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Abstract 
High power semiconductor lasers have found increased 

applications in pumping of solid state laser systems for 
industrial, military and medical applications as well as direct 
material processing applications such as welding, cutting, and 
surface treatment. Driven by low cost, longer lifetime and 
new applications, the requirements of high power 
semiconductor lasers have been changed and the demand for 
new products has been accelerated in recent years. As a result, 
the packaging technologies of high power semiconductor 
lasers have been highly developed and have become more 
sophisticated.  In this paper, we review and discuss the 
technology development trend of high power semiconductor 
lasers, including single emitters, bars, horizontal bar arrays 
and vertical bar stacks. However, the packaging technology is 
still one of the bottlenecks of the advancement of high power 
semiconductor lasers. We will discuss the challenges and 
issues in high power laser packaging and some approaches 
and strategies in addressing the challenges and issues will be 
presented.  

Introduction 
High power semiconductor lasers, including single 

emitters, laser bars, horizontal bar arrays and vertical bar 
stacks, have found increased applications in pumping of solid 
state laser systems for industrial, military and medical 
applications as well as direct material processing applications 
such as welding, cutting, and surface treatment [1-2].  With 
the power, efficiency, reliability, manufacturability, and cost 
of high power semiconductor laser technology continuing to 
improve, many new applications are being enabled. 
Commercially, there are numerous types of packaged high 
power semiconductor lasers, either with fiber coupled output 
or without fiber coupling. However, the basic unit of a 
packaged high power semiconductor laser is either a single 
emitter or a bar, which consists of an array of single emitters. 
Figure 1 is an illustration of a single emitter semiconductor 
laser. The laser chip is epi-down mounted on a heatsink, 
which is typically a Cu material or CuW material. The laser 
chip is normally of 500-600m wide and 100-150m thick. 
The cavity length is generally 1-3 mm depending on the chip 
design and the stripe width typically ranges from 100m to 
200m. The light output from a semiconductor laser is highly 
diverged. For an 808nm laser, the fast axis (vertical direction) 
divergence (FWHM) is normally about 40 degree and the 
slow axis (horizontal direction) divergence (FWHM) at 
operation power is about 8 degree.  Figure 2 illustrates a laser 
bar, which is an array of single emitters. The laser bar is also 

 

Figure 2. An illustration of a high power semiconductor laser bar. 

Traditionally, output power, conversion efficiency, and 
reliability are the three key performance measures of high power semiconductor lasers. However, with the advancement 
of chip technology and driven by low cost, longer lifetime, 
new applications, high pumping efficiency of diode pumped 
solid state lasers and compactness of laser systems, there 
emerges new technology development trend for high power 
semiconductor lasers, namely, output power scaling, high 
brightness, indium free die/bar bonding, narrow spectrum and 
low “smile”. In this paper, we review and discuss the 
technology development trend of high power semiconductor 
lasers, including single emitters, bars, horizontal bar arrays 
and vertical bar stacks. With these development trends, there 
also exist challenges and issues. The major challenges and 
issues in high power laser packaging will be discussed and 
some approaches and strategies to address the challenges and 
issues in high power laser packaging will be discussed.   

Output Power Scaling  
Many new applications require ever increasing output 

power of a semiconductor laser. The output power of a single 
emitter laser has been significantly improved with the 
advancement of laser chip technology.  Laser arrays (or laser 
bars) provide a magnitude of output power of single emitter 
by integration the single emitters at the wafer level. To further 
increase the output power, several packaging technologies 
have been developed including multiple single-emitter 
modules, horizontal bar arrays, vertical bar stacks, and area 
bar arrays.  
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Single Emitter: The output power of a single emitter laser 
is limited either by catastrophic optical mirror damage 
(COMD) or by thermal rollover, as shown in Figure 3. The 
COMD is caused mainly by optical absorption and 
nonradiative recombination at the front facet which lead to 
localized overheating.  Some advanced technologies, such as 
facet passivation, nonabsorbing-mirror and un-pumped 
window, have been developed to significantly improve the 
COMD level of lasers [3-5].  Thermal rollover happens when 
more heat is generated than dissipated by the device. 
Typically it is caused by excessive heat generation which 
leads to heat accumulation and significant temperature rise. 
As the conversion efficiency of a laser is pretty much fixed, 
with increased output power, more heat is generated. In order 
to avoid thermal rollover, thermal resistance of the device has 
to be reduced. Longer cavity length and wider stripe width 
can significantly reduce thermal resistance and thus generally 
higher output power single emitter lasers have longer cavity 
length. With the improved COMD and thermal rollover levels, 
5-6W 808nm and 8-10W 9xxnm single emitter lasers with 
stripe width of 200m and 100m, respectively, are 
commonly available commercially.    
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Figure 3. An illustration of the output optical power as a 
function of driving current of a single emitter laser. 

