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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
radiationless relaxation and recombination of tunneling eclectrons and
holes through either one or several impurity levels, as illustrated in
Figure 4-1. This allows for the nonradiative, diagonal-tunneling recon -
Lination of electrons and holes. Again following the ideas of Section
1.3.2, the quantum efficiency (nr) for radiative transitions, as used

in 4-5, may be expressed as
s L
'y (4=7)

where tb and tr are the respective nonradiative and radiative 1life-
times. As the tunneling-current (I) increases, it is expected that the
impurity levels within the band-gap would become saturated by the non-
radiative recombination process. As a result, the nonradiative lifetime
would increase with respect to the radiative lifetime, i.e. (tb/ts)

would increase. Hence in the limit of t, >> tr , the radiative

b
quantum efficiency (nr) in 4-7 would approach unity. This is consistent
with the experimental observation of m + 1 as I increases. It then
follows (from the < -V relationship in 4-6 and the equality n. = 1)

that the total current flow can be supported by radiative, "diagonal"

tunneling in that part of region A where 2 ~T . In summary , the
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Figure 4-1. Model for Radiationless Diagonal Tunneling

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 <l -V characteristic

given by L-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 :Qn-Ig, as illustrated in Figures 3-1 and 3-3.
The rather abrupt transition from A ~1in region A to L n—Ie 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 <X ~ I in region A to el w~ 12 in region B in the d -1 data
suggests that the current injection mechanism changes from photon-
assisted tunneling 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 1-6la, we have B I, which for the case of

tb >> ts , yields

(tb/ts) ~ 1 (4-8a)

where tb is the nonradiative lifetime and ts is the spontaneous

(radiative) lifetime. Since ts is constant, we then have

t, ~ I (L-8b)

The above empirical results can be exﬁlained on the basis of
nonradiative carrier recombination via impurity carrier-trapping levels
lying in the band-gap, presented as follows. According to 1-58b, we

may write the total diode current as
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I =TI #1T, (4-9a)
with
an,
I = —= (4-9p)
b ty
and
qn
T 5 e (4-9¢)
s ts

where n, is the total number of injected minority carriers, and where
Ib and IS are the current components due to nonradiative and radia-
tive recombination, respectively. We now postulate the presence of

NE impurity (trapping) states within the band-gap and within approxi-

mately a diffusion length of the junction. Next we write

o £
= L
R, =N +0H (4-10)

where Ni and Ni are the numbers of empty and full traps, respec-

tively. Now, the quantity Ib may be written as

£
—— b —
b % (k-11)

where t] is the (constant) "lifetime" for the trapping of a carrier

by one empty trap. Using U-11, 4-9 becomes

% - (b-124a)

which gives

gy o e —— ' (h=120)
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Now for steady-state conditions we may write

ang Nf n, Ny
o = .t_. - T = O (Ll»—-l?)a)
or
Ni . N:
= = - (4-13b)
2 1
where t, is the (constant) lifetime of a filled trap. Using 4-10 in
L-13b, we get
. N
[(netg/tl) + 1]
Substituting 4-12b into 4-13c,we then obtain
o
N = Nt Clil )
t NEEER A
& v 1]
! e %
Nt ts tl
For a sufficiently large injection current, i.e. for T tg/q) > NE
and (I tg/q) > (tl/ts), we can write b-1lba as
o
g, t
N —5—=% o~ 17t (L-1lb)
I T %
s 2

i.e. the number of empty traps is inversely proportional to the total
current (I). Now, if the current flow is due mainly to nonradiative

recombination via traps (i.e. tb << tq), equation L-12a gives
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From L4-1Lb and L-15a it follows that

