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For the first time, semiconductor lasers have demonstrated 
single spectral and spatial mode outputs in excess of 2 W 
cw.1 This milestone demonstration opens up a number of 
new markets that have traditionally been inaccessible for 
laser diodes, inc luding space communicat ion, h igh power 
frequency doubl ing, materials processing, and h igh resolu
tion print ing. A s a measure of the significance of the 2 W cw 
coherent semiconductor laser, we note that the brightness of 
the laser diode at an output power of 2 W cw and a wave
length of 1 μm corresponds to the same brightness of a C O 2 

laser operating at an output power of 200 W cw at a wave
length of approximately 10 μm. A t such a h igh brightness, 
the laser diode can be incoherently coupled v ia br ightness-
conserving optics to meet the requirements of present lasers 
used in machining and weld ing systems. A l though commer
cial diode lasers do not meet the requirements of such sys
tems, as the problems of h igh power coherent operation are 
solved, the laser diode—by virtue of its size, efficiency, rel i
ability, manufacturabil ity, and accessibility to wavelengths 
from 0.48-4.0 μm—wi l l continue to dramatically increase 
the applications base that semiconductor lasers presently 
enjoy. The advances that have led to the demonstration of 
high power coherent operation of diode lasers are closely 
tied to the monolithic integration of optical components and 
therefore indicate the diversity of applications to wh ich inte
grated optics are being appl ied. 

In this article, we introduce the topic of monoli thical ly-
integrated master oscillator power amplif iers ( M - M O P A ) . 
The development of the M - M O P A has resulted in the dem
onstration of h igh power coherent, diffraction-l imited op
eration to an output power in excess of 2 W cw in a format 
that is scalable to even higher output powers in the future. 

H i g h power diffraction-limited operation of semicon
ductor laser diodes has been pursued for over a decade. The 
concept to increase the power beyond that accessible f rom 
single-mode waveguide lasers was first investigated i n 
evanescently-coupled gain-guided arrays. 2 - 5 Subsequently a 
variety of structures were studied, inc luding gain-tailored 
laser arrays, 6 , 7 Y-junction laser arrays, 8 , 9 grating-coupled sur
face-emitting laser arrays, 1 0 - 1 3 and anti-guide laser arrays. 1 4 - 1 6 

The most successful of the laser array structures has been the 
anti-guide laser array design, wh ich has demonstrated out
put powers to 1.0 W cw in a mult i - lobed nearly diffraction-
l imited output beam. A s an alternative to the laser array 
structures, wh ich exhibit mult i -mode behavior at modest 
output powers, high-power semiconductor amplif iers have 
been investigated. The advantage of the semiconductor laser 
amplif ier is the ability to extract h igh output powers; how
ever the diff iculty is designing the amplif ier such that h igh 
power can be achieved whi le maintaining diffraction-l im
ited performance. Extensive work on discrete amplif iers has 
been pursued by a number of groups, 1 7 - 2 3 or iginal ly in more 

Figure 1. Schematic diagram of a master oscillator power amplifier con
figuration where the master oscillator and power amplifier are discrete gain 
elements. 

of an injection-locking configuration and, as the anti-reflec
t ion coatings on the amplif iers improved, in a single-pass-
amplif ier configuration. Once h igh power diffraction-limited 
output f rom discrete semiconductor amplif iers was demon
strated, the research direction shifted to develop an appro
p r i a te a m p l i f i e r d e s i g n that c o u l d be in teg ra ted 
monol i th ical ly. 2 4 - 2 6 The fo l lowing sections discuss the ad
vancement of h igh power semiconductor amplif iers and the 
methods for monol i thic integration. 

