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ABSTRACT 

Since the discovery in 1962 of laser action in semiconductor 

diodes made from GaAs, the study of spontaneous and stimulated light 

emission from semiconductors h as become an exciting new field of semi-

conduct or physics and quantum electronics combined. Included in t he 

limited number of direct-gap semi conductor materials suitable for 

laser action are the members o f the lead salt family, i.e . PbS, PbSe 

and PbTe. The material used for the experiments described herein is 

PbTe . The semiconductor PbTe is a narrow band- gap material 

(Eg = 0.19 electron volt at a temperature of 4.2°K). Therefore , the 

radiative recombination of electron·-hole pairs between the conduction 

and valence bands produces photons whose wavelength is in the infrared 

(A:::::: 6 . 5 microns in air). 

The p-n junction di ode is a convenient device in which t he spon­

taneous and s timulated emission of light can be achieved via current 

flow in the forward-bias direction. Consequently, the experimental 

devices consist of a group of PbTe p -n junction diodes made from p - type 

single crystal bulk material. The p - n junctions were formed by an 

n-type vapor- phase diffUsion perpendicular to the (100) plane, with a 

junction depth of approximately 75 microns . Opposite ends of the d iode 

structure were cleaved to give parallel reflectors, thereby forming the 

Fabry-Perot cavity needed for a laser oscillator . Since the emissio n 

of light originates from the recombination of inj ected current carri e r s , 

the nature of the radiation depends on the injecti o n mechanism . 
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The total intensity of the light emitted from the PbTe diodes 

was observed over a current range of three to four orders of magnitude. 

At the low c urrent l evels , the light intensity data wer e correlated 

with data obtained on the electrical characteristics of the diodes. In 

the low current region (region A), the light intensity, current-voltage 

and capacitance- voltage data are consistent with the model for photon­

assisted tunneling. As the current is increased, the light inte ns ity 

data indicate the occurrence of a change in the current injection 

mechanism from photon-assisted tunneling (region A) to thermionic emis ­

s ion (region B). With the further increase of the injecticn level, the 

phot on-field due to light emission in the diode builds up to the point 

where stimulated emission (oscillation) occurs . The threshold current 

at which oscillation begins marks the beginning of a region (region C) 

where the total light intensity increases very rapidly with the 

increase in current. This rapid increase in intensity is accompanied 

by an increase in the number of narrow-band oscillating modes. As the 

photon density in the cavity continues to increase with the injection 

level, the intensity gradually enters a region of linear dependence on 

current (region D), i.e. a region of constant (differe ntial) quantum 

efficiency . 

Data obtained from measurements of the stimulated-mode light­

intensi ty profile and the far-field diffraction pattern (both in the 

direction perpendicular to the junction-plane) indicate that the active 

region of high gain (i.e. the region where a population inversion 

exists) extends to approximately a diffusion l e ngti1 on both sides of 
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the junction. The data also indicate that the confinement of the 

oscillating modes within the diode cavity is due to a variation in the 

real part of the dielectric constant, caused by the gain in the medium. 

A v alue o f T :::::: 10-9 second for the minority- carrier r ecombination 

lifetime (at a diode temperature of 20.4°K) is obtained from the above 

measurements. This value for T is consistent with o ther data 

obtained independently for PbTe c rystals . 

Data on the threshol d current for stimulated emission (for a 

diode temperature of 20. 4°K) as a f unction of the reciprocal cavity 

l ength were obtained . Thes e data yield a value of J~h= (400 ± 80) 

2 
amp/cm for the threshold current in the l imit of an infinitely long 

diode-cavity. A value o f a = (30 ± 15) cm-l is obt ained for the total 

(bulk) cavity loss constant, in general agreement with independent 

measurements of free- carrier absorption in PbTe. In addit i on, the data 

provide a value of n ~ 10% for the internal spontaneous quantum s 

efficienc y . 

secor.cl and 

The above value for yields values of 

-8 t ~ 10 second for the nonradiati ve and the spontaneous 
s 

(radiative) lifetimes, respectively. 

The external quantum efficiency (nd ) f or s t imul ated emission 

from diode J-2 (at 2 0.4° K) was calculated by using the total light 

intensity vs. d iode current data, plus accepted value s fo r the material 

parameters o f the mercury- doped germanium detector used for the mea-

surements. The resulting value is nd "' 1 0%-20% for emiss ion f rom both 

ends of the cavity . The corresponding r a diative power output (at 
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INTRODUCTION 

Spontaneous light emission from semiconductors has been studied 

since about 1952 (1). Although the maser was discovered in 195 4 (2), 

it was not until 1962 that stimulated light emission was observed from 

semiconductor laser diodes made of GaAs ( 3) . Since 1962, numerous 

semiconductor materials have been used to produce stimulated light 

emission (4). Of the various methods which may be used to obtain 

l aser action in sewiconductors ( 4), the p -n junction diode is the most 

convenient . Laser action in forward-biased diodes made of lead tellu-

ride (PbTe) was first observed in 196 4 (5). Aside from the fact that 

stimulated emission can occur at a wavelength of about 6 . 5 microns, 

very few of the details of the mechanisms involved i n either the span-

taneous or stimulated emission of light from PbTe diodes have been 

heretofore investigated. 

An experimental study of the spontaneous and stimulated emissi on 

of l ight from a group of PbTe diodes is reported h ere. Because of the 

narrow band-gap of PbTe (about 0.2 electron-volt), the diod~s must be 

0 cooled to temperatures below 100 K before diode action occurs. The 

spontaneous emission at low current levels is investigated in parallel 

with the e lectrical characteristics, with each type of data complement-

ing the other . Several aspects of the stimulated emission at high 

current levels are investigated. Among the diode laser properties 

studied are the ( a) spectral i r.,tensity and mode separation, (b) mode -
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confinement in the diode cavity and (c) threshold cur rent-density for 

l aser action as a func t ion of diode cavity length. 
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I . THEORY AND REVIEW 

1.1 Semiconductor Theory--Lead Telluride 

1.1.1 General Remar ks 

1'he semiconductor lead telluride (PbTe) is a member of the 

fami l y of IV- VI compounds commonly known as l ead salts. The complete 

l ead sal t group consists of PbS, PbSe and PbTe . The three member s of 

this group are quit e s i milar with regard to their semiconductor prop­

erties. The foll owing paragraphs are concerned with the general 

properties of semiconductor s , with specific reference to PbTe . 

1 . 1 . 2 Crystal Binding and Struct ure 

1 . 1 . 2 .1 General consi derations . ~here are four principal types 

of binding in the solid state, name l y (a) the ionic bond , (b) the 

covalent bond, (c) the met all ic bond, and (d) the Van der Waals bond . 

The types of bonds which are of concern in semiconductor material s are 

types (a) ana (b), i .e . , the ionic and the covalent bonds . Pure ionic 

bonding exists in cases where one type of atom compl etely g i ves up one 

(or more) e lectrons to another type of atom , with each a tom the reby 

achieving a stable closed shell electron configuration . As a result, 

positive and negative ions are formed and the lattice binding e n e rgy is 

due mainly to Coulomb attraction between the ions. Crystals of this 

type usua lly form cubic structures, as in the case of the alkali 

halides ( e . g . NaCl) . On the other hand , covalent bonding exists in 

cases where stable e lectronic configurations are achieved through tlle 

sh3.ring of e l ectrons by several atoms . 1'he ori (:i n of tile covalent 

bond is the atomic sharing of pai red e lect r ons of' opposi.te spin , a 
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result which follows from quantum mechanics. The only semiconductors 

having bonds which are purely covalent are the group I V semiconductors 

(e . g . Ge, Si) . These materials form tetrahedral crystal arrays which 

allows the sharing of their four valence electrons with four nearest 

neighbor atoms . 

All semiconductors but the group IV single element class have 

bonds which a r e a mixture of the ionic type and the covalent type. The 

so-called III- V semiconductors, consisting of elements f rom the thi r d 

and fif~h columns of the periodic table (e.g . GaAs), h a ve predomi nantl y 

covalent b onding but also contain an ionic bonding component . These 

subste:.nces generally form crystals with either the z inc blende struc ­

~ure or with one of the related structures . 

1.1. 2 . 2 Lead Telluride. The lead salt group b e longs t o a class 

of semiconduct ors whose bonding is mainly ionic in character . This 

class, known as polar semiconductors, tends to form crystal s with o ne 

of the cubic structures . In particular, PbTe has a face-centered cubic 

structure like that of NaCl (hence the name "lead salt"), with a lat­

tice spacing of 6.50~ (6) . The cleavage surfaces in PbTe are the (100) 

crystal planes . 

1.1. 3 Band Structure 

1.1.3.l General considerations . The band theory of electron s 

in solids utilizes extensively the one- electron approximation (OEA) . 

In short, the electronic contribution to the total wave functi o n of a 

solid (which s atisfies Schrodinger ' s equation ) is con~tructe d f'rorn 

single electron wave functions (wave functions involvi.ng tlle 
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coordinates of a single electron). As a result, the interactions 

between the valence electrons due to their Coulomb repulsion is 

ignored. These effects, namely of corre l at ion and exchange , are 

introduced as perturbations to the OEA solutions and as higher order 

corrections. Examples of some special methods utilizing the OEA are 

(a) the nearly-free-electron method and (b) the tight-binding method 

(or linear comb ination of atomic orbitals). 

The ene rgy-band structure for a semiconductor crystal is illus-

trated in Figure 1-l(a). The conduction and valence bands are 

separated by the band-gap (E ) . 
g 

Near the band extrema in the Bril-

louin zone, the e lectron energy is given by 

E(k) = (1-1)* 

-+ 

where k is the "crystal momentum" divided by ii , k = lk I and 

m* is the so-called electron effective mass. For completely free 
e 

electrons m~ is replaced by the free-electron mass (l'Tb), In general, 

m* may be non-isotropic and the refore is a tensor of the form 
e 

( :* ). . = 
e lJ 

(1-2) 

It follows that a minimum in the e l ectron energy curve of the conduc-

tion band (the lowest energy band with only partial occupation or with 

-le· 
The quantity il is Planck's constant divided by 2n 
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a complete lack of occupation by electrons) will yield a positive value 

for the electron effective mass. Now, electrons in a completely full 

valence band (the band directly below the conduction band) cannot pro-

duce a net current flow in the presence of an electric field . The zero 

net current obtains since there are equal numbers of electrons with 

opposite values of momentum. This is a direct result of the inversion 

syrrunetry of energy in the reduced Brillouin zone; tha t is 

E(k) = E(-k) (1-3) 

Therefore, a net current flow is achieved only when electrons are 

removed from the valence band, i.e. by introducing "holes" in the 

valence band. This gives rise to the concept of hole effective mass . 

In order to explain their transport properties, holes are assigned a 

positive charge and mass negative that of the electrons. It follows 

that a maximum in the e lectron energy curve of the valence band will 

yield a posi tive hole effective mass def~_ned by 

(1-4) 

This is the origin of the concept of e l ectron and hole e ffective masses 

associated with electron energy minima in the conduction band and 

maxima. in the valence band, respectively. For k -values well away from 

the band extrema, the energy E(k) may become non-parabolic in k , 

as shown in Fi gure 1-1 (a). 

An important distinction for semiconductors (espe cially in the 

consideration of optical energy transitions) is tha t of direct and 
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indirect band structures. A direct semiconductor is one in which the 

valence band energy maximum and conduction band energy minimum occur at 

the srune k-val ue in the Brillouin zone . Conversely, an indirect semi­

conductor is one in which the band extrema do not occur a t the same 

k - value , as illustrated in Figure 1- 1 (b) . 

1.1 . 3 .2 Lead Telluride. The band structure of PbTe has been 

studied quite extensively by a considerable number of investigators and 

with the aid of several experimental techniques. Band properties such 

as (a) the symmetry of the Fermi surfaces, (b) the location of the 

bands in the Brillouin zone and (c) the m~gnitude and energy dependence 

of the electron and hole effective masses h ave been investigated . The 

experimental techniques used for these investigations h ave included 

(a) Shubnikov- deHaas effect (oscillatory magnetoresistance ), 

(b) magneto- absorption, ( c) deHaas - vanAlphen (osci llatory magnetic 

susceptibility) effect and (d) Azbel- Kaner cyclotron resonance measure­

ments . The major result of these studies h as been the discovery of 

conduction band minima and valence band maxima at the L-points on the 

(111) faces of the Brillouin zone . (Since PbTe h as a face- centered 

cubic crystal structure, the Brillouin zone is a truncated octahedron 

with eight hexagonal ( 111) faces. The <111 > points at the center of 

the (111) faces are called the L- points.) The Fermi surfaces near the 

conduction and valence band extrema have been determined to be prolate 

ell ipsoids of revolution centered at the L-points a nd with quite l arge 

eff ective mass anisotropies . Hence , PbTe is a direct semiconductor 

with four complete c onstant energy ellipsoids (eight halves) l ocated 
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in the Brillouin zone . The best estimates of the direct energy gap 

(E ) and the longitudinal and transverse effective masses at the 
g 

L- point (at 4. 2°K ) have been given by Mitchell et al (7) (energy gap) 

and Cuff e t al (8) (effective masses) . These values are given in 

Table l-1, with the effective masses in uni ts of the free- electron 

mass (rn ) . The data in Table 1-1 indicate the magnitudes of the mass 
0 

anisotropies (the ratio of the longitudinal and transverse mass com-

* * ponents (~/mt), which are 10 and 14 for the c onduction and valence 

bands r espectively. 

TABLE 1-1 

Pb Te Band Edge Parame t e rs at 4. 2°K J 
Band ( Carriers) (m~/m0 ) (m~ / m

0
) E (ev)* 

g 

Conduct ion Band (electrons) 0.024 .±.. 0.00 3 0 . 2 4 ±. 0 . 05 

0.190 .±.. 0 . 002 

Valence Band (holes) 0 . 022 ±. o. 003 0 . 31 ±. 0 . 05 

Cuff et a l (8) have also shown the energy bands to b e quite non-

parabolic away from the b and edges . Washwell and Cuff (9) have 

dete r mined the temperature coefficient of the di rect - band- gap to be 

dE 
13' -4 0 --= == 4.4 x 10 ev/ K 

dT (1- 5 ) 

in the range of 20°K t o 300°K (E increases with i nc r eas ing tempera­
g 

ture). Other investigation s h ave demonstrated the exi sten c e of othe r 

* 
1 1 1 t lt - 1 . 60 X 10-l~ J·oul e ev - e ec ron- vo 
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band extrema within the Brillouin zone. Indirect , band- to- band 

optical absorption measurements by Tauber et al ( 1 0) h a ve confirmed 

the existence of a valence band maximum at the <000> point, yielding 

an indirect energy gap (with the <111> conduction mini ma) whose 

value at 4. 2°K and temperature coefficient nearly match that of the 

direct gap. However, the direct band- gaps are of p rima ry importa n ce 

with regard to radiative energy transitions. 

1 . 1 . 4 Intrinsic, N-type and P-type Semiconductor Materials 

1.1. 4 . 1 General considerations . The electrons in a semiconduc-

tor obey Fermi-Dirac statistics , in accordance with the Pauli e xclusion 

principle for indistinguishable particles with half- i ntegral spin . It 

then follows that for the condition of thermal equi librium at tempera-

ture T, the probability of an electron occupying a state of energy E 

is g iven by the Fermi- Dirac distribution function 

f(E) = 
1 

(1- 6) 

where EF in equation 1-6 i s the Fermi energy (level) and k is 

Boltzmann ' s constant . The density of electrons in the solid is there-

fore give n by 

co 

N I f(E) p(E) dE (1-7) 

-oo 

where p( E) in equation 1-7 is the electron density of states . For 

energy bands of t he parabolic form given by equation 1- 1 , the density 

of states is 
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p (E) = (1-8) 

where m* in equation 1-8 is the density-of-states effective mass 

(which may or may not be equal to the energy effective mass of equation 

1-4). For an electron effective mass m* , the density of electrons 
e 

in the conduction band is 

n = 
* 2m 3'2 (-e) I 

ti.2 

00 

( E-E ) l/2 dE 

k [(E-:F)/kT] 
c e +l 

(1-9)* 

where E is the electron energy at the conduction band edge. Now, 
c 

for the case of holes in the valence band, the probability for hole 

occupation of a state of energy E at t emperature T is just 

f (E) 
p 

1 - f(E) = 
1 

[ (EF-E) /kT] 
e + 1 

(1-10) 

For the hole energy extending downward from the edge of the valence 

band and an effective hole mass m* , the density of holes in the 
n 

valence band is 

p = 
2m* 3/2 Efv (E -E)

1
/

2 
dE 

(_JJ._) --'-v~~~-
n2 [(EF-E)/kT] 

e + l 

( 1-11 )* 

where E is the hole energy at the valence band e dge. 
v 

With the 

* The infi nit e limits of integration in equations 1-9 and 1-11 a r e based 
on t he assumption t h a t the respective conduction and valence b a nd­
width s are much greater than kT . 
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following change of variables into dimensionless form, namely 

Yn - (E E )/kT 
c 

yp - (E - E)/kT 
v 

Yi - E /kT = (E - E )/kT 
g c v 

0 - (EF- E )/kT 
c 

(l- 12) 

equaticns 1 - 9 and 1 --11 may be written in analogous form as 

n = 
OOI yl/2 dY 

n n 
NC (y - o) 

0 1 + e n 

(l-13) 

00 yl /2 dY 
( 

p N 
J 

E P 
v (y + Y.+ o) 

0 l + e p 1-

(1- 14) 

where 2nm* kT 3/2 
N = 2 ( e ) 

c h2 

and 
2mn~ kT 3/2 

N = 2 ( 2 ) v 
h 

(l- 15) 

Equations 1 - 13 and 1-14 may b e used to det ermine the Fermi level (EF ) 

in terms of the density of charge carriers in the two bands . 

