF2 at 620K.



Fig(70). Scanning electron microscope image o-f a 3pm 
thick PbSe film grown on cleaved BaF2 
using a low substrate temperature (570K).



Fig (71). Scanning electron microscope image o-f a 3um 
thick PbSe -film grown on a polished 
PbSe substrate at 620K.
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performed upon polished PbSe substrates were 
10* - 10® cm-2 and epitaxial layers upto 5*im grown upon 
such substrates generally exhibit an order of magnitude 
increase over that of the substrate.

A Perkin Elmer 983 infra — red spectrometer is 
used to obtain absorption spectra between 2um (5000 cm-1) 
and 55um (180 cm-1). The majority of the measurements 
have been performed upon films on BaFa substrates. BaF2 
has a cut - off wavelength of approximately 12.5um 
(800 cm-1) at room temperature as indicated by the 
transmission spectrum of a 2mm thick slice of BaF2 
supplied by the Korth company in Fig(72).

The room temperature absorption spectrum of a 
4.8pm thick p — type PbSe film deposited onto BaF2 is 
given in Fig(73). It shows an absorption edge at 
approximately 2250 cm-1 corresponding to an Eg3ooK value 
of 279 meV which agrees with the value quoted in 
Table (3). Similarly, a PbS spectrum is shown in Fig(74) 
and gives a 3340 cm-1 absorption edge corresponding to an 
EgsioK value of 421meV, also confirming the quoted 
Table (3) value. The above spectra exhibit interference 
caused by multi — reflections within the thin epitaxial 
layers. The change of scale on the wavenumber scale is to 
be noted.
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Fig (72). Transmission spectrum o-f a 2um thick BaF2 slice.
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Fig (73). Absorption spectrum o-f a 4.8nm thick PbSe layer on BaF* at 300K.



Fig(74). Transmission spectrum of a 3um thick PbS film on BaF2 at 310K.
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4.3) Growth of ternary films

The growth of Pbi_MSnMSe ternary films has been 
investigated to acquire the accuracy with which film 
compositions can be set and to check that the furnace 
requirements set out in chapter 3 are achieved.

A constant PbSe flux rate of 2.25x10“* mbar and a 
substrate temperature of 670K were used to deposit a four 
- layer Pbi_,<SnMSe structure on BaF2. The SnSe flux was 
increased for each 2500A thick film, the beam flux 
monitor ratios of 0.05, 0.1, 0.2 and 0.4 being chosen.
The deposition was interrupted for 15 minutes between 
each layer to allow for the stabilisation of the SnSe 
furnace. This structure has been investigated using 
secondary ion mass spectroscopy (SIMS) and X — ray 
diffractometry to observe diffusion effects and to 
attempt a calibration of the Pbi_MSnMSe film compositions 
to beam flux ratios.

The SIMS profile is depicted in Fig<75) £108>. 
Although the technique does not allow a direct 
calibration of the flux rate ratios to the composition, 
the results show that the compositions of the individual 
films are not depth — dependent and that there is no 
interdiffusion to be observed between the films. As a 
guide, the second layer has a tin content of 
approximately 0.078 ± 0.01 since its count rate agrees
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Fig(75). Secondary ion mass spectroscopy scan of
a four - layer Pbi-.Sn.Se structure on BaF* 
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closely with that taken from a calibration standard of 
composition Pb0. «*3zSn0. o4>sSe .

A more direct method of calculating the 
composition of ternary films is by means of X — ray 
diffractometry. Here the strong lead chalcogenide C3333 
Cu K(«) reflections are used to detect the reflected 
angle shift between, for example, Pbi_>«Sn>«Se and the 
standard PbSe or BaF2 substrate peak. This shift can then 
be used to calculate the lattice constant shift and hence 
the composition through equation 48.

If X is the radiation wavelength, d the plane 
spacing then the Bragg condition for the reflection of 
X - rays at the Bragg angle e can be written as follows

nX = 2d sin© (55)

The lead chalcogenides, as mentioned in section 
2.2.2, are cubic and since

1 h2 + k2 + l2  = ------------  (56)d2 a2

where h, k and 1 are the Miller indicies of the 
reflection planes, then it fallows that 

/27 Xa = ------ (57)2 sine

for the C333D plane first order reflections.
Fig(76) presents the resulting diffractometer



F i g (76) X - ray diffractometer scan o-f a -four - layered Pb, *Sn,Se structure on BaF2 using Cu(K*,)
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spectrum -from the -four - layer Pbi_MSnMSe structure <x = 
0.05, 0.1, 0.2, 0.4 - MBE run number 18.1) described 
above fl09>. It includes the strong BaF2 C3331 peaks (at 
20 = 80.52* and 20 = 80.76*) and the weaker C3333 
reflections from the four Pbi-„SnHSe layers. A copper 
target gives radiation wavelengths of K(«Ci) ■* 1.54056A 
and K(«c2) = 1.54439A. Table (6) shows the measured 
reflection angle, calculated lattice constant (from 
equation 57) and, using equation 48, the calculated Sn 
content. Note that the peaks are the result of both K(«x) 
and K(#c2) reflections and that in the table, the BaF2 and 
the first Pbi_^SnMSe film is calculated using K(«cx) 
radiation and the top three Pbx_MSn>«Se films are 
calculated from K(r.2 ) radiation. The results show 
discrepancies between the beam flux ratio and the 
calculated Sn content of upto approximately 20X for the 
worst case (0.081 against 0.1 flux ratio), a value which 
will be justified later in this section.

The epitaxial films can be lifted off the BaF2 
substrates thus allowing X — ray powder photography 
measurements to be made, providing a different method for 
calibrating the beam flux monitor. A series of five 
Pbx_MSn>«Se samples were grown, each 0.5um thick deposited 
on cleaved BaF2 substrates having beam flux ratios 
SnSe s PbSe of 0.03, 0.07, 0.12, 0.17 and 0.22. Chapman



Layer SnSe:PbSe Angle 20 a / A X

BaFat --- 80.42*
±0.010

6.1997 
±0.0015

---

Pbi_MSn„Se 1 0.05 81.69*
±0.010

6.1200 
±0.0015

0.049
±0.010

Pbi_MSnMSe 2 0. 10 82.00*
±0.010

6.1160 
±0.0014

0.081
±0.010

Pbi_MSn,«Se 3 0.20 82.24*
±0.010

6.1016 
±0.0014

0. 198 
±0.010

Pbi_KSn„Se 4 0.40 82.62*
±0.010

6.0782
±0.0014

0.389
±0.010

Table (6). Measured lattice constants and calculated x - 
values for a 4 - layer Pbi_HSnHSe structure 
using X — ray diffractometry (MBE 18.1).
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has used K(«x) radiation upon these layers and the 
results are given in Table (7) where in this case the 
19th line is used corresponding to the C6423 reflection 
planes {1101. The results of these investigations show a 
larger discrepency between measured and expected Sn 
contents- This can be explained by the the fact that in 
the latter measurements, the BaF2 substrate has been 
removed thus allowing the lead chalcogenide layers to 
relax after the lattice mismatch associated with the BaF2 
substrate. This relaxation can lead to systematically 
higher x - values than expected.

The infrared spectrometer can not only be used to 
check the band gap of simple binary compounds but can 
also be employed to assess the tin content in the 
Pbi_MSnMSe system or the sulphur content in the PbSi-MSeM 
system. The IR spectrum of the system is taken at a 
temperature T (K) and the band gap (meV) can be 
estimated hence allowing the x - value to be calculated 
using the following empirical formulae from Preier 
{111}:

Pbi_„SnMSe:

Ea = 125—1021x + J400+0.256T2 meV (58)

PbSi — x Be>« s

E« = 263—138x + 7400+0.256T2 meV (59)



Sample SnSe:PbSe Angle 20 a / A X

MBE 68.1 0.03 140.70°
±0.01

6.1206 
±0.0018

0.044
±0.015

MBE 69.2 0.07 140.93°
±0.01

6.1164 
±0.0018

0.078
±0.015

MBE 70.2 0. 12 141.32*
±0.01

6.1089 
±0.0019

0. 139 
±0.015

MBE 71.1 0. 17 141.67*
±0.01

6.1024 
±0.0019

0. 192 
±0.015

MBE 72.1 0.22 141.85*
±0.01

6.0992
±0.0019

0.218
±0.015

Table (7). Measured lattice constants and calculated x - 
values -for 5 Pbx_MSnMSe samples using C6423 
powder re-flection planes C110>.
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Dae to the uncertainty of the absorption edge 
measurement, this technique allows only a qualitative 
assessment of the Sn/Pb or Se/S ratios. It is, however, a 
simple and relatively quick technique which has proved to 
be very useful in the initial system calibration work.

During the above work on composition values, it 
was observed that a certain amount of inhomogeneity of 
film composition *us present across a Pbi_MSnHSe sample. A 
film of Pbt-MSnNSe (flux ratio SnSe : PbSe — 0.1) was 
grown with a substrate temperature of 645K using port 4 
for SnSe (bottom 30*, left 30*) and port 6 for PbSe 
(bottom 30*, right 30*). Using a 1mm diameter sample and 
reference orifice, the film was measured at 9 points 
across the surface of a 15 x 15 mm BaF2 slice positioned 
axially and squarely upon the substrate holder. The 
results of these measurements can be seen in Fig(77) 
where the average room temperature absorption edge is 
1534 cm-1 (6.52pm) with a maximum deviation of ± 34 cm-1 
(± 0.15pm). Using equation 5S, this implies an x - value 
of 0.086 ± 0.005. This type of inhomogeneity can be 
tolerated when it is considered as an advantage to have 
different lasers across one laser slice emitting various 
wavelengths. However, if production type lasers are 
required with a customer - specified wavelength, a
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Fig(77). Absorption edge measurements across
a Pbo.9Sno.1Se -film grown on BaF2 showing 
the inhomogeneity of such films.
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rotating sample holder arrangement is needed.
The inhomogeneity explains the discrepencies 

between flux rate ratios and composition values 
discovered with the X — ray diffractometer. When it is 
also considered that different ionisation yields can be 
expected between different beam fluxes, the above X — ray 
diffractometry results show a good agreement and can be 
taken as a calibration level about the axis of the 
substrate holder.

The effect of substrate deposition temperature 
upon the composition of ternary films has been 
investigated using constant flux rate conditions for a 
multi — layer structure. Five 2500A thick Pbi-MSnHSe 
layers were grown with a flux rate SnSe s PbSe = 0.1. 
Substrate temperatures of 720, 695, 670, 645 and 620K 
were chosen and Fig(78) shows the results of a SIMS 
profile through the sample flOBl. This profile implies 
that a Pbo.»Sn0.iSe layer is best grown using a substrate 
temperature of 645K where here the sticking coefficients 
of PbSe and SnSe are practically equal and close to 
unity. This is indicated by the fact that there is almost 
a one to one relationship between beam flux ratios and 
the composition factor x and total flux rate with growth 
rate. The sticking coefficients are definitely not 
precisely equal to unity because the composition factor
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Fig(78). Secondary ion mass spectroscopy scan of
a Pb0.-»Sn<>.iSe structure grown on BaF2 with 
five different deposition temperatures 
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shows the deposition temperature dependence for constant 
flux ratios above 645K.

4-4) Doping of lead chalcoqenide MBE layers
In the epitaxial growth of lead chalcogenide 

laser diodes the p — n junction is normally created by 
introducing foreign atoms. The use of non — 
stoichiometric techniques performed by controlling 
elemental furnaces for accurate doping values is not 
preferred since vacancies diffuse much more quickly than 
foreign atoms and furnace control is difficult at the 
required dopant furnace temperatures. For example, in 
PbTe, PbSei_*«Te* (all x) and Pbi-*SnMTe (x small), the 
p - n junctions diffuse with diffusion coefficients 
between 1x10“* — lxlO-10 cm's"1 at 670K whilst foreign 
atoms e.g. bismuth <n — type) and thallium (p — type) 
diffuse so slowly that at a temperature of 670K, no 
movement of a p — n junction can be observed over a 
period of hours fll2>.

Binary and ternary lead chalcogenide epitaxial 
films deposited on an electrically neutral substrate are 
n — type since the more volatile chalcogen element 
resublimes during the growth process producing a surplus 
of chalcogen vacancies. However, under similar MBE metal 
- rich growth conditions, films grown upon p — type
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substrates remain p — type due to the fast diffusion of 
lead vacancies to the growing surface. This diffusion is 
sufficient to maintain p - type conduction in films of 
upto 6pm thickness. Therefore a dopant acting as an 
acceptor will only be necessary to achieve defined 
carrier concentrations.

The doping in the work described in this thesis 
is a combination of two techniques: non - stoichiometric 
control (p — type; Se) and foreign atom incorporation 
(n - type; Bi and p - type; Ag).

4.4.1) N - type doping
It should be possible to anneal a p — type PbSe 

substrate in a chalcogen free atmosphere to form an 
n - type surface. Requirements are lead — rich growth 
conditions and sufficiently long annealing times at 
temperatures where the selenium will be lost through 
surface diffusion. It has been shown, however, that after 
the MBE - growth of p - type PbSe films on PbSe 
substrates, subsequent annealing at the growth 
temperature of 650K does not produce the expected surface 
n — type conduction fll3>. The growth temperature is too 
low for sufficient selenium diffusion to occur without 
the addition of hydrogen in the atmosphere or lead upon 
the surface. These conditions are not possible within the
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MBE system.

Increasing the annealing temperature to over 770K 
within short periods of time within the MBE system is 
also impractical and so, therefore, another approach to 
n - doping is necessary.

A dopant acting as a donor is necessary to 
convert p - type films to n - type and in the work here, 
controlled n — type doping will be performed by the 
foreign atom incorporation of the donor Bi. Bi occupies 
lead vacancies fll4> and to ease its incorporation, it is 
sublimed as Bi2Se3. The selenium eases the creation of 
lead vacancies and hence enhances the incorporation of 
the Bi. It will be seen in section 4.3.3 that 
Bi2Se3 s PbSe flux rate ratios of approximately 0.001 
produce n — type films with electron concentrations of 
lxlO1** cm-3 and that concentrations of the order of
3xl02° cm-3 can be produced -C69>.

The specific work upon Bi - doping of the new 
laser material Pbi-^EuMSe is presented separately in 
section 4.5.2.

4.4.2) P - type doping
Initial laser structures, as described in 

chapter 5, were fabricated using an elemental Se furnace
as the compensating p - type dopant source for p - type
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lower confinement layers and active regions. It will be 
seen, however, that insufficient control of the Se 
furnace results in large differences in the carrier 
concentrations of the layers leading to inconsistent 
laser characteristics.

The diode laser requires the possibility of 
producing controlled, highly doped p — type layers. This 
has led to intensive experiments being performed to find 
a suitable p — type dopant and source. P - type doping of 
the lead chalcogenides has seen the use of various 
dopants, the majority of work published being on the 
Pbi-xSn^Te system fll5> - fll7>. The dopant most 
investigated is thallium and initial experiments 
connected with the work here on p — type doping considers 
T1 as a feasible material for use in the MBE of PbSe — 
orientated alloy systems.

P — type doping with T1 proves to be difficult 
and first experiments upon doping of PbSe with T1 were 
performed in a low pressure quartz reactor system due to 
the poisonous nature of T1. Fig(79) is a diagram of a 
reactor tube with flowing nitrogen and hydrogen and a 
pressure of lmbar with n - type PbSe source material at 
the gas inlet end and a substrate holder with a BaF2  
substrate positioned at the gas outlet end. A sloping 
temperature profile is positioned where the temperature



Substrate holder with lid Push rod
■for lid

Tv i 0
VacuumPbSe source

Temperature T1 source970K920
Exhaust
670 770K900 800K

Position

Fig<79>. Reactor tube arrangement for thallium doping experiments.
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o-f the PbSe is approximately 970K and that of the 
substrate 670K. The T1 is placed in a boat between the 
two, allowing the temperature and hence the T1 vapour 
pressure to be varied.

In contrast to the PbTe system fll7>, every 
attempt to produce p — type PbSe resulted in n - type 
material. This occured also -for Pbx-«SnMSe and PbS source 
materials and -further investigations revealed that T1 
will only be incorporated as an acceptor into PbSe and 
PbS in the presence of Se. Due to it's low vapour 
pressure, toxic nature and strong dependence upon the 
required simultaneous Se flux rate, thallium is not used 
in the MBE growth of PbSe or Pbi_xSn„Se systems. Silver 
is chosen as a likely candidate since it acts as an 
acceptor in Te — rich PbTe -C117J, is non — toxic and due 
to it's vapour pressure data, can easily be loaded into 
one of the standard types of furnace described in section 
3.4.3. The strong dependence of the silver doping effect 
upon the amount of Se compensation, however, is not 
known.

Results of work concerning p - type doping of 
lead chalcogenides are given in sections 4.4.4 (Se) and 
4.4.5 (Ag) with section 4.5.2 describing the specific 
results of p — type doping work performed in the 
Pbx_MEu,«Se alloy system.
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4-4-3) Bismuth impurity n — type doping
N - type doping experiments were performed with a 

1mm diameter orifice built into a standard Varian MBE 
cell having a resultant operation temperature of 
approximately 970K and producing a flux ratio 
Bi2 Se3 : PbSe = 0-03- Electron concentrations measured of 
films grown with this flux ratio were in the region of 
3xlOao cm-3- Even with such high doping rates, Bi surface 
precipitation and surface defects were not observed.

Two runs were performed laying first a p — type 
layer onto a BaF2 substrate covering this with an 
n - type layer and secondly a p - type layer covering an 
n - type layer on BaF2 . In both experiments the substrate 
temperature was maintained at 650K and each layer had a 
thickness of 3um. Both runs produced the same result. A 
p — n junction was formed in the middle of the 6 |im thick 
samples and showed no indication of diffusion in either 
direction to within the measurement accuracy of ± 0.5um. 
It is, therefore, possible to produce n on p material and 
p on n material by simply operating the Bi2 Se3  furnace 
shutter. It is to be noted that to produce n — type 
layers it is an advantage to maintain the Se flux since 
this enhances the incorporation of Bi through the 
increased formation of lead vacancies upon which the Bi
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atoms are incorporated.

