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ABSORPTION LOSSES IN EPITAXTAL PbTe FILMS
FOR POTENTIAL INTEGRATED OPTICS APPLICATIONS

W. H. Weber, S. L. McCarthy and M. Mikkor
Scientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121

SUMMARY

This report covers research on the feasibility of developing an
integrated optics heterodyne receiver based on the epitaxial growth of
Pb-saltl films on BaFé substfates. A number of expefimental and theoretical
results pertinent to propagation losses in PbTe films are discussed.

Optical absorption measurements at 300K and TTK in the 2.5-12 pm range are
given for PbTe films. Effects due to cerrier concentration, growth condi-
tions, and possible impurities are discussed. TFilms grown on BaFé substrates
have cubstantinlly lower below-bandgap absorption coefficients than those
growa on clkeli halides. 1In higher carrier concentralion material

18

(p -0 cm—j\ the absorption is free carrier limited, while in low carrier
concentration material the absorption appet.rs to be impurity limited. The
impurity limited absorption, which shows wide variations between samples,
correlates with the observation of C£ in the ion back-scattering spectra.
Tﬁe lowest observed 10 pym loss is 16 em™ .

A threshold analysis is done on PETe lasers made with annealed
samples. The analysis yields values of 10-20 cm—1 for the optical gain at
trrestold, about a factor of 10 below the values obtained in similar lasers
in wannealed films. A calculation of the losses due to the Pb metal
bourdary indicates the TE, mode in a typical film shows rouéhly 1 em™!
attenuation coefficient, while the TMb mode shows a loss 4O times larger.

This drastic difference is probably the reason these lasers show such a

strong preference for TE polarization.
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I. INTRODUCTION

Epitaxial PbTe filmns on BaF, have yielded a variety of high

quality active devices such as lasers, detectors, and field-efiect

<
transistors suitable for applications in integrated optical circuits.1 J

The use of these films as passive optical waveguides, however, depends
upon achieving low loss propagation with an absorption coefficient

@ < 1 cm'1. In this report we discuss a number of experimental and

theoretical results pertinent to propagation 1osses‘in PbTe films.
Previous reports discussed the fab»’.cation and characterization of FbTe
lasers and grating couplers. This report covers only the work done in
the last quarter, with a discussion in the last Section regarding the
general feasibility of viable integrated optics systems using the Pb-salt
films.

Measurements of the below-bandgap absorption in PbTe films and a

discussion of these results are presented in Sections II and I1X, respec-
tively. Extensive experiments of this type have been reported on bulk Pb-
5-8

salt materials, and two reports have been made on cpitaxial Pb-salt

films using NaCjg substrates.9’1o The bulk-crystal measurements indicated
réasonable agreement at room temperature with the classical Drude expres-
sion’! for calculating the free-carrie:x absérption. A number of zav.ut.hors12'15
have also used the formula for estimating the absorption at liquid He
temperatures in Pb-salt lasers. The classical expression predicts that
absorption coefficients less than 1 cm"1 can be easily obtained with

16 ,J

carrier concentrations in the middle 10 range. However, no absorp-

+ tion coefficients this small have actually been reported in any of the

Pb-salts. 1In addition, several optical absorption and magnetoreflection7’8
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experiments indicate values of o at low temperatures from 2 to 100 times ’
larger than predicted 1ith ibe classical formila.
As pointed out by Dumke,16 a condition for the validity of the

classical expression in a degenerate semiconductor is tw < E,, where aw

f
is the photon energy and Ef the Fermi energy. For most Pb-salts this
condition is never satisfied at low termperatures in the infrered. A
complete analysis of the losses in these materials requires a guantum
mechanical calculation of free carrier absorption in the presence of
acoustic phonon, optical phonon, and ionized irpurity scattering, with
the relative amounts of each mechénism present changing with temperature
and carrier concentration. In general we would expect the absorption to
be larger than the classical value and to have a wavelength dependence
o ~'x1'5'5 depending on the dominant scattering mecham‘.sm.w"19
Our experiments indicate that substantially lower losses result
from films on BaF2 &s opposed to alkali halide substrates. The losses,
however, are still too large for most vevegulding arplications. Previous
waveguide experimentseo with PSTe on BaFé indicated a lower limi% on o of
~ 12 en” ' at A = 10 ym. The present measurements confirm this result,
the lowest observed 10 pn loss value being 16 cm-1. This value appears
to be limited at present by impurities intréduced in the film growth process.
Estimates of the propagation iosses in PbTe films obteined by o
calculeting the approximate threshold gain in unannealed lasers, indicated

J for the absorption coefficien‘c,.br An

anomalously large values ~ 102 cm”
improved threshold analysis, which includes the effects of nonuniform

current distribution inherent in the thin films, is presented in Section IV.

hpplying this analysis to our annealed laser films and using a value of 5% -
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for the internal quantum efficiency vields values for o in the range

1020 cm-1. These values are comparable to those observed in a number

of buik Pb-salt diode laser.i;.12_15

In the annealed laser samples the injected minority carriers
are expected to be nearly unirormly &jstributed under the Pb contact.
The loss fram the metal boundary must then be cons?dered in the analysis.
In Section V we give a calculation of the losses in a metal covered di-
electric waveguide. The TM modes show substantially higher losses than

TE modes, which may explain the consistent TE polarization shown by these

lasers.
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II. EXPERIMENTAL DE3CKIPTION

‘Tue optical a?sorption'was obtained from an anzlysis of
transmission data taken with a Perkin-Elmer Model 180 grating infyared
spectrometer. Meusurements were rade from 2.5 ym to 12 um, well below
the absorption edce. A% Tonger wavcolengths the BaF2 substrate intro-
dvces signiTicant tbsorption. Two matched sample holders were placed
in the specimen 218 reference chambers. Two dewars with KOy windows were
used for measwrenents at liquid nitrogen temperaturgs. Blank EaF2 Sub-
strates were employed to check transmission accuracy. The resolulion of
the spectrometer during the run was several wavenumbers, adequate for the
multiple interference structurz that was observed. The reproducibility
of che transmission on several Bafé substrates was better than 1%. Repeat-
abliity of the spsctre on the same sample was better than 0.5%. The FPbTe
samples were grown oﬁ air-cleaved Bafé substrates using the techniques
developed by Hollcx-ray.-j Figure 1 shows a typical transmission curve. A
BaF2 speetrim is included.

The absorption and index of refraction of the films are deter-
mined by noting the vositions and “he absolute transmission values of the
interference peaks. For low loss films the index of refraction can be

obtained from the expression21

n = %— (1)

T

where ) is ihe wavelength at peak maxima, d is the thickness of the PbTe
film obtained interferometrically and m is the fringe index number. The

major source of error in determining the index is the uncertainty (+ 0.1 pum)
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Fig. 1. Transmission data for a 3.7 um thick PbTe film. A trace
fron. a blank BaFp substrate is included. The steps at
at 1000 cm-! and 2000 cm™! are due to grating changes.
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in the value of d. The fringe index number can be determined unequivocally

using an approximate value of thc index. The position of thc peak can be

1

measured to £ 5 em . The resulting accuracy for the index of refrac-

tion is about ©%. The agreanent with results on other PbTe epitaxial film

9,21 = 3 ;
vork is good)’ and is shown in Fig. 2.

The calculated refractive index, fringe number and measured film
thickness along with the peak transmission value are used to calculate the
absorption coefficient. Consiering a PbTe film with a complex index,

N =n+ ik, on & lossless BaFP substrate the transmission is given by
5 2
t. e ®

5 5. 31
g i (@)

where rij and ti‘ are the complex rcflection and transmission Fresnel
J

oy 22
cocfficients and

cp=—(n+ik). ) (j)

vhere Kk is the extinction coefficient. The multiple interference effect
due to reflections between the BaF2 substrate faces can be neglected for
the substrate thicknesses used here. This assumption is verified by

the absence of any significant modulation in the film interference curve

(see Fig. 1). The absorption coefficient is given by

ofem™) = Lk . (%)

The velue of k is obtained by an iterative procedure by macching a

ccalculated value of the transmission with the observed one. The iteration

continues until a convergence to within 0.1% is reached.
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Generally, it is necessary to measure the intensities of the

[ ! trancmitted and reflected light. in order to obtain the index of refrac-
% | tion and the extinction coefficient k in lossy films.23 However, in the
regime k2 << (n-1 )2 one can obtain the extinction coefficient frem
measurements of t.e transmission maxima alone.gh At these points the
transmission is mcst sensitive to changes-in the.extinction. For the
samples studied here r. ~ 5-6 and k < 0.:.

A correctior was made for the slight convergence (~ 6°) of the
focused beam in the Perkin-Elmer spectrometer. It was found not tc affect
the total uncertaiaty in the absorption calculution to a significant extent

and so was neglected. A ceviation of 0.2 pm in the thickness of the film

results in an uncertainly of about 5% in the absolute magnitude of the

absorption coefficient. The relative accuracy is better than that figure.

III. RESULTS AND DISCUSSION

Optical absorption in semiconductors is a result of photon
excited interband and intraband transitions. For Photon energies less
than the band gap only intraband transitions are allowed in the presence
of a single band. Jince the photon momentum is negligibly small, the
electron involved in the absorption process must acquire momentum from
some scattering mechanism to reach an allowed final state.