B e iz fu T (4-15b)
2 Ne
£
and hence
qn
A~ 1 = 2~12 (L-16a)
s t
s
or
o ~
cﬂ =T (L-16a)

which is just the empirical result presented in the last paragraph. We

also obtain from this analysis

I
n o= —ES— ~ T (U4=16b)

and

t,~ n ~ T (Lh-16c¢)

thus completing the explanation of the empirical results on the basis

of trapping impurity-levels in the band-gap.
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4.3 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 using equation
1-4Tc, we may write the total photon emission rate (WT) as the sum of

the total spontaneous and induced (stimulated) rates (Wﬁ and WI

5

2

respectively), or

N
W= W o+ W =W (1+—=2) (4=17)
S S Tl

T I

Tn L-17 Np is the total number of photons in all of the stimulated
(oscillating) modes and nm is the total number of modes in the spon-
taneous spectrum. For the case of radiative recombination far below
the threshold for stimulated emission (region B), Np << noo- Therefore
WT = WS = l/tS , Where ts is the spontaneous lifetime. lowever, as
the current approaches and surpasses the threshold for stimulated
emission, the total number of photons (Np) in the cavity approaches and
surpasses n_ . As a result, the total emission 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 Np >> 0 - In the 1imit of ND >> n

iy

the total emission rate is essentially the induced rate, or

(L4-18)

=

14

=

l
P

where tS is constant. The total radiated power (P) is related to the
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external power supplied to the p-n junction (IV) by

N hv

Fowelenl o T (L-19)
=]

Since the junction voltage at high current-injection levels is essen-
tially constant, and since the total radiated intensity (<0) is just

the power per unit area, we have

il e Np~1 (4=20)

The case described by 4-20 obtains in region D, as illustrated by
Figures 3-1 and 3-8. From Figures 3-1 and 3-8, <l ~ I; hence the dif-
ferential quantum efficiency (i.e. ddl/dI) is constant in region D.
Therefore region D is called the saturation region for stimulated emis-
sion (Section 3.2).

The over-all increase in the measured values of <f in going
through region C into region D is accentuated by the fact that the
spatial character of the radiation changes from isotropic (at the
beginning of region C) to essentially collimated. The isotropic radia-
tion obviously suffers the greater loss (absorption) in the diode

before getting out of the cavity, where it is detected.

4.3.2 Spectral Light Intensity Data

The narrow-band spectral lines which characterize the stimulated
emission from PbTe diodes are shown in Figures 3-9 and 3-10. As indi-
cated by Figure 3-9 (for a liquid hydrogen cold-finger at :‘(\.IIOK), an

increase in current at threshold gives rise to a single, dominant
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oscillating mode. Figure 3-10 (20.h0K) 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 indicate the presence of two families of
stimulated modes. The existence of different families of modes is
easily understood from the condition for constructive interference
given by 1-50. Microscopic "steps" in the cleaved faces (which form
the reflecting ends of the diode cavity) can form individual cavities,
each with its own characteristic length (L) . Therefore, it is indeed
possible to have several families of modes which can oscillate simul-

taneously. The measured wavelength separation for both families of

modes is AA = TOR (x 2R) . The "effective" index of refraction (n;)
defined by
A dnr
' = = — .. ¥, s -
nr = nr [1 (nr)( dk)] (L-21a)

can be expressed in terms of AX, A and L by using 1-67, or

A2

n; = 2L(an) © (L-21b)

Using the following experimental values for diode J-L,

A = T2 + 2R

6.6 x 107 em

>
]

{ =
1}

0.05 cm (L-22a)

the calculated value of n; is



= 6.0 * 0.2 (4-22b)

This result is consistent with the published value n = 5.8 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-

scan intensity data, cﬂ(x), shown in Figure 3-11, are a measure of the
total stimulated 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-
lated emission spectrum of the diode, with the dominant mode being at
A = 6.48u . Since the different modes need not occupy the same volume
in the diode cavity, the "bumps" in the decaying "tails" of <@ (x) in
Figure'3—ll might very well be due to separate oscillating modes.
Conversely, the source-intensity profile cQij) in Figure 3-1k
(obtained from the diffraction pattern intensity <@ (x') of Figure 3-12
using the method described in Section 1.3.4), is due almost entirely
to the dominant mode. The effects of interference with the other,
weaker modes is manifest irlmQFXx) by the small amplitude valleys and
peaks on either side of the dominant peak. Therefore, the true inten-
sity profile of the dominant mode lies between the two curves < F(x)
and < (x) displayed in Figures 3-1U and 3-11, respectively. The
effects of the interference of different modes on the far-field inten-