To produce electron carrier concentration values 
suitable -for diode lasers, the Bi2 Se3  flux has to be 
substantially lowered. Electron concentrations in PbSe of 
the order of lxlO1^ cm- 3  are achieved with flux ratios as 
low as 0.0005, although the exact ratio is very difficult 
to measure accurately at these flux levels.

The use of Bi as a suitable dopant has also been
shown in the PbS* — KSeK and Pbi_MSnMSe systems and can 
successfully produce material with constant doping levels 
in the required range of 5xl0ls — 2x10*** cm-3.

4.4.4) Se - doped p - type MBE layers
The first p — type doping was carried out upon

PbSe layers deposited onto BaF2  substrates. Due to the
unstable nature of the Se furnace, a series of doping 
experiments were not carried out, the resulting films 
being only tested for p — type conduction. In all cases, 
hole concentrations of lxlO1^ - 5x10*^ cm- 3  were obtained 
which have also been observed in the PbS, Pbx-MSnMSe 
(x < 0.1), PbSi-»«Se,« (0 < x < 1) and Pbi_MEuMSe 
(x < 0 .0 1 ) systems.

4.4.5) Silver impurity p - type doping
Experiments were performed to find the necessary
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silver furnace parameters and geometries to incorporate 
Ag in the lead chalcogenides as an acceptor under MBE 
growth conditions. To ensure that the Ag will act as an 
acceptor and not as a donor, Se must be simultaneuosly 
sublimed to produce a chalcogene — rich environment in 
which Ag is substitutionally incorporated fll7>. The beam 
flux ratio Se : PbSe =0.1 has been used and as the 
results suggest, proves to be sufficient to enable the Ag 
atoms to occupy lead vacancy sites.

The results of preliminary doping tests show that 
a Ag furnace with an orifice of 2mm diameter situated in 
port 1 yields reproducible p — type conduction. Doping 
rates were measured between flux ratios Ag s PbSe =
0.0005 - 0.016, the results of which are given in 
Fig(80). The figure indicates that there is a Ag flux 
saturation level of 0.005, after which the hole 
concentration decreases to approximately lxlO1® cm-3.
Here the Ag is most likely being incorporated both 
substitutionally (acceptor) and interstitially (donor) 
and the material is, therefore, highly compensated. The 
carrier concentrations also show an abnormal temperature 
dependence in which the hole concentrations at 77K are 
higher than those measured at room temperature. An 
explanation of this type of behaviour is discussed in 
section 4.4.2.
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Fig (81). Hole mobility versus silver dopant 
■flux rate in PbSe at 300K.
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Fig(81) indicates the dependence of the room 
temperature hole mobility. A similar picture is seen as 
in the hole concentration, in this case the peak is at a 
Ag fl uk value a-f 0.0015. Since the hole concentration at 
this doping level is also high, this beam flux ratio of 
0.0015 is used for subsequent laser structures. This 
value proves to provide adaquate, reproducible and 
constant doping levels which are not dependent upon 
constant Se flux levels being maintained.

4.5) The Pbi-xEu»,Se alloy system
It will be seen in the following chapter that the 

Pbi-xEuxSe system offers very good confinement layer 
properties for short wavelength lead chalcogenide lasers 
due to the high band gap shift sensitivity to the Eu 
content. Hence the Pbi_MEuMSe alloy and the impurity 
doping characteristics have been extensively researched 
for different x values. Undoped, Bi — and Ag - doped 
Pbi-MEu„Se layers have been grown upon cleaved Cllll BaF2  

substrates, the IR spectra, carrier concentrations and 
mobilities being measured.

4.5.1) Band gap measurements
Infra - red measurements have been performed upon 

the Pbi-nEu^Se material system grown by MBE with flux
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ratios Eu s PbSe = 0 - 0.2 at a growth temperature of 
645K- The layers are grown with a chalcogen - rich 
environment since Eu, like silver, is incorporated 
substitutionally within the Pb sub - lattice. A Se flux 

rate ratio of Se : PbSe =0-1 is used and has proved to be 
sufficient to enable Eu and, where appropriate, 
additional Ag incorporation- A typical room temperature 
absorption spectrum is shown in Fig(82) for a flux ratio 
Eu : PbSe = 0-02 and where the film thickness is 3pm.

In subsequent laser structures, Eu has been 
loaded in port 2 (axially central) and, therefore, the 
series of growth experiments have been performed upon 
Pbi-xEuxSe films with this furnace geometry i.e. Eu in 
port 2 and PbSe in port 6 . The absorption edge 
inhomogeneity for a 4pm thick sample is indicated in 
Fig(83) where the flux ratio Eu : PbSe = 0-02- The 
average absorption edge is 3766 cm- 1 (2-6 6 pm) with a 
maximum deviation of ± 415 cm- 1 (0.32pm).

The dependence of the absorption edge upon the Eu 
content far x = 0 - 0.2 is given in Fig(84) in which it 
is seen that it shifts considerably to the required short 
wavelength end of the IR region- The measurements are 
taken from cleaved BaF2 substrates situated at the centre 
of the substrate holder. Samples with x > 0.05 need 
higher Se flux rates and it was found that ratios



Fig (82). The transmission spectrum at a 3um thick F'b 0Eu„.n?Se -film on BaF; at 300K
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Se = PbSe o-f up to 1 . 1 are necessary. Concentrations over 
x — 0 . 1 indicate a saturation o-f the band gap increase, 
probably due to interchanges between the 2 + state and the 
3+ state o-f europium. For x > 0.15, the surface 
morphology suggests that the growth conditions are not 
suitable. A Pb0 .eEu0 .2 Se film shows a similar surface 
morphology to that of a PbSe film grown at a low 
substrate temperature. Scanning electron microprobe 
analysis, however, indicates polycrystal1 ine growth with 
no elemental precipitations. To produce crystalline 
Pbi-KEuHSe films where x > 0.15, the substrate 
temperature will probably have to be increased with a 
consequent increase in the Se flux. Further 
investigations are, however, outside the scope of this 
thesis and will not be discussed here.

Actual Eu contents of individual films have not 
been chemically investigated, therefore al1 x — values 
concerned with the Eu work indicate beam flux monitor 
ratios Eu : PbSe. Until there is evidence, however, 
against these ratios being directly read as Eu 
concentrations, it is assumed that the ionisation rates 
and sticking coefficients of PbSe and Eu are comparable 
and hence that the flux ratios correspond to the 
x — values.
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4.5.2) The doping o-f Pbx-MEuHSe
Five series of experiments have been carried out 

upon Pbi-MEuMSe epitaxial MBE films deposited on cleaved 
BaF2  substrates. The films have a thickness of 4um and 
were deposited with a substrate temperature of 650K.
First measurements with 2um thick layers show poor 
carrier mobility values due to interface state effects. 
Thicker samples eliminate this effect and also produce a 
higher measurement accuracy. The series consist of the 
following investigations (flux ratio Se : PbSe =0.1 from 
section 4.4.4):

a) Undoped Pbi-KEuKSe, x = 0, 0.004, 0.008, 0.015 and
0.025;

b) bismuth - doped Pbi_wEuMSe using the flux ratio 
Bi^Ses : PbSe = 0.0005 from section 4.4.3 and the above 
x — values;

c) silver - doped Pbi_,«EuMSe using the flux ratio 
Ag : PbSe = 0.0015 from section 4.4.5 and the above
x — values;

d) Pb0. vassEuo.oisSe with Bi doping levels of 0, 1/2,
1, 2 and 4 times the flux value 0.0005;

e) Pb0.9asEuo.oisSe with Ag doping levels of 0, 1/2, 
1, 2 and 4 times the flux value 0.0015.

Fig(85) shows the carrier concentration 
dependence upon Eu : PbSe flux ratio values and Fig(8 6 )
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the carrier mobility -for the series a) - c). Bi is 
incorporated as a donor, the level o-f doping being nearly 
constant with increasing Eu concentration. Electron 
concentrations range between 7x10* 7 - 4x101 0 ctn“ 3  for 
x = 0 - 0.025. This applies for both 77K and 300K which 
indicates that the donor levels are to be found in the 
conduction band as schematically shown in Fig<87). The 
figure shows an explanation of the temperature 
independence of the carrier concentrations to the doping 
levels and the observed temperature dependence of the 
band gap taken from the IR absorption measurements. The 
mobility at 300K decreases nearly linearly as to be 
expected from a crystal alloy system. At 77K the decrease 
is non linear and the mobility levels upto x = 0.025 show 
acceptable values for laser n — type doping work.

The hole concentrations of undoped and Ag — doped 
p - type Pbi_MEuMSe indicate a totally different 
dependence upon the Eu content. The carrier levels are 
highly dependent upon the Eu concentration ranging, for 
example, from l.lxlO1^ (x = 0.005) - lxlO1-7" cm- 3  
(x = 0.025) for Ag — doped material at 77K.

Fig(85) also shows that for both undoped 
(0.007 < x < 0.024) and Ag - doped (x < 0.022) p — type 
Pbx-HEuMSe, the carrier concentrations exhibit an 
abnormal temperature dependence in that P7 7 K > Psook.
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This abnormal effect has been observed in Ag — doped PbSe 
layers (section 4.4.5) and it is, therefore, assumed to 
be due to the Ag dopant. The effect can be qualitatively 
explained by a silver acceptor level sitting just below 
the top of the valence band as indicated in Fig(88). At 
room temperature, this level is partially ionised. If 
decreasing the temperature moves the top of the valence 
band away from the acceptor level then the carrier 
concentration will increase. Also, if the energy 
difference between the level and the bottom of the 
conduction band decreases slightly upon coaling, then 
there will be a small decrease in the absorption edge 
energy. These two material parameter characteristics are 
observed in Fig(84) and Fig(85) for x = 0. Fig(88) 
indicates the passible movement of with respect to the 
impurity level.

As the europium content is increased, the 
decreasing effect of the acceptor level can be explained 
by the movement of the Ag level into the forbidden gap as 
shown in Fig(89). For x > 0.02, the Ag level acts as an 
acceptor in the normal sense.

Fig(90) shows the temperature dependence of the 
carrier concentration from a Ag — doped Pb0. «rooEu0. oiaSe 
sample fll8>. It shows an increasing hole concentration 
with decreasing temperature. From this it can be
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estimated that the Ag level is approximately 20meV below 
Ev.

In the undoped material, it is assumed that the 
lead vacancy level (an inefficient acceptor) is 
responsible for the abnormal carrier concentration 
temperature effect. It is known that these levels 
normally lie well below the top of the valence band in 
PbSe and have only a small influence upon the carrier 
concentration. If, however, the effect of Eu 
incorporation is to decrease the energy difference 
E>, - Epb, a Eu concentration is reached where the E***, 
level moves from the valence band into the forbidden gap. 
This leads to a consequent reduction in the carrier 
concentration and Fig(85) indicates that this occurs for 
x > 0.024 in the 77K measurements.

The hole mobilities of Ag - doped and undoped 
Pbi_MEu»«Se show a similar effect upon increasing the Eu 
content as that of Bi — doped samples (Fig(86)). The Ag - 
doped mobility values range from 7X103 — 7xl02 cm2V~ls—1 
for x = 0 - 0.025 at 77K and undoped samples range from 
lx103 - 1.5x102 cm2V-15-1 for x = 0 - 0.025 at 77K. The 
mobility dependence upon temperature of a Ag - doped 
Pbo.9BsEu0.oioSe sample is shown in Fig(91) and exhibits 
a normal increase with decreasing temperature.

The effect of changing the dopant flux upon
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carrier concentration in the Pb©.•rnsEiio.oi©Se alloy 
system is shown in Fig(92). Fig(93) shows the dependence 
o-f the carrier mobility. These are the results o-f 
investigations d) and e) listed above. An increase of the 
Bi doping flux results in an increase in the electron 
concentration which saturates for this alloy at 
approximately 5x10** cm-3 for Bi2Se3 : PbSe = 0.005. The 
mobility values gradually decrease with increasing Bi 
doping fluxes. On the other hand, hole concentrations 
resulting from Ag - doping are independent of the doping 
flux. Possible explanations ares

a) Due to a deficiency of lead vacancies, the Ag is 
being incorporated as a donor and as an acceptor impurity 
causing compensation;

b) additional Ag is not being incorporated due to a 
low sticking coefficient resulting from the high Eu 
content.

In both cases, an increase in Se flux should 
enable more Ag to be incorporated onto lead vacancy 
sites. The carrier concentrations resulting from the Ag 
flux discussed in section 4.4.5 are, however, adequate 
for the purposes of this work and further investigations 
have not been undertaken here.

To complete the results of series d) and e),
Fig(94) presents the results of absorption edge
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measurements taken from IR spectra for increasing doping 
levels in which the Ag - doping curve confirms the 
relationship seen in the last two diagrams. The Moss - 
Burstein shift can also be seen for the Bi doping case 
and leads to the assumption that the E - J< band diagram 
for the CB is very steep and very sensitive to the amount 
of Bi doping. The Ag dopant flux case, on the other hand, 
shows only an initial shift and further increases in the 
Ag fl ux rate produces no effect. This can be explained by 
a very flat E - k_ diagram for the VB or by the fact that 
the Ag is not being incorporated as stated above.



- 122 -

5) LASER STRUCTURES

5-1) Introduction

This chapter describes how the basic knowledge o-f 
growing single lead chalcogenide layers is used to 
-fabricate in-fra red diode laser structures- Section 5-2 
discusses the problems involved in contacting the lead 
chalcogenides whilst section 5.3 indicates the 
possibilities -for insulation materials to structure these 
contacts- Section 5.4 gives an account o-f the 
structuring, mounting and testing o-f the diode lasers 
which are described in section 5-5-

5-2) Contacting
In the simplest o-f cases the semiconductor 

surface is free from intrinsic and extrinsic surface 
states. The position of the Fermi level is in this case 
fixed only by the electronic work function of the 
contacting metal. Metals with high work functions (Au, Pt 
etc.) form ohmic contacts with a p — type ideal surface 
and produce on the other hand a barrier on ideal n — type 
surfaces- Metals with small electronic work functions 
(In, A1 etc.) are ideal for the reverse of the above 
conditions. These conditions are not, however, present in
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the lead chalcogenides leading to the assumption that 
lead chalcogenide surfaces contain surface states fll9>. 
The exact nature of these surface states is not known.
The surface of a lead chalcogenide must, however, be of a 
varying metal / chalcogen ratio which is dependent upon 
the surface preparation techniques.

In bulk material, a lead vacancy acts as an 
acceptor centre. Such a vacancy at the surface will also 
be of acceptor nature and the density of these vacancies 
can be affected through the surface preparation 
technique. Chemical etching techniques, for example, 
attack the lead sub - lattice and produce lead vacancies 
leading to an acceptor - like surface. This condition is 
ideal for the fabrication of a p — type contact. In 
direct contrast, lead - rich surfaces contain chalcogen 
vacancies which have donor properties. Argon ion etching, 
for example, which attacks the chalcogen sub - lattice, 
produces a donor - like surface that is ideal for the 
manufacture of an n - type contact. In both cases, 
surface preparation techniques suitable for ohmic 
contacts can be enhanced by the deposition of a thin 
contacting material -Cl 191.

The laser bonding material to the laser housing 
is in all cases indium. As In - diffusion barriers the 
metals Cr, Ni and Fe have been used. Through the course
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of the investigations, tables o-f results -for di-f-ferent 
contact material permutations have been drawn up and are 
given in Table (8) (p - type) and Table (9) <n - type).

Due to the lack of laser slice material, not all 
of the contacts listed in the tables have been tested for 
laser structures- The majority of lasers described in 
sections 5.5.1 - 5.5.7 have Pb/Ni/In and Au/Ni/In 
contacts unless otherwise stated.

5.3) Insulation for realising stripe geometries
The work here briefly describes three techniques 

used for the stripe contact geometry preparation:
a) Earth alkaline fluorides;
b) photoresist;
c) natural oxide.

Fig(95) shows the steps involved in a lift - off 
process developed using a combination of CaF2 , MgF2 and 
BaF2. The first three steps involve the evaporation and 
structuring of the water — soluble fluoride BaCaF2. The 
final two steps utilise the lift — off technique by first 
evaporating the water resistant MgF2 and then removing 
the BaCaF2 , photoresist and MgF2 by washing. This leaves 
the required open stripe for the contacts.

The second type of insulating material is the 
photoresist. The majority of lasers produced have had



Contact
Substrate
material

Lifetime
Months

Resistivity 
x 1 0 ““ 0  cm- 2 Comments

Au/Ni PbSe 6 > 50 Ni flakes 
off

Se/Au/Cr PbSe > 6 50 Heat treatment 
required, Au 
flakes off

Se/Ag/Cr PbSe > 9 40 Heat treatment 
required

Se/Fe PbSe 6 1 0 0 Heat treatment 
required, 
corrosion

Au/Fe PbSe
+
PbS

6 > 1 0 0 Heat treatment 
required, 
corrosion

A5 2 S3 /Au PbS > 6 50 Heat treatment 
required

Asas Sj/Fe PbS 6 > 50 Heat treatment 
required, 
corrosion

Table (8 ). Data of p - type contacts studied.
The lifetime is estimated, the surface 
resistivities are typical and the comments 
point to notable characteristics.