The quantum theory expression for the free-carrier absorption

6
is given by1

2 o sl
Q’—.Bncenu?eo -”Wkk'(“’) =3 (fk‘fk’> (5)
x 5<Ek-Ek, + hw %k;:—)kg

R - e
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where n is the refractive index, €y is the permittivity of free space,
Wk}(,hn) is the scattering matrix element involving photon absorption,
T is the Fermi function, Vv, E, and v/, E, s &re the initial and final
velocities and energy states, respectively.

1 the limit that #w << Ek'then

fk_ k’h‘a—fé—hw ) (6)
and

wkk’(w) '*Wkk,(O) )

the dc scattering matrix element. Tntroducing a scatter’ng time involv-
ing Wklc,(o) through the Boltzmann transport equation and assuming wr >> 1

yields the classical result:

gx gl SN Do (-L)g , (7)
classical hﬂecjeonu m* '
wrere y = et/r ¢ is the de mobility, m* is the conductivity effective mass,
exd N is the free—carrier concentration. .

For metals where the electron energies are several =lectron
volts th infrared absorption is described very well by the Drudc expres-
sion, Eq. (7). However, for the Pb-salt materials the electron energies
are less than the infrared photon energy. Table I gives a listing of
the characteristic enexrgies for PbTe. The photon energy is much larger
than the electron energies: of order kT at room temperature and the
Ferni energy EF at low temperatures.

Quantur theory calculations with electron scattering off acoustic

18

phonons,17 longitudinal optical phonons,19 and ionized impurities ~ give

1.5=2 2. 3
’

free—carrier absorptions going as ) A and )\”, respectively.




TABLE I

CAARACTERISIIC ENERGIES IN PbTe {in cm™ ')

porn (cm"B) 1017 1018

(%K) 300 17 10 300 . %

kT 208 53 T 208 95 T

E, non- non- W7 non- 169 217 k|
decgenerate  degenerate degenerate i

2w(10 ym) 1000 1000 1000 1000 1000 1000 }
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Scattering meehanisms in p-PbTe have been examined recently by Harris ¢nd
Ridley.gbr Their results indieate‘that at room temperature for low earrier
concentrations polar optical phonon ard aeoustic phonon scattering are
about of equal importance. At higher carrier concentrations (p > 1019 cm-B)
acoustie phonon seattering dominates and ionized impurity scattering from
Pb vacancies beeomes imporiant. The presence of ‘an optical phonon inter-
action is also supported by the observation of an optical phonon branch
softening seen in neutron diffraction m-'easurcments26 and the occurrence
of paraeleetric behavior in the statie dieleetric constant27 as the
temperature is lowered. At low temperatureé lonized defect scattering
becomes dominant.

Previously reported optical absorption measurement85’6

below
band gap chow a xg dependence suggesting acoustic and optical phonon
scattering confirming the transport measurements. The room temperature
measurement: by Strauss6 on n-type bulk PbTe are in remarkable agreement
with the classical expression, Eq. (7), even though the photon energies
‘are large compared with the eleetron energy. The iemperature dependence
of the optical absorption reported in bulk specimens,5 however, deviates
substantially from that predicted classically. The low temperature losses
in the Pb-salts are obseryved to be larger by a factor from 2 to 100
(reference 5 and 7, respectively) than the classical expression predicts.
Figure > shows results of optical absorption measurements at
room temperature on p-type FbTe epitaxial films. Two types of behavior

were noted, characterized by samples 14-3 and 14-4. Absorption cwi'ves

for a bulk sample5 and an epitaxial film on NaCg4 are also included.
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Fig. 3. Absorption spectra of two film samples at room temperasture. i
Previous work on bulk’ and films on NaCg9 is included. The
spectrum of the film on Nalg was obtained from reported
raw data.
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Samples 1k-5 and 44 J; were prepared simultaneously. The second number
refers only to a location on the substrate holder during {ilm growth.
Both 58w, S exhibited nearly identical dc transport properties.

Sampie 14-3 shows an absorption at 1000 ! (5 = 10 pm) in
reasonable agreement with Eq. (7). The energy dependence, however, is
not as stecp as that observ:d in bulk samples, even though the transport
propzrtics in these films exhibit bulk-like behzw:ior.3 Sample 14 shows
a large rdditional absorption. The exponential dectease in the absorption
below the edge suggests tho presence of ’c;ailing of the band density of
states similar to that seen in doped GaAs .28 A small peak absorption'
near 1500 em~! is observed in several "glean" samples, as in 143, perhaps
associated with a localiized level. The energy dependence of the anomalous
additonal absorption in 14 is similar to that seen by Picci0119’29 in
£31ms grown on NaCg even though the carrier concentration there was
1018 cm—3, which should have given an observable free-carrier contribution.

The full «xtent of the substrate holder positional dependence on
the optical absorption is shown in Fig. 4. A scaled inset of the holder
is also included. An order of magnitude variation in the absorptivn is
gseen for this group of samples (22-1 to 22-10), from free-carrier like
behavior in sample o0 6 to an exponential dependence with opposite slope
jn 22-7. The transport properties on all';sa.mples are similar and do not

correlate with absorption data.

Figure 5 gives results of Heh Rutherford jon-backscattering

spectra of the samples 006 and 22-7. The only differences occur in the

presence of chlorine and perhaps sodium near the surface of the sample 22-T
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Fig. 5. TIon back-scatter spectra of two samples prepared simultaneously .
Sample 22-7 exhibits strong additional optical absorption.
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exhibiting strong additicaal absorption effects. Sample 22-6 appears

"elean" (< 1% impurity). The lettér 4 refers to iLhe ion sputtering time
in minutes. The spectra from the surface layer indicates the presence
of oxygen and chlovine in 22-7. As the surface is sputtered off and

consecutive layers are exposed the oxygen disaeppears and the concentration

of chlorine increases. Upon further sputiering {the trace of chlorine {

T R T T N— e A pe— e LTSV

diseppears. ‘he peak at t = 5 min. corresponds to an order of magnitude
of a few alomic percent in a layer within a few hundred angstroms of the
surface.

Chlorine impurity has also been observed near the surfece of
similar Pble films by Auvger spectroscopy,5o but its correlation with the
anomalously large optical a. orption spectra is reported here fof the
first time. The source of the impurity is not understcod at present and
is under further investigation. The strong positional dependence o khe
substrate holder remains a mystery. A set of samples were grown on KCg
subctrates. The optical absorption spectra showed the impurity limited

exponential behavior observed in sample 22-T on BaF2 and seen in films on

NaC4 by Piccioli.9 The high vapor pressure of Cf4 fram the heated salt
substrates used in the film growth moy account for the presence of the
impurity. Recently, Duh, 93_51:31 have reported evidence for the presence
E of deep impurity’levels in the gap in epitéxial PbS films grown on NaCg.

‘ They attribute the impurity to SiS. However, in light of the evidence

presented here the effect of chlorine from the salt substrates should be

considered.

The Jack of any temperature dependence in the optical absorption

of the PbTe films appears to be associated with the impurity absorption
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in all samples. Figure 6 shows the optical absorption in samples 14-3
and 144 at 300K and 77k. The behavior predicted by the classical
expression, Eq. (7), is included for comparison. The absorption in
bulk sampless generally decreases by a factor of 4 rather than . 10 as
predicted by Eq. (7). However, there is no change in the absorpticn at
77K even for the "clean" sample. This reéult eliminates an iterpre-
tation of the.energy dependence of the room temperature absorpticrn in

.

1k -3 as being caused by indirect transitions from a second valence

5,25

band. One sample was annealed at 55000 in vacuum in the presence of

a tellurium pellet. This procedure had the effect of increasing the

6 to .2 x 1018 cn™. Figure 7

carrier concentration from 6 x 1C
shows the optical absorption coefficient at 700K and T7K. The negative
slope of ¢ versus energy for the room temperature measurements suggests &
dominant free-carrier contribution. The low temperature measurement

demonstretes a reduction of the absorptioH with a residual impurity

absorption remaining. Thus, it is likely that if the impurity content

" could be eliminated the temperature deprndence of the absorption woula be

similar tc that of the bulk PbTe material.
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Absorption spectra of a sample annealed in a tellurium
atmosphere measured at 300K and TTK. The difference between
the spectra suggests that the temperature dependence arises
from the free-carrier contribution.
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IV. THRESHOLD GAIN IN ANNEALED SAMPLES

The analysis of threchold conditions in a thin-film laser is
complicated by the nonunitorm injéction. The flow of min  rity carriers
across the junction in Fig. 8a will be a maximum at Y = O, which is the
edge of the Pb contect nearest to the Pt electrode, and will decreasc as
¥ increcases. This result follows since the voltage drop along the film
will reduce the voltage across the Junction for y > 6. At very high
current levels and for films with a high enough rssistivity the injection
current will come almost en“irely from the edge of the Pb contact. In
this limit, which wms used to analyze the threshold data in unannealed
lasers, the spread of minority carriers will be determined by the minority
carrier diffusion length rather than the contact area. On the other hand,
at low currents and in low resistivity meterial the current injection will
tend to be nearly wniform over the contact aréa.