In an intrinsic semiconductor , e l ectrons and holes are generated 

in their respective conduction and valence bands by the excitat ion of 

electrons from the valence band to the condu ction band. Since the 

electrons and holes are formed in pairs , there a re equal nwnbers of 

electrons in the conduction band and hol es in the valence band. It 
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follows from this that the Fermi leve l in an intrinsic semiconductor 

l ies about in the middle o f the energy gap, as illustrated in Figur e 

l - 2 (a). For the condition of thermal equi librium at a temperature T 

in an intrinsic semiconductor, we have 

n = p n . 
l 

( 1- 16) 

or 
2 

np = n . 
]_ 

(1- 17) 

with n and p g iven by equat i ons 1 - 13 and 1 - 14. For cases where the 

e n e rgy (E-EF) is a fairly large multipl e of kT , the Fermi- Dirac 

distribution of equation 1 - 6 becomes the classical Boltzmann factor , or 

f(E) (1- 18) 

In the above limit, the integrals of equations 1 - 1 3 and 1-14 y ield the 

r esult 

o r 

2 
n . = 

l 

From this it follows that 

or 

n. = N e
6 

l c 

N N 
c v 

- (y.+6) 
= N e l 

v 

= N N c v 
e 
-E /kT 

g 

EF = E - !. E + l kT ln 
c 2 g 4 

m* 
(-i-) 
m 

h 

( l-19a) 

( l-19b) 

( l - 2C·) 

(1- 21) 

Equation 1-21 shows that for T o°K , the Fe rmi leve l lies e xactly in 
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the middle of the energy gap. However, for TI 0°K, the equation 

demonstrates the possibility of the Fermi level lying quite far from 

t he middle of the gap for a large difference in electron and hole effec-

tive masses and/or for large temperature values . 

With the addition of i mpurit i es to a semiconductor, the mobile 

charge carriers derive mainly from the thermal ionization of impurity 

leve ls. The requirement of total charge neutrality yields a corres-

ponding change in the Fermi level . For impurity states wi thin the 

energy gap a nd near the conduction band (called donors o r n - type impur i -

t ies), the Fermi level shi~s upward toward the conduction band . 

Similarly, for impurity states within the gap and near the valence band 

(called acceptor or p-type impurities), the Fermi level shi~s toward 

the valence band . For the impurity dominated (extrinsic) case, the 

carrier concentrations n and p still obey the law of "mass-action" 

obtained for the intrinsic case, i . e. 

However, for the extrinsic case 

np 
2 

= n. 
l 

n I p 

(1-22) 

(1-23 ) 

For relatively low impuri ty concentrations (N0 or NA), the donor and 

acceptor Fermi levels lie between the actual impurity energy l e vels and 

the conduction o r valence band edges respective l y, as illustrate d in 

Figure 1-2 (b) . For impurity atom concentrations o f low magnitude 

r elative to t he host lattice, the wave function s of the isolated 

impurity a toms do not overlap . The r e fore, N impurity atoms (per unit 
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volume) may be regarded as N non-interacting systems, all having the 

same energy (i.e . and N-fold degenerate energy level). However, as the 

impurity concentration is increased, the impurity wave functions begin 

to overlap, giving rise to an interaction between the impurity atoms. 

This causes a banding of the energy levels, just as in the case of 

energy banding in the host crystal. Thus we have an impurity band 

within the energy gap. As still larger concentrations of impurity atoms 

are achieved, the impurity band of electron states begin to overlap 

either the conduction band (donor impurities) or the valence band 

(accept.or impurities) . This overlapping of the host and impurity 

energy bands causes a perturbation in the host band parabolic density 

of states. Indeed , the effective density of states of the host band 

may now extend slightly into the energy gap, a condition known as 

"band-tailing". As the impurity bands approach the host bands, the 

corresponding Fermi levels must approach the host energy bands in 

advance of the actual impurity energy levels in order to satisf'y equa­

tions 1 - 13 and 1-14. Thus, in the limit of high impurity concentra­

tions, the impurity Fermi levels enter either the conduction or the 

val ence band, as shown in Figure l-2(c). When the Fermi level of an 

impurity-doped material enters one of the host energy bands, the 

material is called a degenerate semiconductor. 

For parabolic energy bands, the Fermi level of a degenerate semi­

conductor may be calculated using equations 1-13 and 1 -14 . The results 

for T = o°K are 
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= (l- 24) 

2 
l (3 2 )3/2 
~ 1T p (1- 25) 

where EFC and EFV are the Fermi levels for the conduction and 

valence bands (mea sured from the band edges) respectively , with n 

and p the corresponding electron and hole densiti es . It should be 

n oted that (a) any impurity (extrinsic) semiconductor can become 

intrinsic at temperatures for which the quantity kT approaches the 

value of the band gap (E ) , and (b) impurity carri ers in an extrinsic 
g 

semiconductor can be "frozen out " of the conduction or valence band if 

kT is much less than ED or EA , respectively. The ab ove two facts 

follow di rectly from the temperature dependence o f the Fermi- Dirac 

distribution functi on in equatio n 1- 6 . 

So far we have been concerned with onl y the thermal equilibri um 

con centratio n o f e lectrons in the c onduction band and holes in the 

val ence b a n d . However, e lectrons a nd hole s may be creat e d by external 

means ( as ide from the rmal excitation) in e ither an intri nsic o r 

impurity semiconductor . One such means is the ph ot o- product ion of 

electron - hole pairs, involving the excitation 0£ e l ectron s £rom the 

valence to the conduction ban d by light phot ons . The c o nservation o f 

energy requi res that 

E = hv ~ E 
photon g (1- 26 ) 

whe re v is the ph oton frequency. For this case -we s e e the need for 
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nonthermal equilibrium Fermi levels. In fact, we need one Fermi level 

for electrons in the conduction band (EFC) and one for holes in the 

valence band (EFV)*. The quantities EFC and EFV are called quasi­

Fermi levels. Through this or other methods of external generation of 

electrons and holes, a semiconductor may be made doubly degenerat e. 

1.1.4.2 Lead Telluride and the hydrogen model. The polar bond-

ing in PbTe crystals yields the following ionic val encies 

++ 
PbTe ~Pb + Te (1-27) 

Extrinsic PbTe crystals are obtained by having either Pb or Te atoms 

in excess of the stoichiometric proportions. This is done during 

either the crystal growth or through a diffusion process . In the case 

of excess Pb, the Pb atoms act as donors by giving up two electrons to 

the lattice, or 

++ 
Pb ____,.Pb + 2 electrons (1-28) 

Each excess Pb atom in the lattice displaces a Te atom which has two 

extra electrons . The result is a net addition of four electrons to 

the lattice. Conversely, the addition of each excess Te atom in the 

lattice, or 

Te --+ Te -- + 2 holes ( 1-29 ) 

results in the net addition of four holes. Thus, excess Pb or Te is 

used to achieve n-type or p-type PbTe respectively. 

·it 
This is true only because thermal relaxation inside the bands is much 
faster than between bands. 
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11he impurity-carrier energy levels (ED and EA) of a semiconduc-

tor may be est imated in terms of the hydrogen model. In the hydrogen 

model, t he ionized impurity electrons are regarded as electron s in a 

potential of the form 

V(r) 
2 

-q 

!~ire: r 
( 1-30) 

where q is the electronic charge, r is the distance from the ionized 

impurity atom and e: is the static dielectric constant of the host 

crystal . The impurity electron energy levels are simply obtained from 

a modified solution to the Schrodinger equation for the hydrogen atom, 

and are given by 

(l-31) 

In equation 1-31, £ takes on integer values from l up, E is the 
0 

ground-state energy for hydrogen (1 3 . 6 eV), e: 
0 

is the permittivi ty o f 

-14 ( ) free space (8 . 85 x 10 f/cm), and m*/m is the ratio of the 
0 

impur ity carrier effective mass to the free-electron mass . Equation 

1-31 applies to both donor and acceptor impurities , with the electron 

and hole effective masses used, respectively, and whe re the ene rgy is 

measured from the edge o f the conduction or valence band , respect i vel y . 

In both the donor and acceptor cases, the impurity levels lie within 

the energy-gap as shown in Figure 1-2 ; i. e . a positive amount o f energy 

is ne ·=de d to put either a donor val ence electron into the con duction 

band or a valence band electron int o a n acceptor energy l evel . Simi-

larly, the radii of the electron Bohr orbits (r i ) are of the modified 
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form 

r 
0 

where r 
0 

i s the radius of the first Bohr orbit for hydrogen 

( - 8 0. 53 x 10 cm). 

(l- 32) 

The hydrogen model is obvi ous l y best suited for singly ionized 

impurities, such as an As+ ion replacing an un- ionized Ge atom in a 

covalent - bond germanium crystal . However , the salient features of 

this model , as expressed in equations 1 - 31 and 1- 32 are still valid 

for qualitative considerations in the case of the doubly ionized 

"impurities " Pb++ and Te- - inn- type and p - type PbTe, respectively . 

Qualitatively, the small effective masses (give n in Table 1- 1) have 

the effect of reducing the impurity energy levels in a linear manner 

through the ratio (m*/m ) in equation 1 - 31 . Even more dramatic, 
0 

however , i s the inverse square dependence of the impurity levels on 

the static dielectric constant s . Since PbTe forms ionic crystals, 

there is a large ionic contribution to the dielectric constant . 

Specifically, we would expect that 

(E/s ) >> 
0 

2 
n 

r 
( 1-33) 

whe r e n is the refractive index at optical frequencies . Indeed , 
r 

this turns out to be the case . The refractive index has been me asured 

by Walton and Moss (11), yielding a value of 5 . 75 at (vacuum) wave-

length of 6µ* (n is only weakly d ependent on wavele ngth, with a 
r 

* -6 lµ = 1 micron = 10 me ter. 
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4 -2 - 1 6 ) dispersion of only x 10 µ at µ • The measurement of the 

transverse optical phonon frequency has been used to calculate the 

static dielectric constant for PbTe (12), with the resultant value of 

400 for ( c./ E ) • Thus we would expect the donor and acceptor energy 
0 

levels in PbTe to be small by virtue of the large value for E The 

donor and acceptor energy levels in PbTe have been observed to be very 

small (13) . This is based on the absence of impurity carrier "freeze 

out" at a temperature of l °K (kT has a value of 8. 6 x 10- 5 eV at l °K). 

The evidence for very shallow impurity levels also leads one to con-

elude that (a) extrinsic PbTe becomes degenerate at rel atively low 

impurity concentrations and (b) there should be no significant amount 

of "band- tailing" of the host energy bands due to the impurities. Con-

clusion (a) is also supported by equation 1-32 in the following way . 

The Bohr radii of impurity electrons are increased by the linear 

dependence of ri on E , thereby increasing the wave function over-

lap of the impurity electrons. This gives rise to enhanced impurity 

level banding and thus provides for overlap with the host bands, even 

for moderate impurity concentrations. Experimental evidence for 

conclusion (b) has been given by Washwell and Cuff (9) (radiative 

recombination data from bulk PbTe). 

Since excess Pb or Te atoms act as donor or acceptor impurities 

in PbTe, the problem of purification is far more difficult than for 

the sing~e element semiconductors . Not only must foreign atoms b e 

r emoved, but the compound must be very nearly stoichiome tric in com-

position . Needless to say, this makes it practically imposs ible to 
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achieve pure (intrinsic) PbTe at low temperatures. The minimum impurity 

concentrations achieved to date in PbTe crystals is approximately 

8 x l0
16

cm- 3 (14). The intrinsic behavior of PbTe can therefore be 

seen only at high enough temperatures for sufficient thermal excitation 

of electrons across the band-gap (above 300°K) (15). 

1.2 Spontaneous and St imulated Emission of Radiation 

1.2.1 General Ideas 

The emission of light from semiconductors is, as we shall see, a 

direct result of the (radiative) recombination of electrons in the 

valence band with holes in the conduction band. The frequency of emit-

ted light photons (v ) is just the change in electron ene r gy due to 
p 

recombination divided by Planck ' s constant (h). In general terms, we 

may represent such a system by energy l evels E
1 

and E
2 

(E
2 

> E
1

) , 

with electron occupation densities of N1 and N2 and energy level 

degeneracies g
1 

and g
2

, respectively. A radiative energy transition 

by this system will generate photons whose frequency is given by 

w = 
p 

The relative distribution of electrons in levels E
1 

and 

thermal equilibrium at temperature T 

the Boltzmann factor, or 

is given (for (E -
2 

g,, - (nw /kT) 
'· e P 

gl 

( 1- 34) 

E
2 

under 

E
1

) » k'r) by 

(1-35) 
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Electrons in energy level E
2 

will spontaneously decay to level E
1 

and thereby emit a photon . For the condition of thermal equilibriwn, 

the spontaneous emission of photons is sustained by the thermal exci -

tation of electrons from E to 
l 

E 
2 

However , there is an interaction 

between the electrons and the electric field produced by the photons in 

the cs.vi ty o f the system. It is intuitively obvious that this interac-

tion can result in the excitation of an electron from E 
l 

to 

the absorption of a photon. I n addit ion to photon absorption, the 

via 

photon field may also induce (stimulate) a downward transition from 

E
2 

to E
1 

with the concomitant emiss i on of a photon. The idea of 

stimulated photon emission was first postulated and treated using clas -

sic al arguments by Einstein ( 16) . The quantum mecha nical treatment of 

stimulated emission utilizes the interaction Hamiltonian of a single 

electron atom with the quantized electric field E c;,t) 
p 

associated 

with the photons of frequency w p 
in the cavity of the system. Assum-

ing that the electric field has only an x component at the position 

-+ 
of the electron (r) at time t , the interaction Hamiltonian is given 

by 

H q E (;,t) . -; = q E (-;,t) x 
p px ( 1 - 36) 

Using equation 1-36 and applying Fermi ' s golden rule, the total transi -

tion rate ( 2 -+ 1) in a photon field of frequency ( <u ) is (17) 
p 

8 2 2 2 
lT q w1{12 W' = (n +l) o(E - E - hw ) 

v p 2 l p 
* (1- 37) 

* Here 8 is the Dirac delta function. 
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where n is the number of photons, V is the volume of the radiat­
p 

ing system, and is the square of the matrix element for an 

electric dipole transition from E2 to E1 , namely l(llxl 2 )1
2

. In 

equation 1-37 we see that the total transition rate is the sum of the 

spontaneous and induced rates, or 

where 

W' = W' + W! 
s l 

6(E - E - hw ) 
2 1 p 

(1-38) 

(1-39) 

and where the induced transition rate is just the spontaneous rate 

multiplied by the number of quanta. , or 

where for thermal equilibrium 

n 
p 

n 
p 

= 
e 

is given by 

1 
hw /kT 

p 
- 1 

(1-40) 

( 1-41) 

The equality I ( l Ix I 2 )1 2 = I ( 2 Ix j l )1 2 
shows that the induced absorp-

tion rate (1 + 2) is equal to the induced emission rate. Therefore, 

for thermal equilibrium, the system will absorb a nd emit light quanta 

in accordance with the condition that the power absorbed equal the 

power emitted, or 

N W' = N (W' + W! ) 1 1 2 s l 

with N
2

/N1 given by equation 1-35. 