Contact
Lifetime
Months

Resisti vity 
x10~° ft cm-2

Comments

In 3 - 4 < 10 Mechanically
stable,
degrades

Pb/Ni > 18 10 Ni flakes off

In/Au 3 - 6 < 10 Mechanically 
stable, 
can degrade

In/Cr 3 - 6 20 Difficult to 
structure

In/Fe 6 50 Possi ble 
corrosion

Al/Cr > 9 20 Difficult to 
structure

Table (9). Data of n - type contacts studied.
The lifetime is estimated, the surface 
resistivities are typical and the comments 
point to notable characteristics.
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Evaporation o-f 
BaCaF2

Photoresist stripes 
(not hardened)

BaCaF2 etched 
with H20

Evaporation o-f 
MgF2
Removal o-f remaining 
BaCaF2 with H20

Evaporation / sputter 
o-f contacts

6) Indium bond metal 
evaporated through mask

Fig (95). Fluoride li-ft - o-f-f process -for -forming 
n - contact stripe geometries.
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n - contacts defined by this technique which is the 
simplest of the three described in this work. Fig(96) 
shows the process steps in detail.

The most technically - perfect of the three 
techniques is the method of forming the lead chalcogenide 
natural oxide for the insulation. Fig(97) shows the 
important steps involved in producing a laser chip using 
this concept.

5.4) Laser structuring and mounting
The samples are transferred after the MBE growth 

process to the loading chamber where they can be later 
retrieved through the loading port. BaF2 control samples 
can be removed from the molybdenum MBE block by sliding 
the sample to the edge and removing the Ga — In alloy 
mechanically with propanol and chemically with 
hydrofluoric acid.

The PbSe laser slices are retrieved in the same 
manner as the BaF2 except that the Ga - In alloy can only 
be removed by subsequent polishing due to the 
interdiffusion of the alloy into the PbSe substrate.

The slice is glued onto a glass polishing block 
substrate side (p side) up and is polished to the laser 
end thickness of 200pm using a combination of Al20;s 
powders in a suspension of water and soap. A final
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Fig(96). The use of photoresist for stripe contact 
definition and insulation.
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surface treatment with KOH polishing (final 30pm) ensures 
a reproducible surface for the immediate p — side 
contacting process.

The technique of fluoride insulation is used for 
the primary laser structures described later in sections
5.5.1 to 5.5.3. The major disadvantages of this 
construction lie with the hygroscopic nature of the 
fluoride insulating layer and the poor barrier qualities 
of the nickel diffusion barrier layer used in conjunction 
with the process.

The technique used for structures described in 
sections 5.5.4, 5.5.5 and 5.5.7 is the photoresist 
insulator. Lasers made using this technique exhibit poor 
mechanical stability of the n - contacts on and between 
the photoresist insulation. The process is, however, 
relatively easy to perform and has proved invaluable for 
quick laser slice testing.

The lasers presented in section 5.5.6 have been 
contacted using the natural oxide method and demonstrate 
the neatness and advantages of the technique. The 
diffusion barrier in this case was chromium and the most 
critical step is the etching of the stripe contacts using 
argon ions due to the small etching rate of chromium. The 
etching time must not be so long that the gold contact is 
etched away. Here a shorter time can be chosen since if
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the chromium layer has not been etched, then the 
oxidation process will not -function. The slice can then 
be returned to the ion milling machine for further 
etching and the process repeated until the start of the 
oxidation process indicates that the milling process is 
through the chromium layer and is hence complete.

In all three above cases, the bonding metal In is 
evaporated onto both sides of the completed slice. 
Approximately 10pm of In is deposited, the whole surface 
of the p - type substrate side and in 100pm — wide 
stripes over the structured windows on the n - side. The 
stripe form on the epitaxy side gives the advantages of 
better slice orientation and cleaving characteristics 
when mounting.

The first stage of the laser mounting is to 
cleave the laser slices into laser chips thus forming the 
necessary parallel resonator surfaces. The chips are at 
the end of the cleavage step approximately 300 x 300pm 
(cleavage dimensions) in the top perspective and 200pm 
thick (polished thickness). The chip is then mounted into 
the housing shown in Fig(98). The laser is positioned 
upon the In - coated silver block, p - side up, and is 
slowly raised to make a press contact with the In — 
coated silver band for the upper contact.

Laser testing is performed in two stages. Firstly



Fiq<98), Laser diode housing.

p - contact

Securing screw

Silver contacting -fork

Insulati on

Mounting bolt holes

Adjusting screws

Copper housing (n - contact)

In - coated copper wire

Laser diode chip

Copper mounting post



- 128 -

the laser is tested in a temperature — controlled 
environment with temperatures at and above liquid 
nitrogen. Here the chip is tested for laser emission, 
threshold current, power and I - V characteristics. Hence 
time can be saved when the chip at this stage does not 
lase or is of too poor a quality to warrant the second 
stage test.

The second stage testing includes a more accurate 
assessment of the above characteristics from above 20K 
with the addition of far field patterns and exact fine 
tuning rates. The fine tuning of a laser is measured with 
a germanium etalon (Ay = 1/20 cm-1). A calibration gas 
can be positioned in the beam inside a quartz tube with 
BaF2 windows. Using the calibration gas, it is passible 
to search for lasers from a batch which have the exact 
emission wavelength with a sufficient fine tuning range 
needed for the spectroscopy of the gas in question.

5.5) Laser structures
This section describes the various laser 

structures fabricated using the MBE apparatus.

5.5.1) Cd - diffused PbSe/Pbi-xSn^Se/FbSe lasers
DH - laser structures of the PbSe / Pbi-MSn„Se / 

PbSe configuration were grown on p - type PbSe substrates
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with carrier concentrations o-f approximately 3x10*® cm-3. 
Due to the fact that at this point in time the Bi doping 
of the lead chalcogenides was still being investigated, 
the first set of lasers were grown without a p — n 
junction. The p — n junction was later formed by the 
diffusion of the n — dopant cadmium which has a diffusion 
depth control accuracy of ± lum.

Two basic types of laser structure were 
fabricated. These differed in the fact that one has an 
active layer of 3pm thickness and the other being 1pm 
thick. To ensure that the p - n junction is positioned 
correctly after the Cd diffusion process, both types of 
laser were repeated three times with differing top 
confinement layer thicknesses 3, 3.5 and 4pm. As a 
further variable, the laser slices were cleaved into two 
pieces after the epitaxy thus allowing two diffusion 
experiments to be performed. The first at 670K for 15 
minutes and the second at 670K for 20 minutes. Schematic 
diagrams of two functioning Cd - diffused DH lasers are 
given in Fig(99) and Fig(100). The slice numbering shows 
the run number, followed by the slice number.

Fig(101) shows the first stage testing system 
curve for pulsed operation of laser 358,1 which has a 1pm 
thick active layer. It can be seen that the contact 
resistance is small and that the laser shows a typical
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Fig (99). Schematic o-f laser 352,1 epitaxial 
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Fig(100). Schematic of laser 358,1 showing the use 
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20 mins after epitaxy to form p - n 
juncti on.
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diode I - V characteristic. The threshold current at an 
operation temperature of 80K is 1A and the highest 
operation temperature is 160K. Table (10) gives the 
second stage test results for both laser 358,1 and the 
laser 352,1 which has the 3um thick active layer. The 
wavelengths obtained at 80K indicate x composition 
factors of 0.059 and 0.092 respectively, the 
corresponding beam flux ratios SnSe : PbSe being 0.07 and 
0.06. This indicates the problems concerned with the non 
- uniformity of the MBE process to achieve a required 
wavelength. Other lasers measured from the same slices 
show similar characteristics but with differing 
wavelengths according to the inhomogeneity experiments 
described in the previous chapter.

The characteristics of these DH lasers are 
comparable to those of the best diffusion technique 
lasers. This suggests that the quality of the grown films 
is as good as the single crystals grown by the 
sublimation technique with which the diffused lasers are 
fabricated.

5.5.2) Bi - doped PbSe/Pbi-xSnMSe/PbSe lasers
The encouraging results of the Cd - diffused DH 

lasers show that the MBE method of fabrication is a 
viable technique. The next stage is to test the effect of



Temperature
<K)

it
(A)

Wavelength
(um)

Wavenumber 
(cm-1)

20 2.790 — -

30 2.035 — -

40 1. 125 — -

50 0.960 20.592 486

60 0.925 19.152 522

70 0.960 17.856 560

80 1.075 16.302 613

90 1.280 15.310 653

100 1.750 14.222 703

110 2.450 13.264 754

120 4.340 12.192 820

Table (10a). Second stage test results -for laser 
no. 352,1.
Note that the ZnS detector window 
absorbs -for wavelengths > 20um.



Temperature
(K)

it
(A)

Wavelength
(pm)

Wavenumber 
(cm-1)

2 0 0.670 15.393 650

30 0.665 14.940 669

40 0.669 14.570 6 8 6

50 0.670 13.264 734

60 0.820 12.912 774

70 0.975 11.674 857

80 1.080 11.319 883

90 1.325 11.080 903

Table (10b). Second stage results o-f laser 
no. 358,1.
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using Bi - doped layers to form the p - n junction. The 
experience gained through the diffused laser research 
suggests that Cd - doping would be at this stage more 
logical. Cadmium, however, when incorporated into the 
lead chalcagenides, diffuses rapidly thus hindering the 
manufacture of sharp heterojunction interfaces.

The first lasers using Bi incorporation were 
PbSe / Pbo.9 7 Sno.0 3 Se / PbSe DH devices with an emission 
wavelength in the 10pm region at 77K. A schematic diagram 
of such a structure can be seen in Fig(102). The first 
confinement layer, active layer and the first 2000A of 
the top confinement layer is p - type material, achieved 
with the simultaneous sublimation of Se as described in 
section 4.3.4. The large metal vacancy site diffusion 
rate will supply to a certain extent holes from the 
p - type substrate to the growing film but to be sure of 
p - type growth, Se has been used throughout the 
structures. After 2000A of the top confinement has been 
grown, the Bi^Se^ furnace is opened thus forming the 
p — n junction remote from the metallurgical interface 
between the active layer and the top confinement layer. 
This has been done since the heterostructure is not 
lattice matched and the interfaces may then lead to 
strong recombination. The possibility of producing fault 
complexes at these interfaces by Bi atoms is also reduced
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00am p - PbSe substrate

Fig(102). Layer details of first Bi — doped DH laser series grown in the MBE system.
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by the design of the remote p — n junction.
A series of DH lasers were grown with active 

layer thicknesses (A) of 3, 2, 1 and 0.5pm. The maximum 
operation temperatures are obtained from laser 364,2 with 
an active layer thickness of 0.5pm. Maximum operation 
temperatures of 190K (i*. = 5A) and 130K (i* * 0.5A) have 
been obtained for pulsed and continuous operation 
respectively and this is shown in the curve in Fig(103). 
The temperature tuning range was found from the second 
stage test to be 9.1pm (200K) to 11.9pm (25K) for pulsed 
operation and Fig(104) presents a current tuning mode 
spectrum for currents from 300 - 600mA at 55K in 
continuous operation. Fig(105) indicates the maximum 
operation temperature dependence upon active layer 
thickness found for these DH lasers. The diagram shows 
that the thinner active layer thicknesses produce higher 
maximum operation temperatures. This trend will, however, 
only remain until the confinement factor becomes such 
that optical confinement decreases for thinner active 
layer thicknesses.

The temperature dependence of the threshold 
current with respect to active layer thickness for two 
layers is shown in Fig(106). The respective To values 
from equation 37 are also given. At high temperatures, 
the threshold current decreases with decreasing active
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Fig (103). First stage test results o-f laser 364,2.
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layer thickness through the decreasing effect of the 
electrical confinement. At low temperatures (20 - 70K) 
the threshold current of the device with the thinner 
active layer remains constant at a value higher than that 
obtained for the device with a thicker active region. The 
temperature independence in the farmer case can be 
explained by an increase in carrier recombination in the 
outer confinement layers which becomes more significant 
with thinner active layers. The carrier pair lead to an 
increase in the device current and the mechanism is 
further enhanced by the increasing emission wavelength as 
lower temperatures are approached. This effect is not 
significant for thick active layer devices where the main 
factor governing the dependence is still the decreasing 
effect of the electrical confinement.

5.5.3) PbS/PbSi—MSe>«/PbS DH lasers
Emission wavelengths shorter than that of the 

Pb&~»«SnMSe lasers were attempted. PbS / PbSi_*«Se« / PbS 
DH lasers were fabricated with similar dimensions to 
those described in the previous section using Bi for the 
formation of the p - n junction. The final layer was a 
0.5um thick PbSe contact layer. This has been added to 
the structure to circumvent the contacting difficulties 
normally encountered with PbS. The Se content of the
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active layer was set to give an approximate emission 
wavelength o-f 5.5pm. Using formula 59 this corresponds to 
an x - value of approximately 0.6 at 80K and the laser is 
schematically shown in Fig(107).

For an active region thickness of 0.5pm, the 
highest operation temperatures obtained were 210K in 
pulsed operation (i* *= 5A) and 110K in continuous 
operation (i* = 0.35A). The tuning range of this laser 
was 5.5pm (110K) to 8.9pm (25K) in continuous operation. 
At 80K the wavelength measured was 5.7pm which 
corresponds to an exact x — value of 0.66 which agrees 
(within the expected error from inhomogeneity levels) to 
the set beam flux ratios.

5.5.4) PbSi-xSex/ (PbS) i->« (SnSe) M/PbSi-„ SeM lasers
The flexibility of the MBE technique as applied 

to lead chalcogenide diode lasers is well demonstrated by 
the third type of DH laser reported in this work. 
Wavelengths shorter than 8pm have been covered to 5pm 
using the PbSi_KSeH alloy in the active layer. If, for 
example, the above PbSa._MSeM composition is used for 
confinement layers, then, with the addition of Sn, an 
active layer of (PbS)i_„(SnSe)M will improve lattice 
matching. This is qualatatively shown in Fig(108) for the 
region between PbS and PbSe. The diagram shows that for
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Fi g (107) . Schematic o-f the PbS / PbS Se / PbS 
laser structure using the photoresist 
stripe geometry technique.
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- 135 -
an equal energy gap difference between the PbS /

PbSi-xSeM system and the PbSi_„Se* / (PbS) (SnSe) M 
system, a large difference in the lattice matching 
factors is obtained. The lattice mismatch can, therefore, 
be considerably reduced by using the latter combination 
as indicated in the diagram.

The laser described here consists of 3pm thick 
PbSi_wSe„ confinement layers and an active layer of 
(PbS)i-M(SnSe)M where the x - value has not been 
explicitly determined. However, from the device shown in 
Fig(109) with a 0.5pm thick active layer it can be 
deduced from the emission frequency that the band gap of 
the active film lies approximately 35meV below that of 
the PbSi_MSeM confinement layers. These lasers function 
upto 135K in pulsed operation (i* = 5A) and upto 75K in 
continuous operation (i*. — 0.4A). In continuous operation 
the laser can be tuned from 5.3 to 4.7pm with a 
temperature increase from 20 to 75K.

The maximum temperatures of the short wavelength 
lasers fall clearly behind the values obtained for lasers 
described in sections 5.5.1 and 5.5.2. An explanation for 
these lower values could be the unintentional low Sn 
content in the active layer thus producing a poor 
electrical confinement. This is analogous to the case of 
the PbSe / Pbi_MSn»«Se DH laser where wavelengths below
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Fig (110). Schematic o-f the PbS / PbSe / PbSnSe / 
PbSe / PbS localised gain region laser.
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10pm are not passible due to the poor confinement 
achieved by a small tin content as previously described 
in section 5.5.2.

5.5.5) Localised gain region diode lasers
To improve the low - temperature guiding for 

active film thicknesses even thinner than 0.5pm and to 
eliminate the low temperature threshold current effect, 
lasers were made with extra optical guiding layers thus 
forming the localised gain region laser. The lasers have 
a similar structure to those described in section 5.6.2 
except that the active layer thickness is 0.25pm and the 
PbSe confinement layers are 0.4pm thick (i.e. d — 0.25pm 
+ 2x0.4pm = 1.05pm). This whole structure is sandwiched 
between two PbS layers as depicted in Fig(110). The 
interfaces of the PbS / PbSe regions have a large lattice 
mismatch producing a high density of interface states 
but, however, offer a large difference in refractive 
index producing good optical confinement.

These lasers were expected to maintain their 
optical confinement and guiding even with smaller active 
region thicknesses. However, as Fig(111) indicates, the 
low temperature threshold current effect is not 
suppressed. The threshold current of this device 
decreases with increasing temperature, passes through a
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pronounced minimum located at 110 - 130K followed by the 
increasing high temperature branch.

In addition to this pronounced effect, laser 
emission occurs at two distinct frequencies corresponding 
to the composition of the active film and to the pure 
PbSe wave guide. This behaviour suggests that at low 
temperatures only a small fraction of the injected 
carriers become trapped in the potential well farmed by 
the Pbi_MSnMSe active film. The majority of the injected 
carriers are swept across the active region and recombine 
in the PbSe wave guide behind the active film. This 
effect is a low temperature effect because at high 
temperatures the enhanced electron / phonon interaction 
eases the capture of the injected carriers into the well. 
This is schematically presented in Fig(112).

This effect could well be controlled by the 
positioning of the p - n junction. Investigations were, 
however, not undertaken as the structure is not suitable 
for short wavelength lead chalcogenide lasers. For 
shorter wavelengths, the difference in band gaps between 
the active region and confinement layers diminishes. A 
new type of structure is, therefore, required aimed at 
eliminating the low temperature effect and covering the 
required emission range.
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Fig(112). Injected carrier capture in the localised 
gain region laser showing the spill - over 
e-f-fect at low temperatures due to the lack 
o-f phonon interaction.
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5.5.6) Graded refractive index lasers

The original goal of the project was to develop a 
single technology to cover the entire spectrum 3.5 - 
20jim. The simple PbSe / Pbi_MSnMSe / PbSe DH structure 
covers the range 1 0 - 2 0 pm but shorter wavelengths are 
only possible by using other materials with detrimentally 
large lattice constant differences. The simple DH laser 
could in theory be made to emit at shorter wavelengths by 
employing a quantum well in the active layer. Thin active 
layers, however, produce the enhanced low temperature 
effect described in the previous section and produce 
characteristically low output powers.

