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This report reviews the published literature cn the application of light-
‘emitting diodes to the pumping of sclid-state laser rods. Because of the
requirements of matching the LED output to the sbsorption bands of the

active laser impurity ions, most work in this field has concentrated on the
ternary alloy LED's such as gallium aluminum arsenide and. gallium arsenic
‘phosphide systems. Data tables on these materials are appended to the report.
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LIGHT~EMITTING DICDES . _R LASER PUMPING
SUMMARY

v :

This report reviews the published litepatupe on the application of light-
emitting dicdes to the pumping of solid-state laser rods. Becauze of the
requirement of matching the LED output to the abzorption bands of the active
o laser impurity ions, most work in this field has concentrated on the tsrnary

allcy LEDs such as GaAs, _P_ and Ga, _Al Ab, wiich can be tuned by g

A A4 1-%

their compositicn. These alioy systeme have been actively developed in .onnectlon

with visible display applications, and the laser pumping application hzs
benetited from advances in this technology. Successful operat;on of YAG:Nds*
s lasers pumped by GaAs -xe diode arrays has been achieved; YAG.Nd has absorp-
tion bands near 8100 A which correspond to efficient emission wavelengths in

A both termary alloys mentioned. For this reason, the vag:NaSt appears to be the
best choice for the laser to be pumped as well as for its 1.06 micron output,
which ic compatible with good detectcrs and thus suitable for many communications
and ranging systems. The key to efficient operation of a diode-pumped laser is
the optical and thermal design of the pumping cavity combined with a laser
resonator design which optimizes the utilization of pumping light. ﬁiodes of .
Jboth alloys must bé operatad at junction current densities greater than

1000 A/cm” to provide enough output power for laser pumping, and it is not

. kncwn what operating lifetime can be expécted. Future work on LEDs for laser
i pumping will prc&ébly be concentrated on achleving long operating lifetimes

while maintaining the high efficiencies which are already available.
Appended to the report are data tables on the gallium aluminum arsenide

and gallium arsenide-phosphide systems complete with individual bibliograpkies.
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LIGHT-EMITTING DIODES FOR LASER PUMPING

Since the early'days of solid-state lasers and p~n junction electrolumin-
escent diodes, workers in both fields have been striving *o combine the two
technologies to produce efficient diode-pumped solid-state lasers. Efficient
operation was expected to result from matching the narrow absorption bands
of the active laser impurity ions 1 solid-state laser hosts. The first
published work suggesting the feasibility of this approach was by Newman.

“thougi, he did not actua®'y demonstrate laser action, he was able to excite
the 1,06 um fluorescence‘of na®t in a CaWQ, host by means of light emitted
from selected Gass p-ii junctions. He showed that some 3aAs junctions, made

by partic lar fabrication techniques, smitted in the 8650-8300 3 absorption

band of CaWo,: Ndsf, whi.e emission from other juncticns fell cutside this band.

The first actual laser cperation with LED (light-emitting diode) pumping
was achieved by Ochs and Pankove, They employed a Can:Dy2+ laser rod, with
iager emission at 2,36 pm, pumped in its 7200 2 absorption band by a
Gass, 73Fp,97 LEP at 77°K. The laser rod operated at pumped-hiiium temperatue,
and was limited tc 0.2 seconds of Operat*on by internal heatlng. This work
introduced the idea of adjusting the composition (and thus the bandgap) of
ternary III-V LEDs to match the pumping band of the solid-state laser. Abcut
the same time, Xeyes and Quist used the emission of a Gahs diode laser at
8400 R to, excite a CéFz‘Ua+ laser line at 2.631 um. They also suggested the
pDSSlblllty of using a terﬁa”y, specifically Ga,I wit1-xASs tO produce pump
radiation arcund 8750 £ Tap exciting nadt lasers.. .

In these early attempts, the principles of dicde pumping of lasefs were
clearly demonstrated, but practical problems also becawe evident. "The solid-
state lasers emitting in the 2-3 um range werc not desirable for many systems
applications because of .the lack of fast high-gain detectors. The nadt
emission at 1.0¢ um is move desirable from this v1ewpoznt, and the technology
of YAG (yttrium aluminum garnet) as a Na®t host was developing rapidiy. Harada
and Suzuki described methods for ma?xng GaAs laser dlades emitting around 8700 2
and suitable for pulsed pumping of ¥a°*. Kouszhilin and Antonov also stud;ed
GaAs diodes for pulsed las2r pumping, pointiﬁg out difficulties caused by
irternal heating in the diodes, including fbequenéj{shiffs'and changes in
internsl absorption. In 1968, Ross reported successful opuration of a Y&G:Ndaf




puised laser, pumped ar 200 pulses per second by a GaAs diode laser. The
GaAs output was tuned to the absorsption band of Na3t at 8675 3 by cooling the
diode to 170°K. It was found that the YAG rod reached threshcld with 0,08
millijoules of diode laser light, while 1.2 millijoules of flashlamp light -
were required. This demonstrates the efficiehcf advantage of narrbwrbqﬁd

o ] 31 AR o
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diode output as compared to broad-band flashlamp light, an advantage further

[ LS L L )

accentuated Ly she decreased heating of the laser rod. In the context of
using lase» diode emission to produce pulsed yaG:na®t operation, Rossg
emphas;zed that many ‘pulses from many laser diodes could be collected by the
AL vod and enitted as a giant puise with a small beam d;verge?cn ‘and spectral
widiu. . - -

4 joint effort by Texas Instruments (TI). and Bell Te laphone Laboratories
{BTL) invésiigators has demonstrated actual centinuous room temperature operation
of a GaAs)_, P, diode-pumped YAG: :5a%" laser. Their work confirms the feas;bility
of the concept but also spotlights the difficulties. We will review their
results with particular emphasis on the LLD character;stics they found
necessary for laser pumping.

