
The 
Evolution 

o f D i o d e - p u m p e d S o l i d - s t a t e L a s e r s 

Long lifetimes and high efficiency have made 

diode-pumped lasers the choice for many applications. 

Review the basics of how these lasers lasers operate, their 

applications, and learn about how they can be improved to 

achieve longer lifetimes and greater power output. 

By Andrew Leuzinger 

Over the last 10 years the diode-pumped laser market has averaged an impressive growth rate of 25% per 
year. In 1998 alone the market for diode-pumped lasers totaled approximately $84 million. A 20% 
growth rate is projected for 1999, due to a softening in the semiconductor processing and disk textur
ing market. This article examines the developments and applications that have fueled this growth, sig
nificant design issues related to diode-pumped laser design, and the industry's future. 
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Why diode pumping? 
The fundamental advantage of diode-pumping versus 
arc lamp-pumping is illustrated in Figure 1. A tradition
al Nd:YAG laser is pumped by a broadband arc lamp. 
These lamps emit radiation across a broad spectrum. 
Most of this emission is wasted, since Nd:YAG only 
absorbs light at narrow wavelength bands. In compari
son, a diode laser can be tuned to emit at a specific 
wavelength. Thus, through lot selection and tempera
ture tuning of the diode laser, it is possible to set the 
center frequency of the diode laser around 808 nm. In 
this situation, a majority of the output of the diode laser 
is absorbed by the Nd:YAG material. 

This improvement in pumping efficiency results in 
two direct benefits: less wasted heat in the Nd:YAG and 
orders of magnitude improvement in wall-plug effi
ciency. The former allows for improved laser output 
characteristics, especially with respect to noise and 
beam quality (M2 and ellipticity). The latter allows for 
easier implementation compared to lamp-pumped or 
gas laser systems. Low power diode-pumped lasers 
often only require a heat-conductive mounting surface 
(such as aluminum) to provide adequate heat removal, 
while higher power diode-pumped lasers typically 
operate with small, closed-loop recirculating chiller sys
tems. This contrasts sharply with gas laser systems that 
often require three phase power and open-loop, non-
recirculating cooling systems. Table 1 summarizes the 
major advantages and current disadvantages of diode-
pumped lasers relative to lamp-pumped solid-state 
lasers and gas lasers. 

Early history and first commercialization 
The concept of diode pumping a solid-state material is 
not new. The diode laser was first demonstrated in 1962, 
and within two years a diode laser-pumped uranium-
doped CaF2 laser was demonstrated.1 However, this 
laser required cryogenic cooling, and it was not until 
1972 that Nd:YAG was pumped at room temperature.2 

Still, the power was very low. 

In the early 1980s the introduction of room tempera
ture GaAlAs diodes producing tens of milliwatts made 
diode-pumped solid-state lasers commercially feasible. 
Power levels of the first diode-pumped lasers initially 
were limited to about 10 mW because of the diode 
pump's limited output power. This low power level was 
still enough to get applications rolling. 

One of the earliest applications of diode-pumped 
lasers was the injection seeding of lamp-pumped 
Q-switched lasers. In this application, output from a 
diode-pumped, single-longitudinal mode, cw laser is 
injected into a lamp-pumped Q-switched laser's res
onator. This seed beam initiates the laser inversion 
process quicker than normally would occur during a 
spontaneous build up. Consequently, the gain is extract
ed from the Q-switched cavity in the same longitudinal 
mode as the seed laser such that other modes are 
quenched. The result is a Q-switched laser operating 
only on one longitudinal mode with significantly 
improved energy and amplitude stability. (Mode beating 
does not occur since only one mode is running.) In this 
case, diode pumping the seed laser is crucial because the 
efficiency of diode pumping allows for low thermal 
effects, resulting in low noise, and allowing a single lon
gitudinal mode to exist. Most lasers run in multi-
longitudinal mode. This means that more than one fre
quency is resonating in the cavity. In theory, an infinite 
number of frequencies are resonant with a given cavity; 
however, the number that actually can run is limited to 
those that fall within the gain material's (Nd:YAG) emis
sion bandwidth. In a single longitudinal mode laser, all 
the gain is extracted from the single mode that has the 
highest gain that is resonant with the cavity. While other 
modes normally would run in a multi-longitudinal mode 
cavity, if all the gain can be extracted by a single mode 
there is not enough gain to start the other modes lasing. 
Diode-pumping also allows for much smaller resonator 
geometries, and typical cavities for the seed source are 
monolithic ring resonators the size of a fingernail. 

Other early applications included telecommunica
tions and sensing at 1.3 and 1 μm using such materials 
as Nd:YAG, Nd:YLF, Nd:YVO4. Compared with diode-
only devices, these devices provide lower noise, TEM 0 0 

output, and greater output power. Indeed, while power 
levels of communication diodes have increased during 
the past 10 years, diode-pumped lasers also have scaled 
upward in power and still produce greater powers than 
communication diodes. 