As mentioned in section 4.5.1, Pb*-KEuMSe shows a 
large increase in band gap energy for relatively small 
values of x. From the literature, it can also be deduced 
that for x < 0.05, the lattice constant mismatch is 
smaller than 0.IX. With reference to the work performed 
in section 4.5.1, showing the large increase in band gap 
energy possible, lasers were produced using Pbi_„Eu>,Se in 
the confinement layers. In addition to this, to increase 
the probability of injected carriers falling into the 
active region potential well, the Pbx_MEuMSe confinement 
layers were grown as a graded refractive index (GRIN) 
profile thus giving the structure a funnel — shaped band 
gap energy diagram as schematically shown in Fig(113).
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Fig(113). The graded refractive index laser energy 
diagram showing the concept o-f injected 
electron thermalisation into the 
active layer.



- 139 -

Two structures were grown consisting o-f 3pm thick 
Pbo.9 7 Euo.0 3 Se confinement layers with graded 0.5pm thick 
regions (x down to 0 .0 1 ) sandwiching active layers of 
PbSe with thicknesses of 0.1 and 0.05pm. A third laser 
had a similar structure but with an active layer of 
Pb0 .9 7 csEuo.oosSe and a thickness of 0 . lpm. The graded 
confinement layers were produced by slowly changing the 
Eu flux through regulating the Eu furnace temperature. 
This series of laser structures are presented in Fig(114) 
and were grown to indicate whether or not Pbi—MEuMSe can 
be used as confinement or active region material.

The characteristics of this type of laser show 
that practical, high quality IR diode lasers are possible 
by MBE epitaxial layer growth. The low temperature 
threshold current effect seen in the DH and LGR lasers 
described in sections 5.5.2 and 5.5.5 has disappeared due 
to the thermalising of the injected carriers by the 
funnel - shaped optical guide. The laser with the 
thickest PbSe active layer, however, already emits a 
slightly modified spectrum through the quantum effect and 
the laser with the 0.05pm thick active layer shows a 
surprisingly large quantum effect. This laser emits at
7.5 and 7.0pm at 20K, a shift of 1.4pm in the low energy 
emission over that of a pure PbSe laser with no quantum 
effect. The spectrum of this laser (431,9) is given in
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Fig(115). The higher energy emission, which could come 
-from a second subband, gives an approximate wavelength 
shift of 0.9pm. The spectra between 20 and 45K show that 
nearly all the total intensity concentrates in the two 
modes.

The maximum continuous wave operation temperature 
of the lasers were 163K and 135K for the active layer 
thicknesses of 0.1 and 0.05pm respectively. The value of 
163K is one of the highest continuous wave operation 
temperatures ever reported for a lead chalcogenide diode 
laser. The characteristics of the laser with an active 
layer of Pbo.wsEuo.oosSe showed disappointing results. 
Only a few examples lased at temperatures of 20 — 45K 
with a high current pulse (3 - 5A). The wavelength of 
this laser was, however, the shortest, namely 3.7pm. 
Explanations for the poor Pbi_MEu>,Se laser yield can be 
contributed to many factors rather than concluding from 
this single result that Pbi-MEuMSe is not a suitable 
active layer laser material. Possible problems could lie 
with the p - type doping, contacting or the incorrect 
positioning of the p - n junction.

5.5.7) Silver - doped DH lasers
The lasers described in sections 5.5.2 to 5.5.6 

have p - n junctions fabricated with the identical
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method- This has been achieved by the non - 
stoichiometric Se - doping for the p - side and, through 
the opening of the Bi2Ses furnace shutter during growth, 
the n - side is produced through the impurity doping of 
Bi .

Chapter 4 has reported the results of impurity 
p - type doping of PbSe and Pbi_„Eu>«Se with silver. The 
work was undertaken due to the unsuccessful attempts to 
repeat some of the lasers reported in the previous 
sections. The common undefined factor between the laser 
structures is the relatively poor control of the Se 
furnace thus leading to different levels of hole 
concentrations in the first confinement layer and the 
active region.

Fig(116) shows the schematic of the first ever 
reported silver - doped DH lead chalcogenide diode laser. 
It exhibits the same basic construction as the lasers in 
section 5.5.2 except that the first confinement layer is 
Ag - doped to a level of 5xl01— cm-5. The laser emits at 
7.8um at 80K which indicates a Sn content of 0.01 
corresponding to the beam flux ratio SnSe : PbSe = 0.014 
set during the deposition of the active layer. The 
maximum operation temperature in pulsed operation reaches 
200K and the continuous wave operation maximum 
temperature is 120K. The laser has two modes and a
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threshold current of approximately 0.5A at 80K. Just as 
in the case of the stoichiometrically - doped DH lasers, 
the low temperature effect is again present due to the 
poor carrier confinement from the small band gap level 
difference. The lasers have been repeated within the MBE 
system with similar results. A repetition of lasers in 
previous sections was not possible and that lasers with 
defined Ag - doped first confinement layers are 
repeatable leads to the conclusion that silver doping is 
a necessity for commercially - orientated lead 
chalcogenide diode lasers fabricated by MBE.
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6) CONCLUSIONS AND FUTURE WORK

A system has been designed -for the manufacture of 
semiconductor infra - red diode lasers using the MBE 
technique of layer growth. The direct band gap lead 
chalcogenides exhibit band gaps which enable them to be 
considered for infra - red work between 2.5um and 34um.
It has been shown that with careful design considerations 
specific to their high vapour pressures, the epitaxial 
growth and doping of the lead chalcogenides can be 
performed with reasonable control over ternary film 
composition and thickness. Experiments have shown that 
the materials can be doped n - and p - type using bismuth 
and silver respectively. Carrier concentrations of over 
1 0 1̂  cm- 3  are possible thus offering the possiblity of 
producing good confinement factors for heterostructure 

lasers.
The controlled growth of lead chalcogenide films 

has been used to manufacture a series of laser diode 
structures striving towards the goal of covering the 
infra - red spectrum from 3.5 — 20|im by employing a 
single unified technology based around the binary PbSe. 
From the three main types of laser fabricated in the 
project (double heterostructure, localised gain region 
and graded refractive index), the goal has been realised
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in the graded refractive index type of structure — a 
structure which can only be grown successfully using the 
MBE technique of epitaxial growth. This type of structure 
is used throughout the entire required spectral range, 
the active layer materials and composition being chosen 
for a specific emission wavelength.

The stripe geometry lasers made from these films 
have reached maximum pulsed operation temperatures of 
270K and contiuous operation temperatures of 163K which 
is within the reach of Peltier cooling systems thus 
making their inclusion into spectroscopic systems a much 
more practical and cheaper proposition. These maximum 
operation temperatures are some of the highest ever 
reported for the lead chalcogenides and are achieved by 
using the material Pbx—MEu,«Se for the first time. The 
p - type first confinement layers of these lasers have 
relatively low hole concentrations (101S - 5xl01 0 cm-3) 
and here further improvements are to be expected by the 
inclusion of the dopant silver. The characteristics of 
first silver — doped DH laser based upon the Pbi_MSnKSe 
material system shows great promise and after 
optimisation experiments, silver doping could prove to be 
a deciding factor upon the strive towards producing room 
temperature lead chalcogenide diode lasers.

The short wavelength end of the required spectrum
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(3.5 < X < 6 jim) presents more difficulties than the 
longer wavelength end <6 < X < 20pm) for reasons 
explained in the text- More work upon the confirmation 
that Pbi_>«EuMSe can be used within diode laser active 
layers has to be performed- Other alloy system candidates 
to be investigated could be Pbi_MSrMSe and Pb*_>«Ca„Se. 
Measurements already carried out within the MBE system 
with the Pbi_KSrMSe alloy show a larger band gap shift 
with increasing Sr content than the Pbi-xEUwSe system 
with increasing Eu content. Mobilities are also higher 
and work must be carried out to investigate doping 
characteristics and eventual laser structures.

Improvements can be suggested in many aspects 
upon the constructional details of the MBE system itself. 
A system with eight furnaces arranged in a symmetrical 
circular form would give the advantage that every furnace 
would have an identical substrate - orifice distance, and 
giving the opportunity of loading an extra main PbSe 
source material furnace thus minimising the main system 
floodings to refill empty furnaces. This also presents 
the possibility of measuring flux rates during epitaxy. A 
system mounted upon a rotary feedthrough on the axis of 
the furnace flange could be rotated into each beam as 
required. The system could be a cross — beam type of 
construction thus enabling the measurement of beam fluxes
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without influencing their paths to the substrate and 
hence in future offering computer control and assessment 
of more complicated structures (e.g. multi — quantum 
welIs).

Work needs to be performed upon the shutter 
systems. The shutter effect can be minimised by tilting 
each shutter off the furnace axis thus reducing the heat 
back - scattering. In turn these shutters can be 
redesigned to be operated by electromagnets mounted upon 
a new type of furnace flanges. This gives added 
advantages including simplified construction, computer 
control, duty cycle operation thus allowing the accurate 
production of GRIN structures and the possibility of 
changing and cleaning shutters and collimators with each 
furnace refill.

These constructional changes would help the 
investigations into other possible laser structures to 
bring the maximum operation temperatures of the devices 
to more practical temperatures and to decrease the 
threshold currents required to produce laser action to 
increase stability and reliability. This could be 
achieved by the use of quantum well structures which also 
give the added advantage of producing the more difficult 
short wavelength lasers {1 2 0 }.

The overall power output of the MBE lasers must
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be improved and -future investigations could be aimed in 
the direction of -finding the conditions for more powerful 
devices. These conditions are reported to be the need of 
thicker active layers -C120>. The conclusion to be drawn 
from the requirement of both high operation temperatures 
and high powers is that a compromise of the active layer 
thickness has to be found, the thickness actually used 
depending upon the application.
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MBE - A Tool for Fabricating IV-V1 Compound Diode Lasers
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Abstract
The molecular beam epitaxy (MBE) and the closely related hot 
wall epitaxy (HWE) techniques are excellent tools to fabricate 
lead chalcogenide hetero structures for device applications. 
Whenever exact compositions of a ternary or quaternary film 
are required, like in lasers, the MBE method is best suited. 
Lattice matched PbTe-based and non lattice matched PbSe-based 
laser structures have been realized for the 4 to 12 pm wave
length range. While no significant difference exists between 
lattice matched and non lattice matched devices, both kinds 
exhibit much larger operation temperatures than diffused homo
junction diodes. The properties of an MBE-system specially 
designed for the growth of lead chalcogenides are described 
in detail. Characteristic data of PbTe- and PbSe-based DH 
lasers are presented and compared with those of homojunction 
devices.

1. Introduction
Quite a variety of lead chalcogenide heterostructures have 
been fabricated by molecular beam epitaxy and the related 
technique of hot wall epitaxy. The main purpose for growing 
these heterostructures was to prepare double hetero-structure 
laser diodes /1 - 4/ with properties superior to those of 
diffused homojunction lasers. In addition, also detectors 
of the kind PbTe-PbSnTe /5/ and PbS-PbSSe /6/ have been fabric
ated using evoporation techniques.
Most of the laser structures realized to date have lattice 
mismatched heterojunctions, like PbTe-PbSnTe-PbTe /I/ or 
PbS-PbSSe-PbS /2/. The properties of these devices were already 
superior to homojunction lasers in spite of the lattice mis
match. The most significant improvement was the maximum opera
tion temperature which was raised up to 120 K from a value 
of about 80 K for homojunction lasers.
Recently lattice matched double hetero structures with PbEuSeTe 
active and confinement layers as well as PbSnTe active layers 
and PbSnYbTe confinement layers were prepared successfully 
at GENERAL MOTORS (GM). The PbEuSeTe- diodes have been operated 
at 4.06 pm up to 147 K cw, the highest operation temperature 
observed so far in lead chalcogenide lasers. With the lattice 
matched PbSnTe-diodes a cw tuning range from 10.3 pm (at 10 K) 
to 7.1 pm (at 128 K) has been realized. However, if the pulse 
properties are considered, no large differences between lattice 
matched lead telluride and non lattice matched lead sulfide



selenide lasers has been noticed. Apparentely lattice matching 
is less important in the second system. The higher cw operation 
temperatures obtained for telluride based structures are not 
significant because the cw temperature is strongly effected 
by the properties of the contacts and bounding technique.
This leads to the conclusion that not inherent laser proper
ties but rather a superior contacting procedure leads to the
high cw operation temperatures of the GM lasers. In this paper
the MBE system used in our laboratory for the fabrication 
of lead chalcogenide heterostructures is described. Design 
and performance of the evaporators are discussed in detail, 
since both effect most critically the control of layer compo
sition. The properties of PbSe-PbSnSe-PbSe and PbS-PbSSe-PbS 
lasers are discussed and compared with published data.
2. Evaporation Techniques
Deposition of lead chalcogenides including Sn-containing ter
nary or quaternary compounds is most straightforward accom
plished b y 'evaporation techniques. All lead- and tin chalcoge
nides vaporize already at moderate temjpgrature^ 5/7/,2Prfctical 
beam flux densities in the order of 10 to 10 cm s are 
obtained at temperatures below 1100 K. The lead chalcogenides 
vaporize almost undissociated. Besides PbX(X = S, Se, Te) 
no other compounds are found in the gas phase and congruent 
subliming compositions exist within the stability region of 
the solids. The vaporization behaviour of the tin chalcogenides 
is more complex, their vapor consists of X~, SnX, SnX2, Sn^X^ 
and Sn,X^, but SnX is the major constituent. SnTe, and SnSe, 
evaporate incongruently. Therefore, the source composition 
shifts into the two-phase region. Complications do not arise 
from this complexity because a two-phase source provides vapor 
pressures just as well defined as a congruently subliming 
one-phase source. Alternatively to compound source materials, 
elemental source materials have been successfully employed 
/8/. However, this approach has been abandoned since it was 
found that closer stoichiometry control and therefore lower 
carrier concentrations are achievable by growth from sources 
of the binary compounds /8/. Only in cases where elemental 
source materials* are inevitable, these are used in combina
tion with binary compound source materials. For example, in 
order to deposit ternary lead chalcogenides containing rare 
earth or earth alkali elements, it is neccessary to use elemen
tal source materials because the chalcogenides of these ele
ments cannot be evaporated at practical temperatures due to 
their extreme thermal stability.
Assuming binary source materials are used and these materials 
are evaporated from thermocouple controlled Knudsen cells, the 
beam flux stability can be derived from the temperature depen
dence of the vapor pressures of the binaries /7/. Considering 
that the evaporators are operated at a temperature of 1000 K 
and taking into account that a state-of-the-art thermocouple 
controlled feedback system provides a relative temperature



accuracy of 0.2 to 0.5 K, it can be estimated that the vapor 
pressures of lead and tin chalcogenides are accurate within
0.2 to 0.5 percent inside the Knudsen cells. Thus, the compo
sition of a molecular beam combined from the beams of Knudsen 
cells would be accurate within approximately 0.4 to 1 percent. 
The same kind of precision is expectable for the composition 
of ternary films for constant deposition temperature. Consider
ing the most critical case of a PbSe. Te film to be lattice 
matched to a given substrate,^it follows ?hat lattice matching 
down to a precision of 5 x 10 should be achievable. An even 
better composition control is expected if the beam is not 
combined from two individually temperature controlled Knudsen 
cells but the two cells are combined inside one temperature 
controlled heater /5/- In this case temperature fluctuations 
effect the vapor pressures in both cells in the same direction. 
However, one has to consider that the higher stability of 
the beam composition is gained on expense of flexibility.
The above presented estimations are based on vapor pressure 
calculations, the technical limitations resulting from the re
lative accuracy of the temperature control system, and assuming 
ideal Knudsen cells. In reality, the evaporation cell is a 
complex device whose behaviour is critically dependent on 
its design and operation conditions. Differently from III-V- 
compound deposition systems where open evaporators have to 
be used for obvious reasons, in lead salt deposition systems, 
Knudsen cell like evaporators are usually prefered. The vapor 
pressures of the lead and tin chalcogenides approach the mbar 
region already at convenient temperatures around 800 °C. There
fore, evaporation cells with millimeter sized orifices can 
be Sugh a^cell provides a beam flux rate of the order
of 10 cm s at a distance of 15 cm, which is sufficient 
ot obtain growth rates of a few pm per hour. Figure 1 shows 
a schematic view of the cells we are using for evaporation 
of binary compounds. The orifice has a diameter of about
1.5 mm. The temperature inside the cell is not uniform, but 
decreases from the bottom toward the open end. Therefore the 
source material, loaded with as crushed pieces, sublimes towards 
the cover where it forms a solid block with a channel in its 
axis. The thermocouple is fed through the bottom of the cell 
and its tip is placed where the block is formed. The vapor 
pressure in the .cell corresponds to the temperature of the 
open surface of the block because this surface is the hotest 
part of the block. Fig. 1 shows the beam flux rate obtained 
from such a cell in dependence of time for uninterrupted opera
tion and unchanged set point of the temperature controller.
The beam flux rate has been measured at the substrate position 
with standard ion gauge. The conversion factor between pressure 
reading and beam flux rate has' not been determined. Therefore 
the beam flux rates are given in pressure units. Forfiorienta
tion, a PbSe beam flux rate corresponding to 3 x 10” mbar 
measured at the substrate position yields a growth rate of 
11 A per second for a deposition temperature of 350 °C and 
for a combined beam of PbSe-and SnSe with rates corresponding 
to 3 x 10 mbar and 2 x 10 mbar, respectively, yield a ter
nary film with a Sn content of approximately 10 I (atomic
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Fig. 1:
Dependence of beam flux rate on operation time for an evapora
tor shown schematically in the inset.

fraction). The dependence of beam flux rate on time as shown 
in Fig. 1 is typical. For the first few hours of operation 
of a freshly loaded cell the beam flux is not controllable.
In this period the material sublimes into the colder part 
of the cell thereby forming a solid block. When sublimation 
is completed the flux stabilizes and becomes precisely con
trollable. The steady decrease of the beam flux rate in depen
dence of operation time results from the axial temperature 
gradient in the cell. Slightly modified cells are employed 
for evaporation of Se and Bi selenide. These species are used 
for control of stoichiometry and n-type doping. For these 
purposes only small beam flux rates, typically in the range 
of 10 to 10 mbar, have to be provided. Thus only small 
sized low temperature operated cells are required. The low 
operation temperatures, typically 300 and 600 °C, request 
for a special heater design because radiation coupling between 
heater, cell and thermocouple is weak in the low temperature 
regime. With appropriately designed cells, a beam flux stabili
ty at the above mentioned level of better than 20 % is obtain
ed. This accuracy is sufficient for the desired purposes.