FIGURE 1. LED PUMPED YALG:Nd LASER. (Allen and Scalise).

LIGRT EMITTING DI0DE

Al o s e St S

COPPER
HEATSINK

o A AN RO M. 8 B i W




In the first éfra:SG:ies of papers describing this work, Allen and
Scalise of TI veported a sy%tem in which the GaAal_xPx LEDs were operated
near 77°X. Figure 1 provides a schematic diagram of their diode-pumped
YA1G:Nd laser. ‘They emplbyed GaAs, g7y ja» which has an emission peik of
8025 & at the operatxng temperature, and a linewidth between halfﬁintensity
po;u'\‘cs of 190 R: This corrésponds to the most intense absorption lines of
YAG.NﬁSf, occurring hear 8100 2. They noted that a 1% increase in phosphorus
content produces a 50 % shift toward shorter wavelength and a 19K decrease
in temperature shifts the peak 2-3 R toward shorter wavelengths, Their
system contained. )b diodes mounted on a liquid-nitrogen-cooled copper heat
sink; each diode was fabxiéated into a hemispherical dome 0.018~in., in diameter
to reduce total internal reflection, and each diode package included a gold~
- plated elliptical refieétbr. The diodes could emit 50 mW at a power
éfficlehéy of 10%, (Junct:on didmetér was not speczfied in this paper, in.
the later related ‘papers. 1t was given as 0.005 in.) ,

The lasér oatpu%f apends 'on thé YAG: Nd3+ rod; the laser cavity parameters,

the aptical »eupling batweén the LEDs and “the rody and the temperature of

thé re&. Without attemptzng to optzmlze “thesé, Allen and Scalise cbtained

40 - mw autput at- l.oeu‘ﬁm with 8W of electrical power. into the LEDs, for an
overall efficiency of o 5% There is no direct provision for cooling the
laser‘rcd in their arrangement, its temperature drops gleﬂly toward 779K after »
the heat sink for the LEDs. has been cooled. At fivst, thé:vcé émits qﬁ

1 05&; um, cnd then ancther transzt;on at 1,0614 um starts buil&ing. After

30 utes, only the 1. 9614 um transitlen survives, with no further changes.

‘ It 15 Kriown. that. the,liuger wavelength is ﬁharacteristi",far operation near
300°K, and the’ shorter wavelength or aperation near 77°K. The 0.5% effic;enqy
figure is for a 1aser rcd 1.5 X 30 mm with deposited cénfoeal end. mirrors of
99 9 and 99 6% reflect;vity. The lowe=t thrashold observed was 300 mw

rror weflectiv;ties cperatzng at 1. 0614 MM,
The next step tQWard ‘room temperature opevation was descrlbed by Ostermayer

- of- BTL. He usecLGaAsl xP diodes SUPplled by TI and apparently of the zame

de51gn as those. of -Allen and Scalise. A major difference frcm the earliep TI™

study was the improved de%;gn of the pumpzng cavxty, in whzcn a llnaar array cf
LEDs .:as positionad at_one rocus of a semlellip*ic eyil ndrical reflector, with

thc YAG: Nd3+ rou,at the cthev focus. Thig prcvided nearly theoretically maximus

St g 0 Wl B o
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-optical coupling between the pump diodes and the laser rod; also the laser
rod had 4 reflecting channel or reflécting coating covering half“its surface

W e g
[

which allowed -a double péss of pumping radiatigﬁ. Finall, , {hé~ggometry
allowed separate cdoling and temperatire monitocing for fhé diodeé -array: and

kauaslit’y
i e

rtue laser rod. ’ L‘

Ostermayer pérformed one experiment with LEDs operatlng at 77°K to

qoon s S b

A

:uegermlne thé increase of the threshold power fcr YAG: N’3+ with increasing
laser rod temperature, achieving satisfactory agreement with a theoratical

W g s el

kN

expression. The power efficiency of the 77°K diodes was 10-15%. Then, using
~ the same laser rod and pumping cavity, Ostermayer installed a set of nineteen
LEDs of the covrect composition to ewit 8100 & at rcom temperatuve.. These

e
LTeP

were mounted on a large copper heat sink and the whole ascembly could be
located precisely along the focal line of the %eminliipfic rpfggctorayith the
help of an XY2 mlcroposi*ioner and a rotatxng-tzlting table. Piéﬁie 2"-

illustrates the apparatus ‘used to perfcpm the diode pumplng exper;meni§

-

FIGURE 2. “APPARATUS FOR CONDUCTING DIODE ,P,I}MPIIQG 13,5@2?3‘@5{3}3'?8}'(gst.;r@a!géxi-)
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thieshold could be reached. With a 0.%% transmitting mirrer on the laser

; %Q?ﬁ the maximum temperature for threshold was -2.5°C; with both laser reflsc-
' ﬁbﬁs,having'high reflectivity, threshold was at 3.5°C. The room temperature
ﬁ?ﬁg wete 4% efficlent. =

S With a maximum drive current limitation on the output of each LED, a
“further increase in pumping power required more diodes in the linear array.

Nineteen was the maximi. :umber allowed in the 5 cm length of the pumping

IR P
W, ',?) i

cavity by the dimensions of the indlvidual LED packages in this work, but

S sl

T

shmalley packages would allow 60 cr 80 diodes in the same space. Ostermayer

predicted that with this arrangement it should be pessible to obtain 50 mW
cont’/nuously at room temperature from an LED-pumped YAG:Nd®* laser.