sity (qﬂ(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 L o(xn)
is not affected by mode interference for small values of x', we may
extrapolate the exponential dependence of‘cﬂ(x') on x' from small
values of x' to include the entire range of the far-field pattern.
The result of this extrapolation,<!'(x'), is shown in Figure 3-12. By
carrying out the same calculations with <l '(x') as were used to obtain
the source intensity <{ F(x), we now may obtain the '"true" source
intensitycﬂ‘ﬁ(x) of the single dominant mode. The resulting curve
for %(x) is shown in Figure 3-14, together with i F(X) . As seen
in Figure 3-1L, the curve %(x) is the envelope of F(x), and is
apparently free of any interference effects.

In summary, the net difference between the curve f (x) and the
curve cﬁéAxJ (illustrated together in Figure L4-2) is just that due to
all oscillating modes and a single oscillating mode, respectively. In
effect, the observation of the far-field diffraction pattern intensity
(and the subsequent transformation of the data back to the source-
plane) acts as a spatial-filter for all but the dominant oscillating

mode.

4.3.3.2 Comparison of data with dielectric-waveguide theory.

The data for < %(x) are plotted on a semilogarithmic scale in Figure
4-3. This plot of élﬁ(x) shows a cosine-squared decrease for small

x , gradually changing to an exponential dependence which holds for an
order of magnitude change in < %‘(x) . Therefore, the general nature
of the source intensity ol %(x) is in atcord with that predictoed by

the dielectric-waveguide theory (equation 1-72). ‘'he values obtained
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from Figure L-3 for the parameters in 1-T2 are as follows:

t = 5-6u

B w0 0E

'.,_I
S
Lo

14

1lu (4-23a)
A self-consistency check can be made on the above experimentally
determined parameters with the use of equation 1-Tla. Using the

values of h and p given by 4-23a, the corresponding value of t is

$ = %-tan_l(p/h) = 5. Ay (4=23b )

in good agreement with L4L-23a. In addition, equation 1-Tlb may be used
to calculate the dielectric discontinuity (6e/e) in the diode cavity

(Figure 1-lba); that is,

2 2
8 o (ge1) = BED w o3 w1070 (4-2k)
€ 2
k
where k = EWnT/K and A 1is the measured wavelength of the dominant

oscillating mode. The numerical value for (8e/e) in L-24 indicates the
smallness of the dielectric discontinuity needed for the confinement

of electromagnetic modes.

4,3.3.3 The physical basis for mode confinement. The physical

mechanism which gives rise to the discontinuity (Se/e) in the real part
of the dielectric constant of semiconductor-diode lasers has been
studied by several investigators (33). One such mechanism is based on

the enhancement of the dielectric constant in the depletion region
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about the diode junction, due to the absence of free charge carriers.

The corresponding dielectric discontinuity is given by (34)

Se w2
== = -2 (4—25a)
e m2

where w 1is the radiation frequency and wp (called the plasma fre-

quency) is given by
Nq2
rw (L-25b)

m¥e

eV

where N 1is the density of the free charge carriers outside the dep-
letion region and m¥ is their effective mass. The extent of the
region of high dielectric constant (thickness 2t in Figure 1-kha) is
therefore just the width (w) of the depletion region, given by equation
1-53. The capacitance measurements (Figure 3-7) indicate that with the
high forward current flow needed for laser action, the width of the
depletion layer is less than 0.1y . However, the data illustrated in
Figure L-2 indicate the value for 2t +to be on the order of 10p .
Therefore, the observed thickness of the high intensity region pre-
cludes the physical origin of (8e/e) as prescribed by L-18.

