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ABSTRACT

This report describes the results of a development program for light
emitting diode (LED) pumped Nd:YAG lasers. A significant design
feature, an index matching method to increase the coupling efficiency
ofthe laser is described. A solid glass half-cylinder of 5.0 by 5.6
centimeters was used for index matching and also as a pumping
cavity reflector. Twenty 0.034x 0.254 cm?2 GaAlAs diodes, connected
in series, were aligned such that the emission area formed a straight
line. The laser rods were 1,5 by 56 millimeters with dielectric
coatings on both end surfaces. The interfaces between the diode
array, glass cylinder, and laser rod were filled with viscous fluid of
refractive index n = 1.55. Experiments performed with both the
glass cylinder and a gold coated stainless steel reflector of the

same dimensions under the same operating conditions indicated that
the index matching cylinder gave 159 to 200 percent improvement

of coupling efficiency over the metal reflector at various operating
temperatures. For driving current density 207 A/cm?2, the laser
produced CW output power of 27 milliwatts with the laser rod temper-
ature at -27°C.

The dynamic behavior of the Neodymium-doped Yttrium Alu-
minum Garnet (Nd:YAG) laser has been analyzed using the
nonlinear rate equations. The laser threshold, optimum power
output, and amplitude modulation by pumping intensity variation
have been evaluated and compared with experimental results.
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Section 1. INTRODUCTION

1.1 PROGRAM GOAL

This final report covers research and development activity begun in July 1971
at IBM - Federal Systems Division (FSD), Gaithersburg, Maryland. During
the subsequent 18-month period, work was performed in FSD laboratories in
Gaithersburg, Maryland, and Owego, New York, to develop a space qualifiable
diode pumped Nd:YAG lagser. The performance goals for this laser were an
output power of 0.5 to 1 watt CW at 1. 06 microns, TEMyg mode, with at least

1 percent efficiency and amplitude stability 1 percent or better. The final
device should be rugged and durable and should have an operating life of at
least 10,000 hours. Cryogenic cooling used on some LED-pumped Nd:YAG
devices in the past is undesirable, and its elimination was a prime consideration
in this program. Initially, this project was envisioned as consisting of two
parts. Part I, the work covered by this report, was intended to obtain the most
efficient laser pump head possible-and to deliver a representative Nd:YAG laser
that can be used in field tests or serve as a progress milestone. PartII will
require the manufacture and delivery of a space qualifiable diode pumped
Nd:YAG laser.

1.2 PROPOSED APPROACH
It was proposed to make two main efforts in this program:

1. Grow efficient and long lived Ga _XAIXAS light emitting diodes at

peak emission wavelength near 8100 A,

2. Use index matching technique on diode arrays to optimize
optical coupling from pumping source to the laser rod there-~
by increasing overall efficiency.

Improvement of Ga;_,AlyAs diode efficiency was essential for the success of
this program. Rectangular shaped "flip-chip' diodes with a minimum bandgap
structure, as described in the final report, NASA Contract NAS8-11447,
appeared to be a desirable diode structure for this goal. This structure has
the advantages that:

1-1



a. The p-n junction is very close to the heat sink for heat removal

b. The operating current density in linear arrays is lower compared
with domed diodes for the same excitation density

c. Light emitted through n type GaAlAs layers encounters little ab-
sorption because of the minimum bandgap structure.

All these factors are crucial for efficient operation and long life of the
diodes. :

To improve the design of the laser pump, it was proposed to use a solid half
cylinder reflector for laser pumping cavity and laser support. This arrange-
ment makes the laser device much more compact in size and rugged. The
solid cylinder acts as a pumping reflector and as an index matching medium
between the diode semiconductor and the rod. This increases diode output
efficiency and improves optical coupling, since diode external quantum effi-
ciency is limited by the total internal reflection at the discontinuity of
refractive index of the diode (3.5) to air (1.0). By increasing the refractive
index of the material outside the diode surface, the critical angle for total
internal reflection is increased; therefore, more light is transmitted through
the diode surface and the reflection at the laser rod is also reduced.

1.3 SUMMARY OF THE RESULTS

During the period of this work, two types of GaAlAs diode structures were
studied. First, a flip-chip diode geometry was grown with layers

of p type Gal_xAles:Zn and n type Gal_xAles:Te on n type GaAs:Sn sub-

strates. Because of the long period (18 hours) involved in growing these thick
structures (1-5 mils), it was not possible to keep the doping levels at the pre-
geribed values. Also, various defects were observed in the crystals.
Consequently, the efficiencies were low and not acceptable for laser device
use. The second type of growth was n-up structure with n type Ga _xAles:Te

1
and p type Gal_xAles:Zn layers on to p type GaAs:Zn substrate. This

proved to be a more useful structure at the present time. This structure was
more amenable to obtain the desired wavelength (8070 + 50 A) and moderate
efficiencies (1.1-1.5%). Life testing of this diode structure was started on
two diode arrays (5 and 7) to determine aging characteristics. The operating
current of these arrays is one ampere, which is a current density of 115
ampere/cmz. The arrays are mounted on copper heatsinks held at approxi-

- mately 20°C. At the end of 4300 hours of CW operation, arrays 5 and 7 were

1-2



operating at 70 and 75 percent, respectively of their initial output. The emis-
sion spectrum of these diode arrays has shown a negligible change during this
testing period.

As a result of this program, a representative model 1. 06 microns diode
pumped Nd:YAG laser was designed, built, and evaluated. A solid glass index
matching cylinder was used to replace the conventional metal reflector as a
laser pumping cavity., Experimental results indicated that the improved coup-
ling efficiency of the index matching cylinder was 159 to 200 percent compared

with a metal reflector of the same dimensions at various operating temperatures.

Theoretical calculation had predicted a 324 percent improvement under those
experimental conditions. The discrepancy between theoretical prediction and
experimental results was attributed to:

1. The imperfection of the optical alignment of diode array and laser
rod

2, Error in reflector configuration
3. Absorption in reflective coating

4, Strain in the rod due to thé mismatch between rod groove and glass
reflector. ‘

5. Diode efficiency and spectrum are slightly different from the original
calibrated values. <

Typically, the CW power output was 9 milliwatts at one ampere (or current
density 115 A/cmz) driving current to the diode array with the laser rod temper-
ature at -27°C and diode heat sink temperature at -14°C. For driving current
of 1,8 amperes (current density 207 A/cmz), a CW laser power output of 27
milliwatts was attained. 4

Further development of diode pumped Nd:YAG lasers is required before
practical devices can be built for communication applications. Continuous
improvement of some critical technological problems such as diode structure
and efficiency which relate directly to thermal conduction and optical coupling
encountered in this program must be made before output power and overall
efficiency can be substantially improved.

1-3
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Section 2. Ga, Al As LIGHT
1-x ' X

EMITTING DIODE

2.1 GROWTH OF SEMICONDUCTOR MATERIAL

2.1.1 Itroduction

The phenomenon of injection electroluminescence must be explained in terms
of the dynamics of a p-n junction. This phenomenon arises when a p-n
junction is forward biased so that minority carriers are injected into the bulk
regions of the diode on either side of the junction. The recombination of these
injected minority carriers with majority carriers already existing in the bulk
material can lead to the generation of radiation. The energy of this radiation
corresponds to the bandgap of the material from which the diode is made.

The material dealt with in this program was that of Gaj_xAl As with the band-
gap. energy (x~ 10.6%) equivalent to that of ~ 1. 53eV for emission at 8070
+504.

Because of the geometrical configuration of the Nd:YAG device, two types of
LED structures were considered. The first of these two was the flip-chip type.
This device would be very advantageous since it would have its electrical con-
nections on one side while the other side, free of connections, could be put

into intimate contact with the solid cylindrical reflector. The concept here
was to grow layers of n-type Gal_XAlXAs:Te(n = 3 x 1018 carrier/cm3;

0. 0127 cm thick) on a GaAs:Sn substrate (n =1 - 3 x 1018 carrier/cm3;

0. 0457 cm thick). The final step was to grow a p-type Gay_x AL A :Zn

mh=1x 1019 carriers/cm3; 0. 00254 cm thick) layer onto the relatively thick
n~type Gal_xAles: Te layers. The growths were carried out using the liquid
phase epitaxial technique [1], The Ga; AL As layers were purposely grown
thick for structural integrity (i. e., the original GaAs:Sn was completely lapped
away). By proper etching techniques, a portion of the p-type Gal_XAlXAs:Zn
layer could be removed to expose the n-type Gal_XA]XAs:Te layer. Hence,
contact could be put on both the n and p type Gal_XA]xAs layers by photolitho-
graphy (on the same back side). In this manner, the device could be fabricated
so that the emission would come entirely through the n-region of the Gal_xAles:
Te in which the photons are not strongly absorbed.



Figure 2-1 shows a schematic diagram of the device as grown:

Ohmic Contacts

t = 0.00254cm 1 x 1019/cm3 e— ——  Ga;_ Al As:Zn ___._..—P_-l
t=0.0127cm 3 x 1018/cm3 .- Gaq Al As:Te n
18/.,3 Lo
1= 0.0457cm 1-3x107%/cm [ §——————————— GaAs: Sn (n)
As Grown

Figure 2-1. Flip-Chip Cross Section
2. 1. 2 Epitaxy Growth Technique

The liquid phase epitaxial (LPE) process has been found successful in producing
high quality III-V semiconductor compounds and alloys. Using LPE methods in
conjunction with a sliding technique incorporated into the crystal growing furnace,
a variety of layered structures have been grown in this laboratory.

This technique of growing epitaxial layers of the desired types has been efficacious
for various types of homo and heterojunction devices.

Certain conditions of the layers must be met during the growth process. They
are as follows:

a. Smooth layers are mandatory. Lapping and polishing grown layers
to obtain smooth layers often damage the surfaces which may de-
grade the device. By this method of growing, the smoothness
requirement has been obtained during the growth process.

b. Uniform layer thickness is especially necessary with ternary alloys
like Gal_XAlXAs because of the variation of alloy concentration with
distance from the substrate layer interface. Without uniform growth,
control of diffusion depth into the layer would be difficult, since the
diffusion coefficient is effected by the Al/Ga ratio.

Figure 2-2 shows a schematic diagram of the horizontal LPE system. In
essence, a special high-purity grade graphite fixture was designed for use in
the horizontal furnace.
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Figure 2-2. Block Diagram of Horizontal LPE System

Figure 2-3 shows this fixture with its four parts labeled 3, 4, 5 and 6. When in
use, this fixture is placed in a crystal growing furnace whose temperatures are
programmed for the correct value at each step of growth. For the flip-chip
layered growth only two parts are required.

In practice, the slider designated by 2 is moved to the right side of the graphite
holder labeled 1. When in this position, the GaAs substrate on which the growth
is to take place is under the part labeled 3. The material to produce the first
layer of n-Gaj_xAl As on the n-GaAs substrate is placed in the part labeled 4.
Typically, this part contains 15. 00090 grams of Ga; 2. 01450 milligrams of
polycrystalline GaAs; 9. 75 milligrams Al; and 9. 60 milligrams of Te. The
part labeled 5 contains the material for the p-type Gay_ Al As layer. It con-
tains, typically, 15. 00050 milligrams of Ga; 2. 02280 grams of polycrystalline
GaAs; 16. 15 milligrams of Al; and 466. 80 milligrams of Zn. Through experi-
mentation, it was found that when the first n-layer was grown, the aluminum
content of the melt became depleted before the layer was grown to the desired
thickness. Consequently, a doping technique (of Al) was added to increase or
keep the Al level fairly constant during that part of the growth.
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Figure 2-3. Sliding Mechanism for LPE Growth
Figure 2-4 shows a typical thermal profile for such a growth.

This system incorporates a continuous growth process such that the substrate
is not removed from the system until the growth is completed.