To quentitatively estimate the distribution of injected current
we will usc the model illustrated in Fig. 8b. This model corrresponds to
dividing up the region under the Pb contact into a large numhberr of discrete
elements of width w. Fach element has a resistor with R = pw/Ld and a
diode whose current is In = jswL[exp QaVn/kT) - 1]. Tr: number of discrete
elements should equal the width of the Pb contact divided by w, but we
will clioose the number to be infini%e in order to simplify the calculation.
The erbitrary width increment w must be chosen suitebly small so that there
is a negligihle change in the current betwéen successive diodes. With this
choice the spatial distribution is independent of w.

There are two limitirg cases of interest: The first occurs when

the injeztion current decreases very rapidly as y increases and is nearly
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Fig. 8. Discrete~element model for calculating the injected current
distribution in a thin-film laser.




zero &t a value of y correcponding to the far edge of the Pb. In this limit
the model of Fig. Oh is valid and the width of the recombination volume is

the actual width of the current diséribution or the minority carrier dif-
E fusion length, which ever is greater. Thé second limiting case occurs when
the current has decreased ouly slightly at a value of y corresponding to
the far edge of the Fb. In this cace the model in Fig. 8b is not valid,
and the recombination volume is cafined by the width of the Pb contact. Our
results indicate that unannealed lasers fall into the former of these two
limiting cases, while the annesled ones into the lattér.

To solve the model in Fig. 8b, we note that the impedance of the

network 7 = V/I .8 unchunged whe: one additional diode-resistor pair is
added. Using this result we obtain the following implicit relation for

Z as a function of V:
)
VR = 2° J WL exp {ev(Z -R)/ZkT} - 1] . (8)

This equation must be solved numerically to obtain Z(V). It can ther. be

shown that the current through the nth diode I, 7s giver by

L, = (w/z) (1-R2"" (9)

and the current flowing past a point y = Nw is
N
T(y=tw) = T - Z1.In =1(1-r/2)Y . (10)
Calculated results for I(y) are shown in Fig. 9 for two current
levels and two values of the resistivity. The wilue Jg = 8.6 x 1071 A/cme,
vhich was estimated from measurements of the zero bias resistance, was used
in these calculations. The other paremeters are w = 4 pm, 4 = b4 pm,

L = 400 pm.
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The amnealed PbTe has a typical 10K resistivity of 10 q-cm,
a and tho laser thresholds for devices made from this material are a few
tens of milliamperes. The current distribution at :“hreshold corresponds
to the lower solid line in Fig. 9. The recombination volume is, thus,
defined by the width of the Pb strip. For the unannealed FbTe, with higher

resistivity and higher threshold currents, “he current distribution at

threshold corresponds to the steeper dashed curve in Fig. 2. The minority

carrier diffusion length is a better estimate of the width of the recombi-
nation volure for those samples.

We have analyzed the threchold data for five annealed samples
using Eq. (25) in Ref. k. The only parameter that has been changed, besides
the recombination volume, is the internal quantum efficiency 1), which we
have taken to be 5%. This is one of the largest relisble values reported
for bulk Pb-salt diode iusers.15 The result of this analysis is that the
optical gain a. threshold is in the range 10-20 cm_1, i.e. a factor of
ten lower than it is in the unannealed samples. This magnitude of gain is
'similar to the values obtained in a variety of bulk Pb-salt diode lasers.

In addition, it is roughly equal to the estimated cavity iosses, with no
allowance for any eppreciable surface scattering. We can therefore conclude
that surface scattering is not an important loss mechanism and is probably

not the dominant factor in establishing the preference for TE polarization.
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V. LOSSES FROM A METAL BOUNDARY

We discuss in this section the attenuation in a metal-clad wave-

guide resulting from the finite conductivity of the metal. The problem

will be treatcd from a perturbation theory point of view. In the

: ) unperturbed problem the metal is assumed to have a pure negative real

dielectric constant, and the perturbation corresponds to the addition of a

snall imaginary component 5¢. It is important to realize that the metal

boundary losses cannot be accurately treated as a perturbation on the pure

dielectric waveguide. A method using the bouncing-wave, ray-optics picture

of the guided modes of a pure dielectric waveguide and incorporating a

reduced reflection coefficient r on each bounce to account for the loss

from a metal boundary does not account for the large changes in the phase

shifte produced by the metal sand will not give correct results

Maxwell's equations can be used to show that the modes of a

dieleciric slab waveguide follow from the solutions of the following scalar

eignevalue equations:
52 2 2
{-92;+ e(z)ko } Ey(z) =B E&(z) , TE modes, (11)
oz

{ e(z) éaz’ﬁ? Ea?+ e(z)koe}Hy(z) = 62}-&’(2) » TM modes, (42)

where we have assumed no variations in the y direction, x is the direction

of propragation, z is the direction normal to the guide surfaces, ko = w/le

is the free-space propagation vector at frequency w, e(z) is the relative

dielectric constant, Ey is the electric field strength for TE modes, H

is the magnetic field component for TM modes, and all solutions are assumed




-

- 27 - (

to have the dependence exp {i(px -ut)}. The dielectric constant has the -]

Lorm 1

@ €, = = 1558 Esd 5 f
e(z) = . ey = 41 Os»zsd |, (13)

£ 2.2 .2 < 0 B }

-
e

where the values of €5 correspond to Pb, PbTe, and BaFQ, respectively.

The conditions at a boundary for Eq. (11) are that Ey'and bEy/az are

o———

continuous, while those for liq. (12) are that }%_and c_1 H&/az are continuous.
ve are interested in calculating the change in a bound mode cigen- {

value Bd resulting from a perturbation §¢(z) which is pure imaginary for

z > d and zero otherwise. For simplicity we consider only first order ‘l
perturbations #nd suppress the mode index on the eigenvalues and eigen-
fuactions. 1In this case the at!:uation coefficient is proportional to
the change in 52. Using first order perturbation thecory we find the [

5 |

following results:”

S 2
kgf dz |E_ | 6e
o Ja y
Q/TE: © 2 2 (1,")
B, | _azlz |

2 ® 2 2 % 2 2 .
Bo fd dz [y | ge/e, + Jd 4z | 3Ky foz | se/e, |
Uy = = ) . (15)
Bs I_mdz|Hy| e, |

Calculated results are shown in Fig. 10 for the low order moles.

The Pb optical constant is obtained from recent measurements at liquid

i
|
i

He temperatures on evaporated Pb ﬁlms.35 The use of an infinitely thick l*
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Fig. 10. Loss coefficient in a Pb covered PbTe waveguide for the
low order modes. These curves are calculated from
Egs. (14) and (15) using 6¢ = 2481i.
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Fb film is justified for filme thicker than a few hundred k. The TM_1

mode is & surface plasmon mode which is charecterized by having a constant

attenuation coefricient in the 1limit of very thin and very thick guides and

the absence of a cutoff as q - O.Bh For a & um guide the TEO attenuation
factor is 1 cm—1, while the TMO Yalue is ho om_1. This substantially
higher loss for the TM modes is probabﬁy the reasen these laser show such
a slrong preference for TE polarization. Surfice scéttoring losses are
also higher for TM modes, but the difference is net ngarly so great. For
the same 4 m film Clpyg from curiace scattering iz roushly 509 larger than

o

TE
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VI. CONCLUSIONS

Although the optical losses in PbTe films grown on BaF2 are
significantly below those in the films grown on alkali halides, they are
still roughly a factor of ten too lerge for most waveguiding applications.
At present the abscrption loss in the films grown here are impurity
limited, and if the source of the impurity can be verified and removed
the optical absorption should be substantially reduced. It is not clear,
however, that an absorption as low as i cm"1 can be.achieved in the films,
since losses of this magnitude have yet to be demonstrated in bulk material.
An attraciive alternat’ve approach would be to use scme other materials to
provide the passive waveguides. A hybrid system employing, for example,
Ge or Te waveguides coupling the active Pb-salt devices appears feasible
and maintains all the advantages of a thin-filn technology with planar
processing technique;. Such a system will have advantages in terms of
cost, ease of fabrication, and reliability over competing systems using

separate bulk crystal lasers and detectors. Films of Ge and Te suitable

z
. for waveguiding have been demons‘t;ra.t‘,ed,55’)6 but it is not known if these

are compatible with the Pb-selt on BaF2 system,

One goal of this research project has been to determine the
feasibility of an integrated optics (I0) heterodyne receiver based on
the Pb—se.lt-on—BaF2 technology. It appears that such a receiver could
be made for operation at 6.4 um using PbTe for the active devices and
another material such as Ge or Te for the passive waveguides. Before
definite conclusions rcgarding the feasibility of a 10 ym IO receiver can
be made, however, additional development of thin film active devices
using the alloy meterials Pb

Sn_Te or Pb Sn_Se is needed.
-X X -X X

1 1
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A useful I terodyne rcceiver must be able to operate in the
quantum noise limit in which the 10 shot noise dominates all other noise

sources. Meeting th.s requirement depends upon all of th& system

parameters, e.g., detector characteristics, 10 power, and bandwidth
limitations. 1In general there will be a trade-off between detector
performance and LO power--if the detector is improved, less power is
needed in the local oscillator.

