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OPTOELECTRONIC MATERIALS AND COMPONENTS: MINTATURIZED

AND THIN FT'M LASERS AND MODULATORS

SUMMARY
The research being carried out under the subject contract is directed
toward the development of miniaturized lasers and modulaters compatible

with dielectric waveguide and fiber optic Iransmission elements. Specific

objectives include:

1. development of rare earth doped fluoride ana oxide materials
suitable for miﬁiaturized and thin film lasers;

2. development of techniques for the epitaxial growth of KTN
compositions in structural configurations appropriate for
electro-optical light modulation;

3. development of light-euitting dindes as pump sources for
miniaturized lasers;

4. design, fabrication and evaluation of miniaturized and thin
film laser-source "packages" which include the associated
pump and modulator.

The following listing summarizes our achievements during the first

six months of the program:

1. We have demonstrated laser action at 2 km in a sing’e mode

Ho:YLF minilaser 0.2 x 0.6 x 0.9 mm in dimension. Lasing

occurred at a threshold power of 20 mw; an output power of

’ J uw was obtained at 150 mw pump power. The laser was

operated in a dielectric-cavity mode which is particularly
well adapted for coupling to optical waveguides (Section II).

2. Films of KTN have been successfully grown on KTaO3 substrates by

i




F ? - 3 |

carried out (Section V).
We expect by the end of the first year of the program to have an
LED pumped 2 um Ho:YLF laser operating cw at, or near, room temperature.
We believe that in this miniiaser we will have a prototype of a class of
lasers that will be extremely useful for integrated optical systems. The.
only serious competitive source on the scene is the diode laser, and its

future, as a room-temperature source, appears clouded by problens involving

L

reliability and lifetime.
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I. INTRODUCTICN

When we began this program we believed that we had sufficient know-
ledge of energy transfer and Zluorescence in lithium yttrium fluoride (YLF)
to allow us to predict with some confidence that the develcpment of a

miniaturized 2 pu Ho:YLF laser was a realistic prospect. Our worl to date,

described in Section 11, bears out this initial confidence. Ve have
demonstrated lasing action in a crystal of volume 0.2 x 0.5 x 0.6 ma The

threshold for lasing was low, about 20 mw, and we were able to get a cw

;
|
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output of about 5 mw at a pump power of 150 mw. This laser appears to be
the smallest dielectric laser ever to operate at such low thresholds. Our

goal is to achieve lasing action in samples of e’en smaller dimensions.

T O s T

The laser is side pumped and cperates in an interrzl reflection, two-
dimensional, dielectric cavity mode. A mode analysis is given in the

.‘\pptfid R Otvtpu:; "ﬁt:p.{inb OCCUISE V1d L evanescz=ui f£ields coloLliishice
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outside the dieleczric boundaries by the totally reflected ipternal waves.

T

This electromagnetic configuration appears particularly attractive for
integrated optics be:duse it allows coupling to a waveguide structure

merely by placing the cavity in close proximity to the guide. Coupling

I T

structures such as prisms, wedges or gratings are not required. We are
continuing this work with emphasis on obtaining a Ho:YLF composition
operable at or near room temperature in the near term, and are investi-

3+

] gating the feasibility of utilizing other activators such as Tm3+ end Er

in YLF as well as improvirg the pumping efficiency and other factors by

going to a high refractive index oxide host. Further miniaturization is
also a goal in order to match the size of the diode pumps.

The work to date on the diode pumps is described in Section III.
The thrust of the program has been the design and fabrication of specialized

diode gecmetries; the greowth, testing and evaluation of Si-doped GaAs

: o — =; — =SS
e = S ——— SSS —— S XES -



R e
o |

L £

< LED's with emission tailored to the Yb:YLF minilaser absorption band and

A

with efficient high intensity output; and the growth and characterization

of Zn and Si doped GaAsSb LED's with the objectives of understanding the

Lt

system for use vs more sophisticated heterostructure diode geometries.

The technology development to permit the growth of desired geometries
in the GaAs:Si system is virtually complete and several runs have been
made to explore the emission wavelength and bandwidth as a function of
various parameters. Itlis expected that useful pump diodes from this
£ system will be available befcre the end of the next reporting period.

The growth of thin KTN films fovr electro-optical waveguide modulators

o

i W

is described in Section IV. Films have been grown on K’l‘aO3 substrates by
a liquid phase epitaxy technique and have shown waveguiding in preliminary
experiments. Masks are being fabricated for appropriate electrodes %o
permit evaluation of a wave deflection-modulation scheme as well as a

simple step phase modulator. Chemical vapor deposition growth experiments

have been made and a method for gencrating and transporting KC1l vapor has
been developed. An improved two-zone furnace is being constructed and we

expect by the end of the next reporting period to be able to evaluate this

technique for tla growth of KIN.

Instrumentation for accurate measurement of refractive indices of
crystzls is described inr Section V, together with a description of tha
newly installed clean air chemistry lauoratory.

A mode calculation for the dielectric resonator minilaser is given

in the Appendix.
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II. MINILASE:: NEVELOPMENT
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2.1 Prototype Minilaser

To obtain an efficient minilaser it is necessary for the laser
crystal to have a high absorption coefficient at the pump wavelength.

This objective can be achieved by employing a high concentratioan of the

active ion as in the NdLa pentaphosphate laser1 or by inéorporating into the

T AT

host a high concentration of sensitizer ions. The latter approach, which

we are following in our work, has proved successful in the 2.06 um Ho:YLT

laser sensitized with Er and Tm.2 ;

TR

Additional problems encountered ia the minilaser invclve the design

T

of the resonator and output coupling scheme. -Qne resonator configutation

that has been employed3 is simply a scaled down version of the usual rod

bl |

laser with reflecting end plates. A laser of this type would have to be

...... 1T ad &on . hfum £2 T commamaed 3 .. $ cmte Lo 5 2 .
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more attractive route is to use a configuration capable of sustaining
resonant modes confined to the cavity volume by total internal reflection
(Fig. 1). The evanescent field associated with total i‘.ternal reflection
can be used to couple to an output structure. Using such a scheme we

have succeeded in obtaining single mode cw laser action at 2.06 ym in a

single crystal of LiYQ.662Er0.5‘mo.035H°0.003F4' The laser transition is

from the lowest level of Ho3+ 3

17 to the upper 518 level.

The experimental details are shown in Fig. 2. The laser crystal with
its four long sides polished and with dimensions 0.94 mm x 0.60 mm and 5 mm
long was monnted over an undoped LiYFé prism, A tapered gap was formed by
resting one end of the crystal on top of 3 20 micron thick evaporated indium

pad while the other end rested on the prism. A 0.2 mm wide region of the

crystal was pumped with the outfut of a cw krypton ion laser (6471 Z). By
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ff Fig. 2 Experimental arrangement for test of prototype
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F ; minilaser using internal reflection mode. The
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é . light is confined to a beam 0.2 mm wide.
A




%
%
|

—

A

"

HH‘W“MNUIW‘;

o

W;hmmw!

mem mma

L

Internal reflection modes in k-cpace for the Eo:YLF
minilaser. Total internal reflection occurs for
those modes within the sector /. The mode marked

2 is the one appearing at threshold; the nearby

modes marked x appear above threshold (see Fig.4).
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varying the position of the pumped region along the length of the crystal,
the output could be observed as a fu.ction of coupling strength. The
laser crystal and prism were mounted in vacuum in a liquid N2 dewar.

The resonator ic closed on four siles by total internal reflecting
dielectric boundaries and open on the other two sides. Since only a
small segment of the active material is pumped, only those modes with
propagation vector transverse to the long axis of the crystal are excited.
rt 1s shown in the Appendix that, in a rectangular crystal, the condition
for total internal reflection muodes to exist is ny >v2 n,, where n, is the
refractive index of the crystal and n, is the index of the surrounding
medium., TFigure 3 shows the region of k-space-available for internal
reflection modes in a rectangular crystal wi.h n, = 1.46 n,, a situation
which applied t¢ a crystal of LiYF, (nl) in vacuum (nz). The ancote 66

-1 e

I4 [ JO, 2 n At ian £ L - -
e appellixX) 1s glven functicnally az -

n
§6 = 2 tan u;l-) - 1t L (1)
2

and for our experimental situiation is numerically equal to 3.5°.

Light is coupled out of the resonator into the prism through i™e
evanescent field in the gap.

Output spectra of thz laser are shown in Fig.d; Threshold was
reached with arproximately 20 mW pump power. Near thrusuoid laser action
took place in only one mode, as is evident from the sirzle line in the
spectrum, The linewidth is determined by the resolution limit of our
spectfometer. With pump power about twice threshold, two other modes
appear. Tt 2 unequal spacing of the modes can be explained by considering
the modes of a two-dimensiona: resonator as is done in the Appendix. Tle

theoretical analysis shows that . modes which sppear at increasing ramp

o,

it i bl




Intensity (arb.units)

(b) \

I | W AV A

2.064 2065 2.066 2.067 2.068 2.069

(a)

. l -—JL---—hesagLr-') \~‘J°~%au¢-n--J
2.064 2.065 2066 2.067 2.068 2.069

~ Wavelength (zm)

Fig. 4 Output spectra of Ho:YLF minilaser: (a) near threshold;
(b) twice threshold.

11




i

wlu il

it B g AR

o

Lk

(il

power are separated from the initial mode by

2
“A
- — 0 bp  Aq.
AAO > Vo (a +b) (2)
1

where Ap, Aq = 0, %1, *2, t3, etc. The modes appearing in Fig.4 corres-
3

pond to Alo (0p = 0, Aq = 1) = =1.1 x 10~ ﬁm and AXO (Ap = -1, 8q = 1) =
0.62 x 10-3 pm. The experimental values are in precise agreement with
thecretical predictions. The relative positions of these modes in k-space
are shown in the inset in Fig. 3.

Output powers of 5 mW were measured with 150 mW pump power and a gap
size of 5 microns. The threshold did not increase monotonically with
decreasing gap size, indicating that losses associated with edge chipping
and other crystal defects partially determined the threshold. Lower
threshold; are expected with more careful sample preparation.