During the growth process, the system is brought to an equilibrium temperature
of 930° C. It is held at this temperature for one hour. During this period there
is no material over the substrate. The next step is to reduce the temperature
to 920° C (typically) at which time part 4 containing the material for the n-type
growth is moved over the substrate. It is held at this temperature for about
five minutes and then the temperature is raised to about 931° C for five minutes
for equilibrium purposes. At this point the programmer begins to decrease the
temperature at a constant rate of 0. 043° C per minute. The temperature is
allowed to decrease to 916°C. During this time the n-material is grown. At
this point it was found that the Al content was being depleted; consequently, an
appropriate amount of Al was added to the first melt at the 916° C level. The
system was held for 5 minutes at 916° C and then raised to 921° C for some five
minutes at which time the programmer began to decease the temperature at the
rate of 0.043° C per minute until the 906° C mark was reached. This constituted

This page is reproduced at the
back of the report by a different
reproduction method to provide
better detail.
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930° Soak 931°

920° e Al Depleted, more added
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Covers Substrate

921°

5 min 911

Temperature

906°

Move #2 Meit
“p" Type

0.043°C/min

901° (out)

Time
Figure 2-4. Schematic of Thermal Profile of Growth

the end of the n-layer growth. At this point the material in part 5 for the p-
growth was moved over the previous growth. The temperature was held at
906° C for five minutes and then the temperature was raised and held at 911° C
for five minutes. Then the programmer began to decrease the temperature
at the rate of 0. 043° C per minute until 901° C was reached, which constituted
the end of the p-type growth. This material is grown under a constant flow of
forming gas.

In totality, 20 growth runs (B89 - 104, B-107, 109, 111, 116, 118 and 121) were
made in an attempt to grow this flip-chip material. Because of the long growth
runs varying from 5 to 18 hours, good diodes were not produced. This was
partially attributed to the fact that the dopant levels in the last p-grown layer
could not be maintained, that is, the Zn dopant would not remain in the melt
over any prolonged length of time.

2.1.3 Technical Assessment of the Flip-Chip Material

Four and one-half months of strenuous effort were made to meet the required
material characteristics. During this period more than 20 crystal growth runs



were made and analyzed by means of electron microprobing technique. In order
to improve upon each succeeding run, certain variables or parameters (Ga/Al
ratio, temperature gradients during growth and growth times, etc) were changed
to systematically improve the epitaxial growth.

It was concluded by virtue of certain physical conditions of the crystal growing
equipment that we are unable to grow the thick uniform layers of a given con-
sistency. This has been manifested in a temperature gradient that develops in
the growth apparatus during the extended long period of growing (18 hours)
required for constant aluminum levels. The material that was processed had
certain deficiencies. Among these are:

a. A thickness gradient across the layer caused by the temperature
gradient in the furnace giving a low yield of useful material.
This material had a varying aluminum content.

b. The relatively long growth time required to maintain constant
aluminum in the layer structure apparently causes crystal defects
that manifested themselves in high series resistance in the
test diodes.

c. Such crystal imperfections could quite possibly be responsible for the
low efficiencies observed in the test diodes. However, there are
also other processes that could be responsible for the low efficiencies
observed (traps, surface recombination, etc., all of which must
be maintained at a minimum for high efficiency).

d. The growth times and the high temperature required for the flip-
chip structure make it difficult to provide the proper amount of
zinc necessary to produce the proper 'p'" doping level.

In light of the poor efficiencies obtained from this type of a flip-chip device,
it was decided to turn to the concept of "n~up' material. A schematic of this
device is seen in the following diagram, Figure 2-5.

t=10u [&—— n—Gaq_ ,ALAS © Te (7x 1017/‘:".‘3)
t = 2654 p—Gajg AL As : Zn (3 x 1018/cm3)
t = 457u }@—— p—GaAs:Sn (1.8 x 1018-8.6 x 1017/em3)

Figure 2-5. N-up Wafer Cross Section
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To grow the n-up Gal_XAl As material, a graphite sliding device other than
the one employed for the flip-chip material was used. This fixture is shown

in Figure 2-6. In this situation the p~type GaAs:Sn substrate is placed in
cavity labeled 1 of the base fixture. Polycrystalline GaAs is placed in the
cavity labeled 2. At this point the melt slider is placed upon the base fixture
and the remaining components for the first p-type growth is placed in the cavity
labeled 3. The doping slider with the proper amounts of Te + Ga are placed in
cavity 4 (for the n-growth) and Al + Ga (for the window) are placed in the cavity
labeled 5. The cover plate is then placed over the doping slide.

Typically, the following amounts of material are placed in the respective
cavities:

p~-Growth (Part 3) n-Growth (Part 4) Final Doping (Part 5)

Ga = 8. 00040 grams Ga = 175. 00 milligrams Al = 40. 40 milligrams
Polycrystalline (undoped) Te = 10. 40 milligrams Ga = 176. 00 milligrams
GaAs = 0. 96625 grams

Al = 5. 90 milligrams

Zn= 2. 70 milligrams

The latter step produces the high aluminum content (at p-n junction) for the
window that provides maximum emission of the radiation through the n-layer.

Doping Slide

Melt Slide

Base Fixture

Figure 2-6. HLPE System Doping Fixture
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Figure 2-7 shows a schematic of a thermal profile for an n-up layered growth.

In this programmed growth, the system is brought into an equilibrium condition
at 925° C and held there for one hour (substrate and melt not in contact). At the
end of one hour, the temperature is dropped to 920° C (for saturation to take
place). After a time lapse of five minutes, the melt slider is advanced over the
substrate (point A, Figure 2-7) and the temperature is raised to 925° C and held
there for five minutes. At this point the temperature is begun to be decreased
at the rate of 0. 5°C per minute. During this time, when the temperature drops
from 925° C to 900° C (50 minutes) the p-type Gal_xAles has been grown.
After the melt has been held at 900° C for five minutes (point B, Figure 2-7),
the doping slide with cavity 4 containing the n-type counter dopant (Te) is
advanced over the melt cavity 3. The temperature is now allowed to rise
from 900° C to 910° C over a 10-minute period. At the end of this 10-minute
period (point C, Figure 2-7), the slide cavity 5 with Al + Ga is advanced over
the melt cavity (this provides the high Al content window) and held at the
temperature of 910°C for ten minutes. At the end of this time period, the
temperature is again reduced at the rate of 0. 5° C per minute. During the
time (~ 16 minutes) when the temperature drops from 910°C to 902° C, the
n-type Ga, _ Al As layer is grown.

A schematic diagram of the aluminum concentration versus thickness for the
grown structure is shown in Figure 2-8.

Counter-Doping. Temperature Schedule

Temperature (C°)

Move
Melt Te + Ga Al + Ga Off & Out
' l
925°C Y g25°C .
i 1
920°C
1
‘ (A) : \
T | owe s
|
1 1 o00°t ) N
! 902°C
o " : B
] ] 1 .
~60 Min I 6 I 5| 5 | 5 | 50 i 5.1 10 10 16 |

Time (Minutes)

Figure 2-7. Schematic of a Thermal Profile
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p-n junction

Aluminum Concentration —a

GaAs GaAlAs GaAlAs
Substrate {p-type) {n-type)
{p-type) (~ 25u) {~5u)

Thickness ———p

Figure 2-8. Diode Cross Sectional Profile

In order to grow the layered structure with the proper electrical and optical
characteristics, a considerable number of runs were ‘made to adjust

for the proper aluminum concentration (to yield the correct wavelength) and
the proper dopant levels to give the required efficiency. (Of course the
efficiency is also dependent upon many other mechanisms and processes in
the crystalline material such as lattice defects, radiationless transition,
self-absorption, etc.).

In order to characterize the grown material, the aluminum content in each
region of the growth was determined by means of the electron microprobe
technique. Dopant levels were determined by means of the Hall effect technique.

A total of 30 growth runs were made. Those which exhibited the best efficiencies
were assembled in diode arrays.

As an illustration of growth constituents and the results of such growth, Table
2-1 shows the results of seven growth. The data shown in this table was taken
on discrete test samples and is not indicative of the entire growth. In each
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Table 2-1. Wafer Growth Summary for n-up Growths

8000-8020

Peak
Crystal Emission Efficiency Doping Density - '
Number | Wavelength My ) Al (mg) Te (mg) | Zn (mg)

AR) n p

18, 3 18, 3
PL-59 8150-8180 0.97-1.39 | 1x 10 /em® |3.2x 107 /cm 5. 90 2. 33 9. 41
PL-62 8080 0. 7-0. 93 7.7x 10%" em®| 3 x 1018/cm3 6. 08 2. 38 9. 24
PL-65 8040 0.96-1.1 6. 10 2. 38 9. 48
PL-66 8080-8100 1.2-1. 4 6.11 2. 38 9. 05
- PL-68 8060 1.1-1. 27 6. 06 - 2.34 9.10

PL-71 8020-8060 1.1-1.38 6. 05 92,32 9. 08
PL-72 1.32-1.41 6. 09 2. 38 9.03




growth there was a certain (unpredictable) amount of nonuniformity, and as a
result, the whole growth was not useful for diodes.

2.2 ELECTROLUMINESCENT DIODE ELEMENT

2. 2.1 Device Geometry

The objective of the device design was to develop an LED structure that permitted
efficient optical coupling into the Nd:YAG laser rod while maintaining a relatively
low operating current density. Since low forward current density is usually as-
sociated with stable diode operation and long operating lifetimes, previous diode
performance was reviewed. Figure 2-9 shows a graphic plot of the number of
operating hours to seventy-five percent of initial output as measured using pre-
viously fabricated diodes with known current densities (amperes per cm?2).

From this graph the value of 110 amperes per cm? was selected as a reasonable
figure to use for the pumping diodes. Projections on number of hours to half
power output exceed 10,000 hours.

Consideration for the diode geometry first took into account the diode width.
This was chosen to conform with the TEM,, mode diameter of the laser rod
(0.05 cm). The total width was selected to be 0. 0343 cm consisting of a

0. 0254 cm active emission surface with an additional 0.0089 cm width for
ohmic contacting purposes. In order to ensure uniform pumping, the minimum
length of the array had to match the five cm length of the Nd:YAG laser rod.
Knowing the required active LED area, the selection of the number of diodes to
make up the rod distance was influenced by the LPE wafer size/device yield,
power supply impedance matching and, of course, the current density. The
diode length was chosen at 0. 254 cm with each array consisting of 20 diodes

(0. 0254 cm gap between elements) arranged to approximate a straight line

5.6 cm in length.

Figure 2-10 shows a schematic diagram and a photograph of a typical pumping
Gal__XAlXAs LED.

The overall diode thickness of 0. 014 to 0. 0152 cm resulted principally

from the amount of GaAs substrate material that was left to ensure the structural
integrity of the wafer. Of the aforementioned thickness, the Ga;_ Al;As p-n
junction usually amounted to approximately 30 Um. In considering the thickness
of the GaAlAs n-layer, theoretical calculations had determined that a thickness
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Figure 2-9. Previous Lifetime Study Results

of 10 4 m was the best tradeoff thickness between the current crowding effects

of too thin a layer and the absorption losses associated with too thick an n-layer.
Measurements were made to experimentally validate the optimum value of thick-
ness for the n-layer. The graph shown in Figure 2-11 shows the relative output
from diodes taken from the same wafer in which a thickness gradient had been
established.

2. 2. 2 Metallurgy

Having polished the GaAs-GaAlAs wafers to the appropriate thicknesses, contact
metallurgy was applied to theGaAlAs n-type layer and the p-type GaAs (substrate).
“The wafers were metallized as quickly as possible following the polishing and
lapping operation in order to minimize the forming of any oxides, etc. The
n-type metallurgy AuGeNi was vapor deposited on the entire surface with the
wafer temperature glevated to 185°C. Evacuated to approximately 1079 torr,

a thickness of 22004 of AuGeNi was deposited on each wafer. Photo resist
techniques were then used with a stripe mask pattern to define the n-type ohmic
contacts. A subtractive etch process was then used to remove all contact
material not required.
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Figure 2-10. Basic GaAlAs Array Element
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p-type AuZn material was then vapor deposited on the reverse side (GaAs) of

each wafer in the same manner.

However, the substrate temperature was

held at 250° C and the thickness of metallurgy generally averaged 1100A. A
sintering operation for both the AuZn and AuGeNi metallurgy was then carried
out in a 480° C furnace for 10 minutes, while in a forming gas atmosphere.
Typical contact resistance is shown in the following Table 2-2.

Table 2-2. Contact Resistance

Material Dobin Carrier Concentration Resistance
P& | (atoms/CC) (Q~cm?)

n-GaAlAs | Te 7-8 x 1018 2 x 106

p-GaAs Zn 2-5x 10°° 2% 107

2-14
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2. 2. 3 Diode Fabrication

The final step in wafer processing is the string saw dicing of the wafer into
individual diodes measuring 0. 0343 x 0. 254 cm?. Prior to cutting, the wafer
is cemented to a glass slide and its surface is covered using glycol phothalate.
This protects against the aluminum oxide abrasive used in the cutting-slicing.
A 0.0127 cm tungsten string saw blade cuts and steps horizontally first and
then vertically as shown in Figure 2-12 to isolate each diode. Prior to dis-
solving the glycol phothalate with acetone, the diodes are etched along their
perimeter to remove some of the crystal damage that occurs during cutting.