(1-42) 



-25-

So far we have talked about transitions i nto a single mode (w ) 
p 

only. For the total spontaneous transition r ate , we must multiply 

1-39 by the density of modes in energy space and integrate over all 

energies. The resul ting total spontaneous rate for the interacti on 

with a continuum of modes is (17) 

1 w = = s t 
s 

where 

w = 

2 3 2 8rr q w x
1 2 

hc3 
(l-43a) 

(l-43b) 

and c i s the velocity of light in the radiating medium. Equation 

1-43 serves to define the spontaneous lifet ime (t ) . The t otal s 

. ::::::nr:F E~~h ~:r:::c:y a::::::y::: W! by a normalized lineshape 
l 

the fact that the atomic 

trans itions are not exa ctly discrete but slightly "smeared") and again 

integrating over all energies . The result gives the total induced 

transition rate into a mode of frequency v , 

W. (v) = 
l 

2 
wxl2 

----- n g(v) 
p 

2 2 8rr q 

hv 
(1-44) 

For a photon field (wi th a center f requency v ) whose spectra l width 

is much l ess than the width of g( v) and with a power per unit area 

(I ), the total induced rate is (17) 
\) 

W.(v) = 
l 

"}.. 2 I 
___ v_ g ( v) 

8rr h v t 
s 

(l-45a ) 
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Equation 1-45 shows that the induced transition rate by a field of 

frequency v is weighted by g( v) where 

00 

J g(v) dv l (l-45b) 

- 00 

Equations 1 - 43 and 1- 44 may be combined to show that the ratio of 

the total induced and spontaneous rate is just 

W. n c 3 
wi = __ P_ g(v) 

s 4ir v2
V 

(l-46a ) 

Now, we may define a (spontaneous) linewidth 6v by 

00 

I g(v) dv = [g(v)] 6v=l 
max 

- oo 

or 

[g( v) ]max = 6~ (l- 46b) 

Assuming that g ( \)) 1 
"' 2 [ g ( v) ]max for the stimulating field (I ) • 

\) 

from l - 46a we get 

w. 3 n c n 
l _£_ = = w Bir 2 v n s \) 6 \) m 

(l-47a) 

where 

Bir 2 \) 6 \) v 
n = 

rn 3 
( l-41b) 

c 

is the number of modes contributing to the total spontan eous emissi on. 

It is clear that 
2 

n 
m 

is just the dens ity of modes in frequency space 

(Birv V) 
3 

multiplied by the spontaneous linewidth ( 6 v) Equation l - 47a 
c 
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also fol lows directly from 1-40 for a single stimulated mode . For 

several stimulated modes osc i llating simultaneously, the ratio of the 

total stimulated emission rate to the total spontaneous emission r ate 

is just 

WI ~ 
w= n 

s m 
(l-47c) 

where N is the total number of photons in a ll oscillating modes. 
p 

1. 2 . 2 Light Absorption and Amplification (Stimulated Emission) 

Using the ideas developed in Section 1. 2 .1, we may now define 

the rate of change in intensity (I ) per unit distance traversed by a 
\) 

ligh t bea111 of freque ncy ( v) through a system with electron energy 

level s El and E
2 

(et c .) as (17) 

dI 

d~ = (N2W21 - N1Wl2] h v 

2 

J
c g(v) I 

N v 
2 

8n } t 
(1-48) 

s 

The intensity will decay l ike I (x) = I (0) 
\) \) 

-a.( v)x 
e , where 

2 
dI/dx ~ g 2 ] c g ( v) 

a.(v) = - = N --N 
1 v 1 g l 2 

8nv2 t 
(1-49) 

s 

The absorption coefficient a.(v) is a positive quantity for the case 

of thermal equi l ibrium 8iven by equation 1-35 . However , 

means the occupation number N2 were made larger than 

if by some 

g2 
N

1 
- , then 
gl 

a( v) would become negative . The case of a ( v) < 0 corresponds 
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physically to an exponential growth of I with distance, or an ampli­
v 

fication of the photon field intensity as it traverses the material. 

g2 
The condition N2 > N

1 
is referred to as a population inversion, 

gl 

vis-a-vis the thermal equilibrium energy level populations given by 

1-35 . Given the condition of population inversion and hence an ampli-

fying medium, we may construct two types of devices which will utilize 

the amplification. The first type of device is just a traveling wave 

laser, which simply amplifies the photon field intensity by a factor 

lalx e as it passes through the medium. With such a device, the ampli-

fication increases as the total length of the amplifier is increased. 

This motivates the basis of the second type of amplifier, namely t he 

laser oscillator. In the laser oscillator the photon field is reflec-

ted back into the amplifying medium by providing reflecting s urfaces 

at each end . The oscillating modes inside the cavity must satisfy the 

condition 

IDA 2Ln 
r (1-50) 

where m is an integer, A is the photon wavelength in "free-space", 

L is the length of the cavity, and n 
r 

is the index of refraction of 

the cavity material. This all ows only fields of well defined frequen-

cies ( o r Y.!E]l_ narrow spectral bandwidths) and with a high degree of 

spatial coherence to build up in the cavity. This monochromatic, 

coherent radiation is brought outside the cavity by using reflectors 

whose reflectivity is less than 1. 
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1.2.3 Di rect and I ndirect Radiative Transitions in Semiconductors 

We h ave alr eady menti oned (Section 1.1.2) the difference between 

-+ 
direct and indirect semiconductors . If we defin e (k ) . and 

c mi n 

( -+k ) 
v max 

as the e lectron momentum vectors at the edges of the conduc-

tion a nd valence bands respectively, then 

(k ) . = (k ) 
c min v max 

(l-5la) 

for a direct semiconductor and 

(k ) . :f (k ) 
c min v max 

(l- 5lb) 

for an indirect semi conductor. The electron wave function s in the semi-

conductor are give n by 

ljJ (r) = 
v 

-+ -+ 
ik ·r 

-+ v 
~ (r)e 

v 

fo r the conduction band a nd the valen ce band, respectively . 

(l-5lc) 

(l- 5 l d) 

For r a dia-

ti ve transitions from the conduction band to the valence band, the 

matrix element x
12 

i n equation 1-37 is given by 

J 
-+ * -+ 

xl2 ljJ ( r) x tjJ (r)dV 
v c 

space 

I 
i (k -k ) * c v 

x~ dV = e '1k 
v c 

space 

( l -5le) 



where o'(k-k) 
c v 
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is one for k = k and zerc otherwise. 
c v 

clear from l-5le that only direct transitions in which k 
c 

It is 

-+ 
k will 

v 

give a n onzero matrix element (x
12

) for radiative transitions. 

'rhe condition for a nonzero matrix element is met by a direct 

semiconductor, since (k ) . 
c min 

= (k ) . 
v max 

The only way in whi ch radia-

tive transitions can occur in a n indirect semiconductor is if the 

total momentum and energy is conserve d. This can be obtained in the 

following two ways. Fi rst, the t ransition may t ake place away from 

-+ -+ 
the band edges with k = k 

c v 
However, electrons and holes usually 

experience thermal relaxation to energy states near the band edges 

before radiative recombin ation can occur . Secondly, the transition 

may involve the emission or absorption of a lattice phonon, with 

momentum conservation expr essed as 

k = k ±. k c v phonon (l-52a) 

and energy conservation as 

nw = E - E + flw photon c v - phonon ( l - 52b) 

The probability for phonon-assisted radiati ve recombination to 

occur is much less t han that for direct transitions. Therefore, the 

p r obability for radiat ive r ecombina t ion i s much highe r in direct semi-

conductors than in indirect semi conductors . 
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1.3 Emission of Radiation due to Recombination in Semiconductor 

P-N Junction Diodes 

1.3.1 General Ideas 

The condition of population inversion, which was discussed in 

Section 1.2 and is required for a net stimulated emission (amplifica-

tion) of radiation, can be obtained in a semiconductor material by 

exciting e l ectrons from the valence band to the conduction band by some 

external means. The resulting nonthermal equilibrium condition c a uses 

the electron and hole quasi-fermi levels to enter the conduction and 

valence bands, producing a doubly degenerate situation and hence a 

population inversion . Population inversion may be achieved in bulk 

semiconductors by several methods, such as (a) photon absorption , 

(b) electron beam excitat i on, and (c) avalanche produ ction of electron-

hole pairs. Methods (a) and (b) require special external sources , 

while method (c) requires extremely high applied voltages . However, 

the semiconductor p - n junction diode provides, by virtue of its indi-

genous structure and electrical characteristi cs , an excellent scheme 

for producing stimulated emission of radiation. The usual form of 

semiconductor diode lasers is the laser oscillator. The necessary 

feedback reflectors are formed by either cleaving or polishing two 

prallel ends of the diode structure. 

The energy band diagram for a degenerate p- n junction is shown i n 

Figure l - 3a , for the condition of zero bias (V = 0) . 'I'he built- in 

voltage (VB) is such that there is equal and opposite "thermionic" 

current flow of magnitude I from the two sides of the junction, 
0 
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Figure l - 3(a) . A Degenerate P-N J unction with Zero Bi as 
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Figure l-3(b). A Degenerate P- N Junction with Forward Bias (V) 
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resulting in a net zero current. The voltage barrier VB results from 

the formation of excess negative and positive bound-charge regions on 

the p and n sides, respectively . This excess-charge dipole laye r is 

formed via the flow of mobile electrons from the n to the p region, 

required to equalize the fermi-leve l s on each side of the junction (a 

necessary condition for thermodynamic equilibrium) . For an abrupt 

junction (i.e . homogeneous electron and hole densities on the p and 

n sides), the width of the dipole (depletion) layer (or junction width) 

is given by ( 18) 

with 

W = W (V - V)1 / 2 
l B 

- 2£1/2 tNa+Nd]l/2 
Wl = (-) N N 

q a d 

(l- 53a) 

( l-53b) 

where Na and Nd are the acceptor and donor densities on the p 

and n sides, £ is the static dielectric constant of the material , 

and q is the magnitude of the electronic charge. 

The depl etion layer of an abrupt junction behaves like a parallel 

plate capacitor with a c,apacitance per unit junction area (both differ-

ential and total) of (18) 

C = (..f...) (V - V)-l / 2 
w

1 
B (1-54) 

Wi th the application of a forward bias voltage (V) (Fi gure l - 3b), the 

minority carriers injected over the barrier increase by a factor 

qV I BkT e , while the opposing thermally generated majority carrier cur-

rent remains the same (I ) . The net flow of thermionic current across 
0 
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the junction is there f ore given by 

I = I (eqV/13kT - 1) 
0 

(l-55) 

where k i s Boltzmann ' s constant and 13 is a numerical constant . 

For l arge reverse bias voltages, the in jected minority carrier current 

approaches zero and the net current flow approaches -I 
0 

The 

quantity I i s called the saturation current . 
0 

The numeri cal constant 

(13) in equation 1-55 is determined by the amount of generation and 

recombinati on of carriers which occur s in the depletion regio~, and 

the minority carrier injection level (19). 

The p-n junction shown in Fi gure 1- 3 consis t s o f degenerate p 

and n materials. Thi s condition is necessary in order to provide a 

population inversion. Figure l - 3b illustrates the presence of an 

eff ective population inversion within the junction width (w) of a 

forward biased diode , as indicated by the quasi-fermi levels EFC and 

EFV within the junction. However, the inversion may carry over into 

the bulk regions beyond the junction via the injected minority car-

riers . Since the bulk regions are relatively field-free (owing to t he 

high conductivity of the degenerate material s used ), the i njected 

minority carrier current flow is due mainly to diffusi on . The inj ected 

minority carrier density (n ) decreases with a distance x from the 
m 

edge o f the junction according t o 

where 

n (x) 
m 

n (0) 
m (l-56a) 
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= (l-56b) 

with D and T being the minority carrier diffusion constant and 

recomb i nation lifetime, respectively. Thus, a populat i on inversion 

may persist to an approximate distance LD from the junction, as 

illustrated in Figure l - 3b . The width of the active region where the 

emission of radiation occurs may therefore be determined by the recom-

bination lifetime (T) . 

1 .3.2 Spontaneous Emission from Forward Biased Diodes 

As indicated by equation l-43a, the spontaneous emission rate 

(W ) and lifetime (t ) are independent of the emission intensity, and 
s s 

therefore are also independent of the injection current level . The 

minority carri e r lifetime (T) in equation l - 56b is the lifetime due to 

al~- recombination mechanisms in the semiconductor, including nonradia-

tive recombination. Therefore an injected minority carri er in a 

fo rward biased diode may recombine with a majority carri er via a 

radiative process, at a rate W , or via a nonradiative process, a t a s 

rate Wb . The total recombination rate is the sum of the two 

WT = Wb+ w 
s (l- 57a) 

which is equivalent to 

1 1 1 - = - + 
T tb t 

s 
(l- 57b ) 

where tb is the nonradiati ve recombinat ion li fctime . '!'he total cur-

rent (I) may be written as 
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or 

wh ere i s the total upper level population and and I s 

(l- 58a) 

(l-58b) 

are 

the current components due to nonradiative and radiative recombination, 

respective ly. It follows from 1 - 58 t h at the bulk photon emission rate 

(1<.) is 

I 
I le s - = ns q q ( l - 59a) 

and 

I n2 
ns = 

q t 
s 

(l-59b) 

where 
w w tb s s 

ns - - = - - -= 
WT Wb+ w t + tb s s 

(l- 59c) 

is defined as the (internal) sponta neous emission quantum effi ciency 

(the fraction of electrons and/or hol es which recombine v i a the spon-

taneous e mission of radiation) . If the photon e missi on rate is 

empirically f ound to have the fol l owing dependence o n current 

(1- 60) 

where m is a numerical constant , it then f o llows from l-59a that 

Clearly, for 

m-1 
I 

m = 1, the q u antum effi c iency ( n ) and 
s 

(l- 6Ja) 

are indepen-

dent of curre nt . However , for m I- 1 the r e is a dependence of ns 
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on I , given by l - 6l a . Usi ng l - 59c, l - 6 l a may be expr essed as 

tb [ tb]-l 
- 1 + -
t t 

s s 

m- 1 
I 

For the case of (tb/ts) << 1 , thi s reduces to 

t b 
1m- l 

t s 
and 

tb 
ns "' t 

s 

(l- 6lb) 

(1- 61 c ) 

Since ts is independent of I , l-6lc expressed the dependence of tb 

on I 

1.3 . 3 Stimulated Emission from Forward Biased Diodes 

l.3 . 3.1 Gain due to st imulated emission . As was discussed in 

Section 1. 2 . 2, ther e is a gai n associated with the stimulated emi ssion 

produced by an energy level popul ation inversion. Using e quation 1- 49 , 

we may write the gain per uni t length for a photon f i eld of frequency 

in a semiconductor diode as 

y(v) = 
2 (n

2
- n

1
) c g(v) 

81Tv2 t v 
(1- 62) 

s 

where now t represents the radiative recombinati on li fetime as dis­s 

cussed in Section 1.3.2 . The quantit y (n
2

- n
1

)/V takes the p lace of 

in e quation l -49, with and beinG the upper :ind 

lower energy l evel populations and with V now representing the volume 

in which the stimulat e d electromagnetic modes are contained. For the 
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case of electron injection into the p-side of the junction and 

are the electron populations in the conduction and valence bands, 

respe ctively . 

Using l-59b and 1- 62 we may express the gain as 

y( v) = 
I c

2
i;n g( v) 

s 

8nq v2 V 

whe r e the quantity I; is given by 

(l-63a ) 

(l-63b) 

and is called the (population) i nversion factor. For sufficiently low 

temperatures I; approaches a value of unity . The achievement of 

I;~ 1 is, o f course, possible only with degenerate semiconductor mate-

rials (20) . The mode volume (V) in l - 63a is the p roduct of the 

junction area (A) and the width (d) of the region containing the modes . 

Expressing the measured radiative (spontaneous) line width as 

6v = l/g(v) , we may write the gain as 

y( v) = 
2 

J c 1; n 
s 

2 
8n qd v 6v 

where J is now the current per unit junction area (I /A ). 

1.3 . 3 . 2 Threshold current for stimulated emission . 

(1-6 4) 

Before the 

stimulated emission of radiation can occur in the forwar d biase d p -n 

j unction, the gain realized in one pass between the parallel f a ces of 

the diode cavity must be sufficient to overcome the losses due to the 
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traversal of the semiconductor medium and the imperfect reflection at 

the end of the cavity . This threshold condition may be expressed as 

Re(Y - a)L __ 1 (1-65) 

where Y is given by 1-64, a is the effective loss coefficient for 

the cavity, R is the reflectivity of the cavity ends , and L is the 

length of the cavity . For the emission wavelengths of inte r est here, 

R is just 
2 2 

(n - 1) /(n + 1) , where n is the index of refraction of 
r r r 

the ma.te rial. Using 1-64, the thr eshol d condition becomes 

(1-66) 

with Jth being the threshold current per unit junction area . 