It is intuitively reasonable to expect that the high gain char-
acteristics needed for laser action might somehow determine the extent
of the region of high intensity in the diode structure. We have
already seen from equation 1-56 and Figure 1-3b that the region of
population inversion can extend out to roughly a diffusion length (LD)
on either side of the junction. However, without some means of con-

fining the radiation within the cavity, the EM modes could "spread out”
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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 diffusion 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

> BE
VxH=20E + ¢ pry (4-26a)

+
For a sinusoidal variation of E with time (t) of exp(iwt), 4-26a

becomes’

-> ->
V x H = 0oF + iweE (L4-26Db)

where o 1s the electrical conductivity of the medium. Considering o

to be complex (i.e. o = g, * ioi), we may write

>

- -
VxH=1ipe' E (4-26c)
where €' 1is the effective complex dielectric constant given by

e' = e + ieg,
»r 21

with
&, = e[l + (oi/ms)} (4-264)

and € = —(or/w)
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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

08 = o (4—26e)

& wE

Since the real part of the conductivity (cr) is associated with the

ordinary loss of the medium (e.g. joule heating), the gain region of

the cavity is characterized by Or < 0 . The quantity o may be

expressed in terms of the total (exponential) intensity loss coeffi-
-0,z

cient, oy (< ~ e & ) . For the case where (8e/e) << 1 (already

satisfied in L4-24), o. is given by

o = k (b-267)

We next require that the power generated in the gain region of thickness
(2t) equal the power loss in the surrounding "lossy" region of thickness

(2/p) (in order for stimulated emission to occur). The required power

balance is expressed as

2

L Ll
p (Blor[Boge) =

11.81° .
e (2t) (F|o7|E ) (b-27a)

mode

where Emode is the amplitude of the electric field due to the oscil-
lating mode(s). With the approximation that Emode is constant over

the total mode volume, 4-2T7a becomes

lo

g 1oyl
| = (h-27Tv)
r

pt

where 0% and Oi are the real parts of the conductivity for the gain
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and loss regions, respectively. Using 4-26f, we may write

g| - 0Lt(':wmode
r

o == (4-27c)

where wmode is the oscillating-mode frequency, and k is the propa-
gation constant (2ﬁnr/x). Now, the real and imaginary parts of the
conductivity are related via the Kramers-Kronig relations (36). For

the case of a Lorentzian dependence of Or(w) on w , it can be shown

that |o, (

1 . : . )
i mmode)l = 5 IU (lﬂ )I is required in order to achieve the

r mode

power balance in equation L-27a. It then follows from 4-26e and L4-2Tc

that
&
Se _ loil ot (4-28)
€ EW de 2 kpt _

Since (8g/e)

1

(K-1) we may obtain from the boundary condition of

equation 1-T1b the following equation for (1/p):

2
3 2h 't 2 _ 2t - _
P -RE T -y = 0 (4-29a)

(1/p
Using the experimentally determined values of h, t and k from
Section 4.3.3.2, and a value of a, = 50 cm—l (independently obtained

for diode K-4 as discussed in the following section, 4.3.4) a numeri-

cal solution for (1/p) in L4-29a yields the value

(1/p) = 10-11u (k-29b)

This independent value for (1/p) is in good agreement with the value
given by L-23a, thereby adding credence to the above physical mech-

anism for mode confinement.
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With the premise that the gain region extends to approximately
a diffusion length on either side of the junction, it then follows

from the experimental data that

LD = £ = bu (L-30a)

(L-30b)

where 1 1s the minority carrier lifetime and D is the minority
carrier diffusion constant. By extrapolating the experimental mobility
(u) data of (37) to 20.4°K, and obtaining D from the Einstein rela-

tion (u/D = q/kT), the value of 71 calculated from L-30a,b is

T R 10_9 second (4-30c)

for a diode temperature of 20.4°K (D = L0O cm2/sec). The "order of
magnitude'" value for 1t given by L-30c is in agreement with the value
obtained from photo-induced recombination radiation experiments using
single crystals of PbTe (38).