2. 2. 4 Diode Testing and Selection Method

Each LED chip was tested and evaluated to determine its individual character-
istics prior to considering its usage in the final pumping array. In this manner,
all 20 diodes for each array are selected, and the results of total diode data
provide feedback information on each particular wafers yield. Table 2-3 shows
the sequences of diode inspection and measurement.

—— . ——
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Figure 2-12. GaAlAs Wafer Just After String Saw Cut Into Discrete Diodes
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Table 2-3. LED Tests at Chip Level

Testing Particular Test Parameter Evaluated Method

Sequence

1 Physical examination Screens out cracks, Visual
chips surface discon- "inspection
tinuity

2 Electrical input I-V, series resistance Curve tracer

characteristic

3 Output radiation Measures magnitude Solar cell
of power output probe

4 Visual radiation Determination of radi- IR image
ation uniformity converter

In order to measure the relative power output of each chip a small probe was
constructed consisting of two needle contacts and a glass enclosed silicon solar
cell (see Figure 2-13). The needle tips were spaced to contact each chip one-
third of the way in from either side of the n-type stripe contact, thereby dis-
tributing the forward current of the device more evenly than if just a single
point were used, The silicon cell (10 ohm load resistor) was fastened at a
fixed distance from the probe tips and its relative output correlated against
exact power levels made, using test diodes enclosed in an integrating sphere.
Initially, a similar probing technique using a half silvered mirror over a solar
cell was used; however, minor scratching of the mirror surface introduced
errors and therefore the second technique was used. The diodes were driven at
a constant current level of fifty milliamperes and were sorted according to
their relative output as observed by a microvoltmeter across the cells load
resistor.

Table 2-4 shows an average statistical distribution of diodes from a typical
LPE wafer following the testing shown in Table 2-3,

2.2.5 LED Electro Optical Performance

Table 2-5 is a summary of the characteristics GaAlAs LED.
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Figure 2-13. Probe used to Measure Relative Output of LEDs at the Chip Level

Table 2-4, Typical Wafer Yield Summary

Parameter

Value

Average wafer size

Typical number of LEDs (0. 0343 x 0. 254 cm?2)
After mechanical defect sort

After IV/power output sort (N, 4 1.1% into air)

Average number of arrays per wafer

2.03 x 2,03 cm?
275
200
50
2.5
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Table 2-5. GaAlAs LED Summary*

Parameter Typical Value
Peak emission wavelength 8070 A
Emission half width (50% points) 250 A

Power output @1 amp. 35 mW

Forward voltage drop @ 1 ampere 1.80V

External quantum efficiency 1.10%
(into air)
Dynamic resistance 0.140

Chip size: 0.0343 x 0.254 cm2, grown on GaAs

*Measurements at 25°C

Following a preliminary E-O inspection, several typical diodes from each LPE
grown wafer are mounted on TO46 headers and tested for emission wavelength
and efficiency. A test diode is shown in Figure 2-14. In this way, the diode,
as well as the relative reading of the solar cell probe, are checked before all
the chips are examined. External quantum efficiency defined as the ratio of
the number of photons per second, Np emitted from the LED to the number of
charge carriers per second N, injected across the pn junction:

N KI
N - b _ __C
ext N I
e f
where:

Ic = Photo current generated by a silicon integrating sphere
K = Constant that accounts for losses in the above cell
If = Forward Current of the LED,
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Figure 2-14. LED Chip Mounted on T046 Header for Measurement Characteristics

Diode external quantum efficiency is measured at a forward current I of 400
milliamperes. All diodes selected for the final array assembly met or ex-
ceeded 1.1 percent with maximums being 1. 6 percent. A typical diode current-
voltage characteristic curve is shown in Figure 2-15. Figure 2-16 shows a
plot of power output as a function of forward current and Figure 2-17 shows

the relative light output and forward current with respect to forward voltage.

2.2.6 Conclusions

The power output from individual diodes showed their performance to be
essentially linear with current up to the point of an appreciable junction-
temperature rise. A variety of measurement techniques have shown that a
forward current of one ampere produces a net junction-temperature rise of

16° C above ambient (more details on operating temperature in subsection 2. 3. 1),
The curve shown in Figure 2-18 is a normalized plot of power output per cm?2

as a function of current density (A/cm2) and depicts the output characteristics
of this diode geometry.
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Figure 2-15. Current-Voltage Characteristics of a Typical GaAlAs LED

In retrospect, the hand selecting of 20 diodes for each array built was a some-
what tedious operation requiring many hours of chip sorting by the tests
mentioned in subsection 2.2.4. However, this careful selection of diodes
resulted in a 100 percent yield on final array inspection with uniform radiation
output and consistent 1-V characteristics from array to array.

2.3 FABRICATION OF DIODES ARRAYS

2.3.1 Hybrid Circuit Board

An array circuit configuration was developed to permit the 20 GaAlAs diodes

in each array to be aligned and electrically connected in series. Since the input
power into each array was typically 28 watts, prime consideration was given to
~ the thermal conductivity of the circuit board material. To effectively transfer
heat from these diodes to an appropriate heat sink, the boards thermal con-
ductivity must be high. Table 2-6 shows a comparison of materials considered.
Berlox was chosen as the best available material and blank boards measuring
7.62 x 10.3 cm2,
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Table 2-6. Comparison of Material Properties for Array Circuit Board

Midbeiial Thermal Conductivity Dielectric Thermal Expansion
Watts/cm?2 sec °C — cm| Constant % Expansion @ 800°C

Alumina 0.294 8.5 - 10.0 0.58

Aluminum 2.08 _— —

Berlox* 2.42 6.0 - 6.5 0.68

Copper 3.81 s 1.60

*Registered trade name of National Beryllia Corp.

These blank ceramic boards were then sputtered with chrome, nickel, gold and
then electroplated with approximately 5.08 x 10-4 ¢cm of gold. A mask was de-
signed that permitted the diodes to be placed end to end with a 0.0254 cm gap
between units. This pattern, in addition to providing electrical connections to
each diode, also served to establish the exact location for placement of the diode
chips later in the assembly process. Conventional photolithographic techniques
are then used with a positive resistance to subtractively etch off all metallurgy
not required for the circuit pattern. Figure 2-19 shows a completed board
prior to being diamond sawed into discrete arrays.

This page is reproduced at the
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Following cutting the circuit boards, the surface areas outside the diode con-
tacting area were covered using electroplating masking tape. This effectively
protects the outlying metallurgy areas during an additional 60/40 lead tin elec-
troplating operation, which plates the diode pad placement areas with approxi-
mately a 1 mil thickness of solder. This solder will be reflowed during the
chip bonding operation (see 2.3.2 Assembly Procedure).

2.3.2 Assembly Procedure

Individual LED elements are optically aligned as they are placed on the con-
nection pads of the completed hybrid circuit board. A flux, Kester 196, is
applied to wet the solder pad and provide device anchoring as each chip is
positioned and aligned through a microscope. Following the completed posi-
tioning of all chips, the entire board is placed in a uniform temperature oven
at 300°C for ten minutes. This temperature and flux combination has resulted
in practically zero chip movement during the solder reflow which occurs
simultaneously for all diodes during this baking cycle. Several different fluxes
were tried but judged unacceptable because of chip movement apparently re-
sulting from rapid evaporation of the solvent.

Following this operation, all the anode sides (+) of the diodes have been firmly
soldered to the hybrid circuit board. The remaining cathode connections to the
strip metallurgy on each diode is accomplished using a nail head bonding ma-
chine. Nine separate thermal compression bonds are made on each LED from
the cathode ohmic contact to the adjacent metallurgical pad on the circuit
board, as shown in Figure 2-20. The wire, 0.00254 cm diameter gold, has
been shown experimentally to withstand 400 mA per connection. Figure 2-21
shows a completed array.

2.3.3 Array Thermal Measurements

A series of experiments were conducted to determine the approximate junction
temperature of the LEDs when operating at a forward current of one ampere.
Three separate techniques were employed: changes in the forward voltage as
a result of heating; shift in the peak emission wavelength with temperature; and
actual diode surface temperature measurements using a micro sized thermo-
couple on the diode and related surfaces. Results are shown in the right-hand
column of Table 2-7,
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Figure 2-20. Diode Elements Connected in Series by Combination of Solder Reflow and
Nail Head Bonding
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Figure 2-21. A Completed Array
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Table 2-7. Parameter Changes with Temperature

Junction Rise
Technique | Sample | Forward Voltage @ 1A|] AV AX Above Ambient
Used Device | Pulse CW /| Volts | Angstroms °C
1 Array #4 | 28.5 28,0 0.50 - 16.5
1,2 Array #5 | 29.6 29,0 0.60 47 1 20.5, 23.0
1 Diode 2,060 : 2.035] 0.025 —-— 16.5
(PL-66)

Temperature Coefficient = 1.5 mV /°C

Figure 2-22 shows the temperatures measured on the surface (3) of the diode
and on the hybrid board and heat sink using a 0.0127 cm diameter iron constan-
tine thermocouple after 20 minutes at a continuous current of one ampere. In
summary, all measurement data indicates that the temperature rises between
16,5 to 20°C for a forward current of one ampere. This small rise is attri-
buted to the excellent overall thermal conductivity of the laminated structure.

2.3.4 Life Testing

Life testing was started on two GaAlAs LED arrays to determine the aging
characteristics of these pumping sources. Basically, two operating character-
istics were being closely monitored: the slope or rate of change in relative
output with time, and the change, if any, in peak emission wavelength and/or
spectral width, which would indicate junction diffusion taking place. The
operating current in each array is one ampere or a current density of 115
amperes/cm2,

g = 1 Ampere

LED 46.5°
: .
345> > At = 20°C

26.5°

Hybrid Circuit Board

Solder

T

Figure 2-22. Thermal Profile as Measured Using a 0.0127 Centimeter Thermocouple
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Two transistor constant current sources were constructed to maintain this
current level throughout the testing period (see Figure 2-23). A silicon photo-
diode (SGD-100A) mounted approximately two inches above each enclosed array
monitors the respective radiation output level. This output is displayed on a
digital voltmeter that is switched between detectors.

Figure 2-24 shows the results at the end of 4300 hours of CW operation; arrays
5 and 7 were operating at 70 and 75 percent respectively of their initial output.
Monochrometer (MOD. 99G P.E.) scans made periodically to monitor emis-
sion spectrum have shown a negligible change in spectral characteristics.
Figure 2-25 shows the emitted spectrum of the 20 diodes making up a typical
array.

2.4 OPERATING CHARACTERISTICS OF THE DIODE ARRAY

The properties of GaAlAs diodes are very sensitive to the temperature varia-
tion. In order to obtain meaningful data of optical power efficiency, emission
spectrum, and current-voltage relationship, it is vital to obtain accurate tem-
perature information in the p-n junction and maintain it constantly during the
measurement. In practice, it is impossible to measure junction temperature
directly. Furthermore, the thermal conductivity of a GaAlAs diode is about
five times less than that of GaAs [2]. There is always a problem of conducting
heat out from the p-n junction in CW operation. Therefore, mostof our
measurements of diode characteristics are made in pulse mode with one per-
cent duty cycle.

Thermal analysis of continuously operating GaAlAs diode arrays indicated that

the temperature difference between the p-n junction and copper heat sink was 16.2°
centigrade at 115 A em~2 current density (corresponding to 1A, 28,5W elec-

trical input power). Experimental data indicated: from wavelength shift, a

16°C difference between the p-n junction and heat sink under the same operating
condition. Thus, the measured heat sink temperature is quite close to the

actual temperature of the p—n junctions when the diode array is operated in one
percent duty cycle at 115 A cm~2 current density.

2.4.1 Spectrum of the GaAlAs Diode Array
The output energy distribution of GaAlAs dicdes depends on the profile of alu-

minum content, p-n junction width and operating temperature. In a diode
array, the energy distribution is even broader than in an individual diode due to

[
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the energy gap variation of each diode and dissimilarity in the heat conduction
of various diodes to the heat sink interfaces.