The most recent report by Ostermayer, et al demonstrated room-temperature
cw {continuous wave) operation, but only at l.4 mW output. The paper includes

a céiefui analysiﬁ of the effects which limit the. laser output and suggestions

ror possible lwprcvements. In this work, the advance which allowed room

>temperaturﬂ operatian was the increase in number of diodes .n the 5 cm-long

pumpzng»cavity from 19 to 64, The indivxdual diode. elements were hemispher~

: ‘,Jaf domes of baﬁso BSPG 151 which emits near BOUO g The domes were 0.i#6 mm in
di%meter, with 3unctions ¢.13 rm in diameter, on 0.71-mm square electrically
inaulating silicor submounts. The individual elements were mounted in .

xxggar array on a commen heat sink maintained at 20°C by flowing water through
g i@& v
‘;>5zij‘: The. peak em*sslén wavelenyth and che spectra‘ bandwidth of the array ,
T wh;ch détermine the degree of spectral thch;ng with the YaG:Na®" pump banda,
: - : vany ‘with dzode current ‘because of heating effects. By comparing ow las:
‘ cufput powers with output powers after current pulses of a few milliseconds,
ana by corrslating uhnngES in laser output with changes in diode emission, the
authors concluded thav three effects combine to give a net decrease in pumping
‘ficiancy with heating of the diode array. A shift in peak wavelength from
7§20 R at 1ow currents to 8020 at 225 mA/dicde improves the efficiency, but
zs approximate.y compensated by a decrease in total power output with heating. =
‘The third effect is .an_increase in spectral bandwiutl. -I the array, caused by
aifferential shifts in the peak wavelength of different diodes according to
the effectiveness of the;r heat sinking. The bandwidth increase causes some
of the' EEP output ta fail outside *he absorption band cf the YAG: :Na3*, geveral



A R A
RS T

¥

At %M‘ - e
§ i 5

e
Vinvans v

e

«
LPweeR

P
% wvna

‘time constants were observed in the decay of the laser output from its short

pulse value to the oW value; a 30-msec decay wac associated with heating of
the diode elements with respect to the heat sink and a 20-sec decay related
to heating of the heat sink. A further 160-sec decay was comnected with a
rise in temperature of the laser rod heat sink, though in normal operéiicn
the thermoelectric coolers on this heat sink were set to hold the tewperature
constant.

Orie of the laser rods had flat prrallel ends with one high reflectivity
ceating and one antireflection cocating, so that it could be used with an
external output mirror. Varying the radius of curvature of the output mirror
caused a change in the TEMGO mode diameter; the larger the mode diameter the
higher the threshold. This was attributed to the focusing of the GaAsP

junction radiation in the YAG rod. The lowest threshold was found with

another rod with 3 resonator configuration giving the smallest ..de diameter.

‘The authors proposed to achieve .an efficiency increase in future work by

using a wider diode array and a larger diameter laser rcd with a larger TEM,,,,

mode. They point out that the input nower goes up linearly with array width
while the output powsr goes up as the -square.

At a drive éurrént of 225 mA/dicde, corvesponding to input power -of 30W,
the optical output of the diode array was 0.90W, for an average power

efficiency of about 3%. The 1.4 mW continuous laser ou®put at 20°C corpesiponds
. ) P ¥

to a total power efficiency of 0.005%. However, in millisecond pulse operation,

" the power efficiencies were higher; 4.2 mW for a 3IGW electrical input, and

15.7 mW for 44W input, approaching 0.04%. The authors expecf:that cw operation
at close to the‘pulsed efficiency could be realized by more uniform heat
sinking of the diodes in the array. Finally they pecint out that with the
laser rod at 0°C, the pulsed output for an input of 4u4W was £°mW, giving an
efficiency of 0.13%. Since it requires only 2W of power to the thermcelectric
coolers to maintain the lasar rod at 0°C, under cw conditions an overall
efficiency of 0.12% could be anticipated for these conditions, once the heat-
sinking of the diodes is made unifeorm,’

These are, until now, the highest efficiencies reported or realistically
predicted for diode-pumped laser operation near room temperature. The 77°K
results of Allen and Scalise corresponded to 0.5%, and this might increase
several times if the more efficient pumping cavity of the later experiments
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were employed. It must be noted tha. the drive currents for the LEDs correspond
to junction current densities of about 1706 A/cm®. This is much larger than

the usual values, on the order of tens éf’A/cmz, for LEDs used in the visible
region,

W
Wy 0

"

The TI-BTL work just reviewed has demonstrated sgwe of the practical
difficulties for diode-pumped lasers, as well as providing a background for
the requirements on LED pumps for this appXicaticn., Briefly, the LEDs must

emit light within the pumping band of the sciid

Ly
i

tate Zasery at a high e Lency,
This limits the choice of material of the LED tu those which can have their
bandgap and hence emission wavelength "tuned" by varying the composition. For
pumping YAG:Nd3+ with its pump hand at 8100 2, the present choices are the
ternary alloys GaAsl_x X’ the material dsed by the TI-BTL workerv, or Gal_xAlxés.
These materials have received a great deal of attention for other LED applica-
‘uftxons and the technologies for prep aring then and fabrxcatlng them into device
~ “structares are well-developed. The other materials which can be tailored to
emit at 8100 ﬁ, Inl_xGaxP é??mfnl=xA1x§3 agggmuch less advanced, but they are
receiving attention for visible LED applications and should be considered as
future candidates for laser pumping. Two recent reviews by Bergh and Dean and
Nuese, et al., of the entire LED field have included discussicns of the ternary

systems, covering the theory of their operation and preparation methods, and
g;vxng extensive bilkliographies. 1In the remainder of this report, we will draw
on these review papers to summarize the design principles and preparation
methods applicable tc laser pumping dicdes. We will also discuss recent werk
= oh Gap ., AIxAs high-efficiency LEDs suitable for laser. pumping, énd comment on
the limited literétqre on degradation and reliabiliry,
| The tunability of bandgap in-the ternafy semiconductor alloys of interest
for laser pumping, is a consequence of the change in electronic energy band
structure with composition in these materials. In each case, the bands change
from the direct gap structure characteristic of GaAs, for example, and at a
particular crossover composition the lowest conduction-valence band separation
becemes indirect. In a direct material, the lowest conduction band state is at
the same point of the Brillouin zone as the highest state of the valence band,
-.. Wnich leads to a high probability for radiative recom?inafion of excess holes

and slectrons. In indirect materials, these states are at different locations

in the Brillouin zone, and radiative recombination is generally much slower,
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occurring only with the intervention of phorons or with the aid of impurity