4,3.4 Threshold Current Analysis

4.3.4.1 Diode-parameter analysis. The expression developed in

Section 1.3.3.2 for the threshold current density for stimulated emis-

sion (equation 1-66) may be written as

Jth = Bla + a') (b=31a)

where
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8 = SHfe! dveAv

5 (L-31b)
c Ens

and

R
1

= en(1/R) (=31c)

with all other quantities having been previously defined. The quanti-
ties o and o' represent the losses due to the cavity medium and
the imperfect cavity-end reflection, respectively. In terms of the

total loss factor (at) we may write

Jep = B oy (L-32a)
where

@ = a+ a' (L-32b)

It is also illuminating to express Jth as

= .T! 1 "
Jop = J4 + Bo (4-33a)
where
] = —
Jiy = B (4-33b)
is the threshold current density in the limit of an infinitely long

cavity (i.e. for a' ~ L =0)

B
The experimental determination of Jth as a function of a' for

the set of "matched" diodes described in Section 3.7 is illustrated in

Figure 3-16 (for a diode temperature of 20.4°K). The experimental

results in Figure 3-15 yield the following values for three of the

parameters defined above:

Q
I

(B + 150 v (h=3ha)

™
Il

(15 £ 5 amp/cm (h=3Nb)
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gl = (k0o  80) amp/em® (i3t}

Using equation L4-31b we may express the gquantity (Ens) as

8mg av’ K

5, 5 ——g—— (4-35a)
c B

From the total spread of stimulated modes observed in the emission

spectra from PbTe diodes at EO.hoK, the spontaneous bandwidth (Av) is

2

estimated to be

&Y % 1077 (4-35b)
v
The width (d) of the volume which contains all of the oscillating modes
is observed (Figure 3-11) to be in the range of d = 50-100p . It
then follows from 4-35a,b, the measured value of v from the stimu-
lated emission spectra, and the range of values for B given by L-3Lb,
that

=1

€ n, /= (L-35¢)

For sufficiently low temperatures, it is wvalid to assume that ¢ = 1

= -

Based on this assumption, we then have

n ~ 107" = 10% (L4-354a)

for the (internal) efficiency of spontaneous emission.
From equations 1-5Tb and 1-59c, we obtain the following ecxpres-
sions for the spontaneous lifetime (tﬂ) and the nonradiative 1ifelime

(tb) in terms of the minority carrier lifetime (t) and n
s



and
tb = -(-l—:—]-_l—-s—)— (1#'*368_)

By using the empirical values for T, 4-30c,and ns,h—35d, we obtain

t o= lO'-8 second

and

tb T X 10_9 second (4-36b)

for a temperature of 20.L4°K.

The «l -I data in Figure 3-3 indicate a decrease of approximately
25% in the threshold current by decreasing the diode temperature from
20.4°K to 4.2°K. Equation 4-31 contains a number of parameters which
may be temperature dependent (i.e. v, Av, £, ng» etc.). However, the
determination of the temperature dependence of each of these quanti-
ties between 20.4°K and 4.2°K would be an extensive effort by itself,
and is not included herein. Therefore, the only conclusion which can
be made here is that total effect of the temperature dependence of the
diode parameters is to alter the threshold current as stated above.

4.3.4.2 Possible sources of diode-cavity loss (a). Two

sources of loss which may contribute to the loss constant (a) of the
diode-cavity are those due to (a) band-to-band absorption and (b)