The transmission through the coupling gap is largest for modes whose
propagation vector igs incident on the base of the crystal at the critical
angle, and decreases rapidly with increasing incident angle. Figure 5
shows the calculated transmission loss versus mode angle for a TE cavity
mode coupled across a 5 pm gap. Only the lowest loss modes will reach
laser threshold. |Note that interna. reflection modes exist only in the
interval between 43.3° and 46.7°. When the mode angle increases above
43.3° (the critical angle) we enter the region of internal reflection, and

transmission of energy out of the cavity modes occurs via the evanescent

field at the output coupling face. In our experiments this was the

narrow face of the crystal (dimensiorn a). With increasing angle there is
progressively less transmission across the gap. At 46.7° evanescent fields
still exist at the coupling face, where the condition for internil raflection

is still maintained. However, we no longer satisfy this condition ¢n the

13<
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orthogonal b face and, consequently, the transmission loss rapidly
increases as energy is radiated from the two b faces.

We see in Fig. 3 that the cavity modes which are excited above thres-
hold have an angle of incidence 8 (measured frqm the normal to the a face)
which is less than the angle for the mode with lowest threshold. This
result is consistent with loss curve shown in Fig. 5. |

As a source for integrated optical networks, this type of minilaser
has the advantage of much higher efficiency than proposed thin film rare
earth 1asers.4 The largest absorption coefficient of a rare earth ion
transilion that can be pumped by a light-emitting diode is about q =
200 cm-l. Thus, for a thin film 1 micron thick, only 2% of the incident
light can be absorbed when transversely pumped. With the dielectric |
resonator, the dimension in the pumping direction can be made about 1/a,
so that most of tie pump light will be absorbed, Youding i¢ au increzce fn
pumping efficiency Ey a factor of about 50.

" The number of possible resonant modes can always be made arbitrarily
small in this scheme by proper control of the indices n. and n,.
becreasing the size of the resonator increases the mode separation in
k~space. Thus, with smaller resonators single mode operation should be
obtainable even at pump powers many times threshold.

The Ho:alphabet YLF laser materials studied so far have run cw only
at liquid N2 temperature. Future work will be directed toward a room
temperature miniature cw holmium laser. To obtain room temperature cw
operaiion the Ho3+ concentration must be low (< 0.5%) so that the terminal
laser level will have a small population, but there are two factors

limiting how low the Ho3+ concentration can be made: (1) res -ator loss,

and (2) energy transfer rates.

14
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If laser resonators with losses of 0.01% can be made, materials with

less than 0.01% Ho3+ would have sutficient gain for cw laser operatioa.

Conventional Fabry-Perot resonators have a minimum loss of about 1% from

T e R

mirror scattering and diffractivn losses. The miniature total internal

reflection resonator should have much less loss. Future work will be done
on measuring and reducing the losses of this resonator. Edge chipping is

a problem in fabricating these small crystals; scattering losses from

KWWMU“&WW\N g L

these defects will be less from resonators of different geometries thau
those previously used.
In the Ho-alphabet YLF laser material energy transfer between the

Tm:3ll4 and the Ho:SI7 levels is very fast compared to the fluorescent

lifetimes of the levels so that the populations of the levels can be

described by a thermal equilibrium. Therefore, a low Ho3+ concentration

T s T e

o - - 3+ B 0 O o T R re
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Ho3+ fluorescence will remain high. It is not yet known how low the ’I‘m3+

and Ho3+ concentration can be made before energy transfer from Er3+ is . .o
inefficient.

Single mode laser operation is needed for integrated optics
applications. The total internal reflection resonatcr has been operated
single-node for pump powers up to twice threshold. Further work will be
done to obtain single mode operation over a larger range of pump powers by

making the resonator smaller, which will also make it more compatible with

the LED pump.

2.2 Fluoride Crystal Growth

Alphabet YLF samples of the following compositions have been utilized

for this program:

N e = ———————
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9159t LiY, 487870 T8y, 0189, 0034
7LE LY BT, (Tmg o1Hoy o0oF,
F193f  LiY, o9gErg 50%P0.17%. 0674, 005F4
B213¢  LiYby ,osETg 4045H9G 00050, 01F4
#217¢  LiErF, : 0.005 Tn
#219¢ LiErF, : 0.0l Tm

4

Sample #171f was used for the minilaser described in Section 2.1, while
sample #213f has yet to be tested. Measurements on samples #217f and

219f indicated that the Tm fluorescence was almost completely quenched by
back transfer (Tm 3H4 -+ Er 4113/2) and subsequent impurity quenching of the

Fr 4113/2 via energy migration to an impurity center. The impurity center

o :r-_-::i‘.’a Cléﬁe‘nt s.‘::t:. m_—, Ta ~ws ——my emaembhal T, Sas o mm e e o b
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of Dy™ . It is evident that higher purity ErF3 than is currently
commercially available will have to be used when low activator concen-

trations are necessary. - Zone refining experiments are in progress.

2.3 New Materials

A considerable amount of exploratory rcsearch has been devoted to
finding suitable oxide rare earth hosts wita high refractive indices to
provide a better opt® .l match to the pump LED and to give more flexibility
for coupling into modulatpr and vave guide structures. These have
irrcluded CAMGAR (CaYzthGe3012), n, = 1.83, and Y2T1207, n, ~ 2,35, The
latter material is of the most interest, not only for the higher index tut
also because this pyrochlore structure places the rare earth ion in a site

with a center of inversion symmetry (3m D This results in oniy

3d).

magnrtic dipole transitions being allowed and may provide better branching

i7<



ratios for some transitions.

Yb2T1207 crystals with Era+ compositions of 0.1, 1 and 2 atomic %

have been grown. The refractive index as a function of wavelength is
shown in Section V, Fig. 19. As with Tm3+ in LiErF4 the Er3+ fluorescence

in the 0.1% sample was completely quenched by impurities and much purer

feed materials will have to te used. We propose to use solvent extraction

as well as conversion to chlorides for zone refining as methods of puri-
fication. The new clean air chenistry laboratory described in Section V

makes these procedures practical.
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ITI. DIODE PUMPS

3.1 Diode Pump Requirement

The solid state minilaser excitation source, or pump, will be a semi-
conductor light-emitting diode which has been desigued specifically to pump
the laser geometries already discussed. The diodes to be used will be
designed to have planar emitting surfaces to which the lasers can be
intimately attached. Two possible structures are illustrated in Fig. 6.
The diode geometry will further be such that the junction can be well heat
sunk to permit operation at high current levels, 3-400 A/cmz, and the
junction area will be slighély greater than that of the laser to maximize
the pump energy entering the minilaser. General diode structures have been
designed and fabrication techniques are being developed.

The diode emission, as well as geometry, is being tailored for

- » g 4
um puspling. Az Intenss, cffiziont eomicrcion do, of cource, dmmaveane,

but the emission spectrum too must be adjusted to match the pump band of

the minilaser. This requires as narrow an emission band as possible peaking
at the laser absorption maximum. To achieve this two approaches are being
followed: (1) the use of silicon-doped gallium arsenide diodes; and

(2) the use of silicon and/or zinc-doped gallium arsenide antimonide diodes.
Both systems, as will be discussed in detail in the fdllowing section, emit
further into the infrared than do conventional zinc-doped GaAs LED's, which
is what is required, and each has its own pargicular advantages. The GaAs;Si
system has been the subject of considerable st:udys—9 so that our work here

is as much development as research. We nave been concerned in this program
with developing our own capability in growing the required diode layers,

with tailoring the pump diode emission spectrum, and with maximizing the

enission intensity and overail puzp eificiency. The GaAsSb system, on the
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other hand, is much more ﬁoorly understood ~ and the work on this system is

considerably more basic, starting with the determinatfon of parameters in ° {

YT 0T

the growth system and the behavior of dopants in the alloy system.

E .~ summarize then, the diode miniiaser pumps prégram has three areas

% of emphasisf or thru;ts: (1) the design and fabrication (including

é technology Jevelopment) of specialized diode geometries; (2) the growth,

% testing, andAevaluation of Si-doped GaAs LED's with emission tailored to ]

pump the Yb:YLF minilaser absorption band and with efficient, high iatensity

output; and (3) the growth and characterization of Zn and S$i doped GaAsSb

IR

LED's with the objectives of fully urderstanding this system and evaluating
it for ultimate use in the puap diodes. Initial pump diodes and minilaser-
‘diode structures will evolve from a combination of the results of programs

1 and 2 above. Future structures will involve more sophisticated, hetero-

o T LTy S X B - dmeet o R A e I I m~~om R P 2hled —LLa.a
Setuneudes T Ghouw x.,huun-‘u;".:s Grema mdCTrilal d&:-:-:p:\- a.bd Lhe Praddnie e o 4 .:.

3.2 Emission Tailoring

The minilaser we intend to build has a strong pump band at 0.97 pm

and it is this band that the pump dicde emissior will be matched to.

Because conventional-GaAs diodes emit at 0.90 umlo this requires the use of
either silicon-doped GaAs diodes, which with sufficient silicon-doping will
emit at 0,97 ym, or the use of an alloy compound system such as GaAsSb with
silicon doping in homostfuctures or with zinc doping in heterostructures,
i.e., between GaAs layers.

Silicon doping has attractive features for thne pump diode application.
First, silicon can enter the GaAc iaitice either at gallium sites where it
;cts as a donor or at arsenic sites where it behaves as an acceptor.7
Which position it enters depends on the temperature the crystal is grown at,

and by growing an epitaxial layer through a transition temperature (v 900°C

<i<
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tip of the "tai1" and the valenca band or acceptor stateg whereas the
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absorption edge correspond: to the energy between the valence band apd the
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energies nearer the bandgap, S0 reabsorption of the light ig 8reatly
reduced and the external efficiency similarly improved, Diodes with over--
all efficiencies 8reater than 30% have been reported.lo

The final importait feature of silicon doping is the fact that
because the levels introduced by silicon are deeper than other "shaliow"
dopants such ag zinc, emission via these levels occurs at a Jower energy
therefore longer wavelength, This is desirable for Pumping into the laser
absorption band and is why GaAs:Si diodes can emjit at 0.97 um,

One potential disadvantage of relying on large silicon doping concen-
trations, 1-37, to get the longer wavelength emission desired, 1g that the

enission peak may becone Dreuder us ti silicun Cokceniration ig increcses,

roduced from %
g:; available copy. ;
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E There is some evidence in the litera.ture7"9 that this is the case, but :
|

other factors such as the width of the u to p transition region, that is,

T T e R

the junction grading constant, must also be considered. One of our main |
objectives, in fact, is Lo determine the effect of the grading constant on

; v the emission spectrum and dicde efficiency. It is definitely the case

that the Si-doped Gals emission peak is broader than the emission peak of
Zn-doped GaAs, roughly 40 nm vs 25 nm. To get the desired 0.97 um

emission using Zn-doping or lower levels of Si-doping, however, a lower

TR T, TR T

bandgap semiconductos must be used, and for this purpose the alloy GaAsSb

5 is being studied. The room temperature bandgap of GaAsbe decreases

1-x
from 1.425 eV 1in GaAs to 0.725 eV in GaSbll, and for x = 0.97, for example,
should be sufficiently lowered to give the desired emission for a low 0.5%
Si dcping. In homostructure diodes there will clearly be a compromise

. raguirad hatwaan tha width of the emiceiop 1ine and the level af cilican
doping needed to get emission sufficiently far below the absorption edge so

that reabsorption is not a problem. If heterostructures are used, the

reabsorption problem can be minimized by surrounding the emitting GaAsSb

layer by wider bandgap GaAs layers, and that problem can be effectively

scparated from the problem of the emission linewidth.