The SIMS-profile of a four layer PbSnSe structure is shown 
in Fig. 2. The PbSe flux rate was 1,5 x 10 mbar, the SnSe 
flux rate was increased in steps. The ratio of the flux rates 
q(SnSe)/q(PbSe) is indicated in the diagram. The deposition 
was interrupted for 15 minutes between adjacent films in order 
to reach steady state source conditions for the SnSe cell.
The data have not been smoothed, but even without sophisticated 
data processing procedures it can be seen that the composition
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SIMS-profile of a layer structure consisting of Pb^_ Sn Se- 
films with 4 different compositions deposited at a temperature 
of 400 °C.

in each film is reasonable constant. The total thickness of 
the multilayer is approximately 1 pm. Therefore, the interface 
regions are broadened due to sputter effects. Nevertheless, 
the transition between the first and second film is still 
abrupt although the deposition temperature is 400 °C. The 
laser structures are usually grown at lower temperatures (350 - 
375 °C). Multiquantum well structures should be obtainable 
with relative ease. The ion rate axis and the sputter time 
axis do not correspond linearly to composition and depth,res
pectively, because of SIMS typical matrix effects. For orienta
tion, the third layer has a tin content of 6.8 + 0.1 % . Its
count rates agreed precisely with those of a calibration standard 
of the composition Pb^ 932^0 068^e *
The substrate holder is uncritical in lead salt deposition 
systems because of the typical low deposition temperatures 
(350 - 400 °C) and small substrate areas (1 - 2 cm ). The 
commercially available substrate station from VARIAN, origi
nally designed for depositon of 111-V-compounds, is well sui
ted .

The PbSnSe- and PbSSe-laser structures, being described later, 
have^been grown under background pressures ranging from 5 x 
10 mbar up to 3 x 10 mbar. PARTIN /3, 4/ has deposited 
PbSnTe-laser structures under apparently identical vacuum 
conditions. These vacuum conditions are standard for an UHV- 
system obtained after backout at medium temperatures 
(2M50 °C). It is important to notice that, up to now, no one 
has proven that such low background pressures are neccesary



for deposition of laser active materials in an MBE-system.
In HWE systems PbSSe-laser structures with excellent perform
ance /2/ have been grown under vacuum conditions of about 
10 mbar, far beyond UHV standard. It has been claimed that, 
in contrast to the HWE-technique, the MBE-technique is less 
tolerable as far as background pressure is concerned. However, 
experimental proof to support this judgement has not been 
presented yet as far as we know. Independently of the outcome 
of appropriate experiments, an MBE-system for deposition of 
lead chalcogenide based compounds should meet UHV-standards. 
Lead chalcogenide compounds containing rare earth and earth 
alkali elements will most likely require UHV conditions and 
these compounds are the ones to close the gap in the laser 
emission spectra between the more classical lead tin chalcoge
nide lasers and the III-V-compound lasers.
PbSe and PbS films grown from binary source materials which 
have been prepared by-the procedure described above are always 
n-conducting (3 x 10 - 1 x 10 cm” ). The stoichiometry
of the starting material has no significant effect on the 
carrier concentration. Carrier concentration and type of con
ductivity of the deposited films can be controlled by adjusting 
the deviation of stoichiometry via coevaporation of Se or 
by intentionally doping with foreign elements.For telluride 
rich systems, doping with T1 and Bi is the common procedure 
for growing p- and n-type films, respectively /9/. We prefer 
a combination of both techniques. Bi is employed for growing 
n-type films and p-type conductivity is achieved by deposition 
under Se rich conditions. Doping experiments have shown that 
T1 is not incorporated as acceptor if coevaporated with PbS 
and PbSe under typical metal rich deposition conditions in 
the MBE-system. Films covered with Tl-droplets formed during 
deposition in high Tl-flux remained n-conducting. This finding 
is contrary to results of doping experiments in PbTe /9/.
In this material T1 forms an acceptor like center in chalcogen 
rich as well as metal rich matrix. Contrary to T1 Bi is a 
well behaving efficient n-type dopant in PbS, Pb^g, ?!?§*! «xSe 
and Pb^^Sn^Se. Electron concentrations up to 10 cm have 
been obtained in PbSe at a deposition temperature of 400 °C 
and a PbSe flux Tate^of 3 x 10” mbar, a Bi rate of 10 mbar 
and a Se rate of 10-R mbar. Carrier concentrations in the 
range of 2 - 5 x 10 cm require Bi fluxes of 10 mbar.
This is the typical doping level of the active regions of 
our laser structures.
3. Laser structures
The work on lead salt laser structures is currently concen
trated on lead telluride and lead selenide based systems.
At GENERAL MOTORS several attempts have been made to realize 
short wavelength lasers selecting quaternary telluride systems 
whose band gaps are larger than the lead telluride band gap.
The experimental results on lead germanium and lead ytterbium



tcllurides showed that these systems arc less attractive for 
laser fabrication. Ge containing laser structures could not 
be prepared, because of the extraordinary small sticking coef
ficient of G e . For Yb containing materials a complex doping 
behaviour has been reported. A DH-laser structure emitting 
at about 10 pm with an active PbSnTe layer and PbSnYbTe con
finement layers operated up to 128 K (cw). The maximum tempera
ture for pulsed operation of this particular laser has not 
been reported. Although the reported cw temperature is the 
highest achieved for a 10 pm laser, the temperature exceeds 
the best values for diffused lasers operating at the same 
wavelength only slightly. For diffused PbSnSe lasers with 
Sn contents of 3 % and 7 I we have obtained maximum operation 
temperatures of 170 and 160 K ,respectively, for pulsed operation 
and of 115 K for continuous operation.
Excellent results have been obtained with lead europium tellu- 
ride lattice matched DH-laser structures /4/. High operation 
temperatures up to 190 K for pulsed operation and 147 K for 
continuous operation have been reported.
Compared with the more sophisticated lattice matched struc
tures realized by GENERAL MOTORS, the DH-Laser fabricated 
by our group are rather simple. We have prepared three types 
of structures. Long wavelength laser structures consisting 
of PbSe confinement layers and an active PbSnSe film. The 
structure is deposited on a p-type PbSe substrate; The first 
confinement layer and the active film is Se-doped (p-type) 
and the upper confinement layer is Bi-doped. The structure 
with the thinnest active film (0,5 pm) operated up to 190 K 
for pulsed operation (I ^ = 5 A) and up to 125 K for continuous 
operation (Itb = 0,5 A). The tuning range was 9.1 to 11.9 pm 
for cw operation. In a series of structures with different 
thicknesses of the active layers (0,5, 1, 2, 3 pm) the maximum 
operation temperature drops steadily down to the temperature 
typically achieved with diffused lasers (150 K). In Fig. 3 the 
dependence of threshold current on operation temperature for 
two of these lasers is shown for pulsed operation. One laser 
has an active film thickness of 0.5 pm and the other has 
an 1 pm thick active film. For high temperatures both lasers 
show almost identical behaviour, but for low temperatures 
the temperature .dependence is markedly different indicating 
that different loss mechanims are dominating at low tempera
tures. This behaviour is typical for these two batches.
The second type is an PbS/PbS- Se /PbS-structure (x a  0.9) 
deposited on a p-type PbSe substrate. This laser structure 
operates up to 210 K in pulsed operation (It^ = 5 A) and up 
to 110 K in continuous operation (I^v = 0.35 A). The thickness 
of the active film was chosen to be 0.5 pm. The dependence 
of optical output power on laser current and different opera
tion temperatures for one of these lasers is shown in Fig. 4. 
The full scale intensity corresponds to an output power of 
approximately 1 mW. The power scale is not linear because 
of non linear wavelength dependent detector response. In the 
upper part of Fig. 4 output power versus current curves for 
a diffused laser are presented.
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Fig. 3:
Threshold current versus temperature for two Pb-j_xSnxSe DH- .. 
lasers with an active film thickness of 0.5 and 1 /jm.

The third structure consists of PbS confinement layers and 
a quasi-ternary active layer of (PbS)^_x (SnSe) . The x-value 
has not been determined explicitly, butxfrom tfie emission 
frequency of the laser it can be deduced that the band gap 
of the active film is approximately 35 meV smaller than the 
bandgap of the PbS confinement layers. These lasers operate 
up to 135 K in pulsed and up to 75 K in continuous operation 
(I , = 0.4 A) and tune from 5.3 to 4.75 pm in the temperature
range of 20 to 75 K. The maximum operation temperatures of 
the short wavelength lasers fall clearly behind the values 
obtained for the other type of lasers. The step in the refrac
tive index between active layer and confinement layer is most 
likely to small for sufficient optical confinement.
The results are summarized in table 1:

maximum operating cw tuning 
temperature (K) range (pm)

laser structure pulse cw
PbEuSeTe-PbEuSeTe-PbEuSeTe 190 147 4.93 - 4.06

PbYbSnTe-PbSnTe-PbYbSnTe ? 128 10.7 - 7.1
PbSe-PbSnSe-PbSe 190 125 11.9 - 9.1
PbS-PbSSe-PbS 210 110 8.95 - 5.48
PbS-PbSnSeS-PbS 135 75 5.3 - 4.75
Table 1: Properties of MBE grown DH-lasers
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4. Cone 1 usi ons
The fabrication of lead chalcogenide laser structures by the 
MBE-technique is relatively easy. The major constituents and 
doping materials evaporate at convenient temperatures and 
the beam fluxes can be controlled. Lattice matched laser struc
tures of the PbTe type and non lattice matched lasers of the 
PbSe type have been realized. Concerning the highest operation 
temperatures obtained for the various types of lasers a parti
cular feature of extrem practical importance has to be noticed. 
Non lattice matched DH-lasers based on PbSnSSe reach higher 
operation temperatures under pulsed conditions than lattice 
matched laser structures based on telluride rich systems pre
pared by the same deposition technique. It should be mentioned 
that the highest operation temperature (230 K) has been repor
ted for a PbS/PbSe/PbS structure /2/. The lattice mismatch 
is almost 3 % for this combination. From this fact it certainly 
cannot be deduced that lattice mismatch is uneffective in 
the lead sulfide selenide system. However, there is evidence 
that lattice matching is of minor importance at least in 
PbSe/PbSnSe/PbSe-structures. In the latter case, the maximum 
operation temperature increases with decreasing thickness 
of the active film in the investigated range from 3 to 0.5 pm. 
This indicates that a non-radiative recombination process 
at the interfaces is most likely not the dominating loss mecha
nism. However, more fundamental studies are necessary to clari
fy this point. For example it is not known whether the mismatch 
dislocations themselves or only the combination of mismatch 
dislocations and dopants create an effective non-radiative 
recombination center. In this context it is worthwhile to 
notice that in all the laser structures we have fabricated 
so far it was avoided to dope the interfaces. The pn-junctions 
have been placed after the first 2000 A of the confinement 
film have been deposited undoped. Concerning fabrication of 
short wavelength lasers, rare earth element containing lead 
chalcogenide systems are apparently better suited than Ge,
Mn or Cd containing systems.
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PbSe/PbSnSe/PbSe double heterostructure (DH-laser) and 
PbS/PbSe/PbSnSe/PbSe/PbS localized gain region (LGR)- 
lasers emitting in the lOto 16/zm range, have been fabricated 
from molecular beam epitaxy (MBE)-grown film structures.

The MBE apparatus is equipped with commercially avail
able evaporation furnaces fitted with Knudsen cells made 
from graphite. The cells are specifically trimmed to obtain a 
high beam flux rate stability. This is important because the 
bandgap of the ternary PbSnSe is very critically dependent 
on the Sn content.

The deposition of the ternary PbSnSe is relatively easy 
because of a weB-behaving growth mechanism. The binary 
source materials PbSe and SnSe are simultaneously evapor
ated to produce Pb, _ xSn,Se. In the temperature range of 
350 to 400 *C, the sticking coefficients of PbSe and SnSe are 
apparently close to unity. This is indicated by the fact that 
there is an almost one to one relationship between beam flux 
ratios and composition factor x , and total flux rate with 
growth rate. However, the sticking coefficient is definitely 
not precisely equal to unity because the composition factor 
shows a weak deposition temperature dependence for con
stant flux ratios.

SIMS depth profiles show that the interfaces between 
films of different compositions are abrupt on a laser device
orientated scale and that the composition through a layer 
remains constant within the typical SIMS accuracy.

PbSe, PbS, and Pb, _ xSn*Se films grown on substrates 
not effecting the stochiometry of the deposit (e.g. BaF2) are 
always n-type (3 x l0 n-1018 cm-3) indicating metal-rich 
growth conditions. In this respect these materials behave 
similarly to the PbTe system.1 However, contrary to the 
PbTe system, lead precipitation has never been observed.

Films deposited on p-type PbSe substrates convert to p- 
type conductivity even if they are deposited under metal-rich 
conditions due to the high diffusivity of Pb vacancies moving 
from the substrate into the growing film. By taking advan
tage of this behavior, only one foreign n-type dopant is neces
sary to produce a p-n junction. Bismuth has been chosen 
because of its small diffusivity and high doping efficiency. 
Electron concentrations up to 1020 cm-3 in PbSe at a sub
strate temperature of 400 *C for a flux rate ratio Bi:PbSe of 
1 : 30 have been achieved. Typical doping levels for laser 
structures require a ratio of approximately 1 : 3000 which is 
still within limits of control.

The structures have been grown upon chemically polished 
p-type PbSe substrates (2-5X 10'* cm-3 ). The first confine
ment layer and active film are not intentionally doped and 
are, therefore,/)type for reasons explained above. The upper 
confinement film is doped n type with Bi.

PbSe/Pb, _ ,  Sn* Se/PbSe laser structures have been fab
ricated with confinement layers of 3 pm  thickness on either 
side of active layer regions of thicknesses ranging from 3 to 
0.5 pm. The maximum operating temperaures of these lasers 
increases with decreasing active layer thickness. For the 
thinnest active film, maximum operating temperatures of 
190 and 130 K have been obtained for pulsed and continuous 
operation, respectively.

At high operating temperatures, the threshold current de
creases with decreasing active layer thickness as expected. 
However, at low temperatures (20-70 K) the threshold cur
rent of the device with the thinnest active region, remains 
surprisingly constant on a value higher than that obtained 
for the devices with thicker active regions. This suggests that 
in this device a new loss mechanism is controlling the thresh
old current/temperature dependence. Amongst different ex
planations for this low temperature behavior, it was specu
lated that optical wave guidance is becoming inefficient 
because of the increasing emission wavelength with decreas
ing operation temperature.

To improve the low temperature guiding for films even 
thinner than 0.5/im, we have added additional outer optical 
confinement layers of PbS. This structure, commonly named 
a localized gain region (LGR) structure, consists of a 0.25 
pm  thick Pb, _ *Sn*Se film imbedded into a 1 pm  thick 
PbSe film and cladded by optical confinement PbS layers of 3 
pm  thickness. Contrary to our expectations this laser exhib
ited an even more mysterious low temperature threshold 
current/temperature dependence. The threshold current of 
this device decreases strongly with increasing temperature, 
passes through a pronounced minimum located at 110-130 
K, followed by the increasing high temperature branch.

In addition to this strange characteristic, laser emission 
occurs at two distinct frequencies corresponding to the com
position of the active film and to the PbSe wave guide. This 
behavior suggests that at low temperatures only a small frac
tion of the injected carriers become trapped in the potential 
well formed by the active film. The majority of the injected 
carriers are swept across the active region and recombine in 
the PbSe wave guide behind the active film. This effect is a 
low temperature effect because at high temperatures the en
hanced electron/phonon interaction eases the capture of the 
injected carriers into the well.

Although these structures are not lattice matched, the op
eration temperatures obtained are higher than those report
ed for lattice-matched PbSnTe-DH structures emitting in 
the same wavelength region.2 The problems arising from in
efficient carrier entrapment at low temperatures can be sur
mounted by replacing the plain PbSe wave guide by a
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- *Eu«Sc film having a funnel-shaped b&ndgap profile 
in the middle of which the active layer is located. For this 
type of laser, cw operation has been obtained up to 163 K. 
Details of these laser structures will be reported elsewhere.
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EPITAKTISCHE IV-VI-SCHMALBANDHALBLEITER-SCHICHTEN AUF Si 
FUER IR-SENSORSYSTEME

H. Z o g g ,  ETH Honggerberg, HPT, CH-8093 Ziirich
P. Norton, Fraunhofer-Institut fur phys. Messtechnik, D-7800 Freiburg i. Br.