"

levels. Thus direct gap materials are much more efficient light emittears

than the indirect ones, since competing nonpradiative recombinations are less
important; and this circumstance plays a central role in mzny LED applications,
because the band gaps in the visible rang2 are generally on the indirect side
of the crossover composition. Fortunately for the Y&G:Nd3* laser pumping

appiication, the required band gaps are in the direct range of compdsiticn-
The mechanism of light emission in an LED is tha radiative reccmbinarion
of excess current carriers injected across a forward-biased p-n junction.
Direct=gap semiconductors have a high internal quantum efficiency compared to
indirect-gap materials fcr the reason just discussed. However, because of
thair higher radiative tyansition probabi’ities fer light at or neay the band-
gap, direct-gap materials may absorb,witlin the LED itself, the light emitted

at the junction., This is a problem for the lamer-pumping diodes as well as for

visible range LEDs, and has occasioned the development of special configurations

to minimize the internal lcsses. The general principle of these schemes is

to provide a path for the emergence of the light generated at the junctions

through material of higher bandgap and hence lower absorption. The emergence

of the generated light is also hindered by dielectric reflection effects at the

interface between the diode and the external medium; ordinavy reflection loss

is minimized by anti-reflection coatings, while total internal reflection

losses are avoided by using dome-like structures, s¢ that the light is traveling

nearly normal to the inte. "sce when 1t reesches the suprface of the diode.
Electrical losses in the diode structure are kept low by maintaining a

low dicde series resistance zy means of high doping levels and favorable

geomeiricagl design,

‘The details of the fabrication of the GaAs; P, LEDs used in the TI-BTL “
laser pumping work were not given in the publications. However, GaAs, P, diodes
are usually fabricated by vapor-phase epitaxy. F‘fuicable goszeous mixtures of
arsenic and phosphorus (formed By the thermal decomposition or arsine and

phosphine) with a gallium-chlorine compound (formed by paseing HL) gas over

melten gallium) react to form the ternary alley as a depesit on a Guls substrate.
Dopants can be introduced in gaseous form at variouc times duripg the acposition
or subsequently by diffusion. The process is very flexible, allowing preclse

control of the compozitinn of the deposited layers through the flew rates of
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the gaseous reasctants. The basic process has been used commercially for
several yedars. and is well adapred tc volume production. It is usually
necessary to grade the composition of the epitaxial deposit from pure GaAs
to the desired composition of GaAs, P, (by varying As/P ratio during the
grovwih) in order to avoid the effects of lattice mismatch.

Liguid-puase epitaxy is the preferred growth method for Ga; (AlyAs. The

material is grown from a melt of gallium, gallium arsenide, and aluminum onvo
a substrate of gallium arsenide or sometimes gallilum phnsphide, Many refine-
ments in the technique are available; seme are discussed by Blum and Shih.
The method has been particularly well developed in conmection with the
fabrication of hetercstructure GaAs - Al,Ga, , As laser diocdes; a vecent paper
by Miller et al. describes a method to obtain high uniformity and renroducibility.

Reflecting the less advanc.d state of Gay ., Al As LED technology compared
to that cf GaAs; . P., ti*re huve been no reperts of laser pumping with
Gal“xﬁles LEDs. However, several recent papers contain discussions of highly
efficient laboratory diodes or of configurations which might be adapted for
laser pumping. '

Dierschke, Stone and Haicty have produced Ga,_,Al.As Zn-diffused LEDs
emitting at 8150 2. The power efficiency at maximum cutput at 25°C was 12%,
The high efficiency is the result of a grading of the alloy composition so that
light emitted at the junction emerges through material of higher bandgap than
the junction itself. In their process, the ternary is grown on a GaAs
substrate; because of the high distribution coefficient of aluminum in Favor
of the sclid ternary, the melt is depleted of aluminum and the bandgap of the
epitaxially deposited material decreases awav from the substrate. The deposited
layers are 0.03 to 0.06 cm thick and doped n-type by tellurium from the melt.
The next step is the formation of a 0.0l1 cm p-n junctior by zine diffusion on
the side away from the substrate. Then the GaAs substrate is removed and the
units are formed into hemispherical domes. An anti-reflection coating of Si0
is apélied to the hemispherical surface ang electrical contacts to the n and p
regions on the plane surface of the hemisphere are made by means of metallization
patterns on a silicon submount. The veported spectral bandwidths of the emitted
light range from 250 to 670 X, which indicates that in scme cases light will
fail to match the YAG:Nd ' pump band. The authors ascribe the wide bandwidths
to location of the junction in regions with Epo high a ccmposition gradient;

siuce some units already have low bandwidth it may be expected that improved

10
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control of the fabrication process will generally yield acceptables bandwidths.,
Woodall et al have produced LED structures starting with a GaP substrate.