First industrial applications 
Improvements in diode laser design and manufacturing 
processes led to the introduction of 1-W diode products 
in the late 1980s. This provided for scaling of the previous 
diode-pumped designs, and diode-pumped lasers prolif
erated in the 100-mW to 1-W regime. At these new power 
levels, diode-pumped lasers also began displacing lamp-
pumped and gas lasers in limited industrial applications. 

The earliest significant inroad into industrial markets 
was into the semiconductor memory repair market. In 
this application, semiconductor wafer layouts incorporate 

Figure 1. Flashlamp and laser diode emissions versus Nd:YAG absorption. 
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redundant circuits. After a wafer is fabricated, it is tested 
and defects identified. A laser beam is then used to 
remove links on the wafer, thus repairing the wafer. Dur
ing the 1970s and 1980s, a lamp-pumped Q-switched 
laser was used for this process. The introduction of a 
diode-pumped alternative in the late 1980s quickly result
ed in the displacement of lamp-pumped systems from 
this application. The diode-pumped systems provided 
significantly better amplitude stability and beam quality 
than the lamp-pumped systems. With processing win
dows becoming tighter as die sizes shrunk, these beam 
quality and energy stability improvements became crucial 
to consistent wafer processing. Additionally, lamps typi
cally required replacement about every 500 h. The 
unscheduled downtime associated with these replace
ments was very expensive in terms of opportunity cost. 
Manufacturers promised 10,000 h lifetimes for diode-
pumped lasers. In fact, this claim was conservative. The 
superior performance and process uptime of the diode-
pumped laser overcame the initial price difference and 
proved the diode-pumped laser the superior choice. 

One industry that has been significantly impacted by 
the advent of the diode-pumped laser is the reprograph
ics market. In this case a green laser is used to chemical
ly etch a printing plate. The plate is then used in an off
set press (such as a newspaper press) to generate 
hundreds or thousands of copies of the print. Prior to 
the introduction of the frequency-doubled, diode-
pumped laser, small frame (air-cooled) argon-ion lasers 
were predominantly used in this application. However, 
argon-ion lasers generate considerable heat, can induce 
vibrations in the plate-setter (a machine that is used to 
make printing plates) and are limited to about 20 mW 
of output power. Diode-pumped lasers suffer from none 
of these drawbacks. Additionally, they can produce 
more than 100 mW, which allows for greater through
put within the plate-setter system. Consequently, despite 
an initial cost disadvantage, most new chemical-etch 
plate-setters today use diode-pumped lasers. 

Current state 
As with early advances in diode-pumped laser technolo
gy, recent advances have followed developments in the 
laser diode pumping source. Specifically, the advent of 
20-W laser diode bars at about the same price as 1 W 
devices has allowed for economically feasible diode-
pumped lasers in the 10 W regime. 

Uses of these higher power diode-pumped lasers 
include 

frequency-doubled cw lasers replacing large frame 
argon-ion lasers in laboratories; 
Q-switched IR lasers replacing lamp-pumped sys
tems for marking and trim applications; 
High repetition rate Q-switched lasers enabling the 
disk texturing market; 
Q-switched U V lasers replacing HeCd lasers for 
stereolithography and replacing lamp-pumped solid-
state lasers for via drilling; 
cw IR lasers enabling the thermal printing market; 
and 

Q-switched deep UV lasers replacing excimer lasers 
in the semiconductor lithography market. 

The diode-pumped laser design paradigm 
With any revolutionary change in a field, people are 
forced to adapt their thinking to accommodate revolu
tionary change. This has definitely been the situation 
with diode-pumped laser designs. In this case, the laser 
diode pump source has significantly impacted design 
issues because 

diode laser lifetimes are proving themselves compa
rable with other semiconductor devices; and 
cavity designs can be significantly smaller than in tra
ditional lamp-pumped systems. 

As previously mentioned, the mean time to failure 
(MTTF) for diodes used for pumping solid-state lasers 
typically is around 20,000 h (2.5 years, operating around 
the clock). These numbers vary depending on the diode 
supplier and how hard the diode is driven. They also are 
statistical numbers, so there are some initial failures and 
some that have operated an estimated 50,000 h as well 
as everything in between. Also, diode lifetimes generally 
are getting longer as manufacturers continue to refine 
and improve their processes. 

A significant issue regarding laser lifetime is that the 
optical pump (laser diode) no longer must be the prima
ry failure mechanism in the laser system, and designing 
simpler systems to improve overall system reliability best 
benefits the user. Historically, the pump source has been 

Advantages of DP Lasers Current Disadvantages 
Near diffraction limited 
beam output 

Limited wavelength availability 
(same as other solid-state lasers) 

20,000 h typical diode lifetimes 
results in low maintenance costs 
and significantly reduced process 
downtime 

Relatively high initial cost per watt 

Ability to provide lower power levels 
when high powers not necessary 
(e.g. small frame ion lasers are 
limited to < 50 mW, while expensive 
large frame units provide multiple watts) 

Power limited to tens of watts for 
economically relevant lasers (higher 
powers exist, but are too expensive 
for most commercial applications) 

All solid-state designs are reliable 
and robust 

Unique performance characteristics 
such as very low noise for cw or 
Q-switched lasers and near diffraction 
limited beams for higher power lasers 
due to lower heat losses and 
smaller geometries 

High wall-plug efficiency resulting 
in reduced utility requirements 

No vibration (laser can be mounted 
around sensitive measurement 
equipment without affecting measurements) 

Compact 

Table 1. Advantages and current disadvantages of diode-pumped lasers. 