3.3 Liquid Phase Epitaxy of Diode Layers

The pump diodes are fabricated in epitaxial layers grown by liquid

1

phase epitaxy, LPE. A typical device might require a p-type layer on an

R §

*

n-type layer all on an n-type or semi-insulating GaAs substrate. As was ;

described above, when silicon is used as a dopant only one growth is

necessary to produce both of the layers. If zinc, a p-type dopant, is
used, however, an n-laver may have to be grown first from, for example, &

tin-doped melt, and then the p-type layer grown from a second zinc-doped
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melt. Multiple growtﬁs would also be required if more complicated hetero-
structure devices are being fabricated.

We currcuntly have two LPE growth systems dedicated to this program.
Both are hor_zontal, sliding furnaces similar to the one illustrated in
Fig. 7. 1In such a system, the cubstraie and melt are contained in a
graphite boat like that in Fig. 8. As can be seen in the cutaway sketch
of another boat in Fig. 9, the substrate rests in a depression in the
bottom of the boat. The melt consisting of gallium saturated (at the
growth initiation temperature) with arsenic (and antimony when growing
GaAsSb) is contained in the well in the graphite slider. The slider 1llus~-
trated in Fig. 8 has several wells and thus can be used to grow multiple
layers; the boat in Fig. 9 has only one well,

To see how these boats are used in an LPE growth, i is illustrative
By colisd® EHe SEEHE 78 £R CEERRY SSeTRRe 2R SRR 5P FEREss ek She
substrate. ‘Careful preparation of the substrate is one of the singularly
most important parts of a successful epitaxial .growth. High quality
material must. be used, although grown layers tend to have higher crystalline
perfection than the substrate, and the substrate surface must be highly
polislied and chemically etched. Our substrates are given a five minute
etch in 5:1:1 etch (five parts by volume HZSOA’ one part HZOZ’ and one
part HZO) rinsed, dried, and placed in the boat. The boat at this stage
contains thz2 gallium for the melt. The gallium is loaded into the boat
first vhere it is baked at 1000°C in hydrogen for twelve hours to deoxidize
it prior to loading the other items. The arsenic, antimouy, and dopancs
are added after the substrate and then the boat is sealed in the furnace.
Growth is performed in a hydrogen atmosphere. With the boat loaded and in

position the system is flushed witia Gricogon overaight. 1t is then heatcld

’ 1
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to approximately 20°C above the growth initiation temperature and allowed
*to equilibrate. Tne temperature is then lowered to the growth initiation
temperature and once it stabilizes the slider is moved, using a quartz

push rod, to bring the melt inco contact with the substrate. It is often
desirable to etch cff a thin layer of the substrate prior to initiating

the growth and this can be accomplished by either making the mel® purposely
undersaturated at the initiation temperature or by increasing the tempera-
ture a few degrees after the sliding. The later technique affords very
good control over the etch back particularly if 2 second "dummy" su™ trate
is used to equilibrate the melt at the growth initiation temperature prior

to moving it onto the '

'good" substrate. In either case, the temperzture
is then lowered at a constant rate, 25°C/hour in our typical growths, until
the aesired layer thickness is grown. This is, of course, readily deter-

L IR TN B

. LI . LI, e smla ATV e mecmbmcm,
wirueu Ll cvancasay wdia

Va ciow wmaav: wrwoeam, savalians v m

ars vz 21T 2. LA

4N P mmm et me aas  vase

literature.

Once the proper thickness layer has been grown, the melt is removed
from the substrate by moving the slider ove* again with the quartz push
rod. The furnace is then cooled to roomn temperature and the substrate is
removed and used. The growth of multiple layers is done in a similar
manner although etch back of the grown layers is not necessary, nor in fact
dasirable, and the uce of a dummy substrate is essential.

The materials used in the growth are all obtained commercially.

Galis substrates are purchased from Electronic Materials Corporation in the
form of (100) oriented wafers, 0.015" thick, with 2 chemically polished
face. These are cut into substrates approximately 7 mm square on a wire
saw in our laboratory. The gallium used is nominal 6-9's purity and the
antinony and cisoudc are added to thce neits do the {ora of undoped poly-

crystalline C As and CaSb. The silicon is oblained in the form of standard

Ll %)
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arsenic-doped waters from Monsanto .that are scribed and broken into small
dice in the MIT Microelectronics Laboratory.

As described the LPE technique appeafs to be a straightforward
process, as it shouvld be. It is our experience that with certain
precautions, essentially by being careful at the proper times, the commonly
reported diéficu]ties with LPE such as constitutional supercooling are not
in fact encountered. The key areas of corcern appear to be (1) that the
gallium be prebaked and the system be carefully flushed prior :o growth to
avoid oxides, (2) that the substrate be carefully prepared and etched to
remove surface damage prior to growth, and (3) that the melt be reuwcved
completely and cleanly after growth. The latter is accomplished by cutting
the substrate to completely fill the boat substrate well and by keeping the
substrate and layer thickness such that there is a small clearance between
the slider bottom and the grown surface.

A modification of our standard technique described above which we have
found significant for the GaAsSb growth is the use of a graphite plug in
the melt well. This plug keeps the melt, which in the GaAsSh groriths con-
tains a iarge amount of Sb and has a large surface tension, from talling up
and improves the surface coverage and layer uniformity. Most importantly,
it reduces the crystallization on the upper surface of the melt wnich, 1if

not controlled, can interfere with the slider motion.

3.4 Results to Date

In the initial six months of this program we have been very successful
in getting two LPE growti systems functioning which are currently producing
both epitaxial GaAs:S1 and GaAsSb:Si layers. The grown samples are

divided into several pileces, one of vhich is angle-lapped and stained to

check junction depth uniformity and junction planarity. Small gold contacts
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are evaporated through a metal mask on another plece and it is cut into

test diode dice which are mounted as illustrated in Fig. 10. Spectral
emission and efficiency as a function of operating current are then obtained.
A typical emission spectrum for a baAs device with 1.77% Si doping is shown
in Fig. 11.

In the GaAsSb:Si program we have, with the system modification des-
cribed earliec, been able to grow high quality apprearing layers with good
surface coverage and flat surfaces. WUe are currently refining this tech-
nique to improve our reproducibility and simultaneously are collecting data
on the n to p transition temperature as a function of Si and Sb concen-
trations.

The development cf pump diode geometries and fabrication techniques
has also proceeded well. A David Mann photorepeater has recently been
inctalled in nur Micranlectronicse Lahoratorv and will be used to oroduce the
necessary mask sets for the pump diode pat-erns. Actual diode fabrication
must await growth of the LPE layers but work on developiment of fabrication
techniquzs has proce Jed usinz bulk GaAs samples, i.e., bare substrates.
Techniques for etching mesas using patterned pyrolytic 8102 as a mask and
for patterning gold contact patterns using standard photoresists and photo-
lithographic methods have been developed. Ve are cu?rently deVeloping
techniques to do the deep nt diffusions in GaAs nceded for the device

structure shown in Fig. 6.

-y
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IV. MODULATOR PROGRAM

We describe in this section that part of our program concerned with
the growth of thin films for electro-optical waveguide modulators. We
have concentrated on uaterials in the solid solution series KTal_bex03.
Compositions in chis system are attractive because they possess a
particularly high figure of merit for electro-optical modulation. Two

distinct growth techniques are being explored: (1) chemical vapor deposition

(CVD); and (2) liquid phase epitaxy (LPE).

4.1 CVD Growth

A CVD system for the growth of KTﬁ in bulk and thin film form has been
constructed. The syscem, shown in Fig. 12, has provision for six
independent gas flows. Twec chlori.e flows are used for the production of
TaCl. and NbCl. vapor by the controlled chlorination of fa and Nb metal.
Monitored flows are provided for the oxygen and hydrogen necessary for the

reaction

2KC1+2(l—x)TaC15+(2x)NbCl +6H2+302 + 2KTa bexo +12HC1

5 1- 3

A third chlorine flow is used to create, between the chloride streams and
the H2 and 02 flows, a sheath which prevents the reaction from occurring at
the nozzle, where i. could cause clogging, and allows the reaction instead
to occur downstream in the reaction zone. Finally, helium can be introduced
to suppress back-diffusion of the metal vapors, and to allow for purging
the system during start-up and termination of the run.

The production of the TaCl and NbC1l vapors is accomplished without

difficulty. The Ta and Nb are chlorinated in external reactors heated to

240°C and the vapors are transported to the furnace in heated lines. The

PR L | e
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production of KCl vapor is much more difficult. After a number of false
starts we ended up with an arrangement in which liquid KCl is vaporized
within a Knudsen cell. The cell is a cylindrical quartz vessel 3" in
length, 1" in diameter, with a £.25 mm diameter hole at the exit end. To
obtain a countrolled flow the cell is positioned in the furnace at a point
where the iemperature ig slightly above the melting point of KC1

(ca. 770°C). Unfortunately, in our present single zone furnace there is

a substantial gradient at the point where we must position the Knudsen cell.
We are in the process of constructing a new furnace which will contain two
Zones, one a reaction zone, the other a region for the cortrolled volatiliza-
tion of KCl.

Work with the present furnace has been concerned with finding the
aporopriate conditicns for KIN growth. Nin;teen runs, lasting frem 1 to 8
hours, have been made thus far. Runs 1 through 8 involved general testing
of the system as well as checks on TaClb and NbCl5 production and flow. |
Runs 9 throngh 14 were concerned with finding a suitable scheme for the
production of a controlled flow of KC1 vaporf Runs 15 and 16 were tests
to see whether the pentoxides of Ta and Nb could be grown. Runs 17 through
19 were unsuccessful attempts to grow KTN. It appears that if we are to
be successful in growing KIN by chemical vapor deposition we need greator
flexibility in control of KCl flow than we have in our present furnace.