3 For the purpose of evaluating feasibility.the quantum noise

i limit requirement can be cast in terms of the required LO power for a
system using a Fb-salt photovoltaic mixer diode. To determine the Cotector
characteristics we will use results obtained in large area thin-film

3T

Pb, _Sn _Te devices,
1-x"x

IO power required is given by)8

sceled down to a 10 ym X 10 ym X 1 pm size. The

2x(T, + T! Yhwv
. M IF
3 10 2 = 2y Gyl 1+ (/1)

where k is Boltzmann's constant, T

I (16)

'
M T1p

effeetive noise tempera’ure of the IF amplifier, hvis the photon energy.

is the mixer temperature, is the

e is the electronic charge, 1 the detector quantum efficiency, GD is the
' %
diode shunt capacitance, f is the IF frequency or bandwidth, fc R,GE/

2ﬂCDI€§_is the diode cutoff frequency, CD is the capacitance, and Rq the

series resistance. Using Gj =5 x 1077 071, R, =100, C) = 1 PF,

M= .2, f=10 GHz, and B TfF = 300K, condition (16) becomes

=5
PLo 25% 107 W 0

It is expected that powers of this magnitude can be achieved

in the 10 ym thin-film materials, since external powers of 10"5 W in




==
thin-film FoTe lasers and 10~

W in bulk Pb1_XSnYTe lasers have already

been obtained.

It is important to realize that the above choice of

parameters” gives (f/fc) >> 1.

Therefore, &« reducticn in the required

bandwidth from 10 GHz to 1 GHz would reduce the LO power requirement by

a factor of 100.

The conclusion is that a 10 ym IO heterodyne receiver using <the

Pb

—salt~on-Ban technology is a Very promising system with numerous

potential advantages over Systems which attempt to fouple various discrete

bulk—crystal devices.

To realize these advantages,

however, additional

research mus

’ !
t be done on the development of a low-loss compucible wave-

guide materisl and on the improvement of the active thin

-film devices
made with the 10 wm Pb-salt alloys.
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| | ) PERTURBATION THEORY APPLIED TO GAIN OR LOSS IN Al OPTICAL WAVEGUIDE
W. H. Weber, S. L. McCarthy

cientific Research Stalf, Ford Motor Company, Dearborn, Michigan 48121

and

G+ W. Ford
Flysics Department, University of Michigan, Ann Arbor, Michigan 48104

We discuss in this letter the use of perturbation theory for
calculating the gain or loss in an optical waveguidé resulting frcm a
sm2ll imaginary component §e¢ introduced into the dielectric constant in
or around the guide. 1In particular we point out the difference in the
treatment of TE and TM modes which results from the requirement of self-
adjointness of the differential operators to which the perturbation theory
. is applied. |

Maxwell's equations can be used to show that the modes of a

dielectric slab waveguide follow from the“solutions of the following
1

gcalar eigenvalue equations:

2
{g?_g . €(z)ko"‘} R (2) = BzEy(z) : TE modes, (1)
. :

) & L5+ c@r 2 rG) - Fryz) , Mimotes, (2)

where we have assumed no variations in the y direction, x is the direction

. &5

is the free-space propagation vector at rfrequency w, e(z) is.the relative

of propagetion, z-is the direction.normal to the guide surfaces, k

dielectric constant, Ey is the electric field component for TE modes,

H& is the magnetic field component for TM modes, and all solutions are

assumed to have the dependence exp {i(Bx -uwt)}. The conditions at an

interface for Eq. (1) are that Ey and aEy/az are continuous, while those




for Eg. (2) are that H.y and e"1ajy/Az are continuous. The waveguide is

composed of a layer vhose dieleriric constant is higher than either of
the two media around it. For thic csee thece eguations have a finite
nunver of discrete eigenvalues corresponding to solutions which vanich at

z = + », i.e., bound moles, and a continuum of eigenvaluves corresponding

to radiating modldes.
A change 6c(z) of the dielectric constant results in a shift

'

of the discrete eigenvalues:

2

8% =8 %+ 5(8°) . (3)

(o]

For & particular bound mode, in which the unperturbed propagation constunt

Bo is real, the gain or loss coefficient o produced by b¢ is
""1 e 2 " !
o =2Im{p} =8~ In6(g")) , (%)

to first order. For simplicily, we consider only first order perturbations
and suppress the mode index on the eigenvalues and eigenfunctions.

It has been pointed out that Eq. (1) is identical in form to the
one-dimensional Schrddinger equation in which Ey(z) corresponds to the
wave function, 82 to the energy eigenvalue, and e(z)koz to the potential
energy fﬁnction.e’3 This correspondence allows one to use the well known
result from bound state perturbation theory that the first order change in
the eigenvalue 6(32) caused by a small change 6¢(z) in the dielectric con-
stant is given by the expectation value of the perturbation jn the

5,14’

unperturbed state:

8(8%)pg = K, By 8¢E Do/ B, B (5)
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where the inner product is defined as

(edgy = [ d2tr(e)u(z) - 6)

Note that the validity of this result depends upon the fact that the

differentis” nperator in Eq. (1) is self-adjoint using the inner product
defined in Eq. (6).1‘

For the slab dielectric waveguide ¢(z) is piecewise constant

and H&(z) for the TM modes also satisfies Eq. (1), except for the

different conditions at the interfaces. Because of this simplification

one is tempted to expect a result similar to Egs. (5) and (6) for the
change in the TM mode eigenvalues.5 This is not the case, however, for

the following two reasons:

First, the operator for the TM modes is not self-adjoint as it
appears in Eq. (2). It can be made self-adjoint by introducing a change

of variable as done by McKenna1 or, which is equivalent, by simply intro-

ducirs, a new inner product:

Fagdpy = [ aze(@)exa)g(a) (7)

Second, even though ¢(z) is piecewise constant, the derivative
term gives a nonzero contribution to 6(32)TM. That is, the operator on
the left hand side of Eq. (2) will, to first order in é¢, contain the

rerturbing terms:

9 1 93 o0 6e¢ o 2 /_B de o) 2
T T tE a2 gpe et ek . (8)




At - A

Bound state perturbalion theory now tells us that the firsi -
order change in 52 for the M modes is given by the expectation value
of the perturbation (8) in the unperturbed state, using the scalar

)
product (7):L

oH

2 . 3 6cj) y
1 = s | et —¥ e
2y Mo s bl < s (55 =) 5y i
6(B" Iy = G, Iy - O !
y' y/m : :
This result is similar to Eq. (5) crcept for an extra term and a dif- ’ ]

ferenl definition for the inner product. For ihe diélectric sladb
vavegulde hc Lerm involving the derivative of Se/e vanishes except at %
an interface where it has a delta-function character giving a finite

. . 2 .
contribution. An altern=tive expression for &(8 )TM’ which does not
involve such delta-function contributions, can be obtained from Eq. (9) l i

by using Eq. (2) and integrating by parts. -The result is

o 802 ,L,, dzlHy|2é‘>e(z)/e('/.)2 + J-m dZIBHy/BZ|266(Z)/e(z)2 \

o

f dzII{yIL/e(z)

-0

This expression ié, of course, equivalent to that given in Eq. (9). We
write it in this form to point out that it is identical to the expression
given recently by Reisinger6 for TM modes, which was derived by energy
loss considerations. The advantage of using perturbation theory to
calculate ¢, rather than working with the energy loss in Maxwell's

equations, is that it is somewhat simpler and has a well developed

formalism for calculating higher order corrections and estiméting errors. il




A5~

2 2 2
For modes far away from cutoff B, IHy [© > lagy/azl , and

the second term in the numerator of Ea. (10) can be neglected compared

/
with the first. Near cutoff, however, the two terms will tend to be of

comparatrle magnitude. In general the influence of the second term will

be increased when the dielectric discontinuities be

tween the guide and

the surroundinc media are increased.
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We describe the waveguide propetties of the asymmetric dielectric slab formed by a very-high-index
film on a low-index substrate. The analysis is appropriate for Pb-salt films grown on fluorite
structure substrates. The mode reflectivities, surface scattering losses, and gain enhancements for the
low-order TE and TM modes are considered. The stronger confinement of the TM modes leads to
farger gain enhancements than for the TE modes. For the film thicknesses of interest, 2—4 um, the
TE and TM mode reflectivities are comparable. Using the theory of Tien, the TE. modes show
substantially lower surface scattering losses than TM modes of the samr - order. The magnitude of
this loss, however, depends on an unknown parameter o, the variance »f the surface height.
Experimental results are presented for thin-film diode lasers made with Pb Schottky barriers on
p-type PbTe (index 6.4) grown epitaxially on BaF, substrates (index 1.42). The spontaneous emission
at 77°K is shown to agree with the band-band recombination niodel, assuming k conservation.

Laser emission at 6.5 um, both pulsed and cw, is observed at 10-15 °K. Well above threshold the

spectra generally show two dominant modes spaced by =~ 1.4 meV. This splitting is attributed to a
strain-induced shift of the energy bands. Using the deformation potentials for PbTe the observed

. splitting leads to an estimate — 2 X 10~ of the strain component in the [111] direction normal to
the film surface. All observed laser lines are TE polarized. An analysis is made of the gain and loss
parameters at threshold. The optical gain is estimated from the measured current and quantum
efficiency, while the free carrier and reflection losses are calculated from the device parameters. The
remaining losses can then be estimated from the threshold condition. If these losses are attributed to
surface scattering, the analysis can be used to give an upper limit on o of 0.03-0.06 um. In every
case the surface scattering loss is dominant in establishing the laser threshold, which is consistent

with the strong preference shown for TE modes.