Zusammenfassung : Bleichalkogenidschichten wurden mit MBE (MolekularStrahl- 
.Epitaxie) bzw. HWE (HeissWand-Epitaxie) und raittels einer MBE-(Ca,Ba)F2  

Zwischenschicht auf (111)Si abgeschieden. Wir berichten liber die strukturellen 
und elektronischen Eigenschaften solcher Sc’nmalbandhalbleiter-Schichten.
Die Zusammensetzungen (Bandliicken) der Bleichalkogeniden wurden dabei so ge- 
wahlt, dass die Grenzwellenlangen darin hergestellter IR-Sensoren den atmos- 
pharischen 3-5 pm- bzw. 8-14 pm Fenstern angepasst sind. Damit wird die Her- 
stellung von monolithischen Sensorsystemen fur Warmebildkameras moglich mit 
photovoltaischen IR-Sensoren im Bleichalkogenid und aktiven Schaltungen 
(Multiplexierung, Verstarkung) im Si-Substrat.

Einleitung : Epitaktische IV-VI Schmalbandhalbleiterschichten werden seit 
etwa 1970 mit HWE oder MBE auf (lll)-Oberflachen von BaF 2 -Einkristallen 
aufgewachsen und darin photovoltaische IR-Sensoren fabriziert. Mit den 
Zusammensetzungen (Pb,Sn)Se, Pb(S,Se) und (Pb,Sn)Te kann der Bandabstand 
kontinuierlich zwischen ca. 0.3 eV und <0.1 eV, entsprechend Grenzwellenlangen 
von <3 pm bis >15 pm der IR-Detektoren, eingestellt werden [1,2]. Der 
Gitterfehler zwischen BaF 2  und Bleichalkogenid betragt weniger als 5% und ist 
nicht kritisch fur erfolgreiches Wachstum.

Einkristalline BaF 2 (lll) Schichten konnen auch auf Si(111) Substraten 
mit MBE abgeschieden werden, wobei die Gitterkonstante des BaF 2  um 14% 
grosser als die des Si ist. Eine diinne CaF 2  Zwischenschicht dient dabei der 
Gitteranpassung an der Si Grenzflache [3,4].

Auf diese (Ba,Ca)F2 /Si Substrate haben wir erstmals hochqualitatives 
epitaktisches PbSe [3,5] abgeschieden. In dieser Arbeit berichten wir liber die 
Eigenschaften von PbTe und Pb^ ggSn^ Q^Se auf (Ba,Ca)F2 /Si. Erste 
IR-Sensoren wurden in diesen Schichten bereits realisiert, welche Grenzwellen
langen von 5.8 pm (PbTe) und 9.7 pm (Pb^ Q4^e  ̂ ^7K aufweisen und
deren Empfindlichkeit nahe dem Photonenrauschen (fur 295K Hintergrundstrahlung 
und 180° Blickwinkel) liegen [6],
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Herstellung : PbTe und PbSe wurden mit HWE in Schichtdicken von einigen 
pm bei ca. 400°C abgeschieden. Zur Herstellung von (Pb,Sn)Se Schichten wurde 
die MBE Anlage am Fraunhofer IPM in Freiburg i.Br., welche primar fur die 
Epitaxie hochdotierter Schichten fur IV-VI Laserdioden eingerichtet ist, 
verwendet. Dank separaten PbSe- unbd SnSe- Quellen in dieser Anlage ist eine 
genaue Kontrolle des Pb/Sn Verhaltnis, welches die Bandliicke bestimmt, moglich. 
Wird nur mit binaren Quellen gearbeitet, resultieren sowohl mit MBE als auch 
mit HWE n-Typ Schichten, wahrend durch Mitverdampfen des entsprechenden 
Chalkogens Se oder Te die Ladungstragerkonzentration nach p-Typ verschoben 
wird. Fur die Herstellung von IR-Sensoren nach unserer Schottkydiodentechnik 
werden p-Typ Schichten benotigt.

Mikrostrukturen und mechanische Spannungen : Glatte Oberflachen mit 
gelegentlichen Fehlern resultierten in n-Typ Schichten ohne zusatzliche 
Chalkogenverdampfung. Rontgenographische Gitterkonstantenbestimmungen an PbSe

_3Schichten ergaben Werte, die innerhalb der Messgenauigkeit (<10 ) mit den
Gleichgewichtswerten iibereinstimmten. Mechanische Spannungen, die auf Grund der 
ca. 7 mal hoheren thermischen Ausdehnung der Bleichalkogenide (und auch 
(Ca,Ba)F2 ) gegeniiber Si beim Abkiihlen auftreten sollten, sind demnach 
weitgehend relaxiert. Wurden die Proben etwas erwarmt, verschoben sich die 
Rontgenlinien sofort (d.h. innerhalb der wenigen Minuten dauernden Messvor- 
bereitung) zu den der Gitterkonstanten bei der aktuellen Probentemperatur 
entsprechenden Gleichgewichtslagen. Dies lasst auf athermische Relaxation des 
PbSe schliessen. Zusatzlich unterstiitzt wird diese Annahme durch Interferenz- 
kontrastmikroskopie: Parallele Linienmuster wurden in den drei [110]-Richtungen 
beobachtet, die offenbar Gleitstufen im {100}[110] Gleitsystem der Bleichal
kogenide entsprechen und beim Abkiihlen der Proben von der Wachstumstemperatur 
entstanden sind.

Wird bei der Epitaxie der Chalkogen-Dampfdruck zur Herstellung von p-Typ 
Schichten erhoht, so wird fiir Schichten auf massiven BaF2  Einkristallen die 
Qualitat nicht verandert. Dies war auch fiir HWE-PbTe Schichten auf 
(Ca,Ba)F2 /Si mit zusatzlicher Te Quelle der Fall. Bei Se-haltigen Materialien 
auf (Ca,Ba)F2 /Si trat dagegen eine drastische Verschlechterung der 
Schichtqualitat auf: Blasen von einigen pm Durchmessern, die sich quer durch 
die gesamte Schicht inklusive (Ca,Ba)F2  ausdehnten, bedeckten mindestens 
Teile der Oberflache [3], Unterhalb weggeplatzten Blasen war mit der Mikrosonde 
ausser Si nur etwas Se, aber kein Pb oder Ba, nachweisbar. Ursache dieser
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Blasen sind wahrscheinlich durch Fehler in der (Ca,Ba)F2  Schicht bis zur 
Si-Oberflache durchdiffundierte Se-Atome mit anschliessender Si-Se Oberflachen- 
reaktion, die sich verheerend auf die Schichthaftung auswirkt. Wurde in der MBE 
Apparatur der zusatzliche Se-Fluss erst nach etwa 1 pm Schichtwachstum 
eingeschaltet, blieb die auch wahrend der Epitaxie beobachtbare Schicht 
anfanglich noch vollig spiegelnd. Erst nach einer gewissen weiteren Wachstums- 
zeit, die in grober Uebereinstimmung mit Se-Diffusionszeiten durch den ohne 
zusatzlichen Se-Fluss gewachsenen Teil der Schicht ist, traten Blasen (sichtbar 
als makroskopische Aufrauhung der Oberflache) auf. Diese Gebiete waren vorerst 
an "Schwachstelien" des Substrates lokalisiert, z.B. am aufliegenden Rand der 
Schattenmaske oder an der eingeritzten Substratbezeichnung, und breiteten sich 
allmahlich liber die ganze Probe aus. Die Blasen entstehen also bereits wahrend 
des Schichtwachstums. Sie konnen durch folgende Effekte verursacht sein: Hohe 
Kompressionsspannungen wahrend des Wachstums (grossere Gitterkonstante von 
BaF2  gegeniiber Si I) lassen die Schicht um Schwachstellen des Substrates in 
Blasen aufwolben; oder Reaktionsprodukte der Si-Se Oberflachenreaktion erzeugen 
einen lokalen Gegendruck mit dem selben blasenbildenden Effekt. Im Raster- 
elektronenmikroskop direkt beobachtete Gleitstufen an solchen Blasen sind 
Zeugen von hohen mechanischen Spannungen, die mindestens zeitweise geherrscht 
haben miissen.

Hallbeweglichkeiten : Mit HWE hergestellte n-PbSe [3] sowie PbTe Schichten 
auf (Ca,Ba)F2 /Si weisen ebenso hohe Hallbeweglichkeiten wie massive
Einkristalle auf (Fig. 1). Typische Werte guter Proben liegen bei 1000

2 -5/2cm / M s e c  bei RT, steigen mit approximativ T mit sinkender Temperatur T
an (akustische Phononenstreuung mit temperaturabhangigem Bandabstand) und 

5 2sattigen oberhalb 10 cm /Vsec (Verunreinigungsstreuung). Mit MBE 
hergestellte Schichten wiesen dagegen eine 2-5 mal kleinere Beweglichkeit auf 
(Fig. 2), und zwar sowohl fiir auf (Ca,Ba)F2 /Si als auch auf massivem BaF 2  

hergestellte Schichten. Wir vermuten deshalb, dass diese verkleinerten Werte 
durch die noch nicht optimierte Wachstumsprozedur der wenigen bisher mit MBE 
hergestellten Schichten verursacht sind. Weiter wurden p-Typ Proben, die fiir 
die Sensorherstellung vorgesehen waren, zur Vermeidung der Blasenbildung 
inhomogen hergestellt, indem die Se-Quelle erst wahrend der zweiten Halfte des 
Schichtwachstums eingeschaltet wurde. Die unvollstandige Homogenisierung der 
Ladungstragerkonzentration liber die Schichtdicke wurde in der Berechnung der 
Hallwerte nicht beriicksichtigt. Diese etwas kleineren Hallbeweglichkeiten sind
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jedoch fiir Substrate, die fiir die Herstellung von IR-Sensoren benutzt werden, 
mindestens bei unserem jetzigen Stand der Entwicklung, ohne Bedeutung [1,6].

Den Herren Prof. Melchior und Prof. Baumgartner, ETH Zurich, sei an dieser 
Stelle fiir die Forderung der vorliegenden Arbeit herzlich gedankt. Die MBE 
Anlage konnte dank dem grossziigigen Entgegenkommen von Herrn Dr. Preier, 
Fraunhofer Institut fiir phys. Messtechnik, Freiburg i.Br., benutzt werden, 
wofiir wir ebenfalls unseren besten Dank aussprechen. Weiter danken wir Herrn P. 
Waegli, ETH Ziirich, fiir die zahlreichen Untersuchungen am Rasterelektronen- 
mikroskop. Die Gruppe fiir Riistungsdienste, Bern, hat das Projekt finanziell 
unterstiitzt.
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ABSTRACT

Graded (Ca,Ba)F2 layers consisting of near lattice matched C a F 2 at the Si in
terface and of BaF2 with 14% increased lattice constant at the top surface were 
frown by molecular beam epitaxy (MBE) on Si(111). Smooth and crackfree layers 
txhibiting Rutherford backscattering (RBS) channeling minima below 5% were ob
tained. Device quality epitaxial layers of PbTe, PbSe and (Pb.Sn)Se were grown 
in top of these structures. Mechanical stress at 300K was relaxed by athermal 
nechanisms in the fluoride- as well as in the Pb-salt films. - In preliminary 
'uns, epitaxial CdTe-layers were obtained on Si(lll) using the same fluoride- 
)i\jfer film technique and which showed clear SEM electron channeling patterns.

INTRODUCTION

Since the first publications on MBE of IIa-fluorides [1,2], high quality 
ayers of these insulators have been grown on an increasing number of semicon
ductor materials. Due to the unique complete miscibility of the CaF2-SrF2 and 
irF2—BaF2 sequence, a close lattice match can be achieved for most of the semi
conductors commonly used for device applications (Fig. 1). Compound structures 
like GaAs/(Ca,Sr)F2/GaAs [3], Si/CoSi2/CaF2 [4], or Si/CaF2/Si [5-7] have also 
ieen prepared having in mind possible vertical integration or insulation in 
3-dimensional IC-applications.

Most of these structures reported to date consist of binary or mixed fluo
rides vith a more or less close lattice match to the substrate, but with 
constant compositions of the fluoride layer.

However, a variety of more general applications becomes feasible by grading 
the composition of the fluoride layers across their thickness in a manner, that 
lattice match at the interface to both the bottom- and the top epitaxial semi
conductor is obtained. This has been found to be possible even over the extreme 
range of compositional tunability with CaF2 (a=0.54 nm) and BaF2 (0.62 nm) as

c u t - o f f  wavelength (|im) end-members at the oppo-
5 10 20 site interfaces, thus pro

viding a link for up to 
14% lattice mismatch [8]. 
The two semiconductors 
connected by the fluoride 
buffer may therefore have 
very different latttice 

-10%° constants and may belong 
to different systems.

The technique has 
been applied for the first 
time in Si/(Ca,Ba)F2 /PbSe 
structures [8,9] with lat
tice mismatches at the 
interfaces to the Si and 
PbSe of 0.6% and 1.3% at 
room temperature, respec
tively, and with the rest 
of the mismatch accommo
dated in the graded part
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of the fluoride buffer 
layer. Fig. 2 shows elec
tron channeling patterns 
illustrating the single 
crystal nature of such 
structures. As is well 
known with bulk B a F 2 [10], 
^BE grown B a F 2 surfaces 
also form suitable sub
strates for epitaxial nar
row gap Pb-chalcogenides. 
Photovoltaic IR-sensors on 
Si suited for operation in 
the 3-5 or 8-12 um atmos
pheric window have recen
tly been demonstrated by 
using this technique and 
with PbTe or (Pb,Sn)Se for 
the top layer [11]. This 
offers promising appli
cations for IR-optoelec- 
tronics like IR-focal 
plane arrays for thermal 
imaging applications with 
signal multiplexing and 
preamplification circuitry

integrated in the Si substrate.
For further applications requiring less lattice mismatch accommodation or 

other substrate materials than Si, graded fluoride buffers with mixed end 
compositions within the C a F 2- S r F 2- B a F 2 sequence may be used. Mixed fluorides 
with adequate quality and various constant compositons have already been grown 
by different groups [3,7,12], and, as will be shown below, graded parts in such 
layers do not seem to deteriorate their quality.

Fig. 2. Epitaxial PbSe/BaF2/Si stacks. Single cry
stal SEM electron channeling patterns of Si, B a F 2 
and PbSe surfaces, and schematic drawing of the 
most important reflection bands. Note the twinned 
lattice orientations of succeeding layers.

EXPERIMENTAL Si(111)-CaF2-B a F 2 SEQUENCES

Si(lll) wafers were cleaned either in hot HN03/ H 2S 0 l4 with subsequent oxide 
removal in HF or by growing a volatile oxide which was removed by in situ hea
ting up to 850 C immediately prior to fluoride growth. Fluoride layers were 
grown in a small UHV deposition chamber using miniature Ta- or C-crucibles (0.1- 
1 c m 3) and at background pressures in the high 1 0 -8 mbar range during deposition 
for most experiments. First, a thin CaF2 layer (=1— 10 nm) was deposited at 
sample temperatures of about 700°C. The composition was then graded to the BaF2 
value by gradually tuning the composition across the CaF 2-SrF 2- B a F 2 sequence to 
pure BaF2 during the next =10 nm of growth. The layers were terminated by conti
nued deposition of pure BaF2 up to about 200 nm thickness. Since comparable re
sults, -as judged from SEM channeling patterns-, were obtained even by omitting 
the SrF2 source in inital runs, work was focused on the CaF -BaF2 sequence be
cause of the somewhat simpler deposition procedure. Xm ^n values below 5%, as de
termined from RBS with 2 MeV He-ions near the BaF2 surface, were obtained [9,13] 
for layers prepared as described above, and even if an abrupt transition without 
continuous grading from C a F 2 to BaF2 was used. Fig. 3 shows a micrograph of such 
a specular and crack-free BaF2(111) surface which appears smooth apart from some 
occasional faults even at the high magnification used.

The CaF2-BaF2 System exhibits a miscibility gap, but metastable mixed 
(Ca,Ba)F2 may form when prepared by MBE [12]. Since the continuously graded 
parts of our layers were too thin for direct verification of a true (Ca,Ba)F2 
lattice, some layers with mixed (Ca,Ba)F2 compositions up to the outer surfaces 
were grown at 600°C. These layers consisted of two phases with lattice con
stants of the BaF2-rich part corresponding to the value at the equilibrium
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Fig. 3. SEM micrograph of epita- Fig. 4. SEM micrograph of epitaxial PbSe on
xial BaF2 -CaF2 on Si(lll). BaF2 -CaF2 on Si(H1).

miscibility gap. A considerable part of the Ba and Ca is diffused towards the 
surface or Si-interface, respectively, leading to a Ba enrichement near the 
outer surface. It therefore does not seem likely that the thin graded parts ter
minated with pure BaF form a true metastable phase under our deposition con
ditions. Metastable (Ca,Ba)F2 would possibly result at lower growth temperatures 
and "cleaner" environement. However, if a continuos grading is desired, the 
CaF2 -SrF2 -BaF2 sequence offers an alternative.

According to RBS channeling data along <110>- and < 1 14^ directions and SEM 
channeling patterns, it was concluded that most of our layers consisted of pre- 
dominantely tyDe B orientation (i.e. with the lattice rotated 180° about the 
normal to the <111 ̂ surface compared to the Si lattice). RBS- and SEM-channe- 
ling, however, are unsuited to detect small amounts of type A (with the same 
lattice orientation as the substrate) grains in a B-matrix. By simple X-ray 
diffraction (XRD) with CuKa radiation at (440)-planes, an up to 10 fold increa
sed sensitivity for twin detection was achieved: Bragg reflections of such 
planes occur with 3-fold symmetry every (2n)*60° (n=l,2,3) angle when the sample 

rotated around an axis normal to the <111 ̂ -surface (with the detector held 
fixed) if one type of orientation only is present. Additional reflections occur 
at (2n+l)*60 from twinned parts. The ratio of the intensities of the two sets 
of reflections provides an estimate of the volume ratio of the two types of 
orientations. In fact, a large fraction, but not all, of our graded layers con
sisted of pure type B, with type A fraction below 2% (XRD sensitivity limit), 
but some layers exhibited up to 15 % type A grains in the B matrix although they 
were prepared using similar procedures. This 15%-amount of A-orientations re
mained undetected in SEM- or RBS-channeling. The origin of these irreproducibi- 
lities seems to be related to the first stages of growth and depends on details 
of the experimental conditions which are not fully understood at present.