1 . 3.3.3 Spectral separation o f stimulated modes . The spectral 

separation of stimulated modes, or mode- spacing, derives from the con-

dition for constructive inter eference given by 1-50 . The resulting 

separation in terms of the change in wavel ength between adjace nt modes 

is ( 21) 

(1- 67) 

where >. and ti>. are the "free-space " wavelength and wavelength 

separation , respe ctivel y , as determined experimentally in a i r . Again, 

n is the inde x of r e fraction of the diode ma t e ri a l. The diffe r e nce 
r 

term in the denominator of 1-67 can b ecome importa nt if the di s persion 
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in the index of refraction (dn /dA) is sufficiently l arge . 
r 

1.3.4 Electromagnetic Mode Confinement in Laser Diodes 

The volume (V) in which the electromagnetic (EM) modes producing 

light emission are confined in the laser diode cavity does not neces-

sarily coincide with the volume of the active region where ampli fica-

tion occurs. In general, there can be a confinement of radiating 

modes due to variations in the real part of the dielectric constant 

near the active layer . This may have a lens l ike f o cussing eff ect, 

whereby the mode intensity will be enhanced in a middle region of high 

dielectric constant, bounded by regions of lower dielectric constant 

and with spatially decaying intensities . The situation may be repre-

sented to first order by a middle region with thickness 2t and with 

a (real) dielectric constant K£ (K > 1) , surrounded on both sides by 

regions with dielectric constant £ (illustrated in Figure l - 4a) . The 

corresponding solutions to the Maxwell equations* 
-+ -+ -+ 
~ x E = -(aB/at) 

and V x H = (an/at) have been examined in (22) for the additional 

condition that the magnitudes of E and H (the electric and magneti c 

field vectors) be constant in planes parallel to the junction. The 

solutions for the electric field in the transverse electric (TE) - eve n 

mode, propagating as exp( - iSz), are of the form 

Ii i E = B cos(hx) exp(-iSz) for Ix! ~ t (l-68a) y 

*The vectors 13 and o are related to it and £ by the c onstituti ve 
-+ µtt -+ + 

equations B = and D = £E . 
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Figure l -4(a). Geometry of Diode Dielectric Cavity 
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Figure l -4(b). Image- Scan Intens i ty Expe riment 
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= E = A exp[-p( lxl - t) - if3z] 
y 

for Ix I ~ t (1-68b) 

where A and B are constants. The only other non-zero field com-

ponents are H and H x z 

and H are related by x 

For a medium in which ( lo l /w) « £* , E 
y 

(1-69) 

where µ is the magnetic permeability and £ is the real part of the 

dielectric constant. The boundary condition that E be continuous y 

at x = t gives 

A = B cos (ht) 

Using 1-70 and the additional boundary con di ti on that 

(1- 70) 

H be continu­
z 

ous at x = t , we obtain the following relation between p, h, and t : 

pt = ht tan (ht) (l-7la) 

Applying the wave equation = 0 (where at 

x ~ t and x ~ t , we obtain the addition al relation 

(l-7lb) 

The relations in 1-71 provide two equations and four unknowns (p, h, 

* The quantities o and w are the e lectri cal conductivity of the 

medium and the field frequency, r espectively. 
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t, K). Therefore, the experimental determination of any two unknowns 

will allow the calculation of the other two. Since K is not 

directly measurable, the direct me as urement of any two of p, h and t 

is req_uired. 

The radi at ion intensi ty ( .J ) of an EM field is proportional to 

the real part of the complex Poynting vector (E x H*), where the (*) 

denotes complex conjugation. It then follows from 1-69 that the inten-

sity of energy flow per unit time in the z-direction is 

..} ......, EE* = E E* 
y y (l-72a) 

for the case under consideration. The intensity as a function of the 

position (x) in the direction perpendicular to the junction plane, is 

obtained from 1-68 and l-72a and is given by 

for lxl ~ t (l-72b) 

and 

~ (x) = A
2
exp[-2p( !xi - t)] for lxl ~ t ( l-72c) 

with A and B related by 1-70. 

The intensity in 1-72 is that which would be experimentally 

observe d by moving a detector (with input baffle-slits :parallel to the 

plane of the diode junction) perpendicular to the junction (i.e. in the x 

direction), whiJe the image of the light-emitting end of the diode is 

focussed on the detector slits. This experiment, illustrated in 

Figure 1-hb, would determine the intensity profile of the radiating 

mode(s) of the di ode. We may now ta.~e the same detector (with slits) 
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and scan it in the same x direction, but now in the natural radiation 

field (without the aid of any intermediate optical devices) and at a 

distance D from the radiating end of the diode . The latter experi -

ment, illustrated in Figure l - 5a, would yield the diffraction 

(intensity) pattern of the light- emitting mode(s) of the diode . The 

electric fie ld of the diffraction pattern may be related to the elec-

tric field at the radiating source by using Huygen ' s principle . Since, 

for our case, E (x) 
y 

is constant in a given plane which is parallel 

to the junction , we have simpl y a one- dimensional diffraction problem. 

Using the notation and construction shown in Figure l - 5b, the diffrac-

tion field E (x ' ) due to the source field E (x) is of the form ( 23) 
y y 

E(x')"' 
y 

2 ni ( ) - - >..- s x ' ,x 
e 

I 
E (x) 
......_Y~~-~~~~~~~- dx 

F 
s (x' ,x) 

In l-73a it is assumed that the phase of the field 

over the width (F) of the emitting surface, allowing 

E (x) 
y 

E (x) 
y 

(l- 73a) 

is constant 

to be a 

real quantity. The validity of this assumption is aided by the phase 

coherence of the light coming from the laser diode cavity. 

For the case of far-field (Fraunhofer) diffraction, where 

x ' >> x and x ' x << D2 
' 

l-73a becomes 

E (x') 
y ( l-73b) 

The integral in l-73b is just the Fourier transform integral f o r E 
y 
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Figure l - 5(a). Far - field Diffraction Inte ns i ty Experi me n t 
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Figure l - 5( b ). Geometry fo r Diffract ion F'ieJ.d Calcul ation 
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in terms of the variables x and x' . The inversion of l -73b gives 

E (x' ) 
y 

x x ' 
-2ni (-) ( - ) 

:\ D e .. dx' (l - 73c) 

~here F' is the width of the · far-field pattern), thus completing the 

relationship between the Fourier transform pair of E (x) 
y 

and E (x' ) . 
y 

Now , the far- f i e l d intensity .J(x') follows from 1- 72 and i s just 

J(x') ,..., E (x') E (x)* 
y y 

(l-74a) 

where E (x) and E .(x) are the real and imaginary parts of 
yr yi 

EY(x'); that is, E ( x ' ) 
y 

= E (x ') + iE . (x') . However , it immediately 
yr yi 

follows from l-73b that E .(x ') can be non-zero only if E (x) is a 
yi y 

nonsymmetric function of x . If we take E (x) to be symmetric in x 
y 

we then obtain E (x ' ) 
y 

as a real quantity (as is E (x)) . 
y 

We may 

therefore use the experimentally measured values of .J(x' ) to deter-

mine E (x ') . Using 1- 74 we have 
y 

E (x') ,..., [J! (x ' )] 1 / 2 
y (l-74b ) 

under the stated condition that E (x) be real and symmetric. We may 
y 

therefore obtain , from the experimental data for J (x ' ) , the intensity 

profile .J](x) at the radi ating surface of the diode , using l-7l~b in 

') 

l-73c and the relationship J(x) ,.,., E~(x) . 
y 

In order for the above analysis to be self- consistent, the 

far-field intensity profile ..O(x') should be symmetric in x' This 
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obtains since a nonsymmetric J(x' ) would yield a non- zero imaginary 

part for E (x) 
y 

in direct contradiction with our basic premise that 

E (x) 
y 

is real. By calculating the "imaginary part " of E (x) 
y 

from 

the far-field data and comparing its magnitude with that of the cal-

culated real part, a check can be made on the validity of the 

analysis. It should be remembered that the use of this method masks 

the information r egarding any asymmetry whi ch might exist in J (x) 

1. 3 . 5 Photon-Assisted Tunneling in Forward Biased Diodes 

1.3.5.1 General background. The spontaneous and stimulated 

emission discussed in the previous sections are due to the "thermionic" 

injection of minority carriers across the forward biased diode junc-

tion. However, for low enough temperatures and forward bias voltages , 

the injection of mi nority carriers across the voltage barrier may be 

less tnan the injection due to tunneling through the barrier . The 

tunneling process may be aided by the radiative recombination of the 

tunneling electrons and holes . This mechanism of photon-assisted 

tunneling has been discuss ed in detail by Leite et al (24) in conjunc-

tion with experiments using Ga~s p-n junctions . The effect is the 

r esult of the connection of exponentially decaying electron wave func-

t ions via a radiative transition matrix e l ement . The matrix elements 

involved are simi l ar to those discussed in Section 1. 2 , with the 

exception that the "crystal" momentum (k) need no longer be conserved 

in order f or the matrix elements to be nonzero . There are two pas-

sible tunneling mode l s for radiative recombination (24 ), name ly those 

of (a) "diagonal" tunneling and (b) impurity-band tunneling . 
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1.3.5.2 The "diagonal" tunneling model. The di agonal tunneling 

model, illustrated in Figure l-6a, is based on the simultaneo us tunnel-

ing by an e l ectron (from then-side) and a hole (from the p- side) into 

the junction region, where they recombine via the emiss i on of a photon . 

The net result is the diagonal transition of an electron from the 

n-side t o a h ole state on the p-side. The diagonal tunne ling is 

therefore a s ource of current flow as well as a s ource of radiation . 

At the point in the junction where the integrand o f the matrix element 

for the radiative transition of an electron t o a h o le s t ate i s a 

maximum, the probability fo r radiative recombinatio n is also a t a 

maximum . For the completely synunetric case of equal elect r on a nd hole 

eff ective masses and equal impurity doping, the point of maximum 

.transition probability will occur exactly at the middle of the junc-

tion. If we take the total radiated light intensity ( J ) to be 

proportional to t he r adiative transition probability at midjunction , 

the dependen ce o f -.9 on the applied voltage (V) for an abrupt junction 

is (18 ) 

with 

a nd 

a -

1/2 
1T~ 

2qn 

(l- 75a ) 

(l- 75b) 

(l- 75c) 

For 1 - 75 , W1 is give n by l-53b and ~ is the reduced ( effective) 

tunneling mass fo r electrons and holes . In additio;i , the slope 
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Figure l - 6(a) . Th e " Di agonal" Tunneling Model 
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Figure 1 - 6 (b). Cons tant- Energy Ellipse for PbTe 
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should be independent of temperature . 

The quantity w
1 

may be obtained from the experimental measure­

ment of the (differential) junction capacitance per unit area (C) as a 

function of the applied (DC) voltage . The quantity needed for the 

determination of wl is the slope ( S ) of the plot of 
c 

We have, from 1- 54 , the following expression for w
1 

(l/C
2

) 

w2 

s d 1 
- - - 2 c dV 

E 

or 

w1 = d is IJ112 
c 

2 
l/C vs. V 

in terms of S 
c 

(l- 76a) 

(l- 76b) 

Following (18), the inve r se tunneli ng mass (l/~) is obtained 

from the reciprocal addition of the effective eJectron and hole tunnel­

ing masses (rn; and ~) , written as 

1 1 = -- + e h 
(1- 77) 

~ ~ 

Recalling our discussion on band structure in Section 1.1.2, the con-

stant energy surfaces for PbTe are ellipsoids of revolution, with the 

major axes oriented along the <111> directions . The d i odes used f o r 

the experiments to be dis cussed here possess diffused junctions which 

are intended to be parall e l to the (100) cleavage planes of the 

material. We can therefore determine the ideal effective tunneling 

->-
mass es by c alculat i ng the magnitude of the momentum vector (k) in t he 

<:LOO> direction. For a constant- energy (E) ellipsoid, we may write 
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(1- 78) 

where k(9) is the magn~tude of the vector 
-+ 
k(9) , which makes an 

angle 9 with the major axis of the e l lipsoid (as illustrated in 

Figure l - 6b),and where m(9) i s the corresponding e ffective mass . 

For an ellipsoid of revolution, we need only consider a c ross sectional 

plane containing the major axis, where the maj or axis represents the 

longitudinal direction of heavy mass (see Table 1- 1). Following this 

construction, we can express 1 - 78 as 

(l- 79a ) 

where and are the transverse and longit udinal effective 

masses . However, by geometry we have 

kt = k(9) sin 9 

kR. k(9) cos 9 

and l-79a becomes 

n2
k

2
(9) [ . 29 2 

1 sin cos 9 
E = + 

2 mt mR. 
(l- 79c ) 

Using 1 - 78 and l - 79c ,we obtain 

1 . 29 2 
sin cos 9 

m(9) = + 
mt mR. 

(1- 80 ) 

with m(9) now being the. tunnelinr; mass in the Q direction . Now, fo r 
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the exact case of t 1.U1neling in the <100 > directi o n (cos g = 1 /./3 , 

sin G = /2/3), the effective mass value obtained from 1-80 is, in the 

limit of mi >> mt , just (3/2 mt) . However , f r om 1-75 a n d Table 1-1 

we see that tunneling along the direction of transverse mass is 

greatl y favored by virtue of its very small magnitude (as compared with 

the lorigitudinal mass). Therefore, a ny irregulariti es or "waviness " in 

the diffused junction , which would give rise to local orientations 

other than in a (100) plane, would also allow for tunneling t o occur 

in the preferred direction of low effective mass. Such preferred tun­

neling would tend to dominate a ll other directions of curre nt flow, and 

hence the tunneling current would exhibit the ch a r act eristics of the 

small transverse mass . This is very likely to be the case in diffused 

junctions, where it is expected that diffusion irregularities do produce 

a mic roscopically multidirectional j1ll1ction. The r efore , the most 

probable (reduced) tunneling mass for holes and electrons i n PbTe may 

b e obtained from t h e values f or transverse mass, given in Tab l e 1-1, 

by using 1-77. The result for (mT/m
0

) is 0.11, wh e r e m 
0 

is t he free 

electron mass. 

1.3.5.3 The impurity-band tunneling model. With the presence 

of impurity (energy) states lying in the b a n d gap , e l ectrons and holes 

may tunnel from the n and p sides , respectively , into the impurity 

states, as i llustrated in Figure 1-7. Radiative recombination of an 

electron and hole may trien occur , with the r esultant e mission of a 

photon . As ind i cated i n Figure 1-7, a n increase in applied voltage 

provides for t he filling of higher e nergy impurity states . If the 
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Figure 1-7. The Impurity Band Tunneling Model 
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current flow through the impurity states is limited by the finite 

recombination rate, then the impurity states will be fill ed , up to an 

energy which is proportional to the applied voltage. Therefore, both 

the .J-V and I - V characteristics will exhibit the energy dependence 

of the impurity density of states, and should also be temperature 

independent . The doping impurity states in ext rinsi c semiconductors 

lie near the band edges, where minority carrier impurity state s may be 

left vacant due to compensation in the material . These states may 

therefore be filled via (photon- assisted) tunneling . Recalling our d i s -

cuss ion in Section l. l. 3, the compound PbTe forms n and p mat eri a l s 

by having excess stoichiometric proportions of Pb and Te respective ly. 

Therefore, one would expect a large amount of compensation to occur , 

leaving a fairly large number of minority carrier impurity states 

vacant. However, we also pointed out that the large (static) die l ec-

tr:,c constant of PbTe (400 E ) meant that the impurity "band- tails" 
0 

could penetrate the band gap by only a small amount. Therefore, donor-

acceptor band-filling via tunneling int o band- tails is not likely t o 

occur in PbTe, since the thermionic emission given by 1-55 would pre-

dominate for such small barrier voltages. 
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II. DESCRIPTI ON OF THE EXPERIMENT 

2.1 General Remarks 

Th e experiment consisted basicall y of (a) the preparation of 

PbTe p - n junction diodes and (b) the measurement of the electrical 

characteristics ( i. e. the current-voltage behavior) and (c) the mea­

surement of the radiation ch aracteristics of the d i odes. Concomitant 

with the specific task of diode fab r ication was the application of 

ohmic electrical contacts to the diodes . The p-n junctions were 

obtained using a closed-tube vapor-phase diffusion of bulk PbTe mate­

r ial. Owing to the small size o f the diode specimens, a great deal of 

their preparation h ad t o be done with the aid of a microscope and with 

the use of special t ools and t echniques . The measurement of e lectri cal 

and radiation characteristics of the c.iodes called for a variety of 

apparatus. Included were infrared (photoconductive) detectors, cryo­

genic dewars and specialized electronic equipment . 

The purpose of this chapter is the description of the tasks and 

equipment involved in the total experiment . The f o llowing sections 

describe the details of the experiment whi ch are briefly introduced in 

the a"tiove paragraph . 

2 . 2 I nvest i gation of Metal-SemiconductoY _9ontacts with PbTe 

In order for a p - n juncti on diode to exhibi t its tru e current­

vol tage ( I - V) characteristics, the impedance of the electrical contacts 

to the diode must be small compared to tha t of the junction . For our 

case , the initi a l criteri o n for the contacts was that they b e ohmi c i n 
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nature, i. e . that the contacts do not by themselves exhibit rectifica-

tion properties with I-V characteristics o f the type given by 1-55. 

