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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 , - 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 



-108-

p 

~ 
.,~_...~/ -/,,_,./-/:--:-/-/-:-.:/-/::-:-/ ~/-/~/-;--:-/~/-/ -,-

1 :I} Impurity qV 
I Levels 

".... l_ 
-~-@,-%-~-~-~-0-Y~--.:~////////////////// Ev 
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via Impurity Levels 
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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) 



-116-

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 
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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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