D I S C R E T E S E M I C O N D U C T O R AMPLIF IERS 

Due to the h igh power densities at the facet of the laser 
diode, high-power amplif iers can only be fabricated by ex
tending the aperture of the amplif ier. Larger aperture ampl i 
fiers can be fabricated in several configurations; however, 
we w i l l concentrate ini t ial ly on broad-area amplif iers. To 
achieve diffraction-l imited performance f rom a broad area 
ampli f ier the amplif ier must be designed to min imize phase 
distortion as the beam propagates through the active region. 
This requires that the distort ion of the index of refraction 
due to charge and thermal nonuniformit ies be l imited to 
quadratic phase distortions. A quadratic phase curvature 
can be removed using spherical optics external to the broad-
area amplif ier. A m in imum phase distort ion is achieved 
f rom a broad area amplif ier through the progress made in 
the epitaxial growth of uni form materials, as we l l as the 
understanding of appropriate injection conditions to m in i 
mize the effects of charge on the index of refraction. In this 
fashion, the effects of non-uni form gain—and therefore non
uni form index of refraction—are reduced and the amplif ier 
can be operated to a h igh output power before significant 
distort ion develops in the propagating beam. 

Figure 1 shows the experimental test configuration for 
studying discrete, 600 μ m wide, broad area amplif iers. The 
far f ield patterns upon injection to the ampli f ier w i th a 
T i : A l 2 O 3 laser operating at 400 m W are shown in Figure 2 at 
output powers of 22 W pulsed and 3.3 W cw, respectively. 
The radiat ion pattern is predominant ly a single diffraction-
l imited lobe that reflects the phase front of the injected sig
nal w i th the addit ional quadratic curvature associated w i th 
the thermal gradients superimposed on the output beam. 

The demonstration of the broad area amplif ier operat
ing in a diffraction-l imited beam is the existence proof that 
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Figure 2. The far-field pattern of a discrete broad area power amplifier 
under injection from a Ti:Sapphire laser under (a) pulsed and (b) cw 
conditions at an output power of 21 W and 3.3 W , respectively. 

s e m i c o n d u c t o r a m p l i f i e r s c a n b e u s e d fo r h i g h - p o w e r cohe r 
ent o p e r a t i o n . H o w e v e r , the necessa ry task i s to d e t e r m i n e 
the a p p r o p r i a t e d e s i g n f o r m o n o l i t h i c i n t e g r a t i o n o f the m a s 
ter osc i l l a to r p o w e r a m p l i f i e r , w h i c h r e q u i r e s a m p l i f i e r s that 
ope ra te at m u c h l o w e r p o w e r l e v e l s f r o m the m a s t e r o s c i l l a 
tor c o m m e n s u r a t e w i t h that a c h i e v a b l e f r o m d i o d e l ase r 
sou rces . O n e of the f i rs t d e m o n s t r a t i o n s o f a d i sc re te a m p l i 
f ie r that sat is f ies b o t h the r e q u i r e m e n t o f l o w p o w e r in jec
t i o n a n d that of n a r r o w a p e r t u r e w a s d e m o n s t r a t e d b y 
W a l p o l e et al.21 I n the i r e x p e r i m e n t s , a h i g h p o w e r d i f f r ac 
t i o n - l i m i t e d o u t p u t w a s a c h i e v e d v i a the i n j ec t i on o f a laser 
d i o d e o p e r a t i n g at a n o u t p u t p o w e r of 30 m W c o u p l e d to a 
f l a r e d a m p l i f i e r g a i n r e g i o n . I n th i s c o n f i g u r a t i o n , the g a i n 
of the p o w e r a m p l i f i e r is t a p e r e d to m a t c h the d i v e r g e n c e o f 
the in jec ted s i g n a l . A s a resu l t o f the f l a r e d g a i n r e g i o n 
d e s i g n , the a m p l i f i e r is s a t u r a t e d a l o n g i ts en t i re l e n g t h w i t h 
a n in jec ted s i g n a l of o n l y a f e w m i l l i w a t t s . T h e o u t p u t p o w e r 
is a l so s o m e w h a t r e d u c e d i n the f l a r e d a m p l i f i e r as a resu l t 
of the s m a l l e r o u t p u t ape r t u re : 200 μ m fo r the f l a r e d a m p l i 
f ie r c o m p a r e d to 600 μ m fo r the b r o a d a rea a m p l i f i e r s . 