From the spectral measurement, we have determined the peak emission wave-
length and full linewidth at half intensity as a function of operating temperature.
A Jarrell Ash one meter combination scanning spectrograph was used with an
RCA 7102 S1 response, cooled photomultiplier, and combined recording system.
The diode array was excited by one ampere current with 500 microseconds
rectangular pulsewidth at 20 Hz repetition rate. The light output from the diode
array was reflected by a plane mirror to the 50 um wide entrance slit of the
spectrograph. The wavelength marker of the scanning spectrograph was cali-
brated with the neon spectral lamp. Diode temperature was controlled by three
Borg-Warner Model 950-71 thermoelectric modules and monitored by a copper
constantan thermocouple wire attached to the diode heat sink, The spectral
data plotted as function of temperature are shown in Figure 2-26. The peak
emission wavelength of the Ga_élAs diode array shifts 3.1Aper degree centi-
grade and the linewidth is 300A at room temperature. In CW operation, the
spectra are different from pulse operation because there is a larger tempera-
ture difference between the heat sink and the p-n junction. By comparison of
CW and pulsed spectral data, one can determine the average junction tempera-
ture of the diode array in CW operation. Table 2-8 shows the CW operation
characteristics of the GaAlAs diode array.

2.4.2 Temperature Dependence of Diode Efficiency and Current Voltage
Relationship

The emission efficiency of GaAlAs diodes decreases with increasing tempera-
ture. This is illustrated by the relative light intensity curves in Figure 2-27,
The values in the figure do not represent values for GaAlAs LED. Each
diode array has its own special values depending on the material preparation.
From the above experimental results, the degradation of diode emission effi-
ciency near room temperature is approximately 0.615 percent per degree of
temperature increase at 54 watts electrical input power (~ 200A/cm2). The
light intensities of CW operation diode arrays were measured and found to be
much below that for pulse operation. The difference was due to the tempera-
ture rise in the p-n junction while the diode operated in CW mode. For ex-
ample, the CW light intensity dropped 19. 7 percent from the pulsed value of
curve A in Figure 2-11 at 54 watts input power; using 0. 615 percent degradation
per degree of temperature rise, the calculated temperature increase was 32°C
in the p-n junction; this agrees very well with previous spectral data.
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Table 2-8, CW Operation Characteristics of the GaAlAs Diode Array

Input Peak Temperature Junction
Power Wavelength Linewidth of the Temperature
Watts A A : Heat Sink of Diode Array
28.5 8129.0 300 9.5°C 25,5°C
36.2 8145.0 307 11°C ’ 32°C

44,2 8177.2 319 15.1°C 42°C

54,0 8222.5 348 24°C 56°C

The current voltage relationship of the diode has the usual exponential de-
pendence on the applied forward voltage:

I= IS exp (qV /nkT)

where q is the electronic charge (1.6 x 10_19 coulomb), T is the absolute tem-~
perature in Kelvin, k is the Boltzmann's constant (1.38 x 10-23 joules/°k), I is
~the saturation current and n is a constant with n=1 for diffusion current to
recombination of injected carriers in the junction [3] or n = 2 for current due
to recombination in the space charge region via deep traps [4l. The dominant
current at low current operation is due to space charge recombination. At
high current level, the dominant current is due to recombination of injected
carriers in the junction region. In our operation, the diffusion current is
dominant, thus n = 1. The current voltage characteristics for the diode array
were measured under pulse conditions at 297°K and 251°K. Typical I-V curves
of the GaAlAs diode array are shown in Figure 2-28. From the forward slopes
of the I-V curves, the series resistances of the whole array were 2.62 ohms at
24°C and 3 ohms at -22°C. At two amperes operating current level, the for-
ward voltage decreases 90 millivolts per degree centigrade while the tempera-
ture is increasing.
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Section 3. CHARACTERISTICS OF Nd:
YAG LASERS

3.1 GENERAL PROPERTIES OF Nd:YAG CRYSTALS

Neodymium~-doped Yitrium Aluminum Garnet (Nd:YAG) is perhaps the most
practical and widely used rare-earth doped crystalline laser. It has been
extensively developed to optimize efficiency and other pertinent laser param-
eters. In addition, the stron%est absorption band near 8100 i (ground state to
4F5 0 and 2H9 /2 transition [5] can be pumped by recently developed ternary
alloy light emitting diodes such as gallium aluminum arsenide and gallium
arsenide phosphide. The coherent emission at 1.06 microns is accessible to
fast, relatively efficient detection., If using a good quality non-linear crystal,
frequency doubling to 53004 can be achieved with high conversion efficiencyl6l.
Nd:YAG is a four-level laser system with terminal states (4111 /2) of the
laser transition 2000cm™" above the ground state [5]1, The radiative lifetime
of upper laser states is 230 microseconds [7] , and the lifetime of terminal
states is ~ 100 ns[8]., Thus, the population density of terminal states is ther-
malized and relatively small compared to the ground state Nd*3 density even
at room temperature; therefore, the threshold is low and easy to obtain. The
laser transition has two different emission wavelengths depending on laser rod
temperature. Below 222°K, the laser transition is from the lower crystal
field level of the 4F3 /2 state to the lowest crystal field component of the

4y, /o state (line 6)." For specificity the spectrum will be labeled with the
transition numbers given in Reference 5. The emission wavelength is 106104
at 7T7°K. Above 222°K, the laser emission is due to two combined transitions
of nearby emission wavelengths; one from the upper level of 4 Fg /9 to the
third level of the 4111 /2 state (line 5) and one from the lower level of the
4F3 /o state to the second level of the 4111 /o state (line 4). The emission
wavelength is 10640 at 300°K [9],

The sgqectroscopic data of Nd®¥ in YAG are contained in reference papers (5]
and [91, Nonetheless, accurate information related to the line width and peak
emission wavelength shift of the combined transition (lines 4 and 5) near room
temperature are not available from the above references. In order to under-
stand clearly the behavior of a Nd:YAG laser near room temperature, the
temperature dependence of the fluorescence has been measured in the tem-
perature range from 240°K to 294°K. The Jarrell Ash one meter combination
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scamning spectrograph was used with cooled S1 response photomultiplier. The
wavelength calibration of the spectrograph was corrected with higher order
neon discharge reference lines. The Nd:YAG rod with antireflection coating on
the output end was pumped by a GaAlAs diode array with peak emission wave-
length near 81004 . The temperature of the rod was controlled by the thermo-
electric cooler and monitored by a copper constantan thermocouple. The
spectra relevant to laser transitions (line 6 and combined lines 4 and 5) are
shown in Figure 3-1. Note that the full line width at half intensity of the com~
bined transitions of lines (4) and (5) is almost constant at about 7.92 in the
temperature range from 240°K to 294°K. The shift of peak emission wavelength
is relatively small at only 0.06%/°C. On the other hand, the line width of line (6)
due to the single transition has regular temperature dependence.

A detailed investigation of the absorption band of Nd:YAG from ground state to
4F5 /o and 2H9 /2 manifold states has been undertaken in order to calculate the
optical coupling efﬁc1ency of the GaAlAs diode pumping source array. A
Nd:YAG sample of lcm? by 1.5mm thick was used for measuring optical trans-
mission with Cary Spectrophotometer. The measured optical density of Nd:YAG
from 79004 to 83004 is shown in Figure 3-2, This complex absorption band
will be used to compare various emission spectra of GaAlAs diode arrays for
determining the best optical coupling condition.

3.2 THEORETICAL ANALYSIS OF THE DIODE PUMPED Nd:YAG LASER

The dynamic behavior of Nd:YAG lasers can be described by the single mode
nonlinear rate equations (10, 11, 127, Special emphasis will be placed on the
operation near room temperature. The effect of temperature on the laser
parameters is included in the calculation of the population density of lower
laser states, Boltzmann factor and stimulated cross section. This approach
has the advantage of simplicity while still accurately describing a 4-level laser
system.

Analytical results are expressed by relating excitation rate, pumping threshold,
laser output power, and optimum mirror transmission. By direct modulation
of diode input current, the characteristics of transient phenomena can be
related to the optical pumping rate and cavity loss. Maximum modulation depth
of laser output intensity will depend on the frequency of relaxation oscillation
and modulation frequency. A comparison of the theory with measured Nd:YAG
laser performance will be discussed in the section on experimental results,



10641

10640 - Combined Transitions of -
No. 4 and No. 5 Lines
10639 - ~
10638 - — X ey —— -
10637 - ~
Linewidth of the Combined
No. 4 and No. 5 Lines
10636 -1 o
o
c
‘éa ~L
@ ~ B
E 7 X x ’i—x* -
© =X -
% —— x’)(’ -
g 10615 - X x =
E
10614 - .
Linewidth of No. 6 Line I
10613 -
10612 A -
Transition of No. 6 Line
10611 o
~
fj—/
10610
/-tLt
/[—S’
T v 1 1 1 LI L
» r—40 -30 -20 -10 0 10 20 30

Figure 3-1. Fluorescence of Nd:YAG

Temperature of Nd:YAG Rod °C

3-3

11

10

Linewidth A



¥-€

Relative Optical Density

T T T
7900 8000 8100

Wavelength A

Figure 3-2. Detailed Absorption Spectrum of Nd:YAG in the Transitions from
4I9/2 to 4F5/2 and 2H9/2 States at Room Temperature,

8200

8300



3.2,1 Rate Equations

The pumping cycle of Nd:YAG energy levels[S] is shown in Figure 3-3, The
difference of population density N between the upper (Ng) and lower (Nqp)
levels of the laser transition and the photon density Q of the coherent electro-
magnetic field obey the following single mode nonlinear rate equations.

__.dN— — | -
el Reff - ts WNQ (3.2-1)
dQ _

Pl WNQ - Q(6+ Tm) (3.2-2)

where Reff is the effective pumping rate per unit volume

R = R-N /tS (3.2-3)

R is the pumping rate per unit volume to the upper laser levels, W is the
stimulated constant related to the absorption cross section ¢ of the laser
transition by

W =cg ' : (3.2-4)

c is the speed of light and tg is the spontaneous emission lifetime of the
upper laser levels. § and T, are the round trip cavity loss and the fractional
output mirror transmission each multiplied by ¢/2L. L is the one way
optical length of the resonant cavity. In deriving (3.2-1), we hypothesize that
all nonradiative transitions are fast, thus, we may always neglect the popula-
tion of the pumping band, the population density of the lower laser states are
thermalized and proportional to a Boltzmann factor and light intensity is sub-
stantially uniform over the beam area. In (3.2-2), the contribution due to
spontaneous emission has been neglected.

For operation near room temperature, the laser transitions of Nd:YAG are
from line (4) and (5) combined (as shown in Figure 3-3). Hence,

Ny = Nyp + Nyy = Nyy @+4)
Ny = Ny * Nyg = Ny (144
A, = exp (-hc(11510-11426)/kT>
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A1 = exp [ ~hc(2109~2031) /kT]

21 22
- = - + -
NNy Oy = Ny =Nl oy * Nyy-Nyg) 04g

N21

I

Nz/(1+A2), N _ = A2N2/(1+A2)

22

N12

il

Nl/(1+A1), N1 = AlNl/(1+A1)

3

Nz N1 21 'Az N2 A1 N1
W-N)o_ =|——-=— |Jo, _+ -
2 1 21 1+A2 1+A 12 1+A2 1+A1

1

Since A2 = A 1

Thus 21 22
= + +,
Opp =0 1o/ WHA) + Ay 0,5/ (144))

21

(3.2-5)

The values 012 and ¢ ?:23 determined by the absorption measurement are

4,6x10~20 cm2 and 8x10-19 ¢cm2, respectively, for the laser transition

operating at room temperature [13].

If we denote the CW equilibrium values of N, Regr and Q by ﬁ, ﬁeff and Q;
the steady state solutions are obtained from (3.2-1) and (3.2-2) by setting

the time derivative equal to zero. Hence,

N = (8§ +Tm)/W
Q = [ﬁeff/( 6 + Tm)]-l/Wts

At the laser threshold, Q=0, from (3.2-1) and (3.2-2) we obtain

- 6-I-Tj[n
Ro®™® = g
- - Ny
Since Reff'= R - T
S
+T
R (th) =tis (—a—wiml)

3=17

(3.2-6)

(3.2-7)

(3.2-8)

(3.2-9)



Let

NP

Vhv
p

R(th) = 3.2-10)

7 is a conversion factor from electrical input power to the pumping rate on the
upper laser levels, Py, is the electrical input power at the laser threshold, and

Vp is the diode emission central frequency and V is the pumping volume. Thus,

_ Vh v Tm 6
Pth = *—Ent W + -\7V_+ N1 (3.2-11)

Therefore, ﬁth is linearly proportional to the mirror transmission. If l_jth is
plotted versus T, we will be able to determine the conversion factor and round
trip cavity loss.