The origin of rectification in metal-semiconductor contacts may b e 

stated briefly as follows. In bringing a metal and a semiconductor 

into contact , a re distributi o n of charge takes place in order to satisfy 

Poisson 's equation , r esulting in the formation of a potentia l barrie r 

between the two materials. The h e i Ght of the pot ent ial barrier may 

result from (a) t he presence o f surface states whose energi es lie 

within the ener gy gap of the s emiconductor , o r (b) the r elative d iffer-

ence b etween the work- functions of the electro ns in the metal and 

electrons in the semiconductor . 

Let us consider a simple example where t he contact properties 

are determined by (b) alone, and where the metal work- function (0 ) is 
m 

g r eat er than the n-type semiconductor work- fun ct i on (0 ) . Figure 2 - 1 
s 

(a) shows the electron e ne rgy leve ls before contact, with the donor 

Fermi level (EDF) of the e xtrinsi c n-type semiconductor lying near the 

conduction band (EC). Whe n contact is made , electrons flow f r om the 

s emiconductor into the metal, providing a bound - charge dipcle lay er . 

This sets up a potential barrier (0 - 0 ) which wil l display a nonlinear m s 

I - V behavior ( see Figure 2-l(b)) . A basic law of thermodynamics 

requi res t hat the Fermi l e vel (chemical potential) , des i gn ated E , be 
F 

constant for the two systems in contac t (i n the rmal equilibri um) . 

However, for the case of ¢s > 0 a non- rectifying barrier i s built m , 

up at the contact , as shown in Figure 2- 1( c) . In this c ase electrons 

flow from the metal into the semiconductor u pon contact , causinr-; a 
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depression in the potential at the contact surface. Hence an ohmic 

contact between the metal and the semiconductor is achieved. In an 

analogous manner , cases of both rectif'ying and ohmic contacts 

between a metal and a p - type semiconductor may be constructed . It 

should be noted that in actual cases t h e rectif'ying barri er height is 

not usually just (¢ - ¢ ) as shown in Figure 2 - l(b). Indeed, some m s 

experimental data indicate that the barrier height may be a lmost inde-

p endent of ¢ , in which case the barrier height is determined by 
m 

semiconductor s urface states (25). 

In l ooking for metals which will provi de ohmic contacts with a 

semiconducting material, those which act as donors a re needed for the 

n-type material and those which act as acceptors are needed for the 

p-type material. In general, Se, Te Ag, Au and Tl have b een found to 

behave as acceptors and Pb, In, Sn and Bi as donors in PbTe (26) . 

This provided the basic direction in seeking proper sol dering alloys 

f or PbTe contacts . Other criteri a for selection were relative conven-

ience in use (oxidizing characteristics, melting point, etc . ) a nd 

availability (either commercial ly or made in the laboratory) . For the 

investigation of the I-V behavior of different alloys with PbTe, 

experimental sampl es were made by using the alloys t o s older copper 

wire contacts to single cryst als of Pb're . The quantitative investi-

gation of such contacts involves several questions regarding (a) the 

directions of forward and reverse biasing, (b) the geometry and sym-

metry of the contacts , and ( c) the temperature dependence o f the I -V 

characteristi cs . However, the main concern here was not the detailed 

invest igation of the contacts , but a qualitat i ve determination of 
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whether o r not a given metal-semi con ductor combination exhibited ohmic 

properties . Hence, the res ults presented he r e will be v e ry qualitative 

and will center mainl y on those cases which e xhib it no rectification 

p ropert ies . 

The metal-semiconductor pairs investigated are l i sted i n Table 

2 - 1 . Out of t he total of five combina tions studied, f our d isplayed 

r ectifi catio n characteristics and two ohmic behavior . All six candi­

dat es were measured at three temperatures : (a) room temper ature ( 300°K ), 

(b) liquid nitrogen (77°K) and (c) liquid hydrogen (20°K). All six 

e xhibi ted ohmi c conduct i on at room t e mperature . All those which showed 

nonlinear I - V characteristics did so a.t both 77°K and 20°K. In general, 

the voltage at a given current was higher at 20°K than a t 77°K , as 

s h own in Figure 2-2(a) . An exception to this was not ed in the case of 

sample MS-1 in the third quadrant (Figure 2-2(b)). These figures 

illustrate t h e general asymmetry o f the I - V curves. The two s uccessful 

candid ates were MS- 5 and MS-6, wi th their data shown in Figure 2- 3 . 

Both samples clearly exhibit ohmic conduction by t he i r linear I - V 

curves. The fact that the resistance exhibited b y MS- 5 a n d MS- 6 

decreased with decreasing temperature l ends f urther credence to the ir 

ohmic behavior. 

The results o f the above investigation were (a) t he eut ect i c 

Au-Tl alloy , with a melting point of 1 31°C (27 ) provided an ohmic 

contact wi th p - type PbTe and (b) the non- eutectic metallic sol ution 

of weight composition 25% I n, 37 . 5% Sn , 37 . 5% Pb, with a melting point 

of 138°c ( 28 ), provided an ohmic contact with n-type PbTe . 
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Table 2- 1 

Sample Pb Te Impuri t y Type Alloy Contact 

MS- 1 p (pol ish ed) In- Tl-Hg non- ohmic 

MS- 2 p (cleaved ) In- Tl-Hg non-ohmic 

MS- 3 p In- Sn non-ohmic 

MS- 4 p Sn non- ohmic 

MS- 5 n In- Sn- Pb ohmic 

MS- 6 p Au- Tl ohmic 

2 . 3 Preparati on of the Lead Tellu ride P- N Junction Diodes 

2 . 3.1 General Remarks 

The preparation of PbTe p- n junction diodes required several 

independent processes which were carried out in sequential order. These 

processes are described in t h e following paragraphs and in the same 

order in which they were performed . 

2.3.2 Preparation of t h e Bulk Materi a l 

Th e bulk material used for the diodes was single crystal p- type 

PbTe grown by a modified Bridgeman method ( 29 ) . Experiments with photo-

injuced radiation from PbTe single crystal p - type material have shown 

that a higher radiative efficiency is obt ained from c r ystals which 

have been anneal ed in a hydrogen atmosphere (9). Therefore the 

crystals used for this experiment were annealed in a hydrogen a tmos -

- 1 
phere at a pressure of 10 t orr . The final concentration of p - t ype 

_17 - 3 carriers in the material was on the order of l~ cm ( 30 ) . The 

annea led crystals were hand-polis~1ed in the (100) p lane to a. thickness 
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of approximately 3/4 mm , using a 0. 3 micron a lpha- a lumina abrasive 

material mixed with distilled water. The hand- polished crysta l s were 

then electrolytically polished i n a special solution consist ing of 10 

g rams sodium hydroxide, 100 cc distilled water , and 50 cc g l ycerol . 

The PbTe cryst als were held in the e lectrolytic solution for 1 0 - 20 

minutes u s ing a special pair of stainless steel pincers. The PbTe 

acted as the anode, with a large area stainle ss steel p l ate acting as 

the cathode . Th e electrode potential was controll ed at 10 volts dur-

ing the process . The above pro cedures re s ulted in polished single 

crystals with dimensions of about 2 mm by 2 mm in the ( 1 00) plane and 

a 3/4 mm thickness. 

2.3.3 Diffus i on of the Bulk Material to Form P- N Junctions 

The diffusion of an n-type layer onto the p - type bulk material 

required t h e u se of a Pb-rich two-phase i ngot of Pb and Te , chemically 

combined i n a sealed quartz tube. The quartz tube was washed with 

48% hydrofluoric ac id, rinsed in distilled water, drained dry and 

- 6 
vacuum pumped down to 1 0 torr. During vacuum pumping the tube was 

flamed with a hydrogen torch. Qu ant ities of 99 -999% pure powdered Pb 

and Te were weighed out in relative proportions of 51 and 49 atomic 

percent respectivel y , with a total weight of about 10 grams . The 

mat e r ial s were loaded into the quart z tube which was agajn vacuum 

- 6 pumped and sealed o ff at a pressure of l ess than 10 torr. The sealed 

tube was heated with a torch f lame long enough for a partial reac t ion 

of the conten ts to t ake place. It was the n heated at 950°c for three 

hours and qu enched in water . The resulting ingot was used f'or the dif-

fusion of the p-type PbTe cryst a l s . 
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The diffusion of the PbTe took place in a quartz tube 5 inches 

long and with an outer diameter of 2.5 cm. This tube wa s cleaned and 

prepar ed in the same manner as the tube in which the diffusion ingot 

was ma de. Just prior to the placement of the ingot e.nd p-type PbTe 

crystals in the diffusion tube, both were washed in 5% n itric acid 

and rinsed with distilled water. The ingot and crystals were then 

-6 placed in the qua rtz tube and the tube vacuum pumped d own t o 10 torr . 

During the vacuum pumping the tube was gently h eat ed with a hydrogen-

oxygen torch f lame. The tube was then sealed off wi th the torch a nd 

checked for leaks with a Tesla- coil. The sealed tube diffusion con-

figuration is shown in Figure 2 - 4(a). 

The sealed tube was placed in the center of a diffus ion furnac e 

whi ch had been pre-heated to 650°c and stabilized at that temperature 

for 24 h ours (see Figure 2-4(b)). The vapor d iffusion o f the PbTe 

singl e crystals by the Pb-rich ingot :took place for one hour at a 

controlled temperature of 650 ~ 10°C . At the end of the hour, the 

quartz tube was removed from the furnace and quenche d in wate r. 

The single crystals of PbTe had thus been brought t o the rmal 

equilibrium , through the vapor phase, with the two-phase ingot o f 

Pb and Te . During the one hour at 650°c, the Pb-rich material had 

diffu sed to a certain depth into the Te-r ich, p - type material, forming 

an n--type layer completely surrounding the singl e crystals . 'I'he 

equilibrium conditions were "frozen in" by que ncll:inG: the crystals a t 

r oom t e mperature , thereby forming :i p e rmanent p -n junct .i c.'n ::tt a g iv en 

depth . 



,L-.._.,. __ 

"5 .... I 

QUARTZ 
TUBE 

QUARTZ TUBE 
WITH CRYSTALS 

Pb-Te 
INGOT 

PbTe P-type 
SINGLE CRYSTALS 

{a) PbTe DIFFUSION CONFIGURATION 

0- '· -------- ' 

DIFFUSION 
FURNACE 

{ b) Pb Te CRYSTALS IN DIFFUSION FURNACE 

Figure 2 - 4 

I 
0\ 
Vl 
I 



-66-

After quenching, the tube was broken open and the crystals were 

checked, us ing a thermoelectric probe (ho~-point probe ), to verify the 

presence of an n-type layer. 

2.3 .4 The Formation of Diodes from the Diffused Material 

In order to form diodes from t he di ffused material , it was 

ne cessary to r emove the di ffused n- layer f rom all but a s ingle sur f ace 

in a (100) p l ane. In forming the planar diodes i t was importa nt not 

to damage the junctions by mechanical abras i on, etc . For this reason 

no mecha nical polish ing or lapping was used t o form the sides of the 

diodes perpendi cul ar to the ju:'.lction plane. 

As a first step in r e moving t he n-layer t he side opposite to 

the (100) junction- plane was mechanically l apped to a thickness of 

0 .5 mm, leaving t he lapped s urface s uffici e ntly far away f r om the 

junction so as not to damage it. For the purpose of l apping the back 

surfac e , the crystals were mounted (junction face down) on a g las s 

slide with a hand- setting, low melt i ng point, red wax* as illustrated 

in Figure 2-5( a ). The exposed surface was t hen h and- lapped (using a 

0 . 3 micro n alpha-al umina abrasive materi al mixed with distilled water) 

on a fine cloth surface . The removal of the n-layer from the crystals 

was verified with the use of the hot- point probe . During t he r emoval 

of the n- layer, the material type and thickness were carefully checked 

a fter small amounts of repeated lapping. I n this manne r, the depth of 

the diffused layer was found t o be 75 .:!::.. 10 microns . The lapped 

c rystals were removed from the gl ass slide by melting t he wax 

*Bankers Special Wax 
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followed by cleaning with cotton dipped in alcohol. 

With the crystals positioned lapped-side dovm on a glass slide 

and viewed under a microscope, the edges were cleaved perpendicular to 

the (100) junction plane, using a finely sharpened razor blade and 

tapping it gently with the point of a file. In a similar manne r, the 

actual diodes were cleaved from the n - layer area to specific dime n-

sions (usually about 0.5 nun by 0.4 mm). The diodes thus formed were 

rectangular in shape, as shovm in Figure 2-5 (b). 

2.3.5 The Formation of Electr~cal Contacts to the Diodes 

In order to obtain ohmic contacts to both the p and n sides of 

the diodes, the special soldering materials discussed in Section 2 . 2 

were used. For convenience in handling and in the attachment of 

electrical leads, standard type T0- 5 gold-plated transistor headers 

were used as diode mounts . Before soldering the p-type diode base to 

the surface of a header, the header surface was covered with a layer 

of Au-Tl eutectic alloy (melting point of 131°C) using a special 

solder flux* and a 25-watt, copper- tipped soldering iron. The gold 

plating on the headers allowed for a good flow of Au-Tl solder over 

the surface, thereby forming a good metal to metal contact between 

the solder and header surface. Using the same solder flux and 

soldering iron as before, the diode base was soldered to a header 

while the diode was held in place using a pair of fine pointed 

tweezers. This was done with the aid of a microscope . 'I'hus a. good 

semiconductor to metal ohmic contact was achieved between the p-side 
-----------
*This flux is Superior No . 30 Super-Safe Soft Solder Flux 
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of the diode and the surf ace o f the header . After this the diode and 

header was rinsed with a l cohol to remove the solder flux residue. 

For the formation of the contact to the n- layer , the special 

In- Sn- Pb alloy (melting point 138°c ) was u sed as the soldering mate­

rial . In order to prevent the short- c ircui ting of the junction during 

soldering , car e was taken to prevent solder from flowing over the 

sides. Prior to the actual soldering to the diodes , small In- Sn- Pb 

solder "dots" were formed(under microscopic obser vation) from small 

pieces cut from wire stock . The small p i eces were p l aced o n a glass 

slide and covered with the special solder flux . The dots were then 

melted by radiative heating from a smal l c u stom soldering tool 

fashioned from 5 mil d i ameter nichrome wire a nd a 1/2 watt incandescent 

bulb socket . The nichr ome wi re was bent into a tip which was heated 

to a bright orange by passing a variac controlled current through it. 

The melted solder was immediately transformed into small spheres about 

0 .1 mm in diameter., providing good, shiny, solder pre- forms . After 

cool ing , the spheres o f solder were rinsed with a l cohol to remove t he 

flux residue. With the aid of a microscope, a n In- Sn- Pb sphere was 

then placed in the center of the n-layer of the diode a nd barely 

moistened wi t h solder f l ux . The nichrome wire soldering fixture was 

then u sed to melt the sphere by r a d iative heating, thereby causing the 

sol der to bond itsel f to t hen- side of the diode (see Figu re 2- 6(a)) . 

Thus a good semiconductor to metal ohmic contact was achieved on the 

n- side of each diode . 

In order to complete the electrical connection to the header , a 

2 mil diameter gold wire was soldered to the n- layer solder dot of the 
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diode using the nichrome wire tool (the gold wire tended to alloy with 

the In-Sn-Pb). The free end of the wire was then soldered to one of 

the gold-plated contact pins, thereby completing the electrical connec­

tion of the diode to the header ( see Figure 2- 6(b)). These tasks were 

performed with the aid of a microscope. 
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2 . 4 Experimental Apparatus and Data Acqu i sition Schemes 

2 .4.1 Gene ral Remarks 

This section descr ibes the salient features of the apparatus and 

data acqui sition systems used to obt ain the experimental data . Of 

particular interest are the mercury-doped germanium photodectors , 

which are explained bri efl y in what follows. Since a consi derable 

varie ty of data were obtained, the parti c ular data- taking s chemes will 

be explained primarily with block diagrams. 

2 . 4.2 Photoconductive Detectors 

The infr ared radiation emitted by the PbTe diode s required the 

use of photodetectors which are sensitive to wavelengths g reate r than 

6µ . This automatically e l iminates the use o f conventional phototubes , 

whose photo- respons e is l imited t o wavelengths less than about 2 µ . 

It is also required that the dete ctor be able to r espond to pulses as 

short as 2 microseconds, which eliminates conventional infrared detec­

tors (e.g. thermopi l es) . However, a family of doped- germanium photo­

conducti ve detectors have , within the l ast few years, reached the 

s tate of deve l opment where their reliable use is possible . These 

detectors utilize the presence of s hallow i mpurity l evels (usually 

acceptors, or p - type) which may be " ionized" with low energy photons . 

The impurity carriers are " frozen out " by cryogenic cooling , thus 

enabling the modulation of the materi a l' s electrical conductivity via 

photon excitation . These detectors also possess the necessary fast 

respor..s e , with the i r basic respons e t ime being tile carri ~r 



- 73-

recombination lifetime (T < 1 microsecond)*. 