M - M O P A D E S I G N S 

T h e i n t eg ra t i on o f the mas te r osc i l l a to r w i t h the f l a r e d p o w e r 

a m p l i f i e r i s p r e s e n t e d i n F i g u r e 3 , w h e r e the m a s t e r o s c i l l a 
tor cons is ts of a s i n g l e - m o d e d i s t r i b u t e d B r a g g ref lector ( D B R ) 
l ase r d i o d e a n d the o u t p u t o f the m a s t e r osc i l l a t o r i s i n jec ted 
i n t o the f l a r e d a m p l i f i e r . T h e D B R m a s t e r osc i l l a to r is f a b r i 
c a t e d u s i n g s e c o n d - o r d e r g r a t i n g s f o r f e e d b a c k to the g a i n 
r e g i o n . I n a d d i t i o n , the g a i n a n d g r a t i n g r e g i o n s o f the m a s 
ter osc i l l a t o r cons i s t o f a r e a l r e f rac t i ve i n d e x w a v e g u i d e 
that resu l t s i n s i n g l e - m o d e o p e r a t i o n o f the m a s t e r o s c i l l a 
tor . T h e s pec t r a l o u t p u t o f the D B R lase r i s d e f i n e d b y the 
g r a t i n g r e g i o n s a n d i s s i ng l e s pec t r a l m o d e o v e r the en t i re 
o p e r a t i n g r a n g e . T h e D B R lase r has s e v e r a l a d d i t i o n a l a d 
v a n t a g e s r e l a t i v e to F a b r y - P e r o t l ase rs : the s p e c t r u m is re
pea tab le to w i t h i n 0.1 n m w h e n the d e v i c e i s t u r n e d o n , the 
s p e c t r u m is s tab le u n d e r m o d u l a t i o n , the s pec t r a l l i n e w i d t h 
is t y p i c a l l y less t h a n a f e w M H z , a n d the s p e c t r u m is less 
s u s c e p t i b l e to o p t i c a l f e e d b a c k f r o m e x t e r n a l o p t i c a l e le 
m e n t s . A l l o f these a t t r ibu tes o f the m a s t e r osc i l l a t o r are 
re f l ec ted i n the p e r f o r m a n c e of the M - M O P A , e v e n at the 
h i g h o u t p u t p o w e r o f 2 W c w . 

A s the l i g h t ex i ts the m a s t e r osc i l l a t o r , the b e a m d i f 
f racts as i t p r o p a g a t e s t h r o u g h the a m p l i f i e r . T h u s , the cha rge 
is u s e d e f f i c i en t l y , r e s u l t i n g i n a h i g h d i f f e ren t i a l e f f i c i ency , 
a n d the o u t p u t p o w e r is i n c r e a s e d s u c h that the p r o p a g a t i n g 
b e a m m a i n t a i n s ( n o m i n a l l y ) a cons tan t p o w e r d e n s i t y as the 
d i f f r a c t i n g b e a m a p e r t u r e i nc reases . T h e to ta l o u t p u t p o w e r 
is the re fo re i n c r e a s e d l i n e a r l y a l o n g the l e n g t h o f the a m p l i 
f ier . T h e a c t u a l i n t e n s i t y d i s t r i b u t i o n d i f f e rs f r o m th is s i m 
p l i s t i c v i e w as a resu l t o f s e l f - f o c u s i n g i n d u c e d b y r e s i d u a l 
n o n - u n i f o r m c h a r g e d i s t r i b u t i o n a n d t h e r m a l v a r i a t i o n s i n 
the a m p l i f i e r r e g i o n . T h e l i g h t ex i ts the a m p l i f i e r t h r o u g h a n 
an t i - r e f l ec t i on c o a t e d c l e a v e d facet. T h e e m i t t e d b e a m is a 
s i n g l e - l o b e f a r - f i e l d cha rac te r i s t i c o f the s o u r c e d i f f r a c t i o n 
f r o m the s i n g l e - m o d e w a v e g u i d e o f the o s c i l l a t o r w h e n 
p r o p a g a t e d t h r o u g h a m e d i u m that acts as a s p h e r i c a l l ens 
r e s u l t i n g f r o m the t h e r m a l a n d c h a r g e d i s t r i b u t i o n w i t h i n 
the ac t i ve r e g i o n . 