The steady state power output is

P=nh vAmd Tm Q
Tm (3.2-12)
P=hvA d37 Tm.<R - R(th))

Where A, is the cross section for the laser mode volume, d is the length of the
laser active medium, h is Planck's constant and V is the laser emission fre-
quency. For optimum power output, we set g};m = 0 and obtain an optimum
transmission as

= 1/2 .
T =8 [(Reff Wts/ﬁ) - 1] ©.2-13)"
Substituting T, for T ineq. (3.2-12), we obtain the optimum power output as

_ = 12 (8 \/?
Popt = hVAmd (Reff) -(W—ts) (3.2-14)
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3.2.2 Amplitude Modulation

Direct modulation of the laser signal output by varying the excitation rate can
be done in a diode pumped Nd:YAG laser. The light intensity of the diode is
linearly proportional to the amplitude of input current over a large current
range [14, 15]. The upper frequency limit for modulation is related to the
radiative recombination life of the diode, the resonator decay time, and the
pumping rate. To analyze this problem, we use the previous single mode rate
equation model. Let n(t) and q(t) be the time dependent perturbations super-
imposed on CW equilibrium values of N, Ro¢ and Q; using the small signal
approximation, we have the following relationships:

L8 < 1) -n) G-+ W) - WamF 3.2-15)
S

dad) . wo,

990 - wine) (3.2-16)

Here we retain only the first order terms. If equations (3.2-15) é.nd (3.2-16)
are differentiated with respect to t, we obtain:

2 .
d n(t) dn(t) 2 _dr(t)
5t B gt w, ) = — 3.2-17)
dt
2
d qz(t) + 8290, W2 44y = Wh) (3.2-18)
dt o
dt
0 _ 6 + T
W = WR g - ——ts—- : (3.2-19)
- 2
B = WReff _ wo +_1_
=S+T. 6eT. "% - (3.2-20)
m m S
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For r(t) = 0 in equations (3.2-17) and (3.2-18), n(t) and q(t) are both propor-
~ tional to Exp (j w t), where

w = W_+jw,
r 1
2
wf_ = w2 -<£) : (3.2-21)

B
w, =5 (3.2-22)
This shows that when the effective pumping rate is suddenly increased from zero
to -ﬁeff, the photon density exhibits a damped relaxation oscillation at the angu-
lar frequency w,. With a continuous excitation, the presence of this spiking
resonance enhances itself in the depth of the light intensity modulation. From
equations (3.2-21) and (3.2-22), we will be able to solve for Reff and 6 in terms
of w; and w; using the relationships of equations (3.2-19) and (3.2-20).

2w, t (wz+w_2)
is  r i

Rttt = " wew.t -1
B 1S

(3.2-23)

L wle ) |
PN -T (3.2-24)

Thus, equations (3.2-23) and (3.2-24) provide a means to determine the effec-
tive pumping rate and the round trip cavity loss. If we have a sinusoidal modu-~
lation of pumping rate,

rit) = R exp (jw ) (3.2-25)

The solution of equation (3.2-18) will be

at) = Q exp ( (w t-9) (3.2-26)
With

1
= 2 2.2 ,2 21i2
Qo = WQRO/[(wO-wm) + 8 wm] (3.2-27)
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and
¢ = érctan Bw /(w2 - wz) (3.2-28)
m_ (o) m
The maximum output modulation depth occurs at

2 .
2 2 B
w = W - — . 2=
m o 2 : ' (3.2-29)
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Section 4. OPTICAL COUPLING

4.1 PUMPING EFFICIENCY OF CYLINDRICAL REFLECTOR IN A LIGHT
EMITTING DIODE-PUMPED SOLID STATE LASER '

An optically pumped solid state laser should have efficient optical coupling from
the radiation source to the laser rod. Among several schemes such as: the el-
liptical cylindrical [16, 17] reflector; spherical reflector [18]; and exfocal ellip-
soidal [19] reflector; the elliptical cylindrical reflector is still the most popular
one. Nevertheless, fabrication of an elliptical cavity is difficult; it is hard to
make a perfect elliptical shape and polish it to a high optical quality. For this
practical reason, we consider a circular cylindrical reflector instead of an el-
liptical cylindrical reflector. The analysis that follows will apply specifically
to the light emitting diode (LED) pumped solid state laser. Since light emission
of an LED comes from the N-type flat surface, a half-cylinder reflector will be
adequate for an LED-pumped laser reflector.

The purpose of this analysis is to calculate the pumping efficiency for an LED-
pumped Nd:YAG laser as a function of emission width of the LED, optical res-
onator configuration and laser rod size. The calculation is made for TEMgo
mode operation. Therefore, the loss due to Fresnel reflection at the crystal
surface, the power absorbed in the laser rod before entering the mode volume,
and the second reflection of a gold plated groove underneath the rod, will all be
considered. Since the circular cylindrical reflector is terminated at each end
by highly reflecting mirrors perpendicular to the axis of the cylinder, it may
be assumed that the cylinder is infinitely long. With this assumption, the
analysis is reduced to a two~dimensional case.

A circular reflector is a distorted lens system; the image location and image
size vary as a function of position on the reflector surface; thus, it is difficult
to derive a general expression for the real situation. Consequently, a ray
tracing technique was used to calculate the amount of power absorbed in the
fundamental mode volume after reflection and attenuation through the laser rod.

The method for ray tracing to be presented here is shown in Figure 4-1. P

is the total optical power emitted by the light source, and 2W is the emissio?n
width of the LED. The light source will be placed on the x-axis with its center
at di and divided in increments, du. The one dimensional coordinate u on the
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Figure 4-1. Ré_ay Tracing of a Circular Reflector in Diode Pumped Nd:YAG Laser

light source is chosen with u=o at d;; therefore, the position u on the light source
~ corresponds to dj+u on the x coordinate. Thus, the flux dF radiated into an
angle dg from an increment du located at u is

130 cos 8dg du

dF = W (4.1-1)

where cos 0 is the emission pattern of the flat LED [20,21]. The angle 8 is re-
lated to a by

9=§-a- 4.1-2)

Thus cos 8 = sin



If the laser rod were not in place, the flux dF would reflect at the position -dg
as shown in Figure 4-1. From the geometry, it can be seen that

d + u)/sin ¢ = a/sin (T-a) (4.1-3)
dz/sin ¢ =a/sin B (4.1-4)
where B=a-2¢ (4.1-5)
and ¢ = arcsin [(d;+u) sin o/a]. (4.1-6)

Dividing (4.1-4) by (4.1-3), we obtain

d2/(d1 +u) = sina/sin 8.
Hence, dy = (d1+u) sin & /sin B : 4.1-7)

the slope of the reflected ray 2 is m =tan B.
The line of the reflected ray.2 can be expressed by

y =m (x+d,) @.1-8)

Now we consider a laser rod located at (-c,b). The perimeter of the laser rod
can be expressed by the equation

(x+c)? + (y-b)2 = R2 (4.1-9)

where R is the radius of the laser rod. If this reflected ray passes through the
laser rod, then equations (4.1-8) and (4. 1-9) should have common real solutlons
Substituting x = (y-md )/m in equation (4. 1-9), we get

0 |
Ay +By +C = 0 4.1-10)

where

A = 1+m2

B = -2m (dz-c+mb)
m?2 [(dg-c)2+b2-R].

Q
)l
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Therefore, the condition of the reflected ray intercepting the laser rod is

BZ  4AC >0 (4. 1-11)

and

1/2)/

y = (-B + (B2 - 4AC)""%) /2

Since the reflected ray is propagating downward, the intercept with the greater
y value is the intercept where the ray first encounters the rod surface.

Let

{-B + (B2 - 4AC)1/2}

/2A @.1-12)

<
o
i

then

X

o = U, - mdy)/m. (4.1-13)

Hence (x,, y o) is the point which the reflected ray first encounters in the laser
rod. The normal to the rod surface at the point (x,, yo) of interception is

y = myx+h 4.1-14)

m, =y, - b)/(xo +c) (4.1-15)

h = b+mlc.

The angle of the normal with respect to the x-axis is

Y = arctan (yo - b)/(x0 +c).

Therefore the incident angle 91 to the laser rod is

6, = ly-8| 4.1-16)
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the refraction angle 92 inside of the laser rod is

sin 92 = n, sin Gl/n2 (4.1-17)

where ny is the index of refraction outside of the laser rod and n, is the refrac-
tive index of the laser rod.

The line of the refracted ray can be represented by
y = myx+ h1 (4.1-18)

where m, = tan (B £ 62). (4.1-19)

In equation (4.1-19) the plus sign is for the case B < 7/2 and the minus sign for
the case B >m/2.

h, =y -m,x 4.1-20)

Assume the radius of the fundamental transverse mode volume is Rm’ then

&+c)l+(y-b2 = Rmz (4.1-21)

If the refracted ray passes through the mode volume, then equations (4. 1-18)
and (4.1-21) should have common solutions. Substituting in equation (4.1-21),
we obtain

2
Ay +By+C =0 (4.1-22)
where
AL = 1+m 2 B, = =2 - c+ b
1 1 1 () - mye +m,b)
- 2 2
C1 (h1 mlc) + m1 b -R_)
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Then

1/2

2
= [-B, +(B," - 4A.C)) 1/2A

«
[u—y
|

y, = -B - (B, -4A,C))"]/24

and

"
|

p = Op-hy)/my

X, = Uy - hl)/m1

@.1-23)

(4.1-24)

(4.1-25)

(4.1-26)

x1, 5}1) is the first point where the refracted ray enters into the mode volume
and (x9, yo) is the point where the refracted ray leaves the mode volume as
shown in Figure 4-2. (x3, y3) is the point where the refracted ray leaves the

laser rod surface.

1/2

B 2
v, = [-B, - (B, —.4A202) ]/2A2
Xg = (g -h))/m
where
Ay = Ay
B, = By
_ D2 2 2 2
02 = (hl—mlc) +my (b -R)

(4.1-27)

(4.1-28)

After leaving the rod, the ray will reenter the rod through the reflection of the
gold plated groove underneath the rod as shown in Figure 4-2. Now we can

proceed to calculate the power absorbed inside of the mode volume.
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The average Fresnel reflection on the rod surface for perpendicular and paral-
lel polarizations [22] is

Figure 4-2. Beam Paths Inside of the Nd:YAG Rod

1 sin2 (61-6 ) tan2 (6,-6_)
2 1 2

R, = 5 > +— (4.1-29)
sin (91+92) tan (6}1+92)

Thus the transmission into the rod is T = l—Rf.



The distance that the ray travels through the laser rod is
1

_ 2 2] 2
D = [(x0 -x)" + (¥, - V) J (4.1-30)

Similarly, the distance that the ray passes through the mode volume is
1

2 212 '
D_ = [(xl-xz) g - T, ] JERER

Let 1,(x,,y,) be the optical flux incident to the rod at (x5, y,) then

of

I ¥y = TI (x,y,) exp[-& (D, - Dm)/Z] (4.1-32)

where ¢ is the absorption coefficient of the Nd:YAG crystal. And

Iz(xz,yz) = TIO(xo,yo) exp [-OtO (Dr +Dm)/2] (4.1-33)

Lxgy,) = TI (x,y ) exp (- D ) (4. 1-34)
—_— 3 -

I,(x,,5,) = Rglo.(xo,yo) exp (-a_D ) (4. 1-35)

Rg is the reflectivity of the gold coatmg It can be seen in Figure 4-2, that
internally reflected rays I and 13 inside the rod and the re-entering rays I,
I5 and 16 will pass the same distance as Iy, Iy and 13.

Hence,
I, = T3Rg10(xo, y,) exp [-e_ (3D -D )/2] (4.1-36)
I - T3Rg10(xo, y)expl-¢_(3D_+D_)/2] (4.1-37)
Ié = R(TI (x ,y )exp[-o (3D -D )/2] (4.1-38)
I:; = R.TI (x_,y )expl-a (3D +D_)/2] @.1-39)



Therefore the power absorbed inside the mode volume is

1 1
P_=(,-L)+(@ -1)+(@,-T) (4.1-40)

Substitution of (4.1-32) through (4.1-39) in (4.1-40), gives an expression for the
fraction of power absorbed in the mode volume

P (%) =2T sinh (@ D _/2)exp (-a D /2) [1+(T2Rg+R 0

4.1-41)
exp (—aoDr)]

The total pumping efficiency into the mode volume is calculated by combining
equations (4.1-1) and (4.1-41), and integrating over the ranges indicated.