I. INTRODUCTION

Laser actlon In the Pb-salts was first observed in
1964 by Butler et al.,! who reported dlode lasers in
PbTe. Subsequently, laser diodes have beeh made in
PbSe 2 and PbS, * as well as in most of the pseudobinary
alloys such as Pb,..Sn,Te and Pb,_Sn Se.* These lasers
have been made from bulk crystalline samples grown
by vapor transport or Bridgman techniques, and a re-
view of this work is8 given in a recent paper by Harman.®
The bulk devices consist of a rectangular crystal with
cleaved (100) end faces forming a Fabrs-Perot cavity.
Due to the weak confinement of the lase: beam in the
dlrection normal to the junction plane ({yplcally 40—50
um at llquid-helium temperatures), these devices ap-
proximate a volume laser with nearly plaie-wave prop-
agatlon assumed between the end reflectors. Previous
analyses of the gain and loss characteristics of these
lasers have generally used the volume laser
approximation, 5=’

Recent studles of the epitaxial growth of IV-VI com-
pounds on fluorite structure substrates have shown that
films of excellent crystalline quality can be achleved.®
These fllms have ylelded high-quality infrared detec-
tors® and fleld-effect translstors as well as lasers. !°
The prlmary purpose of this paper is to discuss the
light emission and laser characteristics of the thin-
fllm Jasers. Since typlcal film thicknesses are several
mlcronsi—1.e., on the order of the emisslon wavelength
—the waveguiding properties of the films must be con-
sidered in determining the mode preference and thresh-
old condltlons for the lasers. The increased electrical
and optical conflnement afforded by the thin films en-
hances the optical gain significantly over that obtained
in bulk devices. At the same tlme, however, the cavity
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losses are increased by the introduction of surface
scattering.

In Sec. II we present an analysis of the properties of
the asymmetrlc dielectric waveguide formed by a high-
index semlconductor film on a low-index substrate. Sur-
face scattering losses, reflection losses, and gain en-
hancement for the low-order TE and ‘M modes are
considered. Calculations are presented for PbTe fllms
(Index 6.4) on BaF; substrates (index 1.42), but the re-
sults should apply to other systems with comparably
large index diffcrences. The stronger optical confine-
ment associated with the TM modes can lead to reflec-
tivities and gain enhancements larger than thcse for the
corresponding TE modes. On the other hand, the TE
modes always show lower surface scattering losses
than TM modes of the same order. To treat these sur-
face losses, we will use the siraple theory of Tlen based
on the Raylelgh criterlon. ! % his theory involves a
single unknown parameter o, the variance of the surface
height, which we assume to be the same for both sur-
faces. For the mode reflcctivity calculatlons we will
use an extension of the method employed by Reinhart
et al. to treat a sjiinilar problem in double-heterostruc-
ture lasers.' For thick films we ‘ind results very simi-
lar to theirs, with the TE 1nodes showing higher reflec-
tivities than the TM modes. For thinner films, how-
ever, there is no clear preference.

We present the experimental results in'Sec. II.
These include a brief Aescription of thr. sample preja-
ration, an analysis of the spontaneous emisslon spec-
trum at 77°K, and measurements of the spectra and
polarization of the laser emission at liquid-helium tem-
peratures. An important step in the sample preparatlon,
which was not used in previous devices, '“ is the use of
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FIG. 1. Geometry for PbTe waveguide on BaF, substrate.

a photoresist etching technique to define the ends of the
optical cavity. This produces much better edges than
those obtainable on the as-grown films using close-
spaced evaporation masks. Minority-carrier injection
is achieved with Pb Schottky barriers on p-type PbTe
filras. The spontaneous emission spectrum is fit quite
well with the band-to-band recombination model assum-
ing vertical transitions. Under high-current conditions
at liquid-helium temperatures, some devices show two
distinct laser emission lines with a separation much
larger than the cavity mode spacing. This splitting is
explained in terms of a strain-induced shift of the ener-
gy bands. Using a deforination potential calculation
leads to the estimate -~2x10™* for the strain component
normal to the film surface.

In Sec. IV we give an analysis of the gain and loss
parameters at the lasing threshold. The optical gain at
threshold is estimated from the diode current using the
band-to-band recombination model. The free-carrier
absorption is calculated from the measured material
parameters, and the reflection losses are dete:'mined
from the results of Sec. 1I. By using these re:ults, the
surface scattering loss can be estimated if it ic assumed
that there are no other loss mechanisms. This analysis
gives an upper limit for ¢ in the range 0.03-0.06 1m.
In all cases, the estimated gain at threshoid is much
greater than the sum of the free-carrier and reflec-
tion losses. This indicates that the additional losses,
which we attribute to surface scattering, are dominant
in determining the laser threshold.

11. WAVEGUIDE PROPERTIES
A. Description of the modes

Since the general formalism for treating the wave-
guide modes of the asymmetric dielectric slab is well
known, ! we will omit derivations and give only those
results essential for defining the notation and under-
standi, ¢ the subsequent discussion. For the two-dimen-
sional g .ometry shown in Fig. 1, the guided modes fol-
low from the solutions of the ho:nogeneous Maxwell
equations: which vanish at z=+«. The solutions separate
into transverse electric (TE) and transverse magnetic
(TM) modes. The appropriate equation for the TE mode
is

R L

where B is the propagation constant in the x direction,
n, is the refractive index of the ith medium, E, is the
electric field strength (which has only a ¥y component),
w 18 the angular frequency, and c is the velocity of

light. In our problem, with the refractive index step-
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wise constant in all directions, H, for TM modes also
satisfies Eq. (1).

The solutions result from matching the boundary con-
ditions at the dielectric interfaces and solving the re-
sulting eigenvalue equation. Following Tien, !’ the trans-
verse field components for TE and TM modes can be
written in the form

coB(kyzy,) expl- ky(z - 2,)], 2>24
A expli(Bx = wh)]{cos(k,z),
coB(kyzy) explhy(z +24)], -2n>2z  (2)

where 2,3 and -z ave the values of z at the upper and
lower surfaces, respectively, k, 5= (8% —nf k%172, k,
= (nk® - 8*)'/%, and we have introduced the free-space
wave vector k=w/c=2n/X. The allowed values of the
propagaticn constant 8 are determined from the equation®

tutzn=d, 3)

where d is the film thickness. For the TE modes, z,,
and z, are given by

kyz,s =arctan(ky/ky),

243 >2>=2yn

4)
kyzoy =arctan(ky/k,) + mn,
while for the TM modes we have
kgt 1o = arctan(nik,/niky), (5)

o2y =arctan(niky/nik,) + ma,

where m:=0,1,2, ..., is the mode index. The roots of
Eq. (3) are generally found by numerical techniques.
Note that defining the fields by expression (2) requires
the p¢sition z =0 be different for each mode.

We show in Fig. 2 plots of the propagation ccastant
B as a function of the guide thickness d for the first three
TE and TM modes. The frequency used in these calcu-
lations corresponds to a free-space wavelength of 6.5
tm. Also shown as dashed curves are plots of the
equation

d=(m+ )n/(mk* - g% /2, (6)

which would describe the solutions for a waveguide with
perfectly conducting walls, i.e., no penetration of the

T T T T T T T T T
A=6.5um
l||'|

3.0 ng= 6.4
nye 1.42 ™

) ek o Y I T U WY L YO W G v S
3.0 40 8.0 60 6"
(Bc/e:, —

FIG. 2. Film thickness vs fc/w for the Inw-order modes. The
dashed curves are solutions correspending to no penetration of
the fields into the surrounding media.
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fields into the surrounding media. The purpose of these
plots is to indicate that for most values of 3 the TM
modes are very closely fit by Eq. (6) and are, thus,
much more strongly confined than the TE modes. This
feature leads to important differences in the mode re-
flectivity and gain enhancement as we will demonstrate
in the remainder c{ this section.

B. Mode reflectivity

To determine the exact reflectivity of a waveguide
mode require: the solution of a difficult boundary value
problem, and 1.0 attempt at such a solution will be given
here. Instead. we will use a physical optics argument
to obtain an estimate of the reflectivity. This method is
the sanie as o1e used previously to estimate the mode
reflectlvities in double-heterostructure lasers. Our
results will differ from that work in two respects: We
will use the exact mode profiles in the calcuiationg,
rather than a Hermite-Gaussian approximation, and we
will introduce a truncated Fourier transform to take in-
to account the eva~ :scent tails of the modes extending
into the surrvunding media.