The high bandgap of the substrate allows it to be included in the finished

device without arsorhing the junction light, and the layer of Gal_xhles need

not be so thick that it can sur~ive separation from the substrate. In this
work a four-m:lt system was smployed for the liquid epitaxy; the sulstrate
cculd be moed from melt tc melt with or without losing the solid-liquid inter-
face, and counterdoping of each melt duriag growth was possible. Phosphorus
contamination arising from meltiack of the GaF substrate in the firet melt was
greatly reduced by moving the substrate and the initial denusat tc the next
melt. Other melts aliowed changes in the composition in additicn to those
caused by depletion of aluminum in the melt. in ome structure, the compositicn
was graded approximately-.iiearly from ths substrate to the junction. Each
melt contained tellurium for n-tvre doping; the junction was formed by counter~
doping the third meit with zinc during growth. A test device was formed into
a mesa structure to allow contacts to both n and p regions on the same side.
This diode emitted at 8500 X with an external quantum efficiency of 1.2%. A
similar structure ..th a roughly hemispluri:al dome formed in the GaP substrate
had a quantum efiiciency of 5.5%. An even more premising result was obtained
with a structure in which the light was emitted in a region grown frcm a melt
much less rich in aluminum than the other melts. This "minimum bandgap" stiucture
is really a heterojunction device, since the junction is between a p-region of
one composition and an n-regi:. of another composition. A mesa diode of this
type emitted at 80CO R with 2% efficiency; presumably a dome configuration in
the GaP substrate would increase this by something like the (5.5/1.2) zaiic
for the linearly graded device. Despite the ovbservation of many metallurgical
imperfections in these structures, they apparently do not affect the electro-
luminescent behavior of the active layers.

Burrus and Miller have described LEDs based on Za, Al As designed to
couple efficiently to optical fibers. They deposited successively on an n-type
GaAs substrate n-type Ga, Al As, an emitting layer of p-type Gal_yAlyAs (y
less than x to make this the lowest baadgap region), p-type Gal~xﬁlxas’ and
p-tyre GaAs for contacting purposes. A 50 ym diameter contact dot was defined

on the last GaAs layer, and the GaAs substrate was etched away above the dot so
that it would not absorb the light emitted by the active layer. In this

application, a clad optical fiber was atrached Ly epoxy resin to the window

11
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etched in the substrate., The light cutput near 8000 £ from a 30-cm length
of fiber with an input current of 150 mA was as large as 1.7 aW. It may be

0SS 0 So

interesting in the future to consider arrays of such units in which the
emitted light is brought to a laser rod via optical fibers, el’minating the
usual pumping cavity and to some extent allowing the LEDs to le geometrically

Ao Wt SR O

and thermally decoupled from each other.

Ty TN

Like all semiconductor devices, LEDs are likely to suff:r a change in
characteristics, usually for the worse, during operation. 'ong cperating §
life without excessive degradation of light output and efficziency is essential .

foer the laser-pumping appiication of LECs. The published ampirical information

on the degradation of units suitable fume laser pumping is neither extensive
nor conclusive at this time. Gal—xAleS emitters were lifetested by Dierschke,
et al., at 25°C under a current density of 1500 A/cm?; af:er 5000 hears the
Dest ones had degraded less than 15%. The Gal-xAles scurces of Burpus End
Miller were reported to have operating lives to half-output at 7500 A/em® of
at least several thousand hours. Double heterostructure laser diodes having a
related structure have not yet achieved long operating lifetimes; Miller et al.
report very subsvantial degradation after 25 hours of room temperature cw
operation. : —

LEDs for visible display applications exhibit ogerating,lives'of many
thousands of hours. Hartman et al. have given the most optimistic estimate
of half-life foo LEDs of 108-109 hours at room temperature. This is for GaP
units specially passivated to prevent the introduction of impurities. Of course,
visible LEDs are operated in the range of tens of A/cmz, while the laser pumping
diodes (at least these proposed so far) all require bias current densities above
1000 A/cmé. Thus the operating ccnditions are much less favoratle for long life
for the laser pumps. There is some hope that degradation may be at least
partially reversible. Burrus and Dawson, working with high current density
GaAs light emitters found that applications of a periodi: reverse bias with a
duty cycle as low as 1%, slowed the degradation dramatically, and further, a
previously degraded diode could be restored by heating at 10Q°-200°b, under zero
or reverse bias for several hours to a few days. Possibly laser pumping is
compatible with degradation-delaying bias schedules of this kind.

There is general agreement that the degradaticn of LEDs arises from bulk
effects near the p-n junction. Schade, Nuese, and Gannon have provided direct
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evidence that non-radiative defect centers do appear near the junction in
GaAsl_.xPx diodes which have undergecne degradstion. Their measurement of
thermally stimulated currents showed a greater number of centers in the more
seriously degraded devices. Their results could not identify the defects,
however, beyond assigning energy levels tc them. The degradations were frca
5 to 50% after 2000 hours of cperation at 10 A/cm?. Centers could have been
formed by the Longini mechanism {(the transport of charged interstitial impur-
ities across a p-n junction intc a region where they complex or precipitate)
or by the Gold-Weisberg mechanism in which some of the energy liberated in
nonradiative recombination generates vacancy-interstitial pairs. If the non-
radiative recombination takes place at an impurity atom, the interstitial can
be the impurity itself.

Bergh, working with GaP LEDs, showed that intentional introduction of
copper accelerates degradation and careful elimination of contamination by
copper and similar impurities greatly increased diode life. He concluded

that the mechanisms of degradation, whatever they might be, were not inherent

in the operation of the device. It remains an open question whether degradation

can'be sufficiently reduced in the ternary LEDs to make the laser pumping
applicatisn really practical,
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APPENDIX

Gallium-Aluminum-Arsenic and
Gallium~Arsenic-Phosphorus Systems
Data Tables :
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}. NEUBERGER

These Data Tables provide the most reliable information available for
the physical, crystallographic, mechanical, *hermal, electronic, magnetic
All data points are

and optinal properties of GaxAl xAs and GanAs

referenced. Where two or more iocuments preseni :he same data values, all
are cited. The bibliography which follows each of the data tables is arranged
alphabetically by author; more than one document by the same author is
distinguished by the letters A, B, C, etc.