R W .7
_ g/ / . .
E =-==% (sina)exp (- D /2)sinh (@ D_/2)x
c° W Jwlo °r °cm (4.1-42)

2
‘T [1 + (T Rg + Rf) exp (-aoDr)] da du

where D, and Dy, are all complicated functions of o and u. The pumping ef-
ficiency E,, can be evaluated numerically. The results are plotted in Figure
4-3 with the following parameters:

Radius of the circular reflector a = 2.5 ecm.

Laser rod diameter 1.5mm,

The width of GaAlAs LED 2W = 0.03048 cm.

Nd:YAG doping level 1.3 atomic percent [23].

Peak absorption cross section of Nd:YAG at 81004 .

o=1.2x 10712 om? [13]

The average absorption coefficient of Nd:YAG for the transition

4 2
9/2 to F5/2 and H9/2
The reflectivity of gold near 81004 , Rg = 97.4%. Refractive index
of Nd:YAG n, = 1.82,

from 4I is &0 = 3,556 cm-l.
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Diameter of the laser rod: 1.5 mm
Emission width of the LED 0.254 mm

Radius of the mode volume: A = 0.465 mm
B = 0.433mm
35— C = 0391 mm
D = 0.329 mm
, E = 0.2765 mm
Dashed lines were the results without using
secondary reflector
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Figure 4-3. Pumping Efficiency of a Circular Cylindrical Reflector
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The data plotted in Figure 4-3 was divided into two groups: Group I was the
actual pumping efficiency in the fundamental mode volume; and Group II was
evaluated without considering secondary reflection from the gold plated groove
underneath the rod. Note that a good reflection gold plated groove is necessary
since one-third of the power absorbed in the mode volume is due to the second-
ary reflection.

By a similar ray tracing approach, the case of a single elliptical cylinder has
been analyzed. The pumping efficiency for single elliptical cavity was plotted
in Figure 4-4. Comparing the results of Figure 4-3 and 4-4, it may be con-
cluded that if the separation of laser rod and LED array is equal to or less
than 15 percent of the reflector diameter, the pumping efficiency of a circular
reflector is comparable to the corresponding elliptical reflector; however, as
the separation of LED array and laser rod increase, the pumping efficiency of
the circular reflector drops more steeply than for the elliptical reflector,
since a large portion of the reflected rays from the circular reflector are then
outside of the mode volume.

4.2 INDEX MATCHING

Mismatch of the refractive indices at the interface of semiconductor material
and air limits light output efficiency of the diode. For the case of GaAlAs LEDs, -
light generated in the p-n junction is emitted through the flat n-type surface; the
large index of refraction mismatch between the diode (n = 3.5) and air (n = 1)
prevents light emission at angles greater than the critical angle (8, = sin™
(1/3.5) or 16°) by total internal reflection. This difficulty limits maximum
light output efficiency of a bare diode to approximately 2 percent even though
the internal quantum efficiency is nearly 100 percent.

The loss due to total internal reflection can be reduced by diode configuration.
A spherical domed structure that surrounds the planar junction region at about
3.5 times the junction diameter increases the diode emission significantly,
since the incidence of most of the light with the spherical surface will be at
angles less than critical. This technique is very useful for individual diodes
but is less favorable in diode arrays because of the limited packing density and
scattering from adjacent domes. Another technique by which this loss can be
reduced is through avoidance of semiconductor/air interfaces. This can be
realized by placing a solid, transparent reflectively coated cylinder in direct
contact with the diode array. Since direct contact is difficult when diode lead
wires cause interference, the more practical design places the cylinder very
near the array (~50 um) and fills the gap with viscous transparent fluid with

4-11
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an appropriate refractive index. This increases the critical angle and also re-
duces the Fresnel reflection both of which increase the diode efficiency. This
method lends itself to the construction of large arrays with high packing density.
For a specified volume excitation density and LED efficiency, the diode drive
current density is inversely proportional to the packing density. Since diode
life is adversely affected by high current density, high packing density and con-
comitant low current density are very desirable.

The sketch of an index matching technique is shown in Figure 4-5. According
to Snell's law

n, sin 8 = n

1 z'sin 92 = n_ sin 93 4.2-1)

3

where nj is the index of refraction in the LED, ng in the interface and ng in the
index matching cylinder. 64, 85 and 63 are the incident angle in the medium 1,
2, and 3, respectively. The maximum emission angle of the diode is

ema.x = arcsin (n3/n1) for the case n; >n, >1,

“4.2-2)

= arcsin (n2/n1) for the case n, >n_ >n

max 1 3 2

The relative emission efficiency of a diode can be expressed by

B " 2 2
E, = 55 / (1—R12)(1—R23) sin Olcos 6, d91,d¢ 4.2-3)
0 0 -

In deriving Equation (4.2-3) it is assumed that the n-type surface of the GaAlAs
diode is completely transparent; reflected light is absorbed in the material. In
reality, these conditions may not be exactly true. Rjg is the reflection coeffi-
cient between medium 1 and 2 and Rgg between medium 2 and 3. Cos 6 is the
emission pattern of LED. B is the transmission constant related to the inter-
face and laser rod. E, is integrated in the solid cone within 6,55, Two polar-
izations have to be considered [24], namely perpendicular polarization where
the electric vector E is perpendicular to the plane of incidence and, parallel
polarization where E is parallel to the plane of incidence.
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Case I: Perpendicular Polarization
/2
/2

2 .2 1
cos 91 - [(nz/nl) - sin 91]

R, (0 (4.2-4)

2 .2 1
cos 91 + [(nz/nl) - sin 61]

{1 - (n, sin 61/n2)2}1/2 - {(1:\3/nz)2 - (n, sin 91/n2)2 }1
RygM = 2)1/3 2 iz 270
23 {1 - (n, sin Gl/nz) } + {(ng/nz) - (n, sin el/nz) }

Case II: Parallel Polarization

2 2 . 2.11/2
(nz/nl) cos 61 - {(nz/nl) - sin 61}

R._(O) = . 2-6)
12 2 2 .2 _\1/2
(nz/nl) cos 61 + {(nz/nl) - sin 61}
2})1 . 211/2
(n3/n2)2{1—(n1 sin 91/n2) } /2_ {(n3/n2)2-(n1 sin 61/n2) } / |
R, () = 75 (4.2-T)

2 . 211/2 2 . 2
(n3/n2) {1—(n1s1n 91/11-2) } / +{(n3/n2) - (n, sin Ol/nz) }

From equations (4.2-4) through (4.2-7), all functions of angle are expressed in
terms of 91 through the relationship (4.2-1). Equation (4.2-3) was evaluated
for three cases, diode to air (n; = 3.5, ny = ng = 1), diode to Lens Bond to
Yttrium Aluminum Garnet (YAG) cylinder (ny = 3.5, np = 1,55, ng = 1.82), and
diode to low melting point high index glass to YAG cylinder (ny = 3.5, ng = 2.2,
ng = 1.82). The computed results of relative diode emission efficiency are
listed in Table 4-1,

Table 4-1. Improvement of Diode Emission Efficiency by Index Matching

I. Perpendicular Polarization

n, n, n3 - E c Improvement related to bare diode
3.5 1 1 1.33% Same

3.5 1.55 1,82 4.495% 338.9%

3.5 2.2 1.82 7.685% 579.5%
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Table 4-1. Improvement of Diode Emission Efficiency by Index Matching (cont.)

11. Parallel Polarization

n, n2 n3 Ec Improvement related to bare diode
3.5 1 1 1.84% Same

3.5 1.55 1,82 5.635% 306.5%

3.5 2.2 1.82 8.35% 454, 3%

From above results, the average theoretical improvement for laser pumping
rate through index matching are 517% for ny = 2.2 and 324% for ny = 1.55.
The transmissions from diode to laser rod through various index matching
media as a function of angle were plotted in Figure 4-6 and Figure 4-7.

These figures show how various index materials affect the transmission of opti-
cal energy and the critical emission angle in the semiconductor material.
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Section 5, EXPERIMENTAL RESULTS

5.1 APPARATUS

Lasers with two kinds of pumping cavities were used in these experiments; a
semicircular metal reflector, and a solid half-cylinder. Both were 5.0 cm in
diameter and 5.6 cm long. The metal reflector was stainless steel with the
inside surface optically polished and gold plated. The solid half-cylinder was
Schott LaSF12 glass. The curved and flat end surfaces were optically polished
and gold coated. Two grooves parallel to the cylinder axis were at opposite
sides of the center line on the glass half-cylinder. The groove for the laser
rod was 1. 5 mm in diameter and 2.5 mm off center, The other groove was
1.4 mm wide and 0. 5 mm deep, located 2.5 mm off center, at the position of
the diode array. Both grooves were optically polished to reduce scattering
losses. The interfaces between the diode array, glass cylinder, and laser rod
were filled with Lens Bond* for index matching, The physical appearance of
the metal reflector, glass half-cylinder, and an assembled diode array can be
seen in Figure 5-1.

The upper surface of the diode array and the axis of the laser rod were located
on the diameter of the reflector. The diode array heat sink was fastened on a
horizontal sled. Horizontal adjustment was provided by two screws threaded
into the sled. Dowel pins at each end of the heat sink slid into the arms of a
vertical yoke of the fixture. The yoke provided relative vertical motion be-
tween the horizontal sled and the heat sink for vertical adjustment of the diode
array. The bottom plate of the fixture was supported on three thermoelectric
coolers. All contact surfaces between metal parts were gold plated and had a
thin layer of Wakefield thermal joint compound No. 120 for good thermal con-
duction, The bottom plates of the thermoelectric coolers were soldered to a
water-cooled box for heat removal.

The laser rod was placed in an optically polished and gold plated groove in its
own heat sink. This heat sink fastened to another fixture in exactly the same
arrangement as the diode array side, but was thermally isolated from it. The
laser rod and diode array temperature were controlled independently by varying
the current through their respective thermoelectric coolers. Temperatures

*Lens Bond F-65 made by Summers Laboratories, Inc., Fort Washington,
Pennsylvania 19034,
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were monitored with copper-constantan thermocouples directly attached to the
heat sinks. The schematic drawing of this laser device with a metal reflector
is shown in Figure 5-2. TFigure 5-3 shows the photograph of the complete laser
device with end plates removed. Figure 5-4 is the photograph of a laser device
with index matching solid cylinder.

Alignment of the laser rod and diode array was very critical for efficient laser
operation. Initial alignment was done using a 3-axis traveling microscope to
align the relative positions of the rod, diode array, and reflector according to
predetermined dimensions, The sharp edges of the reflector, diode, and the
perimeter of the laser rod were chosen as the references for the microscope
measurements, The measurements of the front and back ends were repeated
several times to ensure their accuracy. When laser oscillation begins, further
improvement of the coupling efficiency can be achieved by slight vertical and
horizontal adjustments of the diode array. The best experimental results were
obtained with this alignment procedure, '

All experiments were performed with 1. 5 mm diameter and 56 mm long laser
rods with dielectric coatings on the end surfaces. Output transmission was

0.1, 0.2 and 0.4 percent on flat (0.1 percent) and one meter radius of curvature
surfaces; the other ends had a one meter radius of curvature and were coated
for maximum reflection., In all cases, the beam diameters of TEMooq mode
were approximately uniform along the rod., The diode array was driven in con-
tinuous (CW) and pulsed modes. For pulsed operation, a Rutherford pulse
generator Model B7D, cathode follower amplifier and a Tektronix Model 565

~ oscilloscope with Dual Beam Plug in Type 1A1 were used. The pulse current
was measured by the voltage drop across a one ohm resistor in series with the
GaAlAs diode array. The schematic for pulsed operation is shown in Figure
5-5. In all pulsed experiments, a pulse repetition frequency of 20 Hz was

used. CW laser power output was detected with an EG&G radiometer Model 580
and narrow beam adapter. Measured values were calibrated by using an Epply
Thermopile and a Keithley nanovoltmeter. The whole laser device was en-
closed in a clear acrylic plastic box with a continuous dry nitrogen gas purge for
operation below room temperature. Gas flow pressure was maintained constant
at 2 1b. /in. 2 by a fine pressure regulator.