free-carrier absorption (39) of photons generated in the cavity.®

*

A third loss mechanism, namely that of diffraction at the ends of the
cavity, is essentially negated by the focussing effect (mode confine-
ment) discussed in Section k.3.3.
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The minimum photon energy observed from the stimulated emission
spectral data of PbTe diodes at 20.4°K is 0.191 * 0.002 eV. This is in
general agreement with the value for the band-gap given in Table 1-1.
Therefore, the stimulated radiative transitions are apparently taking
place between the edges of the conduction and valence bands. Now, the
reverse process of band-to-band absorption (discussed in Section 1.2.1)
is overcome in the region of high gain due to the population inversion
obtained from minority carrier injection. Conversely, in the fegions
immediately surrounding the high gain volume, the rate of absorption
may exceed the rate of emission, giving a net loss (photon absorption).
However, in degenerate semiconductors there is an observed increase in
the minimum photon energy which can be absorbed via'band—to—band tran-
sitions (40O). This effect (known as the Burstein shift) is a direct
result of the complete filling of energy levels to within a few (kT)
of the degenerate Fermi level, which, of course, lies within the con-
duction and/or valence band. Therefore, transitions due to photon
absorption must take place between states within the conduction and/or
valence bands, requiring photons with increased energy. On the other
hand, radiative transitions can still occur between states near the
band edges. For the case of electron injection into the p-side of the
diode, the injected electrons occupy states at the edge of the conduc-
tion band. As the electrons diffuse into the p region, they can
recombine radiatively with a hole at the edge of the valence band.
Since the p-type material is degenerate, there are plenty of empty
electron (hole) states near the edge of the valence band, into which

conduction electrons can decay. In addition, the radiative
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recombination of an electron-hole pair at the band edges is greatly
favored by the conservation of "crystal'momentum (Section 1.2.3). As a
result of the Burstein shift, it is possible that the effect of band-
to-band absorption in the "lossy" regions of the radiating cavity is
greatly reduced.

The effect of free-carrier absorption is of no significance in
the depletion region of the diode (which is, of course, devoid of free
carriers). However, this is countered by the increased absorption due
to the electric fields present within the depletion region (Franz-
Keldysh effect (L1). Inasmuch as the depletion region accounts for
roughly less than 1% of the total region of high mode inténsity
(2t /W < :LO__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 o in equation 4.34 and the published empirical
values for free-carrier absorption in PbTe at 20°K (L2), it is possible

to explain the cavity losses as being due to free-carrier absorption.

4.3.5 Calculation of the External (Stimulated) Quantum Efficiency

As a final exercise, it is interesting to estimate the external
quantum efficiency for stimulated emission (i.e., the number of photons
collected by the detector per carrier flcwing through the diode junc-
tion) for a PbTe laser diode. The estimate given here is based on the
calculation of ny4 (equation 2-4) from the data contained in Figure
3-1 for diode J-2 at 20.4°K. Following equation 2-4, the stimulated

quantum efficiency in the saturation region (D), in terms of the
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detector-circuit parameters (Figure 2-Ta), is given by

(1o /T) 4(av)

n, = . (h-37)
d N GRL daT

where 1, is defined by 2-3b.

The quantity d(AV)/dI in L4-3T7 is the slope of the detector
signal (AV) as a function of the diode current (I), as obtained from
the <f -I data in region D . The numerical value of the slope for J-2

from Figure 3-1 is

1]

0.85 volts/amp : (4-38a)

The corresponding values for the detector parameters are

v 4o volts

o

By,

300 ohms (L-38b)

The following numerical values are for the material parameters of the

*
Ge:Hg detector at 20.L4°K:

T = 10_8 second

up = 25 % 103cm2/volt—sec

np = 0.50

2 = 0.40 em

G = 1.00 (4-38c)

*
The reference sources for these parameters are n and 1 (L3), and

D
M, (bh).
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The value of Ty resulting from equations 2-3b and L-38b,c is

T, = 22/UPVO s 16 % 10_8 second (4-39)

The final value for ng » as calculated from L-37 and the above param-

eters, is

g °© 10% (k-k0)

Now the data in Figure 3-lare 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 = 6.5u) 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.hoK), 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 is
increased, the injection mechanism changes from photon—assistéd 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 stimulated electromagnetic
modes are confined to within approximately a diffusion length of the
junction. The data indicate that the mode confinement is due to the
optical gain 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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