We assume the semiconductor film is terminated
with a surface in the zv plane. The incident field illu-
minating the guide end is written as a Fourier decom-
position S(k,) in the z direction of the transverse field
component. For a TE mode, we define S(k,) by

Sk = [ ZE (2) exp(-ik,z) dz. )

Each Fourier component corresponds to a plane or eva-
nescent wave incident on the film-air boundary at tl'e
guide end. The evanescent tails on E(z), however, will
not “see” the end of the guide as effectively as the rest
of the mode. To take this effect into account, we intro-
duce a truncated trauasform

Sylk)= [ V2B (2) exp(- ik 2) 2. (8)
23
We can now find the reflected fields by multiplying each
of these components by the appropriate Fresiel coeffi-
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cient F(k,). This method assigns zero reflectivity to the
evanescent tails and will probably underestimate the to-
tal reflected wave. We expect it to be a very good ap-
proximation for large d, and for small d it is a physi-
cally reasonable way of treating the mode reflectivities
nnar cutoff. Finally, the amplitude reflectivity 7 is
given by projecting out the original mode from the re-
flected waves

P (f_:s*(b (kDS (k) r!k,) <f_:S‘(k,)S(k,) dk,)-l. (9)

Io I T l T T T —:
MODE REFLECTIVITY ]
VS
GUIDE ANGLE
| 10 ,V -1
E o ]
E N -
Z ]
(5] 4
(Y]
: nI. ] J
‘&l n2l64
5 nye 1.42
3
g o} A=65um -
d'4’u-,| 1
001 . e S |
0 ] 2 3 4
v (RADIANS)

FIG. 4. Power reflectivity for zero-order modes vs the guide
angzle defined in the figure.
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The Fresnel coefficient for TE modes is given by
Frglk)= (k- k))/ (k2 + 1), (19)

where «k,= (nik® - k%)}/2, For the TM modes we replace
E (z) by H,(z) and use the Fresnel coefficient Fqy:

Frulk)= ik, ~ k) / (nir, + ny) . (11)

In Fig. 3 we show computer results for the mode re-
fiectivities of the first two TE and TM modes, caicuiat-
ed by using Egs. (7)—(11). The integrals in Eqs. (7) and
(8) can be evaiuated expiicitiy, but the one in Eq. (9)
must be done numerically.

For thick fiims the simpie formuias in Ref. 13 give
roughly the same resuits; e. g., the reflectivity vaiues
of the zero-order modes at =6 um are within 10% of
those in Fig. 3. However, for the data we will be pre-
senting, typical values are d=2—4pum, and for this
range of thicknesses the resuits from the two models are
very different.

It is also of interest to consider the reflectivity of a
guide wit: a nonrectangular end. Films grown by eva-
poration through a mask will tend to have a tapered
edge due to the finite source size and the separation be-
tween substrate and mask. We assume this fuzzy edge
can be approximated by a plane surface whose normali is
in the xz piane making a small angle v with the x axis.
It is then a simpie matter to modify Eq. (9) for this
model. The re:uiting reflectivity as a function of v is
shown in Fig. 4 for the zero-order modes of a 4-um
fiim. For thinner films, the refiectivity falls off iess
rapidly and for thicker films more rapidiy than shown
in the figure. We have found that 2n edge defined by an
evaporation mask will tend to have a tapered region at
least 1 1 wide, and it ir clear from Fig. 4 that such an
edge will introduce severe reflection losses. To get
around this probiem we have been using an etching tech-
nique to define the laser edges.

C. Surface scattering losses
We will treat the surface scattering losses by using
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the simple theory based on the Rayleigh criterion for
refiection losses from slightiy rough surfaces. !} Al-
though this theory is fairly crude in that it ignores the
mode properties of the guide, it is based on sound phys-
icai arguments and is easy to apply. In addition, it is
the only theory that has been successfully applied to ex-
periments on iosses in an optical waveguide. 2

To caiculate the loss, we first decompose the trans-
verse fieid component inside the guide into two piane

i

‘,

4] z il | | j
20 30 j

d (microns)

FIG. 6. Gain enhancement factor defined in Eq. (17) vs the '
film thickness for the first two TE and TM modes.
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waves:

A expli(Bx - wt)) cos(kyz) ~ sA{expli(Bx + kpz - wt)]
4 exp[i(Bx = kpz — o]}

The nower in each plane wave is reduced after a singie
refiection by the factor exp[- (4mm,0 cos8,/ M)2], where

o is the variance of the surface height, assumed to be
the same for both surfaces, 6,=arctan(B/k,) is the angie
of incidence measured from the normai, and A is the
free-space waveiength. Using this method, one can show
that the power attenuation ccefficient a, for both TE and
TM modes can be written inthe:i . m

AL
“"( A ) Sin0, doy’ (12)
where d,,, is given by
d.n,rs=d+"’;1+kil-
(13)

Wi K+
by mikg+npky

d =d l:ﬁ kz vy kz
oft, TH, ky nyks+npks

The quantity d,,, describes the effective spatiai extent

of 2 mode in the z direction. The expressions (13) are

derived by considering the power fiow. For a mode far

away from cutoff, d,,, wiii neariy equai d. As a mode

approaches cutoff, however, d 4 rapidiy diverges.

We show in Fig. 5 the surface scattering. ioss coeffi-
cients as a function of fiim thickness caicuiated from
Eqs. (12) and (13). Ignoring the sharp drops in the ioss-
es at cutoff, the TE, mode shows the lowest ioss for aii
d vaiues of interest.

D. Gain enhancement

Opticai gain in a semiconductor is obtained by popu-
iation inversion induced through minority-carrier in-
jection. This popuiation inversion contributes a smali
negative imaginary component 5€ to the dieiectric con-
stant. The gain coefficient for piane waves a, resuiting
from &€ is given by

a,= (k/ny) €.

In a waveguide, the gain coefficient for a mode wiil
differ from the plane-wave result for two reasons: (i)
The guided mode can be viewed as taking a zigzag path
down the fiim. This wiii increase the effective path
iength and thus wiii increase the gain coefficient. (ii)
The guided mode has evanescent taiis extending into the

(14)
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surrounding passive media. This mode leakage effect
will tend to decrease the gain.

To calcuiate the gain coefficient, we observe that
Eq. (1) is identirai in form to the one-dimensionai
Schroedinger er,uation for a particie in a square well. 18
This means we can use first-order perturbation theory
to caiculate the change in the eigenvaiue B* caused by a
smaii change in the index. The result for TE modes is

6(8%) = ( [2 | 2| se(w®/c?) dz) ( [\E dz)“.

Since the minority-carrier diffusion iength is typicaily
an order of magnitude larger than the fiim thickness, we
can assume that &€ is uniform across the guide. With
this simpiification we can write the gain enhancement
tactor G, defined to be the gain coefficient for the mode
« divided by that for a plane wave, in the following
form:

G=af a,= (nsk/B) ( [ |E2| dz) (f_: |E2| dz)'l. (16)

(15)

A siightly more complicated expression applies for TM
modes. The first factor in Eq. (16) is aiways less than
unity.

Evaiuating the integrais in Eq. (16) ieads to the fol-
iowing expressions for G:

b)

FIG. 8. Scanning e.3ctron microscope photographs of two laser
end reflectors. The samples have been potted in epoxy and
lapped edgewise. In (a) the edge is defined hy the photoresist
technique. The light streak at the left-hand side is the Pb

film. In (b) the edge is defined by a close-spaced evaporation
mask.
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FIG. 9. Spontaneous emission spectrum at 77°K. The dashed
line is calculated from Eq. (21) with the peak rounded to indi-
cate some re-idual attenuation. Device parameters: p=1.5
%10 cm™}, d=4.6 m, L =400 pm.
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These expressions are plotted in Fig. 6 for the first
two modes. Note that the TM modes show substantially
more gain enhanceraent than the TE modes. This results
from the stronger optical confinement associated with
the TM modes.

1. EXPERIMENTAL
A. Sample preparation

PbTe films are grown epitaxially on cleaved (111)
BaF, substrates. The detalls of this growth technique
and the characterization of the films have been des-
cribed previously.® Hall effect measurements are used
to determine the carrier concentrations and mobilities.
The as-grown films are p-type with p = 6 X104 x 10!’
cm™. Typical mobilities at 10°K are (2—5) X10* cm?/
Vsec, and typical film thicknesses are 2—4 pm.

Since it is not possible to produce cleaved end faces
on the thin films, as is normally done with bulk devices,
we have developed a photoresist etching technique to
produce Fabry-Perot cavities with nearly square ends.
The laser cavity is formed by first depositing a dumb-
bell-shaped mask on the PbTe film with Shipley AZ-111
photoresist. The exposed PbTe is etched away with an
HBr : Br=10:1 solution in an equal volu of water,
The photoresist is then removed and a ~4000 A Pt film
is sputtered onto the ends of the dumbbell to form the
Ohmic contacts. Finally, ~2000 A Pb strips 150—400
um wide are evaporated across the PbTe to form the
Schottky barriers. The Pb is evaporated at an angle of
45° with respect to the film normal. This procedure
serves two prposes. It gives a better electrical con-
nection acros. the sharp edge of the film on one side,
and it leaves che other side bare, permitting the light
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to exit. A schematic drawing of a completed sample is
shown in Fig. 7.

The samples are mounted with a thermal conducting
epoxy on copper plates connected directly to the cold
finger of a liquid-helium Dewar. The plates are posl-
tioned with the dumbbell vertical, and the light emitted
withln a cone of half-angle 17° centered roughly 20°
from the plane of the substrate is collected and focused
onto the entrance slit of a grating spectrometer. This
sample orientation provides maximum light collection
efficiency. The light at the exit slit is focused onto a
Ge: Au liquid-nitrogen-cooled photoconductor. For pul-
sed operation, the current pulses are 2 psec long at a
repetitlon rate of a few kHz, and boxcar integration is
used. For cw operation, the light at the entrance slit

is mechanically chopped at 330 Hz and synchronous de- |,

tection is used.