~ Other III-V teynary systems for which data are available are included
in "Handbook of Electronic Materials," Volume 7. III-V Semiconducting Compounds,

Data Tables which is to be published by Plenum Press during 1972.
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GALLIUM-ALUMINUM-ARSENIC SYSTEM

SYMEOL VALUE UNIT
Formula uaxAﬂl-x e
Density x glem?
c 3,598
L .29
u2 &40
a5 .24
283 5.307
Color 12 orange
3 red-crangs
89 1ed
73 r1eddish biack
80 vlack
Sytmetyy cublc
Lattice Pasumeter a s, )
2 5,6805
42 5.6581
i00 5.65191
Thermal Expansicn Coeff, 3 5,20 1076 9¢
190 c,8&
At. % of Liquidus
Liquidus Isotherms ] Al As ¢
36,5 1.9 2.5 893
.6 1.9 5.0 as52
83.0 1.% 10,0 1037
84,3 1.8 15.% 1082
32.5 5.0 2,% 1902
c.» & 5.0 1067
2.0 5.9 10.% 11w
$.5 15.0 2.5 1074
Dielectric Constsnt
Optical € x £
s -
9G-39.6 11.0
iy E.S
Lffective Mas:
Tlectron " x n n{iidxTd)
n —i
3 9.971 1,32
gL .07 1.60
86.8 0.070 1.63
99.¢ 0.066y 1.80

NOTES

AlAs

2icred tube, iodine
vapor tranzgerr, single
¢rystals depssited on
Ligh puriry, (113) SaAs

AlAs

Gaks

AlAs, llnear frem

23-1000°C, latzice
match AlAs-GaAs ut
800-1620°C corrlete

SaAs

first soiid for siow
cuoling of high gallium
solutions

eotical meas.
n-typs, polycrystalline

reflectivity meas. on
single crystals

raflectivity meas. on
n-type, polycrystalline
material, 30u thiek

T [l el Sin o, g s ¥ a3
IR o

TEMP. (°K)

2°¢

369

368

~ S hr aaage

Fal

REFRRENCES

Donnay

Black & Ku

Batepsn 2t 3i.

Managevit,
Binderan et al.

Ettenbsrg &
Paff

Black & Ku
Cooper

Ettauberg &
vaff

Pieyron et al.

Panish ¢
Sumski,
Ilegems &
Pearson (B;

Sikharulidze
et alu

Ilegens &
Pearson (A)

Sikharulidee
et al.

Ttk




TEXP.{9K)

00

300

0%

300

30

iy GALLIUM-ALUMINUN-ARSENIC SYSTRM
i F
. PROPERT/ SYMBO!, VALUE UNIT NOTES
i '
2 Erergy Gap Eg X E atTisTy) %zi(r15-¥3)
ni
ireet Ed o 2.30 213 eV AlAs
o indirect E,
i1 &
id 25 2,42 Z.L Schottky Larrier
. - 3 2,32 1.9% rhioteresninse reas,
- ug 2.32 1.86
HE 55 2.0 -F
) 68 1.82 -
== 85 l.e
$ 100 1,8287 JaAs
i
i
N Energy Barc I3 £, E, E.+4,
Structurs gd & = s
, 53 1.3 3,15 3.33 eV nmolecular haam, vapor
; b 57 1.87 3.06 3,27 preparation, single
—— 75 1.8 erystal filrs,
80 - 2.97 3,16 reflectivity meas,
83 1.87 2.96 3.1
3 87.5 - 2,93 3.1s
S a0 - 2,82 3.3
3
] + 1
. * E° Ec§A° El EJ+A1 E Ec 160 E?
. 0 2.93 2.9 AlAs
25 2,48 2,54 3.5 3.7 4,7 4,75 4.85 electroreflec-
3 2,36 2.39 3.4 3.6 4,7 8,75 4.85 tance meas,
Sy 43 2387208 3.5 3.5 4.7 4.7 4.9 LEE deposited,
: i 58 2.64 2.06 3.2 3.4 . 4,9 1 =il thick layers
- 68 1.80 1.e2 - - - 4.9 on GahAs
gt 1.583 1.66 2.91 39 G.4 .6 5.0
. 100 1.42 1,45 2.9 3.0 b.b 4.6 5.0 GaAs
3
H
Az Direct-Indirect X
o ==
tross-over 64 1.92 eV electroluninascence
, ~eas.
3 €5 1.%92 electrolwninescence
meas.
; Phonon Branch Speatra X Lal Ly, TOl Tsz
ki » z
- longitudinal Optic 10 "5 g, W.89 - meV reflecrivity meas.

45.25 31.74
44,89 31,98
Lh,63 32.24
43.65 3z.17
44,15 32.u9
4u,17  3z2.29

T3 18 . . u9.EG 31.98
i 47 u7.p7 33.48
F - 5%  U7.61 3u,46
. 53  47.10 35.u6
62  H6.75 35.7%
66  46.36 35.96

Transverse Optic

i 79 44.89 36.02  H3.65 32.37
- 92 Lk.B3 36,08  Lh.15 33.1)
‘ 100 . 3,21 - 2.4
Refractive index L] ? x n
12 2.3
90 3.3

on single crystals

reflsctivity meas,
cn single erystals

vptical meas, on
single crystals

300

300
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PROPERTY

lectron Imission
{2e1d {athede)

Electroluminescent
Lioles

SJuantur
Efficiency

Light Ycoulation

S/MBOL

# ¥avelength

CALLIUM-ALUMIN'M-ARSEN.C SYSTEM

VALUE UNIT
Efficiency

(%)

Emicelon
Currant Density
(Afer?)