Single Bar: to increase the output power at the chip/wafer 
level, single emitters are integrated at the wafer level to form 
a one-dimensional array, which is more commonly called a 
laser bar, as shown in Figure 2. In a bar, the single emitters 
are electrically connected in parallel. The most common 
package format is a conduction cooled CS package and a 
microchannel liquid cooled package, as shown in Figure 4 (a) 
and (b).  Depending on the fill factor and cavity length, the 
CW output power of a laser bar can be as high as hundreds of 
Watts [1-2, 6 ]. For reliable operation and commercial 
products, the CW output power of a single bar is normally not 
higher than 100W. For a state-of-the-art commercial 20% or 
30% fill factor 808nm conduction cooled laser bar, the 
operation power is 60W.  For higher fill factors, the operation 
power can be as high as 80W and 100W. At 100W, the 
package is normally liquid cooled. Figure 5 shows a typical 
PVI and spectrum data of a commercial conduction cooled 
package and microchannel liquid cooled single bar package. 

 
(a) 

 
(b) 

Figure 4. An example of a (a) conduction cooled package and 
(b) microchannel liquid cooled single bar package with (right) 
and without (left) collimating lens. 

Pop(W) 60.00
Iop(A) 63.70
Ith(A) 12.60
Slope Eff.(W/A) 1.18
Eff.@Iop(%) 51.47
Max Eff.(%) 51.62
Rs(mOhms) 2.75
V @Iop(V) 1.83
TC

Peak wavelength(nm) 806.59
Centroid wavelength(nm) 806.65
FWHM(nm) 1.61
FW90% Energy(nm) 2.35
FW10% Max(nm) 2.60
FW20% Max(nm) 2.35

 
   (a) 

Pop(W) 100.00
Iop(A) 106.41
Ith(A) 20.53
Slope Eff.(W/A) 1.17
Eff.@Iop(%) 48.62
Max Eff.(%) 48.69
Rs(mOhms) 3.39
V @Iop(V) 1.93
TC

Peak wavelength(nm) 810.42
Centroid wavelength(nm) 810.42
FWHM(nm) 1.48
FW90% Energy(nm) 2.72
FW10% Max(nm) 2.84
FW20% Max(nm) 2.22

 
(b) 

Figure 5. A typical PVI and spectrum data of a commercial (a) 
conduction cooled package and (b) microchannel liquid 
cooled single bar package. 

For a single bar, the total output power is significantly 
increased compared to a single emitter.  However, the output 
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For a horizontal bar array shown in Figure 7 (a), when the 
bars are electrically isolated from the cooling water, industrial 
water can be used. However, when the bars are cooled 
individually with the water flow through the mounting 
substrate/heatsink which is generally a metallic material for 
electrical conduction and heat conduction, DI water is 
required which causes inconvenience for applications. On the 
other hand, when laser bars are electrically isolated from the 
cooler, they are thermally in series, which means the heat 
from the previous bars will be transferred to the next bars and 
causes temperature rise in the last bars and temperature non-
uniformity among the bars. This poses reliability and 
wavelength uniformity challenges. Therefore, for a horizontal 
bar array similar to that shown in Figure 7 (a), the number of 
bars can be packaged is limited and the output power is 
limited.  

Vertical Bar Stacks: With the demand of higher output 
power, vertical bar stacks becomes the choice. Figure 9 (a) 
and (b) shows a typical conduction cooled G-Stack for QCW 
application and the typical microchannel liquid cooled stacks 
with (right) and without (left) collimating lens, respectively. 
For both configurations, the bars are electrically connected in 
series. For Figure 9 (a) the bars are conduction cooled and 
they are isolated from the heatsink by a thermally conductive 
and electrically insulating material. For the configuration in 
Figure 9 (b) the bars are liquid cooled individually.  For a G-
Stack, it can be only used for QCW application due to its poor 
cooling method. The upper limit of the duty cycle is related to 
the pitch of the bars (the thickness of the mounting 
substrates). The state-of-the-art commercial product can 
deliver 250W out of a bar and as many as 20 bars are 
packaged in a G-stack. For a vertical bar stack in 
configuration Figure 9 (b), the output power can be as high as 
300W bar par and up to 30 bars can be packaged together.  

 
(a) 

 
(b) 

Figure 9. Examples of vertical bar stacks; (a) a conduction 
cooled G-Stack for QCW application; (b) microchannel liquid 
cooled stacks with (right) and without (left) collimating lens. 

The major challenges in vertical bar stack packaging are 
the spectrum control and beam control. Although the laser 
bars in the vertical stack are cooled in parallel in both 
conduction cooled and microchannel liquid cooled 
configurations, there remains temperature non-uniformity 
among the bars due to thermal crosstalk and/or liquid flow 
non-uniformity. This would alter the wavelength of the bars 
and broadened the spectrum of the stack. Beam control 
includes beam size, intensity uniformity and pointing 
direction control. Beam shaping optical systems need to be 
designed and installed to achieve beam control. Figure 10 
shows a beam shaped rectangular beam output from a 
microchannel liquid cooled stack. 
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Figure 10. A beam shaped rectangular beam output from a 
microchannel liquid cooled stack; left, picture of