The importance of using an etching technique to defines
the laser end reflectors is demonstrated in Fig. 8.
Here we show scanning electron microscope photographs
of the cross sections of two laser ends—one prepared
as described above, the other defined by a close-spaced
evaporation mask. The guide end for the etched sample
is normal to the substrate to withln the accuracy that
we can measure it. For the other sample, however, the
guide end deviates from normal by an angle v=0.5 rad,
which would lead to a power reflectivity for a zero-
order mode several orders of magnitude below that for
an ideal end reflector.

Normally a Schottky barrier diode is a majority-car-
rier device leading to the recombination of majorlty
carrlers at the metal surface with little or no light
emission. A Pb fllm on p-type PbTe, however, pro-
duces an n-type inversion layer which can lead to elec-
tron Injection. Nill ef al. have shown that under high
forward bias this structure is apparently as efficient
at injecting minority carriers as a normal p-» junc-
tion.1"!® This result is consistent wiin our estimates of
the internal quantum efficlency 7 for spontaneous emis-
sion at low temperature. 1 We find in our devices a val-
ue for 7 of about 1%, while the best bulk p-n junction
yield values in the range 1—5%,

B. Spontaneous emission at 77 °K

Previous measurements of both photoluminescence!®
and electroluminescence!® in PbTe indicate that the
emission arises from direct band-to-band recomblna-
tion with % conservation; i.e., only near-vertical
transitions are allowed. The primary evidence for this
interpretation from our data is the observation of a
highly asymmetric line shape with a sharp cutoff at the
band gap on the low-energy side of the peak and a long
tail on the high-energy slde. The impurity-banding non-
k-conservation model of Lasher and Stern® has been
used to interpret emisslon from PbSe. ! However, this
model predicts a more symmetric line shape with o sub-
stantial tail extending to energies less than the band gap,
which does not give a good fit to our data. We will thus
restrict our discussion to the k-conservation model.

For PbTe this model yields the following expression for
the total spontaneous emission rate as a function of the
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FIG. 10. Semilog plot of the spontaneous emission spectrum on
the high-energy side of the peak. The solid line is the slope
predicted by Eq. (21). Device parameters: p=4.8x10'7, d

=4, 8um, L=400pum.

energy E2%:
Yol E)=A(E = Eg)' ¥ (LE - 3Ec V EJ)
x[1= f(:E¢ = tE+E,)], (18)
where

_ 4ny@*EE mi 2 m gt mg) |

A
moli>c*n* v

mq=0.052 mg is the density-of-states effective mass, »
which is taken to be the same for both bands; E, and
E,are the conduction and valence band edges, respec-
tively; E.=E, - E, is the band gap; m is the free-etec-
tron mass; f, and f, are the Fermi occupation probabil-
ities for electrons in the conduction and valence bands,
respectively, given by

fAE)={1 +exp[(E - p,)/kT]}*
FAE)={1+exp[(E - u,)/kTI;

and p,, u,are the respective quasi-Fermi levels of the
conduction and valence bands. The dimensions of 7,,(E)
are eV'! cm™® secl.

(19)

The experimentally observed spectrum I(E) will be
modified by reabsorption. The emission from each in-
crement of volume a distance x from the exit face is at-
tenuated by the factor exp(- ax), where a is the attenu-
ation coefficient. Integrating over x leads to a line shape

7,,(E)/ a(E). However, r,(E) and o(E) are related by?°

AN E-p +yp
alE)= gz [exp< Tt B l]r.,(E). (20)

At 77°K for the range of carrier concentrations and in-
jection levels we are considering, we find that the fac-
tor of 1 in Eq. {20) can be neglected compared with the
exponential. Thus, for our experimental conditions, the
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line shape is dominated by a simple Boltzmann factor
I(E) & exp(- E/RT). (21)

Eqs. (18) and (20) pr dict a vertical drop in the intensity
from its maxirum at the band edge. Actually, this
corner will be slightly rounded owing to the residual at-
tenuation, such as free-carrier absorption, which does
not vanish at this energy.

We show in Fig. 9 an emission spectrum at 77°K
along with the predicted curve. A better way of present-
ing the data is shown in Fig. 10 for a different sample
where we plot In(//I,,,) vs E above the peak. Ir. both
cases, the agreement with Eq. (21) is good. Although
the samples used for these data have carrier concentra-
tions differing by a factor of 3, the emission line shapes
are essentially the same. In order to observe a change
in the linewidth with carrier concentration as was done
in the photoluminescence experiments, 18 it is necessary
to use higher carrier concentraticns and higher injec-
tion levels.

It is important to note that the line shape predicted by
Eq. (21) in no way depends on the band parameters or .
carrier concentrations. In fact it does not distinguish
electron from hole recombination. In a previous paper,
however, we presented data with the light collected
through the BaF, substrate normal to the film.1° For
that case the reabsorption correction is very small
since the light has, on the average, a very short path
length through the film. The emission spectrum is
broader than it is here, and Eq. (18) with the appropri-
ate effective mass and carrier concentration must be
used to fit the data,

Polarization measurements of the spontaneous emis-
sion indicate that both polarizations have identical line
shapes with the TE intensity (E in the plane of the sub-
strate) being about a factor of 2 larger than the TM in-
tensity. We have not been able to obtain good spontane-
ous emission spectra at liquid-helium temperatures.
Generally, the spectra begin to show stimulated line
narrowing at about the same current levels that produce
measurable signals through the spectrometer with suffi-
cient resolution.

C. Laser emission at 10-15°K

Lasing was first observed in these films under pul-
sed conditions at 12°K with a threshold current of sev-
eral hundred millamperes for a typical device—a typical
device being 400 um wide and 4 pm thick with p = 10"
cm™, Our best diodes now lase with a threshold current
of a few tens of milliamperes. The primary improve-
ment we have made is the use of the photoresist etching
technique to define the laser cavity. We have also done
some preliminary studies which indicate that the 'aser
performance can be improved by postgrowth annealing
at ~350°C in a Te atmosphere, which increases the
carrier concentration to the high 10" or low 10" range.
Besides increasing the carrier concentration and mo-
bility, the annealing apparently improves the quantum
efficiency.

An example of the cw laser emission from one of our
annealed samples is shown in Fig. 11. This device is
2.4 pm thick with a cavity length L =400 um. The
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FIG. 11, Laser emission at 10°K for an annealed sample. The
upper trace is near the laser threshold. The linewidths it each
case are spectrometer resolution limited. The lower trace has
twice the resolution, and the signal level is 40 X larger tl.an in
the upper trace. Each set of four arrows is drawn with an 80-

spacing. The peak in the upper trace coincides with the
second arrow from the left-hand side. Device parameters:
p=108 ecm=, d=2.4 pm. L =400 pm,

laser threshold 1s about 30 mA, corresponding to the
upper trace in Fig. 11. The widths of all the lines in
the figure are spectrometer resolution limlted. The
100-mA trace shows a complicated mode spectrum with
seven discernible modes. The four at longer wave-
lengths show a common mode spacing of ~80 A, The
three remalning modes do not appear to show a common
spacing. However, 1f we insert the 30-mA peak position
into the mode pattern at 100 mA, then we again have a
set of four modes wlth an 80- A spacing as indicated by
the arrows in Fig. 11.

Using the mode spaclng formula for a plane-wave
Fabry-Perot cavity, the effectlve refractive index n,,,
=n- A(dn/d}), corresponding to the data In Flg. 11,
would be 6.3. Actually, the (ifferent waveguide modes
will have dlfferent effectlve Indices, and we should take
this Into account. The mode effective Indlces will al-
ways be less than the fllm effective index. Thus, the
use of the plane-wave Fabry-Perot formula will under-
estlmate n,,, for the film. For example, if we assume
a TE, mode for the data In Flg. 11, then n,,, would be
6.4 Instead of 6.3. We have observed effectlve iudlces
in some films as large as 8. Such a wide spread In this
quantity is not surprlslng, however, 1lf one considers
the large dlsperslon In n,(}) near the band edge in PbTe
reported by Zemel ef al.? at low temperatu. es.

The observatlon of two or three separate sets of
Fabry-Perot spaced modes occurs in most devices at
currents well above threshold. The reason for thls ls
not clear. It could be due to Inhomogenitles in the fllm
or on the surface which produce laser fllaments in the
transverse direction.
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All of the laser llnes shown ln Fig. 11 are polarlzed
~100% (+5%) with the electric vector in the plane of the
substrate, indicating pure TE modes. In fact, we have
measured the polarlzatlon of 30—40 modes in several
different diodes and have invariably found them to be
TE polarized, although occaslonally the polarizatlon is
only 60—80% TE. The observation of modes which are
only partially polarized may be another Indication of
fllamentatlon, since any strong confinement In the direc-
tlon along the film will lead to modes with mixed TEM
polirization. The only cavity property that strongly
favors TE modes 1s the surface scattering loss; thus our
results would suggest that this loss mechanism 1s the
domlnant one in establlshing the laser threshold.