Our new two-zone furnace should provide this needed flexibility.
In our firstr runé with the new furnace we plan to concentrate on the

growth of KTa0 Only after this composition is successfully grown shall

’

3
we proceed with the growth of solid solutions in the KIN system.

4.2 Growth ty Liquid Phase Epitaxy

Using the method of liquid phase epitaxy we have successfully grown
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\
thin films of KTN on a substrate of KTa0.. We are employing a dip method

3
in which a suitably prepaved substrate of Kxaos is dipped into a molten
nmixture of KZCO3, T3205 and szos, held in contact with the melt for a
brief period, and upon withdrawal, is rapidly spun to remove any attached
dioplets.

The‘KT.aO3 substrates are cut from crystals grown b& the top-seeded
solution technique. They are prepared as circular discs 0.5 - 1.0 rm
thick and 8 -~ 18 mm in diameter with the face of the substrate parallel to
a (100) crystallogfaphic plane. The, surface on which we desire to gfow

- the epitaxial film is polished on a GMI, Model 1000 polishing machine
using successively finer grades oI diarond paste eiding with 0,25 ﬁm grit
size. Flatness is maintained to within one quarter wavelength of sodium
light. The sample is degreased, cleaned in a warm chromic-sulfuric acid
soiuczon,fari rinsed in distilied weier.

The substrate; attached to platirum seed rod with thres platinum vire
prongs, is sinwly lowered to within 6 cm of the surface of the melt (melt
temperacure 1250°C) where it is allowed to stabilize for about 15 minutes
and then loweied iato the melt while rotating at 50 - 60 rpm. After a
growth pcriod varying from 10 - 40 minutes tne sample is withdrawn and spun
at 1000 rpm fo: 10 seconds. The seed rod is then lifted at a rate of about
2 cm/min until the substrate is fuliy removed from thé furnace.

The growth rate of the epitaxial films produced by this procedure is

quite rapid, ca 5 - 10 um/min, suggesting that growth occurs under super-

gsaturated cond* ions. The melt used for the runs we have made to date

il L

¢onsists of

57.6 mole percent K2003
25.4 mole percent szos

17.0 mcie percent Ta205
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The "as grown' epitaxial films had rippled surfaces and when
examined in polarized light showed birefringence despite the fact that
films were in a compositional range where the material is structurally
cubic at room temperature. Presumably the birefringeace is strain-
induced.

The compositional variation of the films was examined with an
electron microprobe. Typical results are shown in Figs. 13 and 14 for a
film having the composition KTaO.69NbO.3lO3' The scatter in the data
obtained in the traverse parallel to the surface lies within the limits of
instrumental accuracy. The degree to which we can determine the abrupt-
ness of the transition from film to substrate is limited by the positional
accuracy of the microprobe system, about * 4 um.

In our future work we plan several modifications in film preparation
wrocedure, In ¢rdear ¢ slow Jowit the growth rate we niay to dilvte the
melt somewhat by the addition of a suitable flux. We will carry out a
systematic investigation of the way in which film growth and quality is
affected by the various steps in the soazk, dip, withdrawal and spin
sequence. To reduce film strain we shall explore the possibilities of
slightly modifying the substrate composition in an attempt to imprecve the
lattice constant match between substrate and film. We also hope to reduce
strain effects by ion milling the substrate subsequent to our final

diamond polish.

4,3 Film Evaluation

The films as grown were not suitable for light guiding because of
their rippled surfaces. These irregularities were eliminated by careful
polishing. The resultant films were optically flat, secratch-free, and

varied in thickness from 50 - 70 ym. Light guiding was.observed using a
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Fig. 14 Microprobe scan of KIN film on KTa0, substrate;

3
scan is perpendicular to film edge.
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rutile prism to couple into the film. By using a double-sided prism we
were able to resolve a series of mode pattern "m-lines" on an output
screen.12 The patterns appeared and disappeared at appreximacely the
angular patterns predicted by our theoretical calculations. We are now
in the process of more carefully examining the guided modes in these films.
To evaluate the electro~cptical properties we will initially check
the performance of the films in a waveguide deflection-modulation scheme
employing an interdigital electrode strurture depusited on the film
surface (Fig.15). We are in the process of fabricating a suitable mask
for the electrode configuration. Electrode fingers will be 3 mm long,
25 wm. wide, spaced 50 ym center to center. A mask is also being made for
a phase modulator which employs a simple strip configuration (Fig. 16)
consisting of two parallel electrodes 3 mm long separated by 3 mils. The
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film thickness; accordingly, the 3-mil separation was chosen to match the

75 um thickness of our present films.
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Fig. 15 1Interdigital electrode structure for
: . . deflector-modulator. (Not to scale.)
]
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2 "Fig. 16 Electrode configuration for phase
nodulation. (ot to scale.)
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V. SPECIAL INSTRUMEN.S AND FACILITIES

v 5.1 Refractive ITndex iastrument

In order to make precise measurements of refractive index we have built i

A TR

a spectrometer patterned after a design by Bond.13 The instrument employs

the method of minimum deviation. The crystal, <t iu the form of a prism,

"

is mounted on a precision goniometer table and placed in a collimated beam q

o

of monochromatic light so that the orism deflects the beam. This prism is

then rotated about an axis parallel to its edge until the angular deflection

D is a minimum. The refractive indev is calculated from the relation

n = sin [(A + D)/2]/sin (A/2)

T T

where A is the prism angle,

The instrument is now operating on a routine basis. Typical results

. 9 c L a4 0 1 1N
Aarc ounvw:ii sl sapos 4 wal LD,

B O O U
daematsa Wn matan-g Al s Ly = St abrtube buliv il

An = * 0.002.

5.2 Clean Air Chemistry Laboratory

As noted in sections 2.2 and 2.3, room temperature cw op.ration of
our sensitized rare earth minilasers will require low activator concentra-
tions and will place extreme constraints on the purity of the host and
sensitizer combination. Our previous efforts to purify feeds have resulted
in the development of a variety of metbods for purification, but most of
them have been of limited effectiveness due to recontamination from the
laboratory atmosphere.

During this reporting period, we have completed the installation of

a class 100 clean air chemistry laboratory designed and constructed by

Environmental Air Contrel, Inc. of Hagerstown, Md. This laboratory is a

room within a room, with an area of approximately 250 sq. ft. As shown ir
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Fig. 20, there are two front air curtain type clean air hoods, one standard
laboratory hood, and two eight-foot laminar.flow benches, all equipped with
the usual cheaistry bench services. This laboratory will be used

exclusively for the preparation of the very high purity fluoride and oxide

feed materials needed for this program.
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A-1
I APPENDIY,

1’ Modes in a Two Dimensional Dielectric Resonator

_ Ou: objective is to find the normal modes that exist in the two dimen-
H sional dielectric cavity shown in Fig. A-1. The cavity has a rectangular
cross-section Qith a length a in the x-dimension, b in the z-dimension. The
cavity index, nys is less than n,, the index of the surrounding medium. An
"exact" solution to this electromagnetic problem can only be carried out
numerically; however, a reasonably accurate closed form solution is attain-
able if we introduce some simplifications based on the physics of the pro-
blem. It is evident that for a cavity with dimensions large compared to a
wavelength most of the energy will be confined to rezion 1 when the condi-
tions for total intcinal reflection are satisfied. The energy stored outside
the rzuifv fc emall harance {n this recion the fields are evanescent. Within
the cavity we expect the fields to be essentially harmonic. If we, in fact,
take the solutions to be harmonic, we can match the fields on the four sur-
faces of the cavity to exponentially decaying fields outside. Vhile this
solution will match the boundary conditions oa the faces, it will fail at
the corners. Despite this failure the solutions should exhibit little error
as long as most of the energy is confined to the cavity.
Proceeding along these lines we shall construct solutiéns which behave

in the following way: in region 1 the field varies sinusoidally in x and z;
in region 2 and 4 the variation is siﬁusoidal in z and exponential in x; in

3 and 5 we have sinusoidal variation along x and exponential dependence on z.
These assumed fields fail as an exact solution because they are incompaciblz
in the "corner" regions indicated by the shaded boundaries in Fig. A-1.

Our represcptaticn shall he in terms of nodes TE and T to z. For modes
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Fig. A-1 Two-dimensional dielectric cavity
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i ™ to 2z, Ez = f{x) g(z). There are four cases to consider: (1) £(x) and
g g(z) are even; (2) f(x) is even and g(z) is odd; (3) f(x) is odd anc g(z)
; ’ is even; and (4) f(x) and g(z) are odd.
% For case (1). we choose in region 1
E ' b
. a
? Ez A cos(kxx) cos (kzz) x| <55 |z| < 2 (A-1)
. and in regions 2, 3, 4 and 5
= _ ’ l
£ u‘x ’ E- E
? E, Be cos kzz) |x] > 2 lz| < 2 (A-2)
£
E and
; -v|z| a b
= < =. e
E =Ce cos(kxx) Ix] 3 Iz] >3 (A-3)
- Upon subs:titution in Maxvell's equations we obtain for each region
: 2 2 2 2 !
3 ' k:'. + ka kl w Cl Ve (A-5)
2, 2 .z, 2 ,
G r-a = g me g, (A-5)
2 2 2 2
] L5 SV Hig =0 G Ty (A-6)
: The field components transverse to z can be found from
T e —1 3 o ot
Et k2 _ k2 [Gz “'th) 1w e vt X nz-‘
z (A-7)
= 1 3 .
H, = T2 L (V.h) - dwe 7, x E,]
z (A-8)
from which we obtain
- iweyy . a, b
Hy A( kx ) 31n(kxx) cos (kzz) Ix] < 2 lz] < 2 (A=9)
~fweyy -ujx! a b
nu —0 i > S < =
Hy B(——°) e cos (k_z) x| i |zl 2 (A-10)
{ a
Continuity of Ez and Hy at x = i;'requires that
=4 . /2
, 49+
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£ e
P
5 i k a ua
AR o X SN
n A cos (5 Be 2 (A-11)
;
éi The ratio of the first equation to the second gives
: . k_a k a >
{ - (X Xy o 1 ua
] il ( 2 ) cot ( 2 ) € (2) (A"13)
P 2
Likewise, matching Ex and Hy at z = % %vyields
E k_b k_b e
- e () = 2y
s 2 (A-14)