The basic scheme for l ight detection with a photoconductive 

detector is shown in Figure 2- 7a. Following the notation of Figure 

2-7a the ratio of the photo- induced change in voltage (6V) to the 

applied (DC) voltage (V ) is given by 
0 

6V 
v 

0 

= (2- la) 

where RD is the unilluminated resistance of the detector . The quantity 

R is the resistance modulation due to photo- excitation, given by 

( 2 - lb) 

where is the unill uminated carrier (hole) populati on. The quan-

tity 6p is the change in the hole population due to photon absorption 

and is given by 

(2- l c) 

where G is the geometrical photon-loss factor**, T is the carri er 

recombinati on lifetime, ~ is the total number of photons emitted 

per second and nD is the de~ector (external) quantum effi ciency 

*In practice, the response time is limited by the collective RC time­
constant o f the detector and its associated electronics. 

** 
The geometrical loss factor (G) is jus·.c, the solid angle subtended by 
the light emitting surface at the detector , divided by 2n . 
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(i . e. the number of hol es produced per photon intercepted by the detec-

tor)*. Now, for R << R L D the expr ess i on 2-l a becomes 

t:N x 
y - = v l+x (2- 2a) 

0 

where 

x= 
RL 6P 

RD po 
( 2- 2b) 

The fUnction 2- 2a, p l otted in Figure 2- 7b, determines the region of 

linear response of the detector, i . e. the region where 6V ~ ~ . As 

seen from Figure 2-7b, the detector remains l inear up to signal volt-

ages (~V) of magnitude 0 . 1 V 
0 

** 
In addition, for H « R 

L D 
we may 

wri te 

6V ( 2- 3a) 

where 

(2- 3b) 

is the mobile charge transit time, i is the distance between the con-

tacts on the detector and is the carrier (hole ) mobility of the 

* 

** 

The "external" quantum effi ciency ( nD) of the de tector i ncludes photon 
losses due to (a) reflection at the surface of the detector, a nd 
(b) incomplete absorption of the photons by the detector material. 
The " internal" quantum efficiency of the detector (i.e. the number of 
holes produced per photon absorbed by the detector) is essentially 
100% ( 43). 

This is a very convenient method of testing for detect or linearity , 
i . e. by merely monitoring 6V/V 

0 
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detector material. We may therefore express the external quantum effi -

ciency of a l ight- emitting diode (i.e. the number of photons emitted 

per charge carrier flowing through the junction) as 

(2-4) 

where I i s the total current flowing through the diode. 

The detectors used for this experiment were constructed from 

single crystals of mercury-doped germanium (Ge:Hg).* The mercury atoms 

form an acceptor leve l located about 0.09 electron-volts above the 

valence band edge. The useful temperature range for Ge:Hg detectors 

is below 4o°K. 

2.4.3 Data Acquisition Schemes 

2.4.3.1 .JJ vs. I data. The experimental set-up used to obtain 

the total radiation intensity (i:.0) as a function of diode current (I) 

is illustrated in Figure 2-8. The diode is mounted adjacent to the 

Ge:Hg detector and both are submerged i n a cryogenic liQuid. Since 

the Ge : Hg is sensitive only below 4o°K, data were obtained using liquid 

hydrogen (20.4°K) and liquid helium (4.2°K. The diode current was in 

the form of short ( 2 to 50 microsecond) pulses, in order to prevent 

joule heating of the diodes. 

2.4 . 3 . 2 I vs. V data. The experimental scheme used to obtain 

the current-voltage (I-V) characteristics of the PbTe diodes is illus-

trated in Figure 2 - 9a . As indicated in the diagram, (10 microsecond) 

*The concentration of mercury atoms is about 5 x 1015 cm- 3 . 
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current pulses were used for these measurements . The use of short 

current pulses prevented the heating up of the diodes at high c urrent 

levels , just as for the J. - I data. The I - V data were obtained with 

diodes submerged in liquid nitrogen (77°K) , liquid hydrogen (2o.4°K) 

and liquid helium (4 . 2°K) . 

2 . lt. 3 . 3 C vs . V data . The experimental arrangement used t o 

obtain the d i ffe rential capacitance (C ) as a function of upplied (DC) 

voltage (V) is illustrated in Figure 2- 91.l . The C- V data 1-rere obtain e d 

at 77°K a nd 4. 2°K . 

2 .4.3.4 Spectral intensity data. Th e spectral intensity 

J ( .>..), of the stimulated emission from PbTe diodes was measured with 

the system outlined in Figure 2-10. Stimul ated emission s p ectra were 

obtained f rom diodes in contact with a cryogenic bath of liqui d hydro­

gen ( 20 . 4°K) . The diodes were attached to a special " cold- finger " 

which was mounted on a cryogenic dewar . As before , the diode current 

consisted of short (2- 5 microsecond) pulses to prevent heating . Special 

lenses made from a r seni c-trisulphi de (As
2
s

3
) were used because of thei r 

required infrared transmission characteristics . 'rhe monochromator 

shown i n the illustration contains a diffraction grating*, which was 

used in the first order . The Ge : Hg dete~tor was cooled to 20 .4°K with 

liquid hydrogen . Optical alignment of the data sys tem and the diodes 

was accompli shed with the use of a He- Ne gas laser (.>.. = 6328Jt) 

2 .4 . 3. 5 Image- scan and far-fi eld intensity data . The total 

intensity of PbTe-diode stimul ated emission was measured in both the 

* The diffractio n grating is "blazed" for .>.. = 6µ (in first order) . 
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image plane, ,j(x), and in the far-field plane, ...Q(x') . The experi-

mental arrangements for the measurement of J)(x) and .j_(x') are 

illustrated in Figures l-4b a nd l-5a, respectively. The data were 

taken with a liquid hydrogen "cold-finger" ( 20.4°K), with curre nt 

pulses and detector-signal amplification as indicated pre viously.* 

* The det ect or used fo r these measurements is a coole d ('77°K), lead 
sel e nide photoconductive cell. Thi s particular de tect or was used 
( in spite of its reduced sens i t i v ity and f requency respons e ) 
b ecause o f its horizontal operating position. The detector was 
cooled to 77°K with a special (Joule - Thompson) compressed N

2 
cooler . 
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III. PRESENTATION OF EXPERIMENTAL RESULTS 

3.1 General Remarks 

The purpose of this chapter is to present the various data 

obtained during the course of the experiment . Each type of data is 

explained and illustrated in a separate section, along with a brief dis-

cussion of the p a rticular data obtained. A comparative discussion and 

analysis of all the data is given in Chapter IV . 

3.2 Total Light Intensity vs. Diode Current 

The total radiated light intensity ( J ) from the PbTe diodes was 

measured as a function of diode c urrent (I) . These measurements were 

taken over a current range of three orders of magnitude, with a corres-

ponding intensity range of six orders of magnitude . Figure 3-1 illus-

trates the .j - I data taken on diode J-2, at a temperature of 20. 4°K. 

The data can be broken up into the following four distinct regions ( in 

ordE·r of increasing current): (a) region A, where 

with m approaching 1 as I increases; (b) region B, where .J ~ I 2 

(c) region C, where .J increases very rapidly with I , and (d) region 

D, where J is again linear with I . For reasons which will become 

evident as we progress, the four regions are characterized by the follow-

ing types of current injection and recombination radiation: 

(a) region A: photon-assisted tunneling, 

( b) region B: spontaneous emission from "thermionic" injection, 

( c) region C: threshold region for stimulated emiss ion , a nd 

(d) region D: "saturation" r egion for stimulated emission. 
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Figure 3-2, which shows an oscilloscope display of the detector 

output pulse and the corresponding diode current pulse, illustrates the 

sharp increase in intensity with increased current at the threshold for 

stimulated emission (region C). Figure 3-3 illustrates data taken on 

diode J - 22, in region C and for temperatures of 20.4°K and 4.2°K. 

Figure 3-3 indicates a temperature dependence of the thresho ld current 

for stimulated emission. Figure 3-4 shows data obtained from diode 

J-2 3 in region A, at 20 .4°K and 4 .2°K. In Figure 3- 4 it is of particu­

lar interest that the linear dependence of .J on I in region A is 

independent of temperature (at least between 20.4°K and 4.2°K). These 

data are discussed further in Chapter IV. 

3.3 Diode Current vs. Voltage 

The "raw" current-voltage ( I-V) data obtained f r om di ode J-23 

are shown in Figure 3- 5, for diode temperatures of 77°K, 20 .4°K and 

4. 2°K. The "S" shaped curves clearly illustrate a middle region of 

exponential dependence of current on voltage. The apparent "increase" 

in diode current at low voltages is a direct manifestation of the 

existence of electrical s hunt-paths around the junction of the diode. 

The pre sence of junction-shunts was verified by observing the effect 

of the c h emi c a l etching* of the diodes on the magnitude of the shunt­

current. By properly etching the diodes, the amount o f shunting of 

the junction by foreign material was minimized. The amo unt of etching 

which could be done was, or course , limited by the amount o f damage 

done to the electrical contacts by the etchant. The apparent "dec rease" 

*The etching s olution used was 5-20% (by volume) nitric acid . 
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A. Upper Trace 

ve rtical scale: current (0 . 5 amp/cm) 

horizontal scale: time (1 µsec/cm) 

B. Lower Trace 

vert ical scale: detector (0 . 05 volt/cm) 

horizont a l scale: time (1 µsec/cm) 

Figure 3- 2. Current and Light- Detector Pulses 

for Diode J-2 at Ith ( 20. 4°K) 
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in the current at high voltages is due to series resistance. 

The I-V characteristics in Figure 3- 5 were corrected for series 

resistance. The "corrected" I - V curves for diode J-23 are shown in 

Figure 3- 6. The upper limit of the corrected curves is approximately 

the point where the voltage shi~ due to series resistance is equal to 

the corrected voltage . Beyond this point , the corrected data are not 

rel iabl e. 

3.4 Diode Junction Capacitance vs. Voltage 

Measurements of the differential junction capacitance (C) as a 

f'unction of applied (DC) voltage (V) are illustrated in Figure 3-7 for 

diode J-23 at 77°K and 4 . 2°K. The linear relationship between ( l /C2 ) 

and V indicates that the PbTe diodes have "abrupt" junctions. The 

small change in the slope (S ) of (l/C
2

) vs . V between 77°K and 4.2°K 
c 

i s most likely due to small temperature dependences in the parameters 

include'd in S (see equations l - 53b and l - 76a). 
c 

3,5 SP.ectral Lignt Intensity 

The stimulated emission spectra , Jl(A), provide confirmation of 

the threshold for stimulated emission (region C of the .J - I data). 

Figure 3-8 displays the Jl - I data in regions B, C and D for diode J-4 

at a temperature of 20. !1°K. The corresponding spectral data for J - 4 at 

20.4°K (near the threshold for stimulated emission)are shown in Figure 

3- 9 . The current at whi ch the narrow bandwidth* , stimulated mode 

*The narrowness of the spectral lines (about 15~) is limited by the 
resol ution of the monochrc~ator . 
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(A= 6.465µ) appears is the threshold current (Ith = 1. 55 amps for 

J -4 ) . The spectrally determined Ith is seen to correspond to the 

beginning of region C in Figure 3- 8. Therefore, region C is jus ti-

f iably called the threshold region fo r stimulate d emission . The 

emission spectrum of J -4 for a current o f 3 . 0 amps (wel l above thresh­

old), is shown in Figure 3- 10 . For I = 3. 0 amps, several modes are 

oscill ating s imultaneously , each mode being r epresented by a r elative 

peak in the spectrum. Furth er di scussion of the stimulated emiss i on 

peaks in Figure 3-10 is obtained in Chapter IV . 

3 . 6 I~age-scan and Far- field Intens i ty 

The st imula t ed radiation intensity , J( x) , in the p l ane of the 

diode's emitt ing surface as a functi o n of distance (x) perpendicular 

to t h e junction, i s shown in F i gure 3- 11 f o r diode K- 4 a.t 20 . 4°K. 'l'he 

data in F i gure 3-11 were obtained using the method illustrated i n 

Fi gure l-4(b). The c urve in Figure 3-11 is for a diode- current of 

8.0 amps . Howeve r, image- scan data were obtained fo r currents ranging 

from 2 . 0 air.ps to 8 . 0 amps , with no significant ch anges in the relative 

shape of the c urves fo r J(x) . In addition to the measurement of 

.j (x) , the diffrac t ed far- fie ld intensity, Jl.( x ' ), was measured per 

the scherr:e shown in Figure l - 5a. The p l _ot of J.(x' ) for diode K-4 at 

20 .4° K, an d for a cur rent of 2 .0 amps i s shown in Figure 3- 12 . The 

stimulated e missio n s pectrum f or J -4 ( 20 . 4° K and I = 2 . 0 an1ps ) is 

g i ven in Figure 3-13 . The spectrum in Fi gure 3- 13 indi c ates th a t tl10 

dominant osci l latinc; mode (A = 6 . 48 µ ) is muc h more~ inte nse th~rn any of 

the other modes present. The method described in Sect i o n 1 . 3 .11 was 
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used (with the aid of the IBM 7090 computer) to transform the ,J(x') 

data in Figure 3-12 into corresponding values for j)F(x) The result 

of the numerical transformation is illustrated in Figure 3-14 . A 

further analysis of Figure 3-14 is given in Chapter IV. 

3. 7 Threshcld Current for Stimulated Emission vs . Reciprocal Cavity 

Length 

The threshold current (per unit junction area) for stimula.ted 

emi ssion (Jth), given by equation 1-66, is inversely proportional to 

the diode cavity length ( L) . In order to observe (experimentally) the 

ve.riat :i on in •\h with changes in L , diodes which are a like in every 

other respect are required. To achieve this, the diodes used should 

be made from adjacent areas of the diffused. PbTe crystal. In order 

to obtain nearly identical diodes f'or this exper iment, diode J-4 was 

recleaved to form two additional diodes, K- 4 and K-42 . Each of' the 

two new diodes had cavity lengths shorter than J-4. The measured 

values of Jth for the three diodes, as a function of' their reciprocal 

cavity length, were plotted in Figure 3-l5. The results of Figure 

3.-15 are discussed in Chapter IV. 
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IV. DATA ANALYSIS AND DISCUSSION 

4.1 General Remarks 

This chapter contains the over-all analysis of the data presented 

in Chapter III. The discussion is broken up into two main areas: 

(a) light emission and electrical characteristics at l ow current levels 

(regions A and B, with currents less than Ith), and (b) stimulated l ight 

emission at high current levels (regions C and D with currents greater 

than Ith). By arranging the analysis and discussion of the data as 

outlined above, an optimum amount of comparison of the different types 

of data is hopefully achieved. 

4.2 Light Emission and Electrical Characteristics at Low Current Levels 

4.2.1 Electric al Characteristics 

The I-V data in Figure 3-6 indicate an exponential dependence of 

curren~ on voltage. The (natural) logarithmic slopes obtained from the 

-1 0 0 
data have the sam~ value of 130( volt) for 4.2 Kand 20 .4 K, with a 

smaller value of 90(volt)-l for 77°K. It therefore appears that the cur-

rent (at least below 20.4°K) is not thermionic in nature, since t he 

exponential coefficient would the n be inversely proportional to the 

absolute temperature (as indicated by equation 1-55). In addition, the 

slope ( q/kT) for thermally generated current flow has value s of 

-1 )-1 6 -1 0 150(volt) , 570(volt and 27 O(volt) for temperatures of 77 K, 

20.4°K a.11d l1.2°K, respectively. However, owing to the large increase i n 

current (at a gi ven voltage) in going from 20. l1°K to 77°K (Fig. 3-6), one 

might expect that the current flow is thermionic at 77°K, with a slope 

(qv/ SkT) , and where 8 = 5/3 . The thermal saturation current (I in 
0 
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equation 1-55) for a p- n junction forme d by extrinsic semiconductor 

materials is given by (31) 

I 
0 

where µ and T are the carrier mobi l ity a nd li fetime (the sub-

scripts h and e denoting holes and electrons), and where n. 
l 

(4-1) 

is 

the i ntrinsic carrier con centration given b y 1 - 19 . 'l'he reliable c<:.1.l-

culation of I a t low tempe r atures for Pb're , using 4- l , is proli.i.bi ted 
0 

by the lack of reliable data fo r µ , T and n . . 
l 

The l ogarithmic slope ( ST) f or photon- assisted tunneling (equ~-

tion 1-75) was c alculated us ing the value of s 
c 

obtained from the 

C- V data in Figure 3-7, and using the reduced tunneling mass d i scussed 

in Section 1 . 3 .5 . 2 (MT = 0.011 m
0

) . The resulting ( calculated) value 

for ST is 

(S ) 
T cal c. 

150(volt)-l ( 4- 2 ) 

in fair agreement with the measured logarithmic slope of the I - V data 

at 20. l~°K and 4 . 2°K in Figure 3- 6. 