5.2 LASER PERFORMANCE WITH CONVENTIONAL METAL REFLECTOR

a. Pumping Threshold — The threshold for lasing in Nd:YAG is very
sensitive to temperature variations due mainly to the increase in lower
laser level population density, Ny, as described by Boltzmann's law.
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Figure 5-3. Photograph of Diode Pumped Nd:YAG Laser Device with End Reflector Removed
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Figure 5-4. Diode Pumped Nd:YAG Device with Index Matching Solid Cylinder
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Using equation (3.2-9), the temperature dependence of laser threshold
can be calculated. The results are plotted in Figure 5-6 for the
following parameters:.

Laser rod: 1,5mm X 56mm
Output mirror transmission: 0.1%, 0.2% and 0. 4%

Average beam diameter: 0.0658cm for 0. 1% output transmission
laser rod; 0. 553 ¢cm for both 0,29% and 0. 4% output transmission
laser rod.

Doping density of Lutetium compensated Nd:YAG rod: 1. 3%
Nd ion density: 1.76 x 1020 cm_3 (23]

Total cavity loss: 0.56%

Experimental values of laser threshold were measured in pulse opera-
tion at one percent duty cycle, minimizing the problem of diode heating,
Furthermore, current density in pulsed operation could be as high as
three times the corresponding CW operation without dramatic effect on
the lifetime of the diode array. The results of pulsed laser threshold
are shown in Figure 5-7. During the experiments, the temperature

of the diode array was maintained between ~5 and -8°C. The tempera-
ture variation of the diode array was due to the slight thermal conduc-
tion of the stainless steel reflector from the laser rod side to the

diode side. '

CW laser threshold is expected to be lower than for the pulsed laser.
The relationship can be expressed by

_At
P_ th) = Ppulse(th) (L-e 't ) (5. 2-1)

Where At is the input current pulsewidth in seconds and tg is the
spontaneous lifetime of the upper laser level. If the input pulsewidth
was much greater than the spontaneous lifetime, the CW and pulsed

* thresholds would be approximately equal. -

Pulsed Operation — Pulsed operation of the diode pumped Nd:YAG
laser is useful for determining laser threshold, checking optical
alignment of the laser rod and diode array, and observing relaxation
oscillations. In our pulsed experiments, we applied a rectangular
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current pulse to drive the GaAlAs diode array. When the input pumping
power was near threshold, the laser appeared in a single spike oscilla-
tion at the end of the input current pulse as shown in Figure 5-8. For
a slight increase of pumping power above threshold, oscillation spikes
increased to three and four as shown in Figure 5-9. For a long drive
current pulse, the laser oscillations approached the steady state near
the end of the current pulse as shown in Figure 5-10. The time delay
of the first spike relative to the driving current pulse was also related
to the pumping level; higher pumping power resulted in shorter time
delays. For driving power far above threshold, the spikes became
random oscillations as shown in Figure 5-11. These phenomena might
indicate that the higher order transverse mode had been excited.

The relaxation oscillation frequency and decay time constant can be
used for calculating the effective pumping rate and the total cavity loss
by utilizing equations (3.2-23) and (3.2-24). This gives an inde-
pendent way to determine the operation parameters of the laser,

Pulsed power output versus input electric power was measured with
the laser rod at -27°C. The highest power obtained was 32. 5 milli-
watts; slope efficiency was 0.051 percent. Figure 5-12 shows the
experimental results.

CW Operation — Threshold for the Nd:YAG laser is reduced at lower
rod temperatures. Therefore, it is more favorable to operate CW at
low temperature since more input power above threshold will be avail-
able for conversion to laser power output. For example, the laser
threshold at -20°C requires only 28.2 percent of the room temperature
pumping power, At the pumping level for room temperature threshold,
the pumping rate is more than three times the threshold for -20°C
operation. In our experiments, we have operated CW with the metal
reflector in the temperature range from ~10° to -30°C. The output
couplings of laser rod were 0, 1 and 0.2 percent. Optimum operating
temperature of the diode array has to be determined from experiment
since each diode array may have a different emission spectrum and
different thermal properties. The CW power output reported was
obtained with 0,.2% output coupling. The rod temperature was main-
tained at -27°C and heat sink temperature of the diode array at -14°C.
The CW experimental results are plotted in Figure 5-12 together with
pulse laser results for comparison,
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Upper Trace: Laser signal
Lower Trace: ' Input current pulse
Time Scale: 100 us/div.

Figure 5-8. Laser Oscillation Near Threshold

Theoretical predictions of the optimum power output and output mirror
transmission were claculated for the fundamental transverse mode.
The results are plotted in Figure 5-13, K should be noticed that there
are two important differences between the calculated model and the
actual laser performance. The model calculated assumes a uniform
transverse intensity distribution and a single oscillating mode while
the actual laser beam was approximately Gaussian with a large number

of axial mode oscillations,

5.3 LASER PERFORMANCE WITH INDEX MATCHING GLASS CYLINDER

To improve diode emission efficiency, the stainless steel reflector was re-
placed by a half-glass cylinder of refractive index 1.8, The interfaces between
the diode array, the glass cylinder and the laser rod were filled by Lens Bond
(n=1. 55). Care was taken to eliminate any air bubbles trapped at the interfaces.
Again, a precision alignment of diode array and laser rod relative to the posi-
tion of glass cylinder was essential for efficient laser operation.
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Upper Trace: Laser signal
Lower Trace: Input current pulse
Time Scale: 100 us/div.

Figure 5-9. Laser Oscillation at Slightly Above Threshold
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Upper Trace: Laser signat
Lower Trace: Input current to the diode
Time Scale: 100 us/div.

Figure 5-10. Laser Oscillations Approach to the Steady State Near the End of the
Long Input Current Pulse

In order to compare the pumping efficiency with metal reflector, the experi-
ments were performed under the same temperature conditions., In all cases,
the 0.2 percent transmission laser rod was used. Laser thresholds as a func~
tion of the rod temperature are listed in Table 5-1.

According to the threshold data, the coupling efficiency for the index matching
cylinder shows between 159 and 199, 5 percent improvement as compared with
the metal pumping cavity. Theoretical calculation had predicted 323, 7 percent
improvement. The pulsed and CW laser output are compared to Figures 5~14
and 5-15, respectively, with previous metal reflector data, The improvement
for pulsed power output was 270 percent and CW power output was 440 percent.
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Upper Beam: Laser signal output 50 mV/div.

LLower Beam: Input current pulse 1A/div.

Time Scale: 100 us/div.

Figure 5-11. Pulsed Laser Oscillation at Higher Pumping Level

Following are several reasons for the difference between the theoretical pre-
diction and experimental results:

a. Alignment of the diode array with respect to the rod was very critical;
even 25 ym misalighment measurably affected the laser threshold.

b. The original alignment of the diode emission surfaces in the array was
not perfect; there was normally a 25 um to 50 ym misalignment from

a straight line,

c. There are errors in the reflector configuration and absorptions in the
reflective coatings.
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Table 5-1. Comparison of Pumping Threshold Between Index Matching
Cylinder and Metal Reflector

Pulsed Threshold Improvement With
Rod Diode Metal Index Match- | Index Matching
Temperature | Temperature | Reflect. | ing Cylinder Technique (%)
11, 7°C -7°C 112.7W {71 W 159

8°C .-8°C 106.5W | 64 W 166. 5

6°C -8°C 96 W 56.2 W 171
-10.2°C -10°C 61.8W | 32,9 W 188
-23°C -8°C 44,3 W | 22,2 W 199.5
-25°C ~25°C 39.9W | 20.2 W 197.6

d. Strain in the rod due to the mismatch between rod groove and glass
reflector.

e. Diode efficiency and spectrum are slightly different from the original
calibrated values,

Nevertheless, the improvement of coupling efficiency with index-matching cylinder
was quite significant. The CW power output had much greater improvement

than the pulsed power output because the threshold for CW operation was lower
than the pulsed operation, If a higher liquid were used for filling the inter-

faces, the coupling efficiency would be further improved.

5.4 LASER MODULATION

Light output of a diode pumped Nd:YAG laser can be directly modulated by
varying the drive current to the diode. For amplitude modulation, the maximum
depth of the output modulation depends on the effective pumping rate, cavity loss
and spontaneous lifetime of the upper laser state. In order to understand this
modulation effect as a function of frequency, we have calculated the modulation
depth and phase shift under the assumptions that the laser was operated at -25°C
and pumped at 1, 2 times the threshold, Figure 5-16 is the calculated modulation
depth and phase shift versus modulation frequency. The peak resonant frequency
is at 23,2 kilohertz. In Figure 5-17, the frequency and phase at maximum modu~
lation depth are plotted as a function of laser rod temperature. I may be of
interest to notice that the phase shift is approximately 90 degrees out of phase
from the modulation signal at all the maximum modulation output.
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In the experiment, a 1, 5mm x 56mm Lutetium compensated Nd:YAG rod was
used with an index-matching glass cylinder as discussed in the previous section.
The laser rod temperature was maintained in the vicinity of -25°C and the heat
sink of the diode array at -1°C. The laser was operated continuously with one
milliwatt output at 12 percent above the threshold. The laser beam appeared to
be a TEM(y mode as viewed with an image converter; however, the intensity
profile across the beam was not measured. :

The modulation effect may be separated into two frequency ranges; the regular
spiking mode, where the modulation frequency depends only on the flourescent
life time of the upper laser state. The nonlinear rate equations do not explain
this phenomena, and the resonant amplitude modulation, which is predicted by
the nonlinear rate equations on the assumption of a small signal perturbation,

When the modulation frequency approaches the inverse of the spontaneous life-
time; the laser oscillations appear as sharp spikes at regular time intervals,
similar to a repetitively Q ~ switched laser signal. Figure 5-18 shows the laser
modulation at 3. 125 kilohertz - slightly less than the spontaneous relaxation
frequency. The laser produced a sharp spike 60 microseconds after the modula-
tion signal, followed by two small relaxation oscillations, If the modulation
frequency is exactly at the spontaneous relaxation frequency, we obtained only a
repetitive sharp spike with rise and fall time less than 10 microseconds.

Figure 5-19 shows the laser modulation at 5 kilohertz. The spike is delayed
about 80 microseconds modulation signal. For a higher modulation index

(ac modulation current 50 percent of the dc current) at 5 kilohertz, the peak
power of the spikes was about 97 times the average CW power output in agree-
ment with Danielmeyer and Ostermayer's results 25],

For the resonant amplitude modulation at the frequency for which the output
modulation depth is maximum, the laser followed the same waveform and fre-
quency as the modulation signal, Figure 5-20 shows the laser modulation at
22,2 kilohertz., The input modulation index was 10 percent and the output
modulation depth was 44, 5 percent. Theoretical calculation had predicted that
the frequency for maximum resonant amplitude modulation was 23, 3 kilohertz
for a pumping level of 1.2 times threshold. This agrees with the experimental
results within 5 percent. If the frequency is detuned from the resonant fre-
quency, the laser oscillations becomes random and unstable, However, at
higher modulation index, the laser output again becomes stable and follows the
waveform of modulation signal. For frequencies beyond 50 kilohertz, the
modulation signal has negligible effect on the laser output.
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Upper Beam: Laser signal 5 mV/div.

Lower Beam: Modulation voltage to the diode array.
DC input current was 0.3A before
modulation and the average current
was 0.9A after applied modulation
signal.

Time Scale: 100 ps/div.

Figure 5-18. Laser Modulation at 3.125 Kilohertz
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Upper Beam: Laser signal output 100 mV/div.

Lower Beam: Input current to the diode array 0.4A/div.
Time Scale: 100 us/div.

Figure 5-19. Laser Modulation at 5 Kilohertz
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Upper Beam: Laser signal output 10 mV/div.

Lower Beam: {nput current to the diode array 0.4A/div.

Time Scale: 50 us/div.

Figure 5-20. Laser Modulation at 22.2 Kilohertz

Laser modulation produced by a pumping intensity variation has shown two types
of modulation effects. In the resonant AM mode, the modulated output followed
exactly the same waveform as the input signal. Its frequency depends on the
pumping level and cavity loss. In the regular spiking mode, the modulation fre-
quency depends only on the flourescent lifetime of the upper laser state. Peak
powers were about 100 times the CW power. This should be very useful for
second harmonic generation as the efficiency of conversion is proportional to
the square of the intensity at the fundamental frequency.
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Section 6. LASER DESIGN PARAMETERS

In this section the selection basis of parameter values is described. The
characteristics of major laser components are considered in order to relate
them to the overall device design.