Equations A-13 and A-14 determine the kx's and kz's and reconant frequencies

LRt s L

. of the even T} modes. These equations can be transformed to a more useful
E form by using equations A-4 through A-6 to express u and v in terms of kx’ kz,
) el, 53 32. we Aptain
€ k a €
) ki cot? % + (El-) 2 = k24 k2
1 2 Z x z (A-15)
kb ‘
- &3 K2 cot? ) + &b k: = &2+ i
1 2 z (A-16)

Similarly, the characteristic equations for T modes of symmetry types
(2), (3) and (4) can be found. There is complete duality between the TM and
TE modes of the resonator; so the charécceristic equations must be dual. The
results are presented in Table A-I. Although the characteristic equations

cannot be solved exactly, simple graphical solutions do exist. Consider the

even TM modes. From Eqs. A-15, A-16
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o A-5
| B Table A-I. Modes in Two Dimensional Dielectric Cavity
g’" 5
1 I. IM Modes E_ = f(x)g(z)
7 . F2.2 aked €1 9 9
f(x) even: -(el)kxcoc ( 2 ) + (62) kz kx + k___:
i
. 2.2 2 kKa €1, 2 .2 . 2
; f(x) odd: -(E]-_)kxtan ( 2 ) + (ez) kz k° + kz
: €22 g kb €, ,2 2
z g(z) even: -(Ei)kzcc’t (—2—-) + ('é—) ko o=k + k
g(z) odd: -(—)1» tan’ ( ), (—) k z ki +k
: II. TE Modes H‘ = f(x)g(2z)
. €12 2 Iy €1, .2 2 . 2 ’
f(x) even: (ez)kxcoc ( 2 ) + (ez) kz = kx + kz
. £l 2z 2 kea €, .2 2. 2
: f(x) odd: -(ez)kxtan ( > )t (82) kz kx + kz
3 €
E _E1 f1,.2 .2 2
% g(z) even: ( )k ot: ( ) + \62) kx kx + kz
2
| g(z) odd: -(--)k t:au ( ) + (——) k =k + k
- x  z
E 3
#
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€
(E-l—)k: 2 ki+ ki : .
2 . (A-17)
€
e 2 K+ K
2 ¥ x (A-18)

because in Eqs. A-15 and A-16 the first term on the left in both equations is
a negative quantity. '

Thus we obtain

€ ny 2
[E - ) - [Eb -]zl

2 x (A-19)

€y 2 ny 2 22
RN T

n
Therefore there are no solutions (i.e., no resonant modes) feor $< R
n
Only for ;l—;->/2' do resonant modes exist and the range of kx and kz is limited
by Eqs. A-19and A-20 to the region of k-space shown in Fig. A-2 where
pom o S {"(“1\'2 V2 _m

v & sails .
sz B 2

k a
Since c<>t2 (—’2‘—) goes from +» to 0 to += for %‘E < kx i_Z_TLLE_-_l_)_ where

p is an'y positive integer, there are at most two solutions of Eq. A-15 in the
interval -Z—Ta—rggkx_g 2—"(-;&1) for kz fixed. Furthermore, only one of these
solutions satisfies Eq. A-13, since u is positive. The same considerations
are true for Eq. A-6. Therefore, theré is only one resonant mode in the

interval

21p <k < 21 (p+l) and 2Tq <k < 21 (q+1) .
a X a b z b (A-21)

vhere p and q are any positive intezers and kx and kz also satisfy Eqs. A-19

-and A-20. So the mode density 1is .313_2_ in the allowed region. Finally, the
. 4n
number of resonant modes in a frequency interval Aw is
2
- n, 2 1/2 , nJw
o= 4{-1+ é tan 1 [(——1-) - l—‘ —a—f; —1—2- dw
I O nz - 4-1 c (‘\.22)
52<
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Fig. A-2 Totally reflected modes occur within the
" region of k-3pace subtended by the angle 68
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where the factor 4 accounts for the four types of TM mode symmetry. The result
is the same for TE modes.

The preceding analytical treatment of modes ir a two dimensional rec-
tangular dielectric cavity is succinctly summarized by the geometric construc-
tion shown in Fig. A-3. In k-space draw the two circles kl = nlko, kz = nzko
(k2<ki){ Construct the horizontal and vertical tangeuts to the inner circle kz.
In Figure A-3 these are 1-1' and 2-2'. Find the points A, B where the tangents
intersect the outer circle kl. The radial lines dravm from the orizin to A
and B subtend the sector in k-spr~: in which the totally re lecting modes Are
contained (the shaded region in the figure). It should be evident irom the
coﬁ;tructiop that the angular width of the sector decreases as kz increases
relative to kl ani the sec;or collapses to zero width when the ratio kzlkl is
such tnat the poinis A aud & coincida. The critical ratio, evident irom the
geometry, is kzlkl = 1/V¥2. For larger ratios the cavity will support no in-
ternally reflecting modes.

In Fig. A-2 the modes the shown equally spaced in intervals %/a in kx
and /b in kz. This representation while not exact is an excellent approxi-
mation to the mode spacing when the cavity dimensions are very large compared

to the free space wavelength Ao' In this domain, which applies to our experi-

mental situation, we can write

1 ko a a (A-23)
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Fig. A-3 Geometric construction to find allowed k-vectors
in two-dimensional dielectric resonator.
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where ko = Zn/Xo is the free space wave vector corresponding to the wavelength

Ao and p and q are positive jntegers. An expression for the incremental mode
)

spacing at large wave numbers can be obtained if we take the derivative of

Eq. A-23:
2

= [ (PTy T G¥y I
nl koAko [(¢ a)(a)Ap + ( YAq)

bt (A-24)

For T, and n, chosen so that the sector of allowed modes in k-space is small

we have
k
Py (4T, 2l
=>4 , (A-25)

Upon substituting this result into Eq. A-24 we obtain, after some simplifica-

tion, 2
A
M o oot @ 88 5 L8
Qo u.ml a v (‘.? 25)

where Ap and Aq are p;sitive ani negative integers and may include zero.

We note in conclusion that each point in Fig. A-3 represents eight modes:
one set of 4 synmetry types for TE modes plus a similar sec for Til. These
8 modes are not, in general all degenerate, but in the limit a,p>>) they tend

to coalesce to a single poin~ in k-spaée.
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This project has two objectives: to unravel the complex proltlem
of superconductivity of high-Tc Al5 materials by tunneling experiaents;
and to develop materials for practical superconducting microwave !
cavities. ‘In this report we describe our progress towards the first
objective. The importance of understanding the Al5 group stems from
the fact that they have the highest known transition temperatures and
other.technologically useful properties; and, such knowledge should
show the way to still higher transition temperatures and greater
technical utility. Our approach to the problem is to perform high-
quality tunneling experiments on AlS's with the highest Tc's and to
develop computer software which is capable uf deconvoluting the data
into phonon spectra.

Progress in the past six months has centered on two areas: (a)
tunneling into Nbs(Al.gGe.z) and (b) deconvolution of phonon cpectra
from S-I-S' tunnel junctions.

(a) We have achieved, in our initial exploratory attempts,
superconductive tuﬂneling into Nbs(Al,Ge) ribbon substrates. Although
ribbons of the Al5 material offer good flat surfaces for barrier
formetiun, and thus a high probabiility fo. successiul tunneling, the
metallurgical condition of these particular ribbons is not sufficiently
buik-1like that our results can be considered representative. On the
other hand, our werk with the ribbons indicates that the oxides of
Nbs(Al,Ge) are very fragile, leterinrating under sustained bias or

temperature. The mest durctle barriers were formed after glow discharge
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cleaning of the surface and thermal oxidation of the resulting substrate.
T e best quality tunneling data resulted when the ribbon, before

barrier formation, was not subject to the usual low temperature

ordering anneal (725 C).

(b) Our modification of the McMillan-Rowell Inversion Routine
has resulted in a more (numerically) accurate set of computer programs
which can be used to deconvolute the phonon spectra from S-1-S!'
tunnel junctions where bhoth S and S' can simultaneously be non-BCS
superconductors. The only constraint on the deconvolution program is
that the phonon spectrum of one electrode must be known; i.e., both
electrodes can not be total unknowns.

One implication of the above is that we can look, with greater
precision than we thougﬁt possible, at more kinds of junctions than
we thought possible. The initial successes at tunnel junction
fabrication on ribbon subsirates indicate that the goal of this
research is definitely feasible, and we are now tackling the substrate
surface problem, with the sume optimism. We should remark at this
point that recent developments in NbSGe in other laboratories
indicate that the potential for stiil higher Tc Al5 compounds_is
very far from exhausted; thus the original premise of this research,
the impurtance of fundamental! understanding of Al5 superconductivity,

takes on still greater importance.

59<
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I. Introduction

In the last decade, electron tunneling has come to be recognized
as the most important technique for studying the properties of metals
in both the superconductiﬁg and normal metal states. - In a tunnel
junction, if one (or both) of the metals is in the superconducting
state at least three important properties of the metal(s) can be
determined from I-V and dI/dV - V characteristics: the electronic
density of states of the metal in its superconducting state, the phonon
density of states, and the electron-phonon coupling constant.

The purpose of the present research is to determine these three
parameters for representative members of the Al5 class of compounds.
These materials are especially interesting for two reasons. First, the
three highest known superconducting transition temperature (Tc)
compounds are AlS's: Nbsce, NbsGa, Nbs(A1-7SGe.25). (In addition,
most materials with Tc'> 15K are AlS compounds.) Secondly, many of the
high T, Al5's are structurally unstable. It is important for future
research, as well as for eventual applications of superconductivity,
to know if the high Tc's attained in thcse materials are in any way
connected with their instabilities. There is even a question
as to whether the "usual" BCS pairing mechanism adequately describes
the superconducting properties of these alloys.

In this report we discuss two different aspects of our research
to date. The first section contains a description and analysis of the

tunne’.ing data we have obtained from Nbs(Al,Ge) ribbon-substrate tunnel
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junctions with both oxide and carbon barriers.* We have found that
whereas it is possible to fabricate such junctions using a lead-

!
bismuth counterelectrode and to obtain superconductive tunneling, tﬁey
are relatively fragile and deteriorate rapidly under'femperature
recycling and/or sustained app).ed bias. The methods of barrier
fabrication are extensively reviewed here. The same material used
to make the ribbon substrates was also rf sputtered into a supercon-
ducting film by the IBM, Thomas J. Watson Laboratory. A film junction
with a carbon barrier and lead-bismuth counterelectrode was then
fabricated and tested. The results from this junction are surprisingly
similar to carbon junctions made on the ribbon substrate. All the
carbon barrier samples have a characteristic structure in their deriva-
tives which we have not yet identified.