In summary , the following results for l ow tempe ratures (20.4°K 

and 4 . 2°K ), discussed i n the above paragraph, indicate that the l ow-

level c urrent flow i s due to tunnel ing ; ( a ) the temperature independence 

of the l ogarithmic slopes of the I - V characteristics, (Li) the measur,~u 

value of the logarithmic slope being much less than t he slope (q./k'l') 

foi· the thermionic mode l and ( c) the rather good agreement of the: 
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measur ed slope with the calculated value of ST 

4.2.2 Light Emission Characteristics in Region A 

The e,Q - I data in regi on A , shown in Figures 3- 1 and 3- 4 , 

indicate a linear dependence of total radiation intensity on current a t 

the high current end of the region . At about the middle of the region, 

the light intensity begins to fall o ff more rapidly with decreasing 

current. The region may therefore be characterized by 

where m = 1 . In the analysis of Section !~ . 2 . 1, the I - V chnract er i s -

tic for region A was demonstrated to be 

(4-4) 

where ST is the exponential coefficient obtained in Section 1.3.5.2 

for "diagonal" tunneling. Using the ideas developed in Se ction 1.3.2 , 

we may write 4- 3 as 

where 

n r 
m- 1 

I (4 - 5b) 

is the radiative quantum efficiency. As I increases in region A, 

m approaches the value 1 and nr becomes constant , giving 

( 11 - G) 

as predicted lly the model for r adi ative diap;ounl t1m1wli11;;. L11 the' 
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low current part of Region A (i . e . where m > 1 ), the radiative rec om-

bination is competing with a "non- radi ative" process .* However, the 

I-V data exhibit a s ing l e exponential s lope for a ll values of I in 

region A Therefore, the I -V data indicate that the same exponent ial 

slope (ST) obtains for b oth radi ative and nonradiative diagonal tunne l -

i n g . This result is certainly a tenable one , since the trans i t ion 

matrix elements invol ved in the calcul ation of ST do not necessarily 

require radiative transitions (24).** As a result , the t otal curren t 

flow due t o both radiative and nonradiati v e recombination can be 

expressed as in 4- 4, whi ch is indeed verified by the I - V data (Sectio n 

4 . 2 . 1) . However , since the radiat i ve rec ombination i s compet i ng with a 

nonradi at i ve process , the~ - V character istic must be writte n as in li - 5 . 

* The radiative recombination is competing with e ither ( a ) a non-

radiati ve process , or (b) a radiative proces s in 1.rhich the e mitted 

photon wavelength exceeds the l ong- wave length limit of the detector. 

(For a Ge:Hg detector, A :::::: 1 5µ) . 
max 

** (M ) be The only requirement is that the transition matrix elements 
CV 

of the form given by equation 5 of reference ( 24 ), i.e . 

f 
- + 

~ 

+ 
M = ijJ ( r) p ¢ ( r) dV 

CV c v 

+ + 
where 1Ji ( r) and t/J ( r) a re the conduction and valence band wave 

c v 
functions , g i ven by l - 5l c and l-5ld, respect ively (the "bar" o ver 

ijJ ( r) denotes complex conjugation), a nd where P is the momentum 
c 

operator . 
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A possible model for the source of nonradiative recombination 

is the existence of impurity energy levels within the band-gap. Even 

though "impurity" levels due to excess stoichiometric proportions of Pb 

and/or Te atoms lie very near the band edges (as discussed in Section 

1 . 1. 3 .2), foreign- impurity atoms may give rise to carrier- trapping 

levels deep inside the band- gap . These impurities may provide for the 

radi at ionless relaxation and recombination of tunneling e l ectrons and 

holes through either one or several impurity l evels , as illustrated Ln 

Figure !1- l. This allows fo r the nonradiative, diagonal-tunneling reco1;1-· 

bi nation of electrons and. holes . Again follo-.ring the ideas of Section 

1.3.2, the quantum efficiency (nr) for radiative tran::;itious, as uc; ecl 

in 4-5, ir..ay be expressed as 

( li- 7 ) 

where tb and t are the respective nonradi a tive and radiative life -
r 

times. As the t unneling- c urrent (I) increases , it i s e xpected that the 

impurity levels within the band- gap would become satur ated by the non-

radiative recombination process. As a result, the nonradi ative lifetime 

would inc r ease with respect to the radiat i ve lifetime, i.e. (tb/ts) 

would increase . Hence in the limit of tb >> tr , the radiative 

quantum efficiency (n ) in 4- 7 would approach unity. This is consistent 
r 

with the experimental observation of m -+ l as I increases . It then 

follows (from the d! - V relationship in 4-6 and the equality nr = 1) 

that the total current flow can b e supported by radiative , " diagonal" 

tunneline in that part of region A whe re JI. ~I In swmnary , tile 
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recombination radiation observed in region A is explained by the model 

for photon-assisted "diagonal" tunneling, with the .J - V characteristic 

given by 4-5 . 

4 . 2 . 3 Light Emission Characteristics in Region B 

The total intensity of light emission in region B is character­

ized by the relationship .J - r 2
, as illustrated in Figures 3- 1 and 3- 3 . 

The rather abrupt transition from ..J - I in region A to J - r 2 in 

region B indicates a possible change in the current injection mechanism. 

Although the I - V data (Figure 3-6) cover only region A, the transition 

from J - I in region A to .J. - r2 
in region B in the J - I data 

suggests that the current injection mechanism changes from photon-

assisted tunneli ng in region A to thermionic injection in region B 

Again following Section 1. 3. 2, we now have the case expressed by 1-60 

and with m= 2 . Using l-6la, we h ave n - I, which for the case of s 

tb >> ts , yields 

( 4-8a) 

where tb is the nonradiative lifetime and t 
s 

is the spontaneous 

(radiative ) lifetime. Since t i s constant, we then have 
s 

(4-8b) 

The above empirical results can be explained on the basis of 

nonradiative carrier recombination via i mpurity carrier-trapping l evels 

lying in the band-gap , presented as follows. According to l-58b, we 

may write the total diode current as 
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I = Ib + I 
s 

with 

Ib 
qn2 

-
tb 

( 4-9b) 

and 

I 
qn2 

- t s 
(4- 9c) 

s 

where n2 

and I 
s 

is the total number of injected minority carriers , and where 

are the current components due to nonradiative and r adia-

tive recombi nation, respectively . We now postulate the presence of 

N~ impurity (trappi ng ) states withi n the band- gap and within app r oxi-

mately a diffusion length of the junction. Next we write 

( li- 10) 

where and are the numbers of empty and full traps , respec-

tively . Now , the quantity Ib may be written as 

I = 
b 

( 4- 11) 

where t
1 

i s the (constant) " lifetime" forthe trappine; of a carrier 

by one empty trap . 

which gives 

Using 4- 11, 4- 9 becomes 

I = 

n. , = 
'-

qn2 
+ -­

t 
s 

T t t., 
I s 

( 11- \ ; 'h) 
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.Now for steady- state conditions we may write 

dN.e Nf e 
t t ntNt 

0 = 
dt t2 t l 

(4- 13a) 

or 

Nf e 
t n2 Nt 

= 
t2 tl 

( 4- l3b) 

where t
2 

is the (constant) lifetime of a filled tran . Using li - 10 in 

4- 13b, we get 

Substituting 4-12b into 4- 13c, we then obtain 

= 

( ) s 
[ 

1 
(

I t t
2 

- q Ne t + 
t s 

( 4-13c) 

( i1 - Jl.1u) 

For a sufficiently large injection current, i . e . for (I t
2

/q) > N~ 

and (I t 2 /q) > (t/ts)' we can write 4- 1 4a as 

- 1 
~ I 

i.e . the number of empty traps is inversely proport i onal to the total 

curren t ( I ). Now , if the current flow is due mainly t o nonradiative 

r ecombinat ion via traps (i.e . tb << t ) , e quation l1-12a gi vos s -
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I "' q 

From 4-14b and 4-15a it follows that 

and hence 

c9_ ....., I 
s 

or 

= 
qn2 ....., 12 

t 
s 

(4-15a) 

( 4-15b) 

( 4-l(ia) 

(4-16a ) 

which is just the empiri cal result presented in the last paragraph. \-le 

also obtain from this analysis 

I 
= s ....., I 

I 
( 1~-16b) 

and 

(4-l Gc) 

thus completing the explanation of the empirical r e sults on the basi s 

of trapping impurity-levels in the band-gap. 
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l.~. 3 Stimulated Light Emission at High Current Levels 

4.3.1 Total Light Emission in Regions C and D 

Following the discussion in Section 1. 2 .1 , and us inr~: equation 

l-47c, we may write the total photon emission rate (WT) as the sum of 

the total spontaneous and induced (stimulated) rates (W
5 

and w1 , 

respectively), or 

w 
s 

+ w 
I 

N 
- w (1 + .....E.) 

s n 
m 

In 4-17 N 
p 

is the total number of photons in all of the stimul:oi.ted 

(oscillating) modes and n 
m 

is the total number of modes in the spon-

taneous spectrum. For the case of radiative recombinat ion far below 

the threshold for stimulated emission (region B), N << n 
p m 

There fore 

WT "' W = l/t , where t is the spontaneous life time . However, as 
s s s 

the current approaches and surpasses the threshold for stimulated 

emission, the total number of photons (N ) in the cavity ;ipproaches and p . 

surpasses n 
m 

As a result, the total e~ission intensity increases 

sharply, as indicated by the data in region C of Figures 3-1, 3- 3 and 

3-8. 

As the input power to the diode is increased, the photon-field 

builds up to the point where N >> n 
p m 

In the limit of N >> n 
p m 

the total emission rate is essentially the induced rate, or 

(4-18) 

where t is constant . The total radiated power (P) is related t o tile 
s 
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external power supplied to the p-n juncti on (IV) by 

p = 
N h v 

p p 
t 

s 
~ IV ( 4-19) 

Since the junction voltage at high current- injection leve ls is essen-

tially constant , and since the tot a l radiated intensity (.j_) i s just 

the powe r per unit area , we have 

The case described by 4-2 0 obtains in region D, as illustrated by 

Figures 3- 1 and 3- 8. From Figures 3- 1 and 3- 8, cQ ~ I; he n ce the di f -

ferential quantum efficiency (i.e. d.&/dI) is constant jn region D. 

Therefore region D is called the s atura tio n region fo r st imula t ed emis-

s ion (Sect ion 3 . 2 ). 

The over- all increase in the measured values of .JI. in going 

through r egion C into region D is accentuated by the fact that t h 8 

spatial char acter of the radiation changes from is o tropi\: ( a t the 

beginning of region C) to essentially collimated . The isotropi c radia-

tion obviously suffers the greater loss (absorption) in t he diode 

before gett ing out of the cavity, where it is de tected. 

4.3 . 2 Spectral Light Intensity Data 

The narrow-band spectral lines which characterize the st i mulated 

emission from Pb Te diodes are shown in Figures 3- 9 a nd 3- 10 . As inJj -

cated by Figun.' 3- 9 (for a l i quid hydrogen cold- finger at ;~(1 . 11°K ), a 11 

increase in curr~~nt at threshold gives rise to a s i. 11 /~lc , d om i.11 :1.n t. 
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oscillating mode. Figure 3- 10 (20.4°K) shows that as the diode power 

(current) is increased, several modes can oscillate simultaneously, 

with the dominant mode being the one for which the gain , y(v) in equa-

tion 1- 62, is largest. 

The data in Figure 3-10 indi cate the presence of two families of 

stimulated modes. The existence of different families of modes is 

easily unders tood from the condition for constructive interference 

gi ven by 1-50 . Microscopic "steps" in the cleaved faces (which form 

the reflecting ends of the diode cavity) can form indi vidual cavities , 

each with its own characteristic length (L) . Therefore, it is indeed 

possible to h ave several families of modes which can oscillate simul-

taneously . The measured wavelength separation for both families of 

modes is !::,.A. = 701( (±. 2R ) . The " effective" index of refraction ( n' ) 
r 

defined by 

dn 
n ' _ n [l - (l)(-.E.)] 

r r n dA. 
r 

can be expressed in terms of !::,.A., A. and 1 by using 1-67, or 

n ' = 
r 21( l:IA.) 

Using the following experimental values f or 

l:IA. 

A 

L 

the calculated value of n' i s 
r 

= 

= 

72 ±. 2R 

6.46 x 

0.05 cm 

diode J - 4, 

10- 4 
cm 

(4-2la) 

( 4- 2lb) 

(4-22a) 
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n' = 6:0 :!:_ 0.2 
r 

This result is consistent with the published value n = 5.8 
r 

(4-22b) 

for PbTe 

(32). Therefore, no dispersion effects are evident from the mode 

separation data in Figure 3- 10. 

4.3.3 Stimulated Light Intensity Profile and Mode Confinement 

4.3.3.1 Discussion of the intensity profile data. The image-

s can intensit y data, t2. (x) , shown in Fi gure 3-11 , are a measure of the 

total stimul ated light intensity from all oscillating modes of the 

diode (as a function of the distance x perpendicular to the junction). 

As illustrated in Figure 3-13 , there are several modes in the stimu-

l ated emission spectrum of the diode , with the dominant mode being at 

A = 6.48µ . Since the different modes need not occupy the same volume 

in the diode cavi ty , the "bumps " in the decaying "tails" of cll.(x) in 

Figure 3-11 might very well be due to separate oscillating modes . 

Conversely, the s'ource- intensity profile JI. F(x) in Figure 3-14 

(obtained from the diffraction pattern intensity Jl (x') of Figure 3-12 

using the method described in Section 1.3.4), is due a lmost entirely 

to t he dominant mode . The effects of i nterference with the other , 

weaker modes i s manifest in J. F(x) by the small amplitude valleys and 

peaks on either side of t he dominant peak . Therefore , the true inten-

sity profile of the dominant mode lies between the t wo curves c.9. F( x) 

and~ (x) displayed in Figures 3-ll~ and 3-11, respectivel y . The 

effects of the interference of diffe rent modes on the far-field inten-

s ity (J.(x') in Figure 3-12) are expected to be the largest for values 
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of x ' away from the peak. Proceeding on the assumption that .J (x') 

is not affected by mode interference for small values of x ' , we may 

extrapolate t h e exponential dependence of JI.. (x ' ) on x ' from small 

values of x ' to include the entire r anee of the far- field pattern . 

The result of this extrapolation ,.S ' (x' ) , is shown in Figure 3-12 . By 

carrying out the same calculations with J ' (x ' ) as were · used t o obtain 

the source intensity ~ F(x), we now may obtain the " true " source 

intensity J J;.Cx) of the single dominant mode. The r e sulting c urve 

for JI J;.Cx) is shown i n Figure 3-14, together with d! F(x) . /\s seen 

in Fig ure 3- 14, the curve di F ( x) is the envelope of ~ F ( x ), and ls 

apparently free of a ny interference effects . 

In summary, the net difference between the curve di ( x ) a nd the 

curve c.2 F(x) (ill ustrated together in Fi gure 4-2) is just tha t due to 

all oscillating modes and a single oscillating mode , respectively. In 

effect, the observation of the far- f i eld d i ffraction pattern intensity 

(and the s ubsequent transformation of the data back to the source-

plane) acts as a spatial-filter for all but the dominant oscilla ting 

mode. 

4.3 . 3 . 2 Comparison of data with dielectric-wave guide theory. 

The data for~ F( x) are p l otted on a semilogarithmic scale in Figure 

4-3 . This plot of .JI F(x) shows a cosine- squared decrease for sma ll 

x , graduall y changing to an exponential dependence whi c h hol ds for an 

orde r of magnitude change in .,& [..(x) . Therefore , the ge ne ral na ture 

of th~ source inte nsity Ji [..( x ) i s in accord wi til th:i.t pre d.i.ct.,:d by 

the di e l e ctric-waveguide theory (equation 1-72) . 'L'he v:tl uc :~ o b taL1wd 
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from Figure 4-3 for the parameters in 1-72 are as follows : 

t = 5-6µ 
-1 

h "' 0.12µ 

l/p "' 11µ 

A self-consistency check can be made on the above experimentally 

determined parameters with the use of e quation l-7la. Using the 

values of h and p given by 4-23a, the corresponding value of t is 

1 - 1 ( t = h tan p/h) ~ 5. 3µ ( 4-2 3b) 

in good agreement with 4-23a. In addition, equation l-7lb may be us e d 

to calculate the dielectric discontinuity ( 6E/ E) in the diode cavity 

(Figure l-4a); that is, 

_ (K-1) = (4-2 4) 

where k = 2nn /A and A is the measured wavelength of the domina nt 
r 

oscillati ng mode . The numerical value for (6E/E) in 4-2!1 indicate s the 

smal lness of the dielectric discontinuity needed for the confineme nt 

of electromagnetic modes. 