&

ROTES TEMP, (9K)  REFERENCES

FPhoto-

N

gsengitivivy
{vhf/lm} -

735-8800 0.1 4.0

i ower
duiput

200 m¥

Current
Pensity

300 mA

% Wavelengtn
{A)

:

TCE  Effieienc: Luninance
hrené (%)

40 §.23

iGY fr L

775C-736G 7500

5783 (s1rong)

rhase Eias
Moduiation Veltare
b E LT LA I S

1g0¢ TV Z.1 pH/l M2

730~1560

LPE~
degosited on
doped Cahs,
isze—covered

300 Schade et A,

(&, B)

deuble hsterostpuc~ 300

ture junction laser,

LFE, substrete:

SaAs, n~type, gi-dcped
i)n-, Sn-doped, GaAlAs, 1047
2)n ,p-, doped CaAs, 1-8x1018
3)p-, Se-doped,GaAlis, 5x15}7
4)p-, Ce-dcped, Csés, 5x1018

layers C.5-1p thick -

large optical cavity, 300 Xreswes et al.
heterciunction lager - ”
dicde, 400y long, Zu thick

continuous wave opeyr. 53
pulsed operation

double hetercstruc- 311
ture LPE iniection laser,
continuous oparation;
erits rolarizsd light

Hayashi et

Zn-diffused divdes,
LPE daposited on CaAs
10-15. function depth

LPL depesited on Gads 320
n~, p-type lavers, 77
2-5u thick -
a1* fon implantation 77
of Zn-doped Cais,

2.2 thick

300 Dierschxe

at al,

seking ot al.

I angperper &
¥arsh

annealed 5 hr. av
Qa0

LFE depoalted pen Shih & -Baum

Junctien, -7u thick

3060 Burrus

Hiller

double hetere: vug-

Tire, 1o T .ick,

disde coupled to

multimode optic.. fibars,

2000 hour operating life | L

Bindsmann
et a&l,

#i-doped sinule 4,2
srystals, photo-

luminesnece meas.