The second section is a reproduction of the thesis of Alan Jay
Dubin, S.B., M.I.T., August 1973. In this thesis the concepts behind
superconducting tunneling aie explored and a description of the method
of unrave:.ng actuai tunneling data to reveal the superconducting
electron spectrum, the phonon spectrum, and the electron-phonon inter-
action constant is given. The techniques described are a modification
of the original McMillan-Rowell phonon inversion routines. Major
changes have been made in two of the three programs. The first modifi-
cation is a program introduction comprised of all of the software

necessary to convert the output of conventional tunneling electronics

* A brief communication on this work will appear in Physics Letters
(in press).

6i<




into absolute data characteristies. The second stage of this routine,
. which attempts to isolate the characteristics of the unknown (or
unexplored) counter-electrode, has been extensively revised. The

3 numerical accuracy of this stage has been improved by more than an

P order of magnitude and the new program will enable double superconductor
junctions in which neither electrode is a BCS {or weak-coupling) material
to be analyzed. The latter is absolutely necessary for tunneling

s investigations on transition metal elements or alloys since these are

not weak-coupling materials, and because it is found experimentally

that they form their best tunnel junctions with other nnon-BCS materials.

The net result of these modifications is, we feel, an inversion routine

which has greater accuracy and flexibility than the original inversion

routine, is more specific in the raw dats handling techniques, and,

finally, has a far wider range of application than the original

T

program.

II1. Exploratory Tunneling Results on Nb-Al-Ge

7813

tunneling junctions on ritbon suvbstrates of the Al5 compound. In

We have succeeded in producinngbs(Al 8Ge 2) - barrier - Pb

this discussion we shall discuss steps taken to date to obtain tunneling

in Nbs(Al,Ge) - Pb 78i 3 junctions and attempt to relate these steps
to the observed junction behavior.
(a) Ribbon Fabrication

The substrates were ribbons of Nb,(Al,Ge) fabricated by a process
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into absolutc data characteristics. The second stage of this routine,
which attempts to isolate the characteristics of the unknown (or

ie unexplored) counter-electrode, has been extensively revised. The

numerical accuracy of this stage has been improved by wore than an

i

order of magnitude and the new program will enable double superconductor
junctions in which neither electrode is a BCS (or weak-coupling) material

to be analyzed. The latter is absolutely necessary for tunneling

d investigations on transition metal elements or alloys since these are

not weak-coupling materials, and because it is found experimentally

that they form their best tunnel junctions with other non-B(S materials.

‘The net vesult of these modifications is, we feel, an inversion routine
which has greater accuracy and flexibility than the original inversion
routine, is more specific in the raw data handling techniques, and,

finally, has a far wider range of application than the original

program,

II. Exploratory Tunncling Results on Nb-Al-Ge

We have succeeded in producing Nbs(Al.SGe.z) - barrier - Pb.7Bi.3
tunneling juactions on ribbon substrates of the Al5 compound. In
this discussion we shall discuss steps taken to date to obtain tunneling
in NbS(Al,Ge) - Pb'7Bi.3 juncticns and attempt to relate these steps
to the observed junction bekavior.

{a) Ribbon Fabrication

The substrates were riblLons of sz(Al,Ge) tabricate] by a process
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developed in our laboratorylf The ribbon geometry is especially
svited for tunncling work (as films are) because of the existence and
accessibility cf flat surfaces. The ribbons are made by first enclosing
powders of Nb, Al, and Ge in the appropriate composition in a cupro-
nickel tube; then reducing the tube in size by a series of swaging and
rolling steps; and then firally removing the cupronickel sheath with
nitric acid. (The resulting ribbons in our laboratory were 0.1 mm x
2.5 mm in cross section.) The ribbon is stored in this condition
until a series of junctions is to be made. It is then heated resistively
to 1700°C in aa Argon atmosphewre to produce the AlS5 compound. X-ray
diffraction and metallcgraphic studies on several of these samples
showed that 90 - 95% of a given ribbon possessed the Al5 structure. The
typical T. of such ribbons was 17.5 K 2.

Prior tv junction fabrication at least half-of the samples in
the present investigation were then annzaled at 725 C for 90 hours
in less than 10> Torr. This is done in order to increase atomic
order. After this ann=al, there was a general increase of about 1.5 K
in a sample's Tc 3

The last step before the barrier fabrication was to etch the
surface of the ribbons to remove the outside layers of the ribbon and,
consequently, any depleted layers uat the surfaceland also any surface
contaminarts such as nickel atoms remaining after the bath in nitric acid).
Both chemically etched samples4 and those cleaned by glow discharge

appeared smooth down to 1 micron. Figurss 1 and 2 are the SEM

* References and pictures for this secticn of the report are found on pp 16 ff,
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photographs of the ribbon surfaces aftor each of the two etching
procedures. Both show a considerable porosity which is a remant
of the sintering process.
: In the glow dischérge cleaning prior to barrier formation, the
iﬁ ribbon was maintained at a negative potential difference greater than
4 1000 V in 3 x 10”2 Torr of Avgon so that oxidized and cold-worked
b material was sputtered off. (See Fig. 3). This cleaning (or that
with the potential reversed) proved to be essential to obtaining
- junctions which exhibited tunneling structure.
(b) Barrier Formation

As is well known, the quality of the barrier is crucial for
obtaining high resolution tunneling data. Excess currents and
barrier-related structure in tunneling characteristics can be so
seévere as to totally mask superconducting characteristics. An
additional problem arises for superconductors of extremely short
coherence lengths,.such as AlS alloys: the interface region between
barrier and bulk material constitufes & significant fraction of the
region sampled by the tunneling electrons, even for interfaces
- which would ordinarily be considered quite sharp.

In the present work two different barrier types vere tested:
oxide and carbon. The oxide harrier was formed either by anodization

in the glow discharge system (Fig. 3) without exposure to atmosphere,

- or by placing the samples in a free flow of oxygen at 150 C (thermal

— — == - =5
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oxide). In the former procedure the sample was held a few hundred

volts above the cathode in 5 x 1072 Torr of oxygen. Although it

i

was not difficult to o;idize the semples, and they were of an insulating
nature, we later found that they are apparently both bhysically

and electrically fragile when made in the above ways. Junctions were
made with carbon film barrier< on 4 ribbons which had previously had

a 725 C anneal. The carbon barriers were fatricated in two different
wuys. In one instance paracrystallin: C films of about 150 R

thickness were arc-evaporated onto the cleaned ribbon as barriers6.

in the other, an electron beam deposition technique7 was used to
fabricate barriers 100 + 30 ;. Although the resistances and physical
characteristics of these two types of carbon barriers are significantly
different, their tunneling characteristics are zlmost indistinguishable.
The lack of durability found in the oxide barriers exteads to the carbon
barriers as well. .

After barrier fabrication by whatever technique, junction
boundaries were then o.t-lined by a formvar mask, and a 300. Z thick
Pb-7Bi.3 counterelectrode deposited tn complete the tunneling sanawich.
Conventional four point probe connections were tien made, and the
entire junction covered with a protective layer of formvar. Twe or
three junctions were usually made cn any one ribbon sample.

(c) Nbs(Al,Ge) Film Junctions
A number of unreacted ribbon ramples w.re given to Mr. Walter

Kateley at the IBM, Thomas J. Watson Laboratory, from which to rf

©o<
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sputter Nbs(Al,Ge) filmss. We sought to compare the quality of
tunneling of the ribbon, to the film substriates The one fi'm on which
we have completed tests ha4 ap average thickness of 3000 R, was |
metallic in coler (not quite opaque), and had a room temperature
resistitity "3 x 10-2 f1-cm. The transition temperature of *he
unannezled film was = 1.6 K with a transition interval 0.5 K.

Four carbon barrier junctions (electron beam deposition) were

wade on this film, only two of which were operable.

} (d) Results

Our best quality results, to date. have been cobtained with an
urannealed ribbon which had been moimted as the anode in the Ar glow
discharge cleaning, and which had a thermal oxide barrier. The
tunneling characteristics are shown in Figs. « and 5 9. At 4.2 K
this junction had a resistance of 270 2. It broke down shortly after
the second sum peak bi;s was reached.

The value of 24 of NbS(Al,Ge) obtained from this junction was
0.70 + .05 meV at 4.2 K and 1.21 meV + .05 at 2.6 K. If the energy
gap followed the usual empirical temperature dependencelo, 2 would
obtain the values: Tc = 4.€ K, 20(0) = 1.3 meV and (ZA/ch) = 3.3.

A second junction on the same ribbon yielded a value: 2A = 0.65 + 0.1 meV
at 4.2 K. It deteriorated even more quickly, however, disintegrating

before it was possible to pump from 4.z to 2.5 K. Strangely enough

it had a junction resistarce of 1260Q at 4.2 K. Several other ribbons
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cleaned via glow discharge and having a thermal o.ide barrier,
were obtained with structure above 4 meV, but the attendent high excess
currents made an accurate analysis questionable.

As discussed previously, for tunneling data to reflect_the bulk
properties of the sampie the depth of the surface region must be
less than the coherence length for superconductivity. Since in Al5's
the coherence length is 20-80 ; 11, we believe this study, as well
as all previous oneslz, gave surface limited results., Our results
are probably influenced by inadequace cleaning of the surface,
the presence of segregated Al or other inhomogeneities in the ribbon
surface, and/or contamination from the cupronicael tubing used in

fabricating the ribbons.
(e) Discussion

In all we have investigated approximately 30 ribbons and 70
junctions. All but five of these junctions had oxide barriers. For
tiie oxide junctions only 4 gave rise to analyzable superconductive
tunneling14. lhree oxide junctions had recognizable characteristics
and all three had thermal oxide barriers; none were subjected to the
low temp~rature (725 C) anneal. The other junctizns made on unannealed
ribbon were generally of poor quality but had sharp structure in the
low-bias portion of the derivative curve (see Fig. 6). This might be
explained either by Al segregation in the substrate or by drastic
reduction of T, and A for material near the ribbon surface. Subsequent

evaluation of X-ray data on these ribbons indicated a rather high
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percentage of unreacted Germanium. This would lead to the formation

of Al-rich non-equilibrium phases in the material. In any case, the
best tunneling data was observed on the ribbon subjected to the
reverse glow discharge cleaning.