PbTe AND (Pb,Sn)Se ON BaF2-CaF2-Si(111)

PbTe and PbSe with up to a few urn thickness were grown by HWE (hot wall epitaxy) 
at about 400 C. To grow (Pb.Sn)Se, MBE was employed because of the much better 
control of the Sn/Pb ratio which determines the bandgap [11,13]. Binary source 
materials were used with an additional chalcogen source for tuning the carrier 
concentrations from the high 1017/cm3 n-range (with the source shut off) to 
p-type with increasing chalcogen source temperature. Fig. 4 shows a micrograph 
of the specular surface of a PbSe layer. Bulklike Hall mobilities were obtained 
over th| whole 300K to 10K range, increasing from about 1000 cm2/Vsec at 300K up 
to 3*10 cm3/Vsec below 20K for PbTe and n-type PbSe [9,13].
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With the additional Se-source switched on, an unexpected pnenomenon occureo 

which is not observed when growing on bulk BaF2(111) or n-type layers on 
(Ba,Ca)F2/Si: Blisters up to about 10 um in diameter cover parts of the surface 
(Fig. 5). They are formed during growth, bow up and some of them crack away to
gether with the fluoride buffer layer so that further growth at these areas is 
polycrystalline. The glide planes visible at the bowed parts are indicative of 
plastic deformation during growth. The origin of these blisters is most pro
bably due to Se which has diffused through faults in the fluoride layer. This 
caused a reaction with the Si-surface that either developed gases causing bow 
out or that caused an area of decreased adhesion with subsequent separation be
cause of possible compressive stresses during growth. However, only about 1/100 
of a monolayer of Se from the additional source impinges on the sample during 
growth of a 1 um thick film. The density of the blisters was only weakly depen
dent on the growth conditions, but decreased with improved quality of the fluo
ride layers in the course of further development. Such blisters were observed 
only in PbSe and (Pb,Sn)Se with additional elemental Se-deposition, but not in 
n- or p-type PbTe.

MECHANICAL STRESSES

Since the thermal expansion coefficients of the IIa-f1uorides and of the 
Pb-chalcogenides (-2'10-5/K at RT) are about 7 times larger than the values for 
Si, mechanical stresses have been expected to occur when the sample was cooled 
down to RT after growth, in addition to those possibly built in during growth 
[9,11]. Strains in the layers have therefore been determined using different 
methods.

RBS channeling angular scans around <111>— and <110>-directions were recor
ded for -200 nm thick fluoride layers. The angle between these two directions is 
35.26° in an unstrained cubic lattice. If the layers are strained, the resulting 
tetragonal distortion of the fluorite lattice manifests itself by a changed 
angular position of the channeling minimum of the Ba-signal compared to that of 
Si. Fig. 6 shows that a possible displacement of the two curves is below our 
measurement accuracy of about 0.05°, corresponding to a strain below 0.2%.

XRD determinations of the lattice plane spacings perpendicular to the sur
face were performed for fluoride- as well as for PbSe-layers. Again, a possible 
tetragonal distortion was below -0.1% of the lattice constant (accuracy limit). 
Furthermore, when heating the sample up to about 100°C in a heating stage of the 
Diffractometer, the positions of the Bragg reflections shifted immediatly (i.e. 
faster than it was possible to determine the line positions) to the new equili
brium values for bulk material as if no mechanical constraints from the Si-sub- 
strate were present.

We conclude that stress relaxation is therefore not thermally activated for

layer and occur in PbSe and PbSnSe only if additional elemental Se is deposited
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Fig. 6. RBS angular scans around <111>- and <110>-lattice directions showing no 
measurable tetragonal distortion. Note that the ordinate scales are not 
normalised and different for each curve.

eDitaxial PbSe as well as for B a F 2 layers. The lines in the SEM micrograph of 
PbSe in Fig. 4 (which was taken at reduced beam voltage and glancing incidence 
to enhance the surface topography contrast) are parallel to <110>— directions ant 
can be interpreted as slip traces of the {100}<110> slip system of the Pb-chal- 
cogenides. The same lines were observed in PbTe and (Pb,Sn)Se layers.

Probably, slip near room temperature is responsible for the stress relax
ation in BaF2, too. BaF2 is known to be softer than CaF2, but complete stress 
relaxation in CaF2 layers on Si has been observed very recently if their thick
ness was above 250 nm [15].

EPITAXIAL CdTe ON BaF2-CaF2-Si(111)

Epitaxial CdTe on Si would open the door to the important HgCdTe system for 
IR- and optoelectronic applications, but with the possibility to use the Si-sub- 
strates for signal processing on a VLSI basis. As indicated in Fig. 1, the lat
tice constant of CdTe lies somewhat above the range covered by the Ila-fluo- 
rides. However, as CdTe has been grown on rather large mismatched substrates 
like GaAs and shows a "self healing" tendency with increasing growth away from 
the interface, an exact lattice match does not seem to be an unavoidable pre
requisite for growth of high quality layers.

In preliminary experiments, we have deposited CdTe onto Si using the same 
araded CaF^-BaF., buffer techniaue as described above. CdTp was then evannrafpd



6

Fig. 7. epitaxial CdTe on Si(lll) with BaF2 -CaF2 buffer.
(a) SEM micrograph, (b) SEM electron channeling pattern.

bo XRD, the layers (with lum thickness) were completely epitaxial. Apart from 
occasional faults, specular surfaces were obtained (Fig. 7a). The SEM channeling 
pattern of Fig. 7b illustrates the crystallographic quality already obtained in 
these first, unoptimised runs.

CONCLUSIONS: In conclusion we have shown that graded Ila-fluoride layers can be 
used as buffers to grow semiconductors with lattice mismatch up to =20% on 
different substrates by growing

(i) device quality (Pb,Sn)Se and PbTe on Si and 
( i i ) CdTe on Si

using a simple CaF2-BaF2 sequence as buffer. This buffer layer technique opens 
up the possibility to connect any two semiconductors with lattice constants in
or near the 0.54-0.62 nm range.

Mechanical stresses possibly resulting from the different thermal expan
sions of the layers and substrate have been found to be relaxed in BaF2 as well 
as in Pb-salt films.
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ABSTRACT
Epitaxial layers of narrow gap PbTe and (Pb,Sn)Se 
have been grown on Si substrates, and used for the 
first time to fabricate intrinsic photovoltaic IR- 
sensors on Si for the 3-5ym and 8-12ym range. The 
narrow gap semiconductors were grown on the Ba F2 
side of a graded (Ca,Ba)F2 buffer film which ser
ved to overcome the large lattice mismatch (up to 
19%) to the Si. The backside illuminated IR-devi- 
ces revealed resistance area products at 87K of 
up to 4ficm2 for PbTe (cut -off wavelength 5.8ym), 
and up to 0.5f2cm^ for (Pb,Sn)Se with 9.7ym cut-off. 
These values come close to or exceed the photon 
noise limit (for 295K background radiation, 180°
FOV, 50% qu antum efficiency). The results open up 
the possibility to construct large monolithic 
IR-FPA's (focal plane arrays) with IR-sensors in 
the na rrow gap semiconductor and signal processing 
in the Si.

INTRODUCTION
In this work, we present first realisations of 
photovoltaic IR-sensors for the 3-5ym and 8-12ym 
atmospheric transmission wi n d o w  fabricated in a 
heteroepitaxial na rrow gap semiconductor layer 
grown on Si. Although still far fr om being o p t i 
mised, the technique appears to be suited for m o 
nolithic narrow gap semiconductor on silicon 
IR-FPA's for thermal imaging applications. Such 
monolithic FPA's would be much simpler to c o n 
struct than the present hybrid bump-bonded HgCdTe/Si 
c o mbinations.They would circumvent the high number 
of hybrid interconnects needed between each sensor 
and Si signal processing circui try which c o mpli ca
tes fabrication procedures especi all y for large 
two-dimensional staring arrays.

Na rrow gap PbTe and (Pb,Sn)Se and a graded (Ca,Ba)F2 
buffer layer were used for the present work.
These combinations were chosen because
a) Epitaxial iv-VI (Pb,Sn)Se, (Pb,Sn)Te and Pb(S,Se) 
narrow gap semiconductors can be grown in device 
qualit y on bulk BaFo(lll) faces by MBE (molecular 
beam epitaxy) or HWE (hot wall epitaxy). Ba ck
ground noise limited ph otovoltaic IR-detectors

have been fabricated in such layers [1]. They are 
co mpositionally tunable covering the full range 
for thermal imaging applications (Fig.l).

cu t-o ff wavelength (jam)

6.6
- 0.2PbTe

x =0.2•<
BaF PbSeca y=0.07

PbSSrF

o CaF

0.2 0.1 
energy gap (eV)

Figure 1 Epitaxial Si / Ila-fluorides / IV-VI
na rrow gap semiconductors: lattice co n
stants and band gap values.

b) Group 11 a fluorides CaF2, Sr F2 » BaF2 and m i x t u 
res thereoff find increasing interest as epitaxial 
insulators that can be grown by rather simple MBE- 
procedures on most semiconductors. Examples are 
CaF2 on Si [2], (Ca,Sr)F2 on GaAs [3], SrF2 on
InP [4], or BaF2 on PbSe [5]. In some cases, a s e 
cond semiconductor layer was grown on top of these 
structures to fo rm e.g. Si/CaF2/Si with a M0S t r a n 
sistor in the top Si layer [6], GaAs/(Ca,Sr)F2/
GaAs [3], or P b S e/B aF2/PbSe [7] with integrated 
IR-sensors.
c) In a previous study [8], we prepared epitaxial 
S i(111)/(Ca,Ba)F2/PbSe structures with the buffer 
layer consisting of near lattice ma tched CaF2 at 
the Si interface (mismatch 0. 6% at 300K), and of 
BaF2 with 14% increased lattice constant at the PbSe
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interface. N-type PbSe top layers grown in this 
way we re of a high quality. P-type layers showed 
some blistering due to Se interactions (probably 
Se which had diffused through the buffer and c a u 
sed localised interactions at the Si surface), but 
it was possible to fabricate first IR-sensitive 
Schottky diodes in these layers. It is the purpose 
of the present work to show that the technique is 
not limited to PbSe. Using PbTe or (Pb,Sn)Se in
stead of PbSe, the se nsitivity range can be ta i
lored to the atmospheric transmission windows 
for practical applications.

EXPERIMENTAL
The graded (Ca,Ba)F2 layers were grown on Si(111) 
wafers by MBE at background pressures in the 
10"8mbar range during deposition. CaF2 and BaF2 
w e re evaporated fr om two independent Ta or graphite 
crucibles. After a substrate anneal of up to 850°C, 
a thin (l-10nm) layer CaF2 was deposited at 700°C, 
followed by a near abrupt transition to BaF2. In 
order to reduce mechanical strain because of the 
higher thermal expansion of the fluorides compa
red to Si, the substrate temperature was then 
lowered to 350°C and deposition of pure BaF2 was 
continued up to about 200nm thickness.
Interference contrast micros cop y showed crackfree, 
nearly structureless surfaces for the better layers 
except for a few occasional faults. Secondary 
electron (SEM) micrographs revealed small tr ian
gular hillocks in the sub mi cron range with 
resemblance to epitaxial CaF2 on Si(lll) surfaces [2].
Rutherford ba ckscattering ion channeling studies 
with 2 MEV He+ ions showed values xmjn of the back- 
scattering yield of the Ba-signal below the sur
face peak (=yield ratio in the cr ysta llographically 
oriented to ra ndom directions) down to 3.3% in the 
<111>-, and 2.6% in the <110>-direction [8]. Such 
low values are indicative of excellent crystallo- 
graphic qualities of the layers, although they 
p ossibly may contain a rather large nu mber of dis
locations [2]. As checked with RBS channeling,
X-ray diffraction and electron channeling, the 
layers were of type B orientation compared to the 
Si substrate, i.e. the fluorite lattice is rotated 
180° around the < 1 1 1> surface normal (twinned 
o r i e n t a t i o n ) .
PbTe layers were then deposited in a separate HWE 
furnace at 400°C. As p-type layers with c o ncen tra
tions in the low 1 0 ^  cm“ 3 range are required for 
our device fabrication schedule as described below, 
additional Te was deposited si multaneously for 
tuning the carrier concentration to p-type. Co n t r a 
ry to the case of PbSe growth, this was possible 
wi thout problems, i.e. no degradations (blisters 
due to chalcogen reactions) we re observed when the 
chalcogen pressure in the HWE apparatus was in
creased. As grown layers showed essent ial ly bulk 
Hall mobilities, i.e. ^1000 and 30 000cnr/Vsec at

300K and 77K, respectively, with the typical T~5/2 
increase with decreasing temperature T, and s a t u 
rated above lO^cm^/Vsec below 20K.
Pb0 .96Sno.04Se was grown up to a few p m  thickness 
on top of the Si /(Ca ,Ba )F2 structures by MBE at 
375°C. MBE instead of HWE was used be cause MBE with 
separate PbSe- and SnSe-effusion cells allows a 
precise control of the Pb/Sn ratio wh ich de t e r m i 
nes the band gap. An additional Se source was used 
to obtain p-type layers. In order to prevent b l i 
stering of the layers due to Se-vapor interactions, 
the Se source was shut off during the first part 
of growth. Hall mobilities of these layers (and 
of layers grown on bulk BaF2 for re fere nce p u r p o 
ses) were about a fa ctor 3 lower than for PbTe or 
PbSe grown by HWE. As it is well known that high 
mobili ty PbTe and PbSnSe (on bulk BaF2) can be 
obtained by MBE as well as by HWE [1], we attri
bute these lower values to the unoptimised growth 
procedure of our few layers prepared with the MBE 
apparatus at the Fr aunhoferinstitut at Freiburg 
which is pr imarily used for highly doped IV-VI 
na rrow gap materials for IR-laser applications. 
However, a very high Hall mo bili ty is not n e c e s s a 
rily a pr erequisite for device fa brication [1]; 
at the present state of development of our IR- 
devices, we do not believe that this lower Hall 
m o bili ty is the limiting factor concerning p e r 
formance.
IR-sensitive Schottkydiodes we re prepared by 
vacuum deposition of a dot of Pb for the bl ocki ng- , 
and of Pt for the ohmic contact through hard m a sks. 
A layer of po lycr ystalline BaF2 was used to de
fine the active area and for contact insulation 
[1,7]. This technique is well es tablished and 
yields backside illuminated devices with typical 
reflection loss limited quantum efficiencies of 
about 50% wi thout an tireflection coating.

RESULTS
The structures wi thstanded repeated cooling down t o  
1 OK and heating up to 150°C without mo re change 
in electrical properties than usually encoun ter ed 
in layers grown on bulk BaF2- The different t h erma l 
expansion coefficients of Si (2.6*10"®/K) and of 
the Ila-fluorides and IV-VI semiconductors (both 
^2-10'5/K) &re therefore not detrimental to the 
raxher thin (few jjm range) layers used in this 
work. Smooth, mirror like surfaces w e re m a inta ine d 
and no cracks were detectable. Areas up to 5*8mm^ 
have been grown without problems of adherence as 
long as no or only minor blistering due to Se- 
reactions mentio ned above occured. However, s m a l l e r  
areas will possib ly be advantageous because of r e 
duced mechanical strains caused by temperature 
changes.
Fig. 2 and 3 show the I-V ch arac teristics and s p e c 
tral response at 87K of a PbTe and a P b o .96Sno.04Ses 
Schottky diode on (Ca,Ba) F2/Si substrates. The 
measured c u t - o f f  wa velengths are 'v-S.Spm and 9.7um,,
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Figure 2 I-V characteristics and spectral res- Figure 3
ponse of a backside illuminated hete
roepitaxial PbTe on (Ca,Ba)F2/Si 
photodiode.

respectively, at that temperature. The spectral 
response shows the expected behaviour of a near 
ideal photovoltaic sensor, but with the response 
modulated due to interference effects. Resistance 
area products at zero bias R0A (which are propor
tional to the sguare root of the detectivities D*) 
were up to 4ncnr for PbTe and up to 0.5ftcm2 for 
Pbo.96Sno.04^e photodiodes. As shown in Fig.4, these R0A products lie near or above the calcula
ted values at which the photon background noise 
for 295K radiation and 180° field of view (F0V) is 
equal to the junction noise. The R0A obtained 
earlier for a PbSe diode on (Ca,Ba)F2/Si substra
tes with some blisters extending through the acti
ve area [8] is also included in this figure for 
comparison.
Although the present sensors were obtained using 
growth and fabrication procedures which were 
rather crude and far from being optimised, useful 
detectivities for terrestrial applications have Figure 4
already been obtained. A large potential for im
provement seems possible with a better understan
ding and optimisation of the numerous technology 
and device parameters and by using more elaborate 
techniques for device fabrication, e.g. pn-

I-V characteristics and spectral response 
of a backside illuminated heteroepitaxial 
PbQ.96Sno.04Se on (Ca,Ba)F2/Si photodiode.

D* (JNL)=D*IBNL) ^ F0V

10
o

PbTe1
PbSe

0.1
3 5 7 9 11 13

c u t-o ff w avelength (jj.m)

Points: Experimental resistance area pro
ducts R0A of IV-VI narrow gap IR-photo- 
diodes on (Ca,Ba)F2/ Si. Solid line:cal- 
culated RoA at which the background noise 
limit (for 295K, 180° F0V) is equal to 
the junction noise limit with junction at 
80K and 50% quantum efficiency (from Ref.l
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junctions formed by diffusion or ion implantation 
instead of Sc hott ky diodes which are very sensiti
ve to the su r f a c e  structures.