Rainhars &
Hiller
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ps-122 Steatite 1363 AD 413 834 $6.00
p§-123 Baryllium Oxide 1962 AD %13 631 6.00
pS§~127 $ilicone Rubber 1963 Ab 413 906 6.00
Ds-128 Cordierite ) 1963 AD 413 840 6.90
ps-128 Forsterite 1963 AD 421 829 6.00
05=130 Pyroceran 1963 AD 421 883 6.00
05~132 Zinc Selenide 1963 AD W21 964 5‘0{’
D5=133 Zinc Oxlide 1963 AD 425 212 6.00
DS~ 134 fadmium Sslanida 1963 AD 425 216 6.00
D5-136 Aluminum Oxide 1904 AD B34 173 6.00
Ds~138 Sorosilicate Glasses 1564 AD 602 773 6.00
b5-140 Sulfur Hexafluoride 1964 AD €07 949 6.00
Ds=141 Nioblium 1964 AD £08 358 6.00
DS=142 fluorccarbon Gases 1964 AD $08 897 6.00
DS~143 Garmanium 1965 AD 610 828 .00
D5-160 Nioblum Tin (Pt. 1i) 1968 AD 838 460 £.00
DS-161 Chemical Compnsition & Electrical Resistivity of Al Alloys 1965 AD 687 145 3.00
ps~-162 §ilicon 1869 AD 698 32 3.00
Ds=163 Magnesium Oxide 1969 AD 698 343 3.00
DS-164 Lead Talluride - Tin Telluride 1970 AD 701 075 3.00
DS-165 Supercenducting Thin Fiims 1970 AD 704 55% 3.00
DS-166 Refractive index of Optical Materfals in the Infrared Reglon 1970 AD 704 585 3.00
5-3 Tetrafluoroethylene Plastics 196k AD 607 798 6.00
§=5 Aliphatic Hydrocarbons 19€5 AD &6S 159 6.00
$=7 Glossary of Electronic Properties . 1955 AD 616 783 6.00
5-9 Epitaxial Silicon & Galllum Arsenide Thin Flims on 1968 AD 675 578 6.00
Insulating Ceramic Substrates :
5-10 Glossary of Optical Properties 1968 AD 695 479 3.00
511 11V} Semitanducting Compound ia63 AD 638 341 3.00
$=12 iv-vl Semlconducting Compound 1969 AD 633 260 3.00
$-13 Bibliography of {ii«V Semiconducting Films 1969 AD 701 074 3.00
S=1k iLinsar Electrooptic Modulator Materials 1970 AD 704 556 3 00
s-15 11=V} Ternary Compounds - Data Tables 1971 AD 739 359 8.00
5-16 IV-V1 Ternary Semiconducting Compounds - Data Tables 1972 AD 7ho 208 8.00
BiBLIOGRAPHIES*#%
A Reference List on Semiconducting and Non-Stolchiometric TI Onldes, Jan, ® 3.00
Semiconducting and Non-Stoichiometric Barium Titanate - A Reference Feb, * 3.0C
Guldn.
Photoconductivity and Photoconductive Haterlals - A Reference Guide, Har, & 3.00
Epitaxia! Silicon and Galliun Arsenide Thin Films on Insulating Jun, > 3.00
Ceramic Subscrates - 4 Bibliographic Update, _
S8=1 Lithium Ferrite - A Spacial Bibliography. Oct. AD 734 597 3.00
S#-2  Gallium Arsenide - 4 Blbllographic Supplement. Nov. AD 73% 598 5.00
SB=1 Linear Electrooptic Modulator Materials - A Biblioaraphic Supplement. Dec. AD 739 360 5,00
s8-b  Ga)_ Al A< Bibliography. Jan, d 1.00
$B-5  {admium Telluride - A Bibliographic Supplement. Feb. 72 AD 740 209 5.00
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iR=10 Bibliography on High Temperature Dislactric Materlals, Rev. 5. Mar, 70 AD 735 620 $3.00 ' 3
IR=13 Bisliography of Encapsulation, Erhednent and Potting Compounds, May 66 * 5.00 s -
IR=15 Ultra High Frequency Referances. Har. TV AD 735 621 3,00 ‘ F
IR~27 Electrical Rasistivity Data and Bibliography on Titanium and Mar, 70 * 5,00 =
Titanium Alloys, Rev, : g
IR=41 Radlo-Fraquency Shielding Materials Survey and Data Compliation. Oct. 70 AD 735 622 3.00 ' ‘
Rev. 4
IR-42 Semiconductive and Conductive Plastic and Rubber Haterlals, Nov, 66 & 5,00
1R=47 Compendium of Information on Thermistor Haterlals and Davices. Ra . Mar, 69  AD 735 623 3.00
IR=43 A Literature Search Report on Electrically-Conductive Protective Apr. 67  AD 735 €24 3.00
Coatings for EMl Shielding Use. s
IR-56 Weatharing of Plassica and Rubber Materlals. Jun, 67  AD 735 625 3.00 o
IR-57 Cabie and Wire Insulation Tor Extreme Environments, Jun. 67  AD 735 626 3.00
IR*59 Electrical Properties of Thin Films of Alumine. Nov. 67 A0 735 627 3.00
{R=60 Tisick Film Conductor Functional Inks &nd Pastes for Microelec- Fab, 68 AD 689 753 6.00 .
tronics Applications, .
{R=61 Thick Film Resistor Functional inks and Pastes for Microelac~ Feb, 68  AD 689 754 6.00 :
tronics Applications,
1R=63 Thin Fiim Dlelectric for Microslsctronics, Jul. 68 AD 689 ~ 6.00 .
{R=6k Fallure Mechanisms/Modes [a Microelectronics, Mar. 69  AD 6L 6.00 :
1R=65 Ratiability of Hybrid Microslectronic Clrcults ~ A Report Mar, 69 AD 68y 3B 6.00 i -
Bit1iggraphy. . = !
IR=66 Hybrid Thick and Thin Fllm Microcircuits. Mar. 69 L 5.00 -
1R=67 Dielartric Constints of Rubbsrs, Plastics and Ceramics. = A May 69  AD 735 628 3.00 ° .
Design Culde, - ~ B s
iR=6B Antiferroslectricity and Antiferroelectric Materiails. Jan. 70 AD 735 629 3.00 ;
1R-63 Cuprous Suffide and-Cuprous Sulfide-Cadmium Sulfide Heterc- Sep. 71 AD 734 536 6.00
juﬁéﬂoﬂi. : )
IR=70 Microbis! Deterloration of Electrical insulating and Other Jun. 70 AD 734 538 3.00
Materials.of Construstion used in Electronlc Equipment. :
iR=71 Arsenic, : Sep. 70 AD 734 539 3.00 L2
iR~72 Tranaition Metal Oxides, Amorphous Semiconductors, Semi- Sep. 70 AD 733 251 5.00
conducting Glacses, Ovshinsky Effect, end Other Switching .
{Marory) Materisls - A tlterature Review, AD 746 431
{R=73 Haat Transfer and Cooling of Flsctronic. Components and Equipmant, Apr. 72 * 5,00 .
IR=74  Alrcraft Structural Electrical Bonding .and Grounding Including Feb. 72 AD 739 356 5,00 H
Lightning Effects and Elsctrossatic Charge Bulldup on Missiies
and Space Vehicles, : . =3
iR=75 Elsctro-optic Propertics and Modulator Applications of Feb, 72 AD 7h0 207 5.00 : -
Cadmiym Tellurlde. o
1R=76 Proparties of Optically Transparent Adhesives. Jun. 72 * 8.00 .
{R=77 Elmcrro~optic Effect and Propsriiss of Gallium Arsenide. Nov. 70 AD 733 252 5.00 =
iR=78 Thick Fiim Dislectric Functional inks and Pastes, Apr. 71 AD 733 253 8.00 =
1R-739 Data Compilation on Vanudium Oxides. Nov. 71 AD 73k 536 8.00
IR-80 Light-Emitting Diodes for Laser Pumping July 72 * 6.00
1R-8} &tt?ré;:? and interface Factors Limiting LS| Performance and Aug. 72 * 6.00
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Elcctrmfc Properties of Materiels; A G-ldw to the Literature. Volume One, (Part 1 ¢ 2) 19, 5350.001'-/ i
= Elertronic Properties of Materiais; A wuide to the Literature. Volume Two, (Part | & ) ¥ lso.oo.‘-/ "]
* Electronic Properties of Materials; A Gulde to the Literature. Volume Three, (Part 1 5 2) 197, 150,00 5
= =

andbook of Electronic vaterieis. Voluma |, Opticel Materials Praperties . b

Handbook of Electronlc Materials. Volume 2, l;lll-v Semiconducting g:mp@:nds ;3’7/: :ggg e
. Handbook cf Electronic Materials. volume 3, $11icon Nitride for Microelectronic Too1en 10,00 -5
= Applications, Part 1; Preparation and Properties i
= Handbook of Electronic Materiels. Volume &, Nioblum Allays and Compounds 1372 12.55 =

Handbook of Electronic Materials. Volume 5, Group IV Semlconducting Compounds 1971 10,00 %

Handlook of Electronic Materials. Yolume 6, Silicon Nitride for Microelectronic 1972 12.50 =

fpplicstions, Part ((; Applications and Davices E

Handbook of Electronic Moterials, Volume 7, 111-V Tarnary Semiconducting 1972 &

Compounds, Dats Tables S
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