Junctions fabricated on annealed ribbons tended to be of even
poorer quality than on the unannealcd substrates. Instead of
having the low bias structure shown in Fig. 6, thev tended to exhibit
structure at biases “4 meV above the gap edge, consistent with
phonon structure observable in lead and lead alloys.l3 Figure 7 is one
such derivative trace taken at 1.2 XK. This particular trace and others
with such clear-cut structure all corresponded to thermal oxide
barriers,althr:gh most of the others had even higher excess currents
and thus a high parabolic background in the derivative scan.

Figure 8 from an anodic barrier sanple is ¢ typical junction with
the high excess current. The high excess currents of most junctions
could be caused by poor surfaces (etg.; Al-depletion during annealing)
or an inadeqiate tumneling barrier. Thus far, we have not been able
to pin down t}. cause of this.tebaviof. Micro-shorts and hysteresis
have been present in many junctions but no evidence of Josephson
behavior has been observed. All junctions have exhibited breakdown
after two or three derivative scans at liquid helium temperatures;
many have deteriorated in the time it‘takes to pump the system down

from 4.2 to 1.2 K. The cause of this behavior is wmknown.
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All of the carbon barrier junctions had unusual structire at
low temperatures. First derivative curves for both a ribbon substrate
junction and the sputtered Nbs(Al,Ge) film junction are given in Fig.
9. The characteristic "three bump structure' appears in all of the
dI/dV - V curves for carbon barrier junctions below 4.2 K. (In the
film data it may appear at 4.2 K but the derivative is not clean
enough to say unequivocally that it is there.) Just as in these two
traces, however, the bias at which these "bumps' appear is not

related in any obvious way to the usual derivative analysis procedures.

It does not seem likely that this structure is due to the carbon alone

fdespite the fact that thero is no evidence of its appearence).

in the oxide tunnel junctions) because we have made a number of
other S-I-S' junctions with carbon barriers sandwiched between In
and Al, Sn, and In counterelectrodes and see absolutely no evidence

for its existence in the derivative scans. We are presently looking

into the possibility of interaction between the carbon and either NbS(Al,Ge)
or the lead-bismuth counterelectrode. Nonetheless, it would have to

be a somewhat special type of interaction, if its characteristic energy

is that fickle. Clearly if there is any kind of chemical bonding, or

spreading cf the barrier - mwaterial interface, then different methods

of obtaining artificial bairiers will have to be explored. Unfortunately,

these barriers appear to be as fragile as their oxide counterparts.
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(f) Summary

We have achieved superconducting tunneling on ribbon substrates
of Nbs(Al,Ge); of all the samples exhibiting non-normal metal tunneling
only two had ideal junction characteristics. Junction barriers were
initially oxides prepared by one of a variety of methods; e.g.,
anodization by glow &ischarge and/or thermally grown in oxygen. Prior
to oxidation the ribbon surfaces were cleaned by glow discharge in an
Argon atmosphere and/or chemically etched. Irrespective of the
combination of tnese procedures and whether the ribbon was annealed
or not, juncticns were invariably of very poor quality. Typically,
when structur: did appear in the derivative characteristic, it implied
unusual gap values for the Nbs(Al,Ge) or the Pb-Bi alloy, or both.
All characteristics with distinctive tunneling structure were thermally
oxidized imannealed ribbon substrates. Although many of these junctions
were not of good tunneling quality, the data from them indicated a
probler of segregated Al in the ribbons, particularly after a low
temperature anneal. Subsequent X-ray examination confirmed the presence
of unreacted Ge in our samples.

In an effort to<obtain tougher barriers, we investigated carbon
as a barrier material. Although the tunneling data obtained from
such junctions was clearly not that of two normal metals separated by a
semiconductor, we have not yet been able to unravel what structures
we have observed. Film junctions made by rf sputtering our unreacted

ribbon material and then depositing both a carbon barrier and a
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Pb.7Bi.3 counter-electrode have characteristics almost identical to
the ani:logous ribbon-substrate carbon junctiuns. 1In addition, the
carbon junctions bave proved to be no more durable than similar ones
with oxide barricrs. The initial success wi.n both the oxide and the
carbon barriers, however, encourages us that fr—ther research into
available fabrication techniques will probably result in more adequate
barriers.

(g) Direction of Future Work

Clearly the success we have had with our preliminary investigations
on the ribbon substrates dictates that in our continuing work, special
care must be taken to optimize the homogeneity and smoothness of the
Al5 surfaces. The major emphasis in this research is on fabricating
suitable barriers for the junctions. Since the film geometry also
provides smooth surfaces and our results indicate a behavior analogous
to that of the ribbons, we shall continue our present collaboration
with IBM in the Al5 film investigation.

The best-characterized form of Nbs(Al,Ge) is the arc-melted bulk
material; with this in mind, we have begun to devise techniques for
exposing surfaces of such material which promise to be characteristic
of the bulk. Typical alternatives under investigation are controlled
brittle fracturc, controlled etching and various metallographic
techniques. Figure 10 is a typi al SEM picture of the surface of one
of our recently prepared samples. The presence of such cleavage

steps in quantity makes this particular surface unsuitable for our

purposcs. We hope to produce better surfaces soci.
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Figure Captions
SEM photograph of chemically et.ned Nbs(Al,Ge) ribbon surface.
SEM photograph of the glow discharge etched ribbon surface.
Glow discharge configuration. |

I-V characteristic of a Nbs(Al,Ge) - 0x - Pb 7Bi 3 junction
of 270N at 4.2 K, : :

dI/dV - V characteristic of the same junction as in Fig. 4.

Derivative scan of an unannealed ribbon junction with a thermal
oxide barrier (4.2 K resistance = 12f\) at 1.2 XK.

Derivative scan of an annealed ribbon junction with a
thermal oxide barrier (4.2 K resistance = 10M) at 1.2 K.

Derivative scan of an annealed ribbon junction with an anodic
oxide barrier (4.2 K resistance = 40) at 1.2 K.

A first derivative scan of two different carbon barrier
junctions. The upper curve (A) is a ribbon substrate sample

at 1.2 K. The lower curve (B) is an rf sputtered film junction
at 1.2 K.

SEM photograph of a fragment of an arc-cast NbS(Al,Ge) ingot.
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A MODIFICATION OF THE McMILLAN-ROWELL

TUNNELING DATA INVERSION PROGRAM

ABSTRACT

The McMillzn-Rowell Inversion Program for
extractirg phonon spectra ard other normal state
properties from superconduc_ing tunnel juuction
data has peen modified for more efficiency and
greater ease of data handling. Tn addition, this
modified program will enable double superconductor
junctions‘}n which both electrodes are strong-
coupling superconductors to be aralvzed. The
sensitivity cof the program to deviations from weak-
coupling superconductivity has been increased so
that previously unanalyzed materials such as Niobium
can now be investigated. Having obtained the phonon
spectrum of a given material, cther transport oxop-
erties which depend'upon the electron-phonon inter-
action can then be calculated; various examples of

such properties are given.
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CHAPTER I

- A. Introduction . |

In the last decade, electron tunneling has be-

come recognized as one ¢f the most important tech-

niques for studying the properties of conductors in

both the superconducting and normal metal states.

U e T

A tunr "1 junction is a metal-insulator-metal sand-
wich through which current flows via a quantum me-
canical tunneling process. Such devices are partic-
ularly important in the study of superconducting
materials. If one (or both) of the metals is in

the superconducting state at least three important
properties of the metal (metals) can be determined
from I-V and d1/dV - V characteristics of the junc-

tion: the electronic density of states of the metal

%
:
E
|
%
%%
£

in the supercornducting state, the phonon density of
states, and the electron-phonon coupling constant.
The BCS theory of superconductivity (named after
the formulators: Bardeen, Cooper, and Schrieffer) (3)
predicts the existence of an energy gap at the Permi
surface of a superconducrti.g metal. In a normal
metal, at T=0, the Fermi surface in energy space is

sharply defined: all states below the Fermi energy,

A
Ha<
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§ o EF' are occupied while above EF they are empty. 1In a
é . superconductor there exists an energy gap of 24 in the
: electronic excitation spectrum centered about the

E

Fermi energy. This gap is caused by the binding of

electrons to form Cooper pairs; a phonon of energy 24

AT AT ST

3 is required to break these pairs, that is, to excite

single electron-like particles.

The purpose of this thesis is to describe how
tunneling data can be processed to obtain the elec-
tronic spectrum(s), the phonon spectrum(s), and the

electron-phonon interaction constant(s) appropriate

=
E
E
£
g
é
,%
E
E
E

to the metals comprising a superconductor junction.

The initial "inversion process" was originated by

McMillan and implemented by McMillan and Rowell on

E lead tunnel junctions (15). It has since been used
by many others on various materials (1,5,12,19). Its
basic limitacion is that it assumes a BCS-model of
electron pairing due to -~lectron-phonon interactions
in the metal. Although we have used the basic outline
for inversion initiated by McMillan, substantial

accuracy has been added to the program by more effi-

cient and flexible data handling.
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In this chapter éhe tunneling process in both
normal and superconductor junctions is described.
The emphasis is on how the superconducting electronic
density of states is reflected in the conductance
data of turnel junctions. In Chap*ar II the strong-
coupling modification of the BCS theory is briefly
discussed and various parametcrs needed for the sub-
sequent calculation of the phonon spectrum and elec-
tron-phonon coupling constant are introduced. Chap-
ter III contains a discussion of the various stages
in the computer program which enable the parameter
calculations. It is hoped that the reader will ob-
tain an overview cf the total inversion process in
this chapter. The appendix contains a ccamputer print-
out of the inversion program along with introductory
notes and comments intended to help the exvperimenter
implement this program in his own laboratory. Firally,

a brief section devoted to ideas for improving the

. present program has been included.

B. Tunneling
A simple.theory of single particle tunneling ex-
plains how junction curves reflect the electron density

of states of the metals comprising the junction (31,10).

93<
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In thermal equilibrium, the Fermi level of the
two metals across the junction are the same.* A volt-
age, V, is applied so that the left side is at a
higher potential than the right side. The current
through the junction can be calculated as if the sin-
gle particles were electrons. ' he number of electrons
available to flow across the karrier from left to
right in the energy interval 3iE will be equal to

Nl(E - eV)f(E - eV)dE where N, is the electron density

1
of states on the left side and f is the Fermi function
which gives the probability that a given state of
energy (E'- eV) is occupied. On the other hand, there
must be unoccupied states on the right hand side to
receive these el=ctrons. The number of these states
equals N,(E) [1 - £(E)] where N, is the electron den-
sity of states of the metal on the right hand side.