CONCLUSIONS
High qu ality epitaxial IV-VI narrow gap semiconduc
tor layers have been grown onto Si substrates by MBE 
or HWE using composition graded (Ca,Ba)F2 buffer 
films to ov erco me the large lattice mismatch (up 
to 19%). Near background noise limited photovol
ta ic IR-devices for terrestrial thermal imaging 
applications have been demonstrated in these layers 
for PbTe with 5.8ym cut-off wavelength and for 
P b o .96S n o.04Se with 9.7ym cut-off at 87K. Other com
po siti ons covering the range f r om below 3ym to 
above 15ym ma y be used, too. These first results 
cl earl y demonstrate the ap plicability of this r a 
ther simple technique to large monolithic IR-FPA's. 
The na rrow gap IV-VI se miconductor layer may con
tain a line or area array of photovoltaic intrin
sic IR-sensors and the Si may be used for signal 
m u ltip lex ing and amplification.
The graded (Ca,Ba)F2 layers can be prepared with 
good quality. Th ey may be applied as graded epi
taxial insulator- and buffer- films in stacks of 
different non lattice matched heteroepitaxial 
mo noli thi c semiconductors. As high quality mixed 
X F2 (X=Ca, Sr, Ba and mixtures thereoff) crystals 
have already been prepared, lattice constants 
between 0.54 and 0.62nm may be tailored using a 
layer wi thin the completely miscib le C a F2-S rF2-BaF2 
sequence.
Ac knowledgments: The authors would like to thank 
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Distributed Bragg reflector Pb, _xSnxSe/Pb, .^.^Eu^Sn^Se double heterostructure stripe 
geometry diode lasers were fabricated using molecular beam epitaxy. We observed cw single mode 
operation between the heat-sink temperatures 66 and 81 K at A cz 7.8 pm  with an average tuning 
rate of 0.8 cm~ '/K . Single mode continuous tuning over a relatively wide range of 6 cm “ ', with 
an average tuning rate of 0.026 cm“ '/mA, was obtained at 77 K.

Lead salt lasers are commonly used as tunable radiation 
sources for ultrahigh resolution spectroscopy and infrared 
heterodyne detection. Lasers for these applications should 
fulfill the following requirements for optimum performance: 
emission in a single mode with wide continuous tuning and 
high power, a small wavelength dependence on temperature 
or current fluctuations, and cw operation of the laser at tem
peratures 7>77 K.

These are not obtained simultaneously in a standard, 
Fabry-Perot (FP) laser. Distributed feedback (DFB) la
sers and distributed Bragg reflector (DBR) lasers combined 
with laterally confined double heterostructures are suitable 
devices satisfying these requirements.

DFB and DBR PbSnTe lasers had been reported before, 
but they were not operated cw at 7>77 K .1-5 In addition, the 
only lasers which operated cw (T<5(> K )2 did not have a 
“clean” single mode spectrum. Here cw operation of a corru
gated lead salt laser at 77 K is reported for the first time.

The structure of this laser is shown in Fig. 1. The layers 
were grown on ap-type PbSe ( p =  1.15X 10” cm "3) sub
strate by molecular beam epitaxy (MBE). At first a 3-pm- 
thick /7-type layer of P b j^ .^ E u ^ S ^ S e  (x=1.4%, 
>> = 0.8%) doped with Ag was deposited. Then a \-pm- 
thick p-type Pb, _xSnxSe (x =  1.4%) active layer was de
posited, followed by a 2-/im-thick n-type Pb, _ x .^Eu^Sn, Se 
(x = 1.4%,p = 0.8%) (doped with Bi) upper cladding lay
er. The lattice mismatch of these layers should be quite small 
due to the fact that the lattice constant of EuSe is only — 1 % 
larger than that of PbSe, and thus Eu admixture hardly 
changes the lattice constant. Using conventional photolitho
graphic techniques, 1-mm-wide stripes of baked photoresist 
were aligned along the (100) direction. A layer of 0.55 p m  
thickness was removed from the top cladding in the region 
between the photoresist stripes by using A r+ ion beam etch
ing. Periodic corrugations were now fabricated in these 
etched regions, using first a holographic photolithography 
step and then a second ion beam etching step.6

The grating grooves had trapezoidal shape, and were 
parallel to the photoresist stripes. The period (A) and the 
depth of the corrugation were 0.80 and 0.55 pm  respectively. 
The grating period was chosen to provide first order Bragg 
reflection. All the photoresist was then removed by plasma

etching, and the corrugated regions were covered with baked 
photoresist as an isolator. The last process steps were the 
fabrication of 25-^m-wide window stripes perpendicular to 
the corrugation grooves and the application of metal con
tacts. By cleaving, lasers of 370 pm  active length, 650 pm 
corrugated section length, and 400 pm  width were fabri
cated. The lasers were mounted in standard packages with 
the n side facing an indium plated copper stud.

The lasers were tested at low temperatures using a 
closed cycle helium refrigerator. Laser emission was ob
served from the cleaved mirror (opposite to the Bragg reflec
tor, see Fig. 1) under pulsed conditions (6-ps pulses at 1- 
kHz repetition rate) and cw conditions. The total resistance 
of the lasers was about 60 m O at 80 K. Spectra of the laser 
radiation were recorded with a monochromator. The abso
lute experimental error of the wavelength is less than 1%.

One of the lasers, whose characteristics are being report
ed here, operated as an ordinary FP multimode laser for 
heat-sink temperatures up to 130 K in the cw mode and up to 
180 K in the pulse mode. In a certain temperature range 
around 77 K it worked as a DBR laser; in the range 66-81 K 
in the cw mode and in the range 75-90 K in the pulse mode. 
At the lower operating temperature, DBR cw lasing was 
obtained for currents up to three times the threshold current, 
and more than five times the threshold current in thepulsed 
mode. The threshold current was about twice that obtained 
for regular FP lasers which were fabricated from the same 
wafer (having the same length), except for the DBR operat
ing region where it was only 40% higher. At 77 K the thresh* 
old current density was 4 kA/cm 2 at both cw and pulse oper
ation. In Fig. 2 a spectrum of the cw DBR region is shown 
for different temperatures and injection currents. The inten
sity scales of the individual curves were chosen so that the 
peak intensities look comparable. The maximum power of 
0.2 mW was obtained at 7.82pm , 700 mA, and 70 K. The FP 
mode intensities outside the DBR operation range are 
smaller by an order of magnitude. The temperature tuning 
rate was between 0.6 and 1.0 cm -  l/K , while the tuning rate 
of a conventional multimode FP laser is about 4.5 cm -  */K. 
The spectrum usually contains only one mode and some
times two modes for a spectral range of some 20 cm-  \  Mode 
hopping was also observed.
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FIG . 1. Schematic description of 
the distributed Bragg reflector 
(D B R ) laser.

The modes are very “clean” and measurements with a 
ipectral resolution of 0.3 cm-1 revealed no further lateral 
node structures, and a ratio of more than 200:1 between 
naximum peak power and noise was obtained. A more de- 
ailed spectrum of the laser at 77 K. is shown in Fig. 3. Here a 
node hopping between 440 and 450 mA can be clearly ob
served. From 450 mA (7.841 /im ) to 680 mA (7.804 fim)

; he laser operated in one single mode over a continuous tun- 
ng range of 6 cm -  ‘. At 77 K, a maximum power of about 

H I 5 mW was obtained at a current of 650 mA. At 680 mA a 
: aysteresis of the mode hopping behavior was observed. 
While increasing the current, the mode hopping occurred 
)etween 680 mA (7.804pm ) and 690 mA (7.790/im ); but 
while decreasing the current, the mode hopping occurred 
between 680 mA (7.790/im ) and 670 mA (7.806/im ).

Analyzing the tuning characteristics as a function of 
current in the DBR range, we obtain a mode tuning rate of 
-0.026 cm "'/m A , while the overall tuning rate is —0.035 
cm-  l/m A . In FP lasers one observes a comparable mode

aot ioc

FIG. 2. DBR cw spectrum as a function of the tem perature (5 K steps) and 
the injection current (50 mA steps). The intensity scale is different for each 
temperature and current measurement.

tuning and an overall tuning of —0.1 cm _1/m A , which is 
determined by the gain tuning.

The mode hopping is due to the difference between the 
overall tuning rate of the Bragg condition, which is deter
mined by dNtBc/dI, and the tuning rate of a single mode, 
determined by dN^/dl, where Negc and Neg g are the effec
tive refractive indices in the corrugated and the pumped re
gions, respectively, and /  is the current. These tuning rates 
differ less than the mode and gain tuning rates that deter
mine the mode hopping characteristics of FP lasers. Hence 
we can expect a considerably larger single mode tuning 
range.

If the DBR section is kept at constant temperature, no 
tuning of the Bragg condition should be observed. In our

77 K

voC
QJ

CZ 500
QJ>*
ac

(.00

7.90 7.85 7.80
A  /  p m

FIG . 3. Emission spectrum of a DBR laser, operated cw mode, as a function 
o f the injection current (10 mA steps) at 77 K.
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case the laser was mounted so that only the pumped area was 
in contact with the metal post and hence cooled. The corru- 
gated section was freely suspended and heated from the sec
tion that is carrying the current. That is why it shows tuning.

The mode separation is about 2 cm” 1 (see Fig. 3). Tak
ing only the length of the pumped section of the laser into 
consideration and neglecting the dispersion of the effective 
refractive index and phase shifts of the distributed Bragg 

.reflector, one would expect a mode separation of ~2.7 
cm**1, in qualitative agreement with the experimental data, 
since both effects lead to a decreased mode separation.

The Bragg condition and the maximum gain seem to 
coincide at the wavelength A =  7.82 fim, where we observed 
the highest output power ( / =  700 mA, T=  70 K, cw). In 
order to give a feeling for the temperature conditions inside 
the laser structure, the same wavelength was found in pulsed 
operation at 86 K heat-sink temperature and at threshold 
current.

From the experimental resonance condition we calcu
late the effective refractive index of the corrugated sec
tion. The value Ncttx =  A /2A =  4.89 is reasonable for a 
Pb, .^Sn^Se/Pb, .jj.^Eu^Sn^Se waveguide. In order to 
verify this number, we used the published refractive index of 
Pb, .^Sn^Se.7 The refractive index of Pb, .^ .^ E u ^ S ^ S e  
was calculated from Ref. 7 using the parameters of 
Pbj-jrSn^Se except the energy gap. With the same set of 
data we derived kL ~ 1.5, where k is the coupling coefficient 
and L the length of the corrugated section.

In conclusion, we have described the fabrication and 
performance of a DBR Pb, _ ,SnxSe/Pb, .^.^Eu^Sn^Se la

ser. It has a high single mode output power of 0.2 mW. We 
observed single mode tuning ranges of up to 6 c m " 1. The 
temperature range of DBR operation was 15 K with an aver
age DBR tuning rate of 0.8 cm ” '/K . This is the first corru
gated lead salt laser operating cw at temperatures above liq
uid nitrogen temperature.
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Abstract

Pb, Eu Se is a promising material for IR devices. The band gap becomes larger with the 
relatlvi content of Europium. The preparation of Pb.j_xEuxSe by molecular beam epitaxy and 
the properties of these layers will be described.

Introduction

There are two main reasons, why Pb, Eu Se is a promising new material for IR devices. 
With increasing Europium content, the oaftd gap of^PbEuSe becomes rapidly larger. With 1.5 I 
Eu, the absorption edge is approximately 3400 cm at room temperature, compared to roughly 
2300 cm” for PbSe. Second, the lattice constant is hardly expected to change upon 
admixture of Europium, since the lattice mismatch of PbSe and EuSe is only about 2 1. Thus 
the PbEuSe system lends itself for the construction of heterostructures.

In this paper we shall first describe the growth of Pb, Eu Se by molecular beam epitaxy 
(MBE) and then discuss the electrical and optical material characteristics.

Growth of Pb^ xEuxSe by MBE

Pb, Eu Se film^ have been grown in a MBE apparatus that had been specially designed for 
IV - vT* expounds . As substrates we use BaF, or PbSe. The conductivity data of samples 
grown on BaF, were superior for freshly cleavea slices as compared to additionally polished 
BaF, substrates. The growth temperature of 350 - 400 °C that is known for best results on 
PbSe layers was also used for Pb, Eu Se up to x * 20 I. As dopants both Silver and Bismuth 
were used for p-type and n-type material.

For growth of Pb. Eu Se layers, we use the constituent materials PbSe, Se, and E u . 
Selenium has to be acTaed in order to incorporate the Europium atoms on metal sites. Most 
layers have been grown with the selenium atom flux being about 12 % of the PbSe flux. For 
PbSe layers, this results in p-type material. If no selenium were added, PbSe layers would 
be n-type due to the elevated sample temperatures and the higher partial pressure of 
selenium as compared to lead. Using the 12 I selenium flux, Pb, Eu Se could be grown up to 
x * S 1, Films with higher Europium concentration did not have* monocrystalline appearance 
for this Se flux rate. In order to get to higher Europium concentrations, the selenium flux 
had to be increased. For the highest, x = 0.2 a selenium flux of 110 I of the Europium flux 
yielded good results.

Use of Europium requires good vaccuum conditions, since it reacts readily with oxygen. 
If our standard growth temperature is used, oxide layers are not visible, and the samples 
are stable when kept in the atmosphere. However, it is probably still advisable to finish a 
heterostructure by a thin PbSe cap layer for protection.

Electrical Characteristics

Samples grown on BaF, were characterized by measurement of the Hall effect in Van der 
Pauw geometry. There was no large difference between samples of thickness 2 um and 4 um,
provided the BaF^ substrates were freshly cleaved. Thus the disturbed region adjacent to
the interface is small. With polished substrates, the mobility of 2 um thick samples was 
drastically reduced.

The 300 K carrier concentration of Pb1_ Eu grown nominally und^ged, decreases nearly
linearly with the Europium content from 2X l5 cm for x * 0 to 10 cm for x s 0.025. 
This material is p-type, probably because it ^ s  selenium rich . At 77 K, the carrier 
concentration is constant and equal to about 10 cm up to x ■ 0.02, and then decreases 
rapidly, so that at x = 0.025 the concentration is only approximately 7 x |o,s cm '3.
The 77 K carrier concentration is larger than that at 300 K in: the region x = 0.1 to x =
0.23 .
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The same qualitative behaviour is found in samples doped with silver at a dopant flux 
of Ojft7 I _T°f the PbSe flux. However, for x ■ 0 the concentration is approximately
6 10 cm” for 77 K and 300 K. We qualitatively explain this behaviour with a level 
near the valence band edge that resonates with the band edge or gets degenerate with 
the band. The relative position depends on the band gap size and hence varies with Euro
pium concentration and temperature.

n type materia.L behaves different in that its carrier concentration remains nearly un
changed at 7 10 cm" for x « 0 to x * 0.025 and 77 K as well as 300 K. The bismuth
doping flux was 0.05 I of the PbSe flux for the set of samples used for these measure
ments. This result supports the assumption that the a typical p-type results can be ex
plained by a specific constellation of an acceptor level.

The mobilities of Bi, Ag and undoped samples differ at a given temperature and Europium 
concentration by about +20 t. They drop at 300 K by about 50 I when x is raised to 0.025,
whereas at 77 K the mobility is nearly reduced by an order of magnitude in the x * 0.025
materi al.

With the Selenium flux of 12 the carrier concentration of Silver doped material
saturates at a silver flux of about 0.04 I. Any excess silver is probably incorporated 
upon interstitial sites and does not seem to influence the electrical properties. Bismuth 
doped material showed an increasing carrier concentration with increasing dopant flux 
up to the highest flux of 0.2 I, where a carrier concentration of 2 10 cm” was found
at 300 K and 77 K. The mobility of the free carriers of p- and n-type samples is nearly
independent of the flux rates that we used, 0.05 t to 0.2 I for Bismuth and 0.07 i to
0.24 % for silver.

Optical Characteristics

Transmission measurements of the Pb^ _ Eu Se samples showed that the absorption edge
shifts steadily with increasing Europium content. The position of the absorption edge 
as well as its rate of change depend _<̂ n the dopant and its concentration. We observed 
tuning rates between 900 cm” and 600 cm per % Europium.

The transmission interferences that were observed at energies below the absorption 
edge indicated that the Pb^ _xEu Se has good optical properties for 0 x 0.025. This 
result was confirmed by the excellent performance of diode lasers kthat incorporated 
PbEuSe as cladding layers. The optical data of these lasers were consistent with a refrac
tive index variation that is only due to the increasing band gap. This leads to a reduced 
refractive index at increased Europium content, which is highly desirable for cladding 
layers of the active region of lasers.

Pi scuss i on

In view of the optical and electrical properties as described above, Pb. Eu Se lends 
itself as amterial for infrared devices. Grown by MBE,, it allows the fabrication of ad
vanced heterostructure devices, as were already described e. g. for lead salt detectors . 
A major advantage of this system is the small lattice mismatch between PbSe and EuSe
that might render the use of quarternery alloys for lattice matching unnecessary. SIMS 
data show, that the MBE grown Europium concentration variation within a heterostructure 
is stable, so that fine structures like super 1 attices are feasible .

First experiments for the determination of the band offsets of p-|bSe/Pb^_xEu Se hetero
structures indicate that the valence band discontinuity is small . Thus ”onex should be 
able to construct heterostructures with Pb^_ Eu Se of high Europium content as transparent
conductive layer on top of a Pb^_xEuxSe structure with x matched to the desired optical
performance. Due to a small vale'nce band offset such a structure would not induce any
undesired barrier in photovoltaic devices.

The admixture of Europium to PbSe for increasing the bandgap with a small change in the 
lattice constant can be analogously transferred to Pb1 Sn Se. We have grown correspon
ding quarternary Pb^ Eu Sn Se with success. Heterostructi/re lasers with a band tailor
ing by modification or only^the Europium content of this material show good results. 
Thus the long-wave PbSe limit of the Pb^_ Eu Se system can be reduced, if one seeks for 
heterostructures for IR devices operating n/arxe. g. 10 um wavelength.
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