In most samples we observe two promlnent laser
lines with a separatlon that is large compared with the
cavity mode spacing. Thls feature usually occurs well »
above threshold and often only under pulsed conditlons.
One example 1s shown by the separation between the two
domlnant modes In the lower trace In Flg. 11. Another*
example 1s shown In Flg. 12 for a dlfferent sample.
The small splitting of the longer-wavelength modes in
thls flgure 1s the cavity mode spaclng. We have Inter-
preted the large splltting as arislng from a strain-in-
duced shift of the energy bands.

The thermal expanslon coefficlent of the substrai. is
less than that of the fllm. Thls means that at low tem-
peraturer the film will appear stretched In the plane of
the substrate, the (111) piane, and compressed in the dl-
rection normal to It. Thls deformatlon will partially
remove the degeneracy of the varlous conduction and
valence bands. Since the band gap in the Pb salts is at
the zone boundary in the [111] direction, the bands
which are oriented along [111] will shift differently from
those along [111), [1T1], and [T11], which remain
degenerate.

To estlmate the difference between the band gap at
(111) and that at the other three polnts, we will assume
the deformatlon of the crystal to be equivalent to that
produced by a stress S applied uniformly In the direc-
tlons parallel to the (111) plane. For this stress con-
flguration, the straln tensor €], in the coordinate sys-
tem with the 2z’ axis in the [lllj directlon will be dlag-
onal with nonzero components: €]} = €3, = (s{, +s},)S and
€3=2s3,5, where sj, are the elastic compllance con-
stants in the prlmed coordinate system. Thls descrip-
tlon 1s, of course, not exact since the actual straln will
vary over the thickness of the fllm. In a thin film, how-
ever, we can consider the strain values to be averaged
over the thickness. Once the strain tensor is known,
the shlft of any band edge can be determlned by AE
=Dy,€,;,, where the D,, are the approprlate components
of the deformation potential tensor.? After transform-
Ing €;, Into the coordluate system with the cublc crystal
axes and using the expresslons for D, glven by
McMullin, 2® we find that the difference between the two
band gaps In PbTe can be wiitten in the form

Be3y(Be~ By)
AE.= 33\Fe ™ Py)
€7 1-2¢4/(cyy +2¢5)
where €, 1s the straln in the [111] dlrectlon, 8, and 8,
are the off-diagonal elements of the deformatlon poten-
tlal tensor for the conductlon and valence bands, re-

6. 4¢€/, (eV), 22)
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FIG. 12. Pulsed laser emissior at 3.5°K in an ununnealed
sample. The large splitting is roughly 1.4 meV. Device
parameters: p 1.6 x107 em™, d=2.4 ym, L 400 um,

spectively, and the ¢, are the standavd elastic stiffness
constants. We have used the numerical values for these
constants summarized in Ref. 26. Our experimental
value of the energy gap difference is AE;=1.4 meV

+ 30%, corresponding to a strain €3 ~~2,2x10*,

Recently, Hohnke has measured the temperature de-
pendence of the strain component €3, for similarly grown
PbSe films on BaF, substrates.?’ He finds that at 77°K
€'y~-3.3x10"*+ 10%, which is fairly close to the value
we would predict from the emission spectra for PbTe.
This result is not surprising, however. Since the ther-
mal expansion coefficients for PbTe and PbSe are near-
ly equal, we would expect the low-temperature strains
in the two materiuls to be similar.

{V. THRESHOLD ANALYSIS AND DISCUSSION

In this section, we present an analysis of the gain and
loss parameters which characterize the laser thresh-
old. The analysis will necessarily be very crude since
we have no way of independently measuring the various
contritutions separately. The threshold condition we
can write in the form

-GolE,)=Gay+ a,+ L1 InR? | (23)

where a,, is the free-carrier absorption, a, is the sur-
face scattering loss, G is the gain enhancement factor,
L is the cavity length, R is the power reflectivity, and
a(E,) is the maximum plane-weve gain coefficient given
by Eqs. (18) and (20). Under lasing conditions o(E,,)
will, of course, be negative. The free-carrier and re-
flection losses can be estimated reasonably well, but
the surface scattering loss o, involves an unknown scal-
ing parameter, the variance of the surface height. On
the other hand, the maximum gain coefficient o(E,) can
be related to the threshold current in the diode by

I,=(eV/n) [ 7o(E) dE, (24)
where I, is the threshold current, V is the recombina-
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tion volume, and 7 the internal quantum efficiency.
Thus, the least-known parameter in Eq. (23) is the sur-
face scattering loss, and our aim will be to use esti-
mates of the other quantities to determine it.

Normally Eq. (24) is written with the current density
j on the left-hand side and the minority-carrier diffu-
sion length on the right-hand side. That way of express-
ing the j-vs-«(E,) relation is appropriate for a bulk
p-n junction with the current flow uniformly and 1o mal
to the junction plane. In our diodes the current flow is
ncnuniform with components both normal and trans-
verse to the junction plane. To make the problem trac-
table, we will riake two simplifying assuuiptions: First,
we assume that electron injection occurs predominuntly
at the edge of the Pb film. This should be a good ap-
aroximation at high injection when the junction voltage
it large compared with #T/e, since the voltage drop
along the film will substantiaily reduce the injection
away from the Pb edge nearest the Pt contact. Second,
we assume that the electron distribution is uniform in
the 2 and x directions and spread out by the diffusion
length in the y direction. This should be a good approx-
imation at low temperacures where the minority-carrier
diffusion length L, is roughly an crder of magnitude
greater than the film thickness. Our entire analysis of
the waveguiding properties implicitly assumes that la-
sing begins not in the region covered by the Pb film, but
in the region adjacent to it. This will certainly be the
case near threshold where the additional losses of the
metal film would preclude iasing in that region. Thus
the recombination volume V is a rectangular region
with thickness d, width L,, and length L. The accepted
value for the minority-carrier diffusion length in Pb-
salt lasers is roughly 20 pm,*® but we will take L,
=40 pm since the carriers can diffuse in both the plus
and minus y directions.

In the spirit of our approximate treatment we will use
a simplified expression for estimating the optical gain
at threshold rather than the integral relation (24). This
simple expression can be written in the form®

- a(E,) =Imn*c*h®/eVniyELAE | {25)

where 7 is the “demerit” factor and AE is a measure of
the spontaneous linewidth. We have found that using
YAE = 4,3 meV in Eq. (25) leads to a value which is al-
ways within about 20% of the value calculated from

Eq. (24) for a particular threshold condition. The quan-
tum efficiency was measured previously to be about 1%
for unannealed samples, 1°

In Table I we show typical threshold data for four
PbTe lasers. The threshold current is determined by
examing both the emission spectrum and the variation

TABLE I. Threshold characteristics for th'n-film PbTe diode lasers,

R T e a—

Sample Film Cavity Thresh- -a(E,) @, L'InR! a, o

thick- length old ) em?) em™)  (em™) @m)

ness @m) current

um) (A)
242-3b 4.5 400 0.17 59 6.2 12 41 0.052 1
272-1a 3.2 400 0.41 200 1.2 10 189 0. 059 ]
299-3d 2.8 400 0.18 100 1 9.6 20 0. 032
307-3a 2.4 180 0.13 188 1.3 20 167 0.033
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of the light intensity with current. The uncertainty in
this determination is about 10%. The optical gain is cal-
culated from Eq. (25) with n=1% and YAE=4.3 meV.
The free-carvier absorption coefficient is calculated

from®
—_ ren
e Tt i

where m_ = 0.032m, is the conductivity effective mass®;
p and p, are the hole carrier concentration and mobil-
ity, respectively, which are measured for each device,
and €, is the free-space dielectric constant. The reflec-
tion loss is determined from Fig. 3 by assuming a TE,
mode. The surface scattering loss is determined from
the threshold condition (25) by using a gain enhancement
factor of unity. The value of o is calculated from Fig. 5,
again by assuming a TE, mode. In every case a, is the
dominant loss contribution. This is consistent with the
observed strong preference for TE modes. The values
for o given in Table I should be considered as upper lim-
its since we have probably overestimated the carrier
confinement by the assumption of a line source of injec-
tion and there may indeed be other losses which we have
overlooked. In the absence of an experimenial verifica-
tion of the surface loss theory and its applicability to our
films, it is more appropriate to view o as a pheromeno-
logical parameter characterizing the surface loss,
rather than a true measure of the variance of the surface
height.

Anne?’ \d samples show a factor of 3—5 lower thresh-
old curi ats than unanrealed ones. Presumably this re-
sults from an increase in 1, in which case tlie predicted
values of o for those samples would again be the same
magnitude as those shown in Table I. Annealing also
produces a shift of about 2% of the iaser emission to
higher energies. An example of this shift can be seen by
comparing Figs. 11 and 12. The shift arises from the
increase in carrier concentration. With higher hole con-
centrations, higher energy transitions are alloved.
These transitions involve a larg v density of states than
those closer to the band edges and thus will tend to be
favored for lasing.

The primary conclusion we can draw from this
threshold analysis is that there are large losses in addi-
tion to free-carrier and reflection losses which are im-
portant in determining the laser threshcld. Significant
improvements in the laser performance can be expected
if these losses are reduced. Coupled with the increased
quantum efficiency from annealing, laser thresholds as
low as 1 mA should be attainable in our devices. In
addition a high-gain single-pass optical amplifier could
be made by eliminating the end reflectors and adding in-
put and output grzting couplers at the ends of the active
region.
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