4 . 3.3.3 The physical basis for mode confinement . The physica l 

mechanism which gives rise to the discontinuity ( 6E/ E) in the real part 

of the dielectric constant of semiconductor-diode lasers has been 

studied by several investigators (33). One such mechani s m i s based on 

the enhan cement of the dielectric constant in the deple tion region 
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about the diode junction , due to the absence of free charge carriers. 

The corresponding dielectri c discontinuity is given by (34) 

0£ 
£ 

::: 

2 
w 
_...£. 

2 
w 

( 4-25a) 

where w is the radiation frequency and w (called the plasma fre­
p 

quency) is given by 

2 
w 

p m*e: 
( 4-25b) 

where N is the density of the free charge carriers outside the dep-

letion region and m* i s their effective mass . The extent o f the 

region of high dielectric constant (thickness 2t in Figure 1-l~ a) is 

therefore just the width (w) of the depletion region, given by equation 

1-53. The capacitance measurements (Figure 3-7) indi cate that with the 

high forward current flow needed for laser action , the width of the 

depletion layer is less than 0.1µ However, the data :i llustratecl in 

Figure 4-2 i ndicate the value for 2t to be on the orde r of 10µ . 

Therefore, the observed thickness of the high intensity region pre-

eludes the physical origin of ( oe:/e: ) as prescribed by 4-18. 

It is intuitively reasonable to expect that the high gain char-

acteristics needed fo r l aser action mi ght somehow determine the extent 

of the region of high inte nsity in the diode structure . We have 

already seen from equation 1-56 and FiGUre 1-3b that the r egi on of 

population inversion can extend out to rou gh ly a d:i ffus i.on length ( LD) 

on eithe r side o f the junction. However , wi tllout sum<:.' mean s o f c o n-

fining the radi a tion within the cavity , the EM mo des co uJ.d "spre ad o ut" 
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over the total volume of the diode. Therefore, one is motivated to 

look for a mechanism whereby the cavity modes are confined to a volume 

which is at least approximately coincident with the volume of high gain 

(as determined by the minority carrier diffusi on lengths). In this 

mechanism the change in the dielectric constant should be directly 

related to the gain characteristics of the medium. Such a mechanism 

has been applied to the case of GaAs laser diodes (35), and is discus-

sed in the next paragraph. 

The possible effect of the gain in a light -emitting diode on the 

dielectric constant can be seen by examining the Maxwell equation 

-+ 
-+ -+ -+ C3E 
v x H = crE + E at (4-26a) 

-+ 
For a sinusoidal variation of E with time (t) of exp(iwt), 4-26a 

becomes ' 

-+ -+ -+ -+ 
V x H = crE + iwEE ( 4-26b) 

where a is the electrical conductivity of the medium. Considering a 

to be complex (i.e. a= a + icr . ), we may write r l. 

-+ -+ -+ 
V x H = iwE 1 E (4-26c) 

where E1 is the effective complex dielectric constant given by 

with 

and 

E1 = E + iE. 
r l. 

E = E[l + (cr./wE)] 
r l. 

E . - -(cr /w) 
i r 

(4-26d) 
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From 4- 26d we see that the fractional change in the real part of the 

dielectric constant, due to a complex conductivity, is 

0£ 
£ 

= 
0. 

1. 

WE 
( 4- 26e) 

Since the real part of the conductivity (o ) is associated with the 
r 

ordinary loss of the medium (e . g. joule heating), the gain r egi on of 

the cavity is characteri zed by 0 < 0 . 
r 

The q_uantity a may be 
r 

expressed in terms of the total (exponential) intensity loss coeffi-
- a z 

ci ent , at ( .Jl ,...., e t ) For the case where ( 6£/£) << 1 (already 

satisfied i n 4-24), or is given by 

(4-26f) 

We next req_uire that the power generated in the gain region of thickness 

(2t) eq_ual the power loss in the surr o unding " lossy" r e gion of thi c kness 

(2/p) (in order fo r stimulated emission to occur) . The required power 

balance is expressed as 

1 g 2 
( 2t ) (-j a IE ) 

2 r mode 
(4-27a) 

where E d is the amplitude of the electric field due to the oscil­
mo e 

lating mode ( s). With the approximation that E is constant over 
mode 

the total mode volume, 4-27a b ecomes 

where 
Q, 

a 
r 

are the real parts of tlle conduct ivity ('or the ga i_ n 
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and loss regions, respectively. Using 4-26f, we may write 

a EW lag I = t mode 
r kpt (4- 27c) 

where wmode is the oscillating-mode frequency, and k is the propa­

gation constant ( 2nn /A). Now, the real and imaginary parts o f the 
r 

conductivity are related via the Kramers-Kroni g relations (36). For 

the case of a Lorentzian dependence of a (w) 
r 

on w , it can be shown 

that I a . ( w d ) I ~ !.
2 

I a ( w d ) I is required in order to achieve the 
i mo e r mo e 

power balance in equation 4-27a . It then fo l lows from 4-26e and l1- 27c 

t hat 

E 
(4-28) 

OE -= 

Since (oE/E) = (K-1) we may obtain from the boundary condition of 

equation l - 7lb the following equat i on for (l/p) : 

= 0 (4-29a) 

Using t he experimentally determined values of h, t and k from 

Section 4. 3 .3. 2, and a value of -1 
at = 50 cm (independently obt a ined 

for diode K-4 as discussed in the following section , 4. 3 .4) a numeri-

cal solution for (l/p) in 4-29a yields the value 

(l/p) = 10-11µ ( 4- 29b) 

This independent value for (l/p) is i n good agreement with the value 

given by 4- 23a , thereby adding credence to the above physic al mech-

anism for mode confinement . 
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With the premi se that the gain region extends t o approximately 

a d i ffusion length on either side of the junction, it then follows 

from the experimental dat a that 

(4- 30a) 

From equation l- 56b i t f ollows tha t 

T (4- 30b ) 

where T is the mi nority carrier li fetime and D i s the mi nority 

carrier diffus i on constant . By extrapolating t he experimental mobility 

(µ) data of (37) t o 20 .4°K, and obtai ning D from the Ein stein rela -

tion (µ/D = q/kT), the value of T calculat e d from 4- 30a ,b is 

- 9 10 second (l1- 30c ) 

for a diode temperature of 20.4° K (D:::::: 400 cm2/sec). The " order of 

magnitude" value for T given by 4- 30c is in agreement with the value 

obtained f rom photo- induced r e combination radiation experiments using 

single c rystal s of PbTe ( 38 ) . 

4. 3.4 Threshold Current Analys i s 

4 . 3 . 4. 1 Diode-parameter analysis. The expression developed in 

Section l. 3 . 3 . 2 for the threshold current dens ity for st imulated emis -

sion ( equation 1-66) may be written as 

= S(a + a ' ) 

where 
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8ng 2 
s dv t::.v 

- 2 
c t;, n 

s 

( 4-3lb) 

and 
I 1 

a - L .Q.n(l/R) ( 4-3lc) 

with all other quantities having been previously defined. The quanti-

ties a and a ' represent the losses due to the cavity medium and 

the imperfect cavity- end reflection , respectively . In terms of t he 

total loss factor (at) we may write 

( 4- 32a) 

where 

- a + a' ( l+- 32b) 

It is also illuminating to express Jth as 

J = J' + QCt l th th µ 
(4 - 33a) 

where 
( 4- 33b) 

is the threshold current density in the l imit of a n infinitely long 

cavity (i.e . for a ' ,..... i;- "'O) • 

The experimental determination of Jth as a function of a ' for 

the s e t of "matched" diodes described in Section 3 . 7 is illustrated in 

Figure 3- 16 (for a diode temperature of 20 . 4°K) . The experimental 

r esults in Figure 3- 15 yield the following values for three of the 

parameters defined above: 

= ( 30 .±._ 15) 
- 1 

cm 

( 15 .±._ 5 ) amp I cm 
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J~h = (400 ±. 80) amp/cm
2 

Using equation 4- 3lb we may express the quantity (E;,n ) as 
s 

( 4-34c ) 

(4-35a) 

From the total spread of stimulated modes obs erved in t he emiss i on 

spectra from PbTe di ode s at 20. 4°K, the spontaneous bandwidth (llv) is 

estimated to be 

The width ( d) of the vol ume which contains all of the osci llating mode s 

is observed (Fi gure 3- 11) to b e in the range of d = 50- 100µ . It 

t he n f oll ows from 4-35a ,b, the me asured value of v from the st imu-

lated emission spectra, and the range of values fo r S given by 4- 3lfb, 

t hat 
. -1 

E;, n ;::::: 10 · (4- 35c) 
s 

For suffi ciently low temperatures , it is valid to assume that E;, '°' 1 . 

Based on thi s a sswnption, we then have 

n :::::: s 
10-l -- 10% . 0 

for the (internal) e fficiency of spontaneous emission. 

( 4- 35d ) 

From e quation s l - 57b and l-59c , we ob tain the f ollowi!lg l'Xprc~;-

sions for the spontan eo us life time (t, .. ) and the n1.rn r<1di. at. .ivl~ li 1·L~ ti.111l' _, 

(tb ) i n terms of the minority carri er lifetime Cr) nnd n
8 



and 

t 
s 
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= T 

T 
tb = (1-n ) 

s 

By us i ng t h e e mpirical valu es f o r T , 4-30c, a nd 

and 

t ~ 
s 

for a t emperature of 20 . 4°K. 

- 8 
10 second 

(4- 36a) 

n , 4-35d, we obtain 
s 

(4- 36b) 

The ~ - I data i n Figure 3- 3 i ndicate a decrease of approximately 

25% in the threshold current by decreasing t he diode temperature from 

20. 4°K to 4 . 2°K. Equation 4-31 contains a number of par ameters which 

may be temperature dep endent ( i . e . v , ~v , ~ . n , etc . ) . However , the 
s 

determination of t h e temper ature depen dence of each of these quanti­

ties between 20.4°K and 4 . 2°K would be a n extens i ve effor t by itself , 

and is not i n cluded herein . Th e r efore , the only conclus i on which can 

be made here is that total effect of the temperature dependence of the 

diode parameters is to alter the threshol d curren t as stated above . 

4 . 3 . 4 . 2 Possible sources of diode- cavity l oss (a) . Two 

sources of loss which may contribute to the loss cons tant (a) of the 

diode- cavity are those due to ( a) band- to- band absor ption and (b) 

free- carrier absorption ( 39 ) of photons generated in the cavity . * 

* A third loss mechanism , namely that of di ffr acti o n at the ends of the 
cavity , is essentially negated by the focussing effect (mode confine ­
ment) discussed in Section 4 . 3 . 3 . 
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The minimum photon energy observed from the stimulated e mission 

spectral data of PbTe diodes at 20.4°K is 0.191 .±. 0.002 eV. This i s in 

general agreement with the value for the band-gap given in Table 1-1. 

Therefore , the s timulated radi ative transitions are app a r e ntly taki ng 

place between the edges of the conduction and valence bands. Now, the 

reverse proc ess of b a nd-to-band absorption (discusse d in Section 1.2 .1) 

is o ve rcome in the region of high gain due to the population i nvers i o n 

obtained from minority carrier injection . Conversely, in the regions 

immediately surrounding the high gain volume , the r ate of absorption 

may exceed the rate o f emission, giving a net loss (photon absorption). 

However, in degenerate s emiconductors there is an observed increase i n 

the minimum photon e nergy which can be absorbed vi a band-to-band tran­

sitions ( 40 ). This e ffect (known a s the Burstein shift) is a direct 

r esult of the complete filling of energy leve l s t o within a f e w (kT) 

of the degenerat e Fermi level, which, of course, lies with in the con­

duction and/or valen ce b and. Therefore , transitions due to photon 

absorption must take p lace b etween s t ate s within the conduction and/or 

valence bands , requi ring phot ons with increased ene r gy . On t he ot h e r 

hand , radiative transitions can s till occur between states near the 

band edges . Fo r the case o f elect r on i nj ect i o n into the p - side of the 

d i ode , the injected electron s occupy s t ates at the edge o f the conduc­

tion band. As the elect r ons diffuse into the p r egion, they can 

recombine radi ativ e ly with a h ole at the edge of t he valence band . 

Since t he p - type materi al is degenerate , there are ple nty of empty 

electron (ho l e ) state s near the e dge of the valence b a nd , into which 

conduction e l ectrons can decay . In addi tion, t he radiat i ve 
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recombination of an e l ectron-hole pair at the band edges is greatly 

f avored by the conservation of"crystai''momentum (Sect ion 1. 2.3) . As a 

result of the Burstein shif't, it is possible that the effect of band-

to-band absorption in the "lossy" regions of the radiating cavi ty is 

greatly reduced. 

The effect of free- carri er absorption is of no s i gnificance i n 

the depletion region of the diode (which is, of course, de void of free 

carriers). However, this is countered by the increased absorption due 

to the electri c fields present wi thin the depletion region (Franz-

Keldysh effect ( 41). Inasmuch as the depletion region accounts for 

roughly less than 1% o f the total region of high mode intensity 

( 2t/W < 10-
2 

from Section 4.3 . 3 . 3), its net contribution to the cavity 

loss (a) is at most very small. This leaves only the free- carrier 

absorption outside the depletion region to be considered. On the basis 

of the estimate of a in equati on 4.34 and the published empirical 

values for free-carrier absorption in PbTe at 20°K (42 ), it is possible 

to explain the cavity losses as being due to free-carri e r a bsorption. 

4. 3 . 5 Calculation of the External (Stimulated) Quantum Efficiency 

As a final exercise , it is interesting to estimate the external 

quantum e fficiency for stimulated emission (i.e . , the number of photons 

collect ed by the detector per carrier flcwing through the diode junc-

tion) for a PbTe laser diode. The estimate given h ere is based on the 

calculation of nd ( equat i on 2- 4) from the data contained in Figure 

3-1 for diode J -2 at 20. 4°K. Following e quation 2-4, the stimulated 

quantum effi c i e ncy in the saturation r egion (D), in t erms of the 
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detector- circuit parameters (Figure 2-7a), is given by 

i 
wher.e 

(Tt/T) 

nd = nD GRL 

't is defined by 2-3b . 

d(1W) 
dI 

( 4- 37) 

The quantity d(1W)/dI in 4- 37 is the slope o f the detector 

signal (6V) as a fUnction of the diode current (I), as obtained from 

the t2 -I data in region D The numerical value of the slope for J - 2 

from Fi gure 3- 1 is 

d(6V) 
dI 

= 0 . 85 volts/amp 

The corresponding values for the detector parameters are 

V = 40 volts 
0 

RL = 300 ohms 

(4- 38a) 

(t~ - 38b) 

The followi ng numerical values are for the material parameters of the 

0 * Ge:Hg detector at 20 .4 K: 

* 

T 

µp 

nD 

R, 

G 

"' 

"' 

"' 

= 

= 

10- 8 
second 

25 x 3 2 10 cm /volt-sec 

0 . 50 

o . 4o cm 

1.00 (l~-38c) 

The reference sources for these parameters are n
0 

and T ( 43), a nd 

µ ( 44). 
p 
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The value of 't resulting from equations 2-3b and 4-38b,c is 

't 
i 2 /µ V ~ 16 x 10-8 second 

p 0 
(4-39) 

The final value for nd , as calculated from 4-37 and the above param-

eters, is 

(4-40) 

Now the data in Figure 3-l are due to radiation from only one end of 

the diode cavity. Therefore, the total calculated quantum efficiency 

due ·to radiation from both ends of the cavity is in the range of 10-

20%. The corresponding radiative power of the stimulated light 

emission (A = 6.5µ) for a diode current of 6 amps is in the range of 

120-240 milliwatts. 
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V. SUMMARY 

The results of a number of experiments on the light emission 

and electrical characteristics of lead telluride p - n junction diodes 

have been presented. The capacitance-voltage data indicate that the 

vapor diffusion of an n-type layer into p-type bulk material produced 

an abrupt junction. At low current levels and temperatures (4 . 2°K to 

20.4°K), the current-voltage data exhibit a temperature independent 

exponential variation of current with junction voltage. The current­

voltage data, together with the total intensity data as a function of 

diode current, indicate that photon-assisted tunneling is the dominant 

injection mechanism at low current levels. As the ion current level i s 

increased, the injection mechanism changes from photon- assisted tunnel­

ing to thermionic emission. The spontaneous emission of light in the 

thermionic injection region is apparently influenced by impurity 

trapping levels in the band-gap. Stimulated light emission occurs at 

high injection levels in those diodes where a reflecting cavity is 

formed by cleaving the ends of the crystal . The image-scan and far­

field diffraction data indicate that the stimula ted electroma gnetic 

modes are confined to within approximately a diffusion length of the 

junction. The data indicate that the mode confinement is due to the 

optical g ain in the diode cavity, a gain which obtains in the region 

where a population inversion exists. Therefore, both the gain and the 

mode profiles are diffusion controlled. 
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