Optics & Photonics News/May 1999 39 



the primary failure mechanism in lamp-pumped and 
early diode-pumped lasers; however, other failure mecha
nisms exist including optical misalignment, coating dam
age, material damage, and contamination. By simplifying 
the laser system and reducing the number of optical ele
ments, the likelihood of failure due to these other mecha
nisms decreases. For example, the diode laser can be 
placed external to the laser head and the pump light rout
ed through a fiber and then focused into the cavity with 

multiple optics, or the diode can be placed adjacent to the 
gain material (Nd:YAG) without need of additional ele
ments. In the first case, the fiber, connectors, and associ
ated optics represent components that can break, scratch, 
misalign, or become contaminated. In the second case, 
these components do not exist, and thus the number of 
potential failure mechanisms is significantly reduced. In 
addition, a system with more optical components gener
ally operates at reduced efficiency, thereby requiring the 
diode to be driven harder to achieve a given performance 
level. This results in a greater probability that the diode 
will fail. If the laser system is kept as simple as possible, 
the number of potential failure mechanisms is minimized 
and diode lifetime is optimized. 

The advent of diode-pumping solid-state lasers has 
resulted in significant new opportunities and challenges 
in resonator design. For instance, diode light can be rel
atively easily gathered and focused (in comparison with 
light from an arc lamp), thus enabling relatively 
straightforward end-pumping of diode-pumped lasers. 
Conversely, due to relatively low thermal loading (in 
comparison with lamp-pumping), diode pumping has 
enabled novel side-pumping techniques to superior 
quality beams (M 2 < 1.1, Gaussian, and round), which 
once could be achieved only with end-pumped cavities. 
Figure 2 illustrates the high quality of a side-pumped, 
diode-pumped laser. Also, 1-ns pulse duration diode-
pumped Q-switched lasers have been created that take 
advantage of the ability to tightly focus in the gain 

media; however, the tight focusing and much smaller 
beam sizes present significant design and process chal
lenges to handle the increased intracavity circulating 
intensities. Overall, the smaller geometries allow for 
greater design flexibility and can produce results that 
previously were unattainable. 

Future 
Much of the work being done in diode-pumped lasers is 
targeted at reducing or eliminating the disadvantages 
enumerated in Table 1. Specifically 

Higher power diode-pumped lasers will become 
available as higher power diodes become available. 
Recently, laser diode "stacks" became commercially 
available. In these devices, multiple 20-W bars are 
placed on the same laser diode facet to produce out
puts exceeding 100 W; 
Additional wavelengths will become available with 
continued development in gain and nonlinear mate
rials. Specifically, there is a strong commercial push 
to achieve wavelengths in the UV; and 
Prices of diode-pumped lasers will continue to dimin
ish on a price per watt basis. However, sales volumes 
really dictate pricing and as long as total diode-
pumped laser volumes remain in the thousands of 
units per year range, other component prices will not 
be significantly affected and pricing for diode-pumped 
lasers should not be expected to decrease significantly. 
Finally, diode-pumped laser designs should continue 

to stress reliability. While lifetimes of diodes have been 
proven, system reliability needs to match that of the diode. 
(And, when it does, the diodes can be derated, or operated 
below the full rated power, further to extend diode life
time.) For example, telecommunications-grade laser 
diodes have demonstrated MTTFs of 100,000 hours and 
recent extrapolations indicate these devices should achieve 
1,000,000-h MTTFs. There is no fundamental reason why 
diode-pumped lasers cannot achieve comparable reliabili
ty if the entire system is designed with this in mind. 

Summary 
During the early to mid-1980s, commercial and acade
mic developers of diode-pumped lasers expounded the 
inherent virtues of these silicon-based, all solid-state 
devices. The solid-state nature would result in high 
quality, reliable, long-lived lasers. Already much of this 
has been demonstrated. Additionally, price per watt has 
decreased substantially over the years. These trends 
should continue as diode-pumped laser designs contin
ue to evolve and as these lasers establish themselves in 
markets traditionally held by other types of lasers, such 
as welding and cutting, and completely new markets 
that are enabled by the unique characteristics that 
diode-pumped lasers can provide. 

References 
1. R.J. Keyes and T.M. Quist, Appl. Phys. Lett. 4, 50 (1964). 
2. H.G. Danielmeyer and F.W. Ostermayer, J. of Appl. Phys. 

43, 2911 (1972). 

Andrew Leuzinger (ALeuzinger@lwecorp.com) is marketing manager at Lightwave 
Electronics, Mountain View, CA. 

Figure 2. High quality output of 10-W side-pumped, diode-pumped laser. 
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