Therefore the current flowing from right to left is

1= S P LN E-ev) £(E-eW] [ N L -8 JdE 00

where P12 equals the probability that an electron of
energy E will tunnel through the barrier from left to

right.

¥ see Fig. 1, p. 20.

e T R K O AR T Qe

3




ikl

R

T

T e YT

- 11 -
By particle-hole symmetry {N(E) = N(-E)} and
since f(E) = {1 - £(-E)} the current flowing from

right to left is
-0
p 5?1‘(E)£N‘(& -eNV)a-5(k-eV u} {_&‘(E)Nl(n} dt
-0

where PZI(E) is the probability that an electron will
turnel through the barrier from right to left.

Assuminé that an electron has just as much chance
to go either way across the barrier [or Pj3(E)=P,;(E)]
the total current through the barrier, I, equals:

T=T+T,= SP\-,.(E)N&E'QV)NI(E)YS(:-‘QV)“?(E)]AE (2)

=09
Assuming PIZ(E) is a constant, A, and that for a nor-

mal metal the density of states remains constant for

a small applied bias voltage, then Nj(E - eV) = N; (0)

and N5 (E) = Ny (0) where energies are now measured from

the Fermi. energy. For small applied V,

f(E-eV)-§(E) ~ df  at T=0 and df _ - Dirac delta function
-V deV deV

Hence, in the limit of small applied voltages,

T = AN, (OO N, (0)eV = DeV ()

such that D = ANl(O)Nz(O), a constant. 1In other words,

the tunnel junction obeys Ohm's law. 1In practice,

this rule is only approximatel? obeyed (20,17,31) so

50<
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that (dI/dV)y, the current derivative for the "normal

Lk LIl
’

¥

state junction", is not a constant, as predicted by
- Eqn. (3).

LU U R U
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If one of the metals of the junction is super-
conducting then one normal metal density of states,

N(E), must be replaced by a superconduc’ing censity

TR

i of states.* Using the BCS theory, the current be-

comes :
©

,. I=-p|—E Ce(e-evy-f)]dE (4
J\iﬁ‘-ut

where the BCS density of states is given by

LR Il

N (o) r__E (5)

| N

and N(0) is the density of the electrons of the metal

UL

in the normal state at the Fermi level (3).

Upon
integration (10),

I=m%-z:<-m K, (S5 ) sinh (B) (o)

where K1 is a modified Bessel function of the second

kind; k is Boltzman's Constant; and T is temperxature.

¥ See Fig. 2, p. 22.
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It is particularly convenient to evaluate the

current Eqn. («) .at T=0. Here

f£()=a €<0° f(Y=0 >0

)

therefore,

gle-eV)-§(E)=4 O<E<eV
. =0, O)E)E>QV

Taking into account that for a superconductor, due

to tre gap, there are no electron states for 0<E<Ao,

then
o ev

1: D E dE ('7)

&

and

d4L-) = p=Y (8)
aVN 2 2
(N 'J(EVW'-ﬁw
Clearly, then, the conductance curve for the junction
does reflect the superconducting dz2nsity of states. 1In
practice, Lowever, because D is not really coinstant (see
discussion page 1l1l) it is usual to take conductance

curves for both states of the metal, superconducting

and normal. The ratio of these two quantities at a

given bias V is then:

eV

N -n;
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If both metals of the junction are in the super-

conducting state* Eqn. (2) becomes:

~t0 _
1= 1 AN(0) {e-eV) — N _E_ [fe-e-2)]at
. [(E‘-e'\')a:' &o\ o '3 m..,[ ]
-0
or
o \
1=0D (e-eV) _ 1 B _
Vet e CHEeV-fEY]at (@)

where Agy is the energy gap value of one of the metals

and A02 that of the other. When T=0 and Ag1=802=8¢g., (31)

1=0024, ~eve() - v (Ajren) A k()] ()
vdoveN
for
V228, and O for eV <24,
where

o= 8V-28)  qad K(x) ond E(x) are
(eva24)

complete elliptic integrals of the first kind. Then

dI/av at T=0 is

V-AQQ_

D ﬂ-q E E' Q,\l' d E_
2 2 y 2 9,
A ~E o, Vife-eV)2 o, ]

* See Fig. 3, p. 24.
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Therefore, if both hefﬁls of the junction are in the
superconducting state the conductance curve of the
jurction, d1/dV - V, represents a convolution* of the
dercities of states of both metals. Ir practice, be-
cause D is not a constant, ic¢ is usual to consider the

ratio
dI.) ‘”'°bt
- . _E-eVN at (W)

(d‘J S oy “J o VE VY- on,

In principle 1f both A01 and Ao_ are known the normal-

[ 8]

ized experimental data,(.;\%.) / ( OX{I) should equal
. N

S

the calculated value of this ratio as given by Eqgn. (11).
On the other hand, the supmerconducting behavior of
most metals does deviate somewhét from thac predicted
by the BCS theory (28). Thus, depending on the state
of the metals on both sides of the junction, the exper-
imental "normal derivative" data will not agree with
that calculated using either Egn. (8) or Egn. (11). The
amount by which the experimental and calculated values
differ is then used as a measure of how "weak-coupling”

or BCS-like the given material(¢) are.

¥ In the mathematically rigorous sense the current in-
tegral is not a convolution integral berause the upper

limit of the integral is a function of V. We will refer

to Egn. (11l) as a convolution, hoverer.
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In fact, there exists a whole class of super-
conductors which are not well-described by the BCS
theory of superconductivity, the so-called "strong-
coupling"™ superconductors. For these materials the
superconducting elecgronic density of states is no

longer given by Eqn.(5), but rather by (25):

N(0) Real ‘el Q} (\2)
VAR -
where the energy gap parameter A(E) is now a complex

quantigy:'
AE) = A ) rin €®) (\2)

and the solution of the transcendental equation
A(EéAO) = Ay corresponds to the simple BCS energy gap.
In order to obtain phonon spectra for the mate-
rials composing the tunnel junction, it is necessary
first to obtain their superconducting densities of
states., This can be done quite simply for a normal-
superconducting junction using Eqn. (8) and for a
supercondurting-superconducting junction where one

electrode is a BCS-like material using Egn.(11).*

* In either of these cases, if the “unknown” is a
strong coupling material the appropriate superconduct-
ing .density of states is replaced by Egn.(12).
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In the latter case the norma’ized experimental conduct-

ance is used along with the BCS density of states with

8¢ known, to "deconvolute" the integral expression im-

Plicit in Eqn.(11) and obtain the normalized "unknown"

density of states. The deconvolution process is not

- an easy one, but the main procedure has previously

been outlinecd by McMillan and others (13,15,20).
Alttough, in essence, we follow this outline, a

different procedure for the decoqvolution has been de-~

veloped in this thesis. ArndJ in particular, it can

also be uséd when neither of the junction el=zctrodes
. is a Bcs-iike superconductor. This modification has
been necessary for a number of reasons. First, the
"inversion program" as received (13) required a rather
large "density of states-Jeviation" from the HCS value
(certainly well abovu 1%) in order to be able to ac-
Curately dctermine a realistic phonon spectrum for the
®unknown® material. Aang second, many strong-counling
superconductors with small deviations from BCS-behavior
make the best tunnel junctions wita other non-BCS sﬁper—_
conductors. An example of a material where both these

problems arise is Niobium. Tt has been shown that the
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cleanest possible single crystal Nb junctions are
made with strong-coupling materials Indium (2,9) and

the lead-bismuth alloy Pb‘7Bi‘3 (8). The expected de-

}

L

. viations in the Nb density of states are less than

ii 1%,

L]
Lo
.

The remainder of this thesis will concentrate on

ot
]

th~ mechanics of the Inversion Prcgram and discussions
of problem-areas in using the programs with experimen-

! tal data.

¥ M, A. Macvica., private communication.
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Energy diagram for a metal-insulatnr-metal junction
(a) atthermal equilibrium

(b3 at potential difference V.
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*reproduced from Ref. (31)
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i Fig. 2.*
 ‘The energy diagram for an NS junction. (a) V = 0,

(b) V> A/e, (¢} I - V characteristic at T = 0.
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*Reprinted from Ref. (31).
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The energy diagram for a SS junction at (a) eV = Ab - A

al

! and (b) eV = A, +4,.
(c) TLe energy diagram for an 1!'S junction at eV = A.
| The I - V character’stics- of (a) an SS junction

(b) NS junction.
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CHAPTER II

iy

A. Strong Coupling Theory

The BCS theory is based on an interaction be-

Wk

tween pairs of concduction electronswhich is trans-

[
"

mitted by the ionic lattice. The effective potential
é 1 assoc.ated with this process is called the electron-

g ’ .phonon interaction, V. 1In the BCS treatment, it is

assumed that the interacticn: between electrons are
instantaneous and affect only those electrons within
an energy Ep of the Fermi surface (E, is the Debye

enerqgy). Thus, V is taken to be a constant for elec- |

e T T TN

tron energies les~ than Ep and zero for larger elec- |

m-

tron energies. The weak coupling condition is also

i U

assumed in this treatment; i.e., that N(0)V<¢l where
N(0) is the density of states at the Fermi surface.
These assumptions resulted in a set of universal laws

which all superconductors obey (3). The most impor-

tant of these is an equation for the critical temper-

ature where superconductivity occurs:

L

A _%__'
. XTC ~c . e* ~io)Y (\303

Most real superconductors, however, are observed

[y

L

to have properties which deviate, at least slightly,

" from thes: laws (27,28). 1In particuiar, it was observed

Wy
e
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. in tunneling experimenés that the BCS density of states
; . was not adequate to cxplain the experimental conductance.
- Hence, a more accurate treatment of the clectron-phonon
B ' interaction was sought which would take into account

both the non-instantanecus nature of this interaction
(phonons have finite velocities} and the fact that the
electronic energy states at energies of the order of
ED' are no longer well defined (electrons have short
lifetimes whi_h in turn give rise to damping effects in
their transport properties). Using the thermodynamic
Greent function approach Eliashberg (7) included both
of these effects intc a more general theory of super-

" conductivity. While this approach is still based on
the pairing conce