T h e r a d i a t i o n p a t t e r n , af ter the q u a d r a t i c p h a s e c u r v a 
tu re o f the a m p l i f i e r i s r e m o v e d , i s p r e s e n t e d i n F i g u r e 4. 
T h e f a r - f i e l d p a t t e r n is a s i n g l e l o b e , n o m i n a l l y d i f f r a c t i o n -
l i m i t e d , that d o e s n o t s teer o r c h a n g e i n w i d t h to a maxi
m u m o u t p u t p o w e r o f 2 W c w . T h e o p e r a t i o n o f the M - M O P A 
to a p o w e r o f 2 W c w is the f i rs t d e m o n s t r a t i o n o f a s e m i c o n 
d u c t o r l ase r o p e r a t i n g i n a s i n g l e d i f f r a c t i o n - l i m i t e d l o b e to 
a n o u t p u t p o w e r g rea te r t h a n 0.5 W c w , a n d i s the s ta r t i ng 
p o i n t fo r a n e w c lass o f s e m i c o n d u c t o r laser d i o d e s . T h e far -
f i e l d p a t t e r n h a s a l so b e e n c h a r a c t e r i z e d b y a n M 2 m e a s u r e 
m e n t w h e r e v a l u e s o f 1.5 h a v e b e e n m e a s u r e d that a re i n d e 
p e n d e n t o f p o w e r . A s a test o f the b e a m q u a l i t y o f the 
M - M O P A , the o u t p u t h a s b e e n c o u p l e d to a K N b O 3 c r y s t a l 
f o r s i n g l e - p a s s f r e q u e n c y d o u b l i n g , r e s u l t i n g i n g reater t h a n 
2 m W o f b l u e l i g h t f o r 500 m W o f i n f r a r e d l i g h t i n p u t . 

A s d i s c u s s e d a b o v e , the s pec t r a l o u t p u t o f the M - M O P A 
re f lec ts tha t o f the m a s t e r o s c i l l a t o r a n d i s s i n g l e - m o d e 
t h r o u g h o u t i ts o p e r a t i n g r a n g e . W h e n the M - M O P A is o p e r 
a t e d s u c h that the m a s t e r osc i l l a t o r c u r r e n t is cons tan t a n d 
the o u t p u t p o w e r is v a r i e d t h r o u g h c h a n g e s i n the d r i v e 
c u r r e n t to the p o w e r a m p l i f i e r , the s p e c t r u m r e m a i n s n e a r l y 
cons tan t . I n the case w h e r e the a m p l i f i e r p o w e r v a r i e d f r o m 
0-2 W c w the r e s i d u a l h e a t i n g o f the osc i l l a t o r resu l t s i n less 
t h a n 0.1 n m c h a n g e i n the e m i s s i o n w a v e l e n g t h . A s a resu l t , 
the M - M O P A o u t p u t i s v e r y s tab le o v e r i ts en t i re o p e r a t i n g 
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range. This is advantageous for frequency doubling, coher
ent communications, and coherent ranging. 

One of the many virtues of the M-MOPA design is the 
ability to modulate the source with small current changes to 
the master oscillator. As shown in Figure 4, when the cur
rent to the oscillator is turned off, the power in the far-field 
lobe is reduced by greater than 25 dB. Therefore, the full 2 W 
output can be modulated via the 150 mA current to the 
master oscillator. This is highly advantageous since high 
speed modulators are typically low power devices. 

The characteristics discussed above, including the first 
demonstration of a semiconductor laser at a diffraction-lim
ited output power of 2 W cw, are just a few of the many 
desirable features of the M-MOPA. The advances realized in 
the M-MOPA are a culmination of technologies that have 
been developing since the early 1980s, and its impact on h igh 
power coherent sources for printing, frequency doubling, and 
communication will last well into the next decade. 
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