6.1 DIODE PUMP

~ One of the outstanding advantages of diode pumping is the absence of heat due
to absorption of useless pump radiation. Instead, the pump emission is care-
fully matched to a Nas* absorption which populates the upper laser level.
Several absorption bands satisfy this requirement with high efficiency [26]

so the selection can be made on other criteria. The energy difference between
the absorbed pump photon and the laser photon will result in crystal lattice
heating. Therefore, it would be desirable to pump at wavelengths not much
shorter than the laser emission. The absorption resulting in direct excitation
from the ground state to the upper laser level is at 87004 and for many rea-
sons related to the GaAlAs LED material is attractive. At the low pumping
flux achieved in diode pumping, the 3-level aspect of this transition presents
no limitation. The efficiency and thermal conductivity, as well as the
emission wavelength of GaAlAs, are dependent on the aluminum concentra-
tion in the crystal. The thermal conductivity decreases with increasing
aluminum concentration. The emission wavelength decreases and the
efficiency is constant over the wavelength range from 75004 to 900011;

for shorter wavelengths, it also decreases. For all of these reasons the

8700 & absorption is attractive; unfortunately, this absorption is weaker by
more than a factor of two than the absorption at 8100L. Therefore, this 81004
nearest wavelength alternative was selected as the pumping transistor. The
aluminum concentration of the GaAlAs was adjusted to match the peak ab-
sorption, and the gradients were controlled to match the absorption band-
width. To maximize diode efficiency, a wide range of doping densities were
explored in the investigation of its effect on interval quantum efficiency

and absorption. Contact technology was improved to reduce chronic losses.
A minimum bandgap structure was grown to reduce the bulk absorption of

the material overlaying the junction region. The thickness of the n-type
layer through which the pump light is emitted was minimized.

The thermal conductivity of the individual diodes was improved over previous
material by growing the '"n-up" structure. Only a thin (~35 pm) epitaxial
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layer of GaAlAs is grown on a GaAs substrate which serves as the thermal
conduction path to the heat sink., The array consists of 20 diodes connected
electrically in series, bonded on a hybrid circuit board., The board is made
of beryllium oxide, an electrical insulator with high thermal conductivity.
The diodes are soldered to this board and the board to the heat sink, thereby
minimizing thermal discontinuities.

Diode design parameters which are available within this basic array structure
of the form factors are operating current and operating temperature. The
length of the diodes used in this program was 0.25 em. This length was
chosen on the basis of material homogeneity and handling requirements. It
proved to be adequate from the standpoint of diode yield and minimum number
of array elements. The array length was designed to match the length of the
laser mode, i.e., the laser rod. The rod length used was the maximum
thought feasible for the 0.15 cm rod diameter without excessive breakage.

The diode emission width was chosen to fall within the laser mode diameter.

A constant stripe of 87um was applied to the n-type diode surface to accommodate
the 75 pm ball diameter of the thermal compression bonded wire leads. Table
6-1 shows a comparison of pumping efficiencies (defined as 100x absorbed
light + emitted light) for different rod and mode diameters and diode widths.
These results show that the choice of diode width should be based on thermal
behavior rather than mode diameter.

Since long operating life is one of the characteristics sought, the current
density chosen for diode operation was the maximum which intuitively
appeared to offer this life, Observation of low duty rate pulsed emission
and continuous operation under identical current density show similar
efficiency up to about 115A /cm2. Above that point the efficiency of the
continuously excited diodes drops below the pulsed efficiency indicating an
increase in junction temperature. Life tests at 115A/cm?2 show the desired
expectancy.

The diode array operating temperature must be established before the

material is grown since the emission wavelength is dependent on it., Generally,
diode performance is better at lower temperatures but, depending on the
cooling system available, it will probably be necessary to choose an operating
temperature near ambient to minimize power expenditure. Typical power
requirements for thermo-electric coolers are shown in Figure 6-1 and 6-2.
The temperature chosen for the laser rod operation is not significantly
influenced by the heat load presented by the rod. At most this would be of

the order of 0.1 watt, Therefore, the rod dperating temperature will be
chosen as low as is compatible with the application.
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Table 6-1, Pumping Efficiency of Circular Cylindrical Reflector
as Function of Diode Emission Width and Laser Rod Size

0.0254 cm. Emission Width of the GaAlAs Diode:

di
311 lltlass(e)i Pumping efficiency in the fundamental mode volume

R =0.02765cm R =0.0329cm R =0.0391cm R 0.0465 cm

Rod m m m m
0.1 cm 14, 9% 18.2% 22% 26.7%
0.075 cm 17.3% 21.2% 25.7% 30.9%
0.0508 cm Emission Width of the GaAlAs Diode

Radius of Pumping efficiency in the fundamental mode volume

the Laser R =10,02765¢cm R =0.0329¢cm R =0.0391cm R = 0,0465 cm
Rod m m m m

0.1cm 14% 17.7% 21.7% 26.4%

0.075 cm 16.3% 20.5% 25.1% 30.5%

R : radius of the TEM __ mode volume.
m 00

6.2 LASER RESONATOR

The resonator parameters available for design are mirror curvatures and
reflectivity and resonator length. Given a power output requirement and a
volume excitation rate, the appropriate mode volume and output reflectivity
can be selected from curves like those in Figures 6~3 and 6-4. Mode conirol
is achieved by making diffraction losses on desired modes preferentially

low. There exists an additional degree of control in diode-pumped losses
since the excitation rate is not homogeneous throughout the rod but is much
higher in the volumes where the pump is imaged. For some arrays tested,
this control alone was sufficient to limit operation to TEM; mode but this was
only in exceptional cases. Positive control of transverse mode should be
achieved if the diffraction loss on the undesired mode with the lowest threshold
is a factor of two greater than the desired mode and equal to about half the
optimum output transmission. All resonators tested as part of this program
have the mirrors as an integral part of the laser rod. For applications
requiring mode locking at least one of the mirrors must be separated from the
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Figure 6-1. Cooler Drive Power vs Diode Operating Temperature

laser rod. The laser gain achieved at the conclusion of this program is not
great enough to accomodate the extra loss incurred at the anti-reflection central
surfaces and still operate continuously.

6.3 PUMPING CAVITY REFLECTOR

In cylindrical pumping reflector, the separation between laser rod and diode
array should be as small as possible for efficient critical coupling. A prac-
tical separation between the diode array and laser rod is 5 mm, and based on
ray-tracing calculations, a diameter of 5 cm was chosen for the solid glass
reflector. Thus, the separation is only one tenth of the reflector diameter,
Pumping efficiency at this separation but slightly varying laser rod in the
vertical position has been calculated and the results listed in Table 6-2.

It was found that the best pumping efficiency occurs for the rod located 200
microns above the x~axis for the hollow metal reflector and 300 microns
above the x-axis for index matched solid cylindrical reflector.
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500

Laser Rod at ~27°C
Radius of the TEMOO Mode Volume:
A = 0.465 mm
B = 0.433 mm A
C =0.391T mm
D =0.329 mm
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Figure 6-3. Output Power and Coupling at -27°C Operation
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260

Laser Rod at 0°C
Radius of the TEMOO Mode Volume:
A = 0465 mm
B = 0433 mm
C = 0391 mm
D = 0.329 mm
Rod length 5.6 cm
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Figure 6-4. Output Power and Coupling at 0° Operation
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Table 6-2, Pumping Efficiency of Circular Reflector as Function of
Laser Rod Location

Location of Pumping efficiency in the fundamental mode volume (%)
Laser Rod (x,y) | Metal Reflector Glass Cylinder YAG Cylinder
in cm n1=1, n2=1.82 n1=1.55, n2=1.82 n1:1.82, n2=1.82
(=0.25, -0.020) 19,1 15.2 11.9
(-0.25, -0.010) 20.3 19.5 16.5
(-0.25, 0 ) 21.2 22.9 21.1
(-0.25, 0.010) 21.7 24.9 24.2
(-0.25, 0,020) 21.99 25.9 25.8
(-0.25, 0.030) 21.97 26.1 26.2
(=0.25, 0.04 ) 21.5 25.5 25.5

Radius of the laser rod R=0.075 cm

Radius of the mode volume Rm =0,0329 cm



Section 7. CONCLUSIONS AND RECOMMENDATIONS

The experiments performed and lasers constructed in the performance of this
development program permit a number of conclusions to be drawn. Primarily,
the output power and efficiency of an LED-pumped Nd:YAG laser can be im-
proved by the use of index-matching techniques. The basic premise of this
approach was never in doubt but many questions regarding its parctical realiza-
tion did exist. Generally speaking, these questions have been resolved by suc-
cessful experiments. It was demonstrated that these index-matching techniques
improved the diode array output efficiency from 160 to 200 percent at varioustem-~
peratures. A maximum CW output power of 27 mW was achieved with the index-
matching cylinder compared with 6. 7mW with a conventional metal reflector.

Although this improvement is significant, it does not represent good agreement
with the theoretically predicted goal.” For the above mentioned case, the antici-
pated improvement was 324 percent. One of the significant factors reponsible
for this departure lies in the difficulty of optical alignment. These lasers have
proven to be very sensitive to alignment of the array and rod in the reflector.
Not only is the output power and threshold strongly dependent on the alignment
but also the transverse mode structure can be controlled to some extent by it.
In the design of these lasers the image of the diode array in the laser rod was
selected to be approximately the same width as the fundamental mode diameter
which is about half the rod diameter or one-quarter of the rod volume. When
the image is precisely aligned in this mode, volume laser operation over a
wide range of input power (> 2x threshold) is in TEMyg mode. It was found that
this operation could only be achieved with certain doide arrays, namely those
for which the vertical positioning of the diode chips on the substrate and the
flatness of the substrate met the +25 um tolerance which was held on the hori-
zontal positioning. Unfortunately, this was not the typical case. Instead, this
tolerance was nearer to +50 & m although the deviation between adjacent diodes
was generally much less. Two factors contribute to this difficulty, warpage of
the substrate and variations in diode thickness.

It may be concluded from these experiments that the glass circular cylinder is

a satisfactory pumping cavity reflector with regard to surface figure and per-
formance. In particular, designs in the difference in thermal expansion between
the cylinder and other laser elements must be considered. During this program
no completely satisfactory solution was found for the problem of index matching



between the diode surface and the reflecting cylinder. An early candidate for
this role, low melting point glass, was rejected when efforts to make '"flip-
chip" diodes failed. The '"'n-up" diode lead wire which is bonded to the upper
surface of the diode is vulnerable to damage from thermal expansion of this
material. The presence of the wires constrains the choice of materials to
liquids, particularly viscose, noncorrosive liquids. The substance used in

most of these experiments, Lens Bond, is a two-part adhesive of which only

the uncatalyzed resin was used. In most respects, this material was satisfac-
tory although a higher refractive index is desirable, however, in long term

(30 days) use, it is found that the resin solidifies and may then damage the array.

The results reported for this program were achieved with selected laser rods.
A wide variation in threshold (50%) and output power was found among laser
rods with identical specifications. The cause of this variation was not investi-
gated but could lie in bulk material properties, fabrication-induced strain,
coating variation, figure variation or perhaps doping density. The diode-
pumped laser is an excellent tool for further investigation of many of these rod
characteristics since rods can be rapidly substituted with good control of pump-
ing parameters and with no thermally-induced strain.

Further increases in output power (~ 100mW) and efficiency (0. 3%) can be made
by improvement in the diode technology while maintaining or improving the long
lifetime characteristics demonstrated in this program. The principle improve-
ment should be based on the ""flip-chip" diode configuration. Although a few of
these diodes have been made under another program (Contract #NAS5-11447),
some difficult fabrication problems still persist. These problems are not un-
solvable but will require a unified effort in material growth and device fabrica-
tion. The rewards of this improvement are many. Diode efficiency will be in-
creased by the present contact masking factor (1. 35); the problem of diode thick-
ness variation will be eliminated, thereby improving the vertical positioning
precision; the thermal characteristics will be greatly improved since the dis-
tance between junction and heat sink will be greatly reduced (factor of 1/5) and
the device resistance will be reduced; and additionally, the elimination of the
leads from the diode surface will reduce the index matching problem.

With such improved diodes, it will then be reasonable to increase the diode
emission width, rod diameter and mode diameter to increase the total power
output. The final result should be a very stable, long-lived laser with a power
output of the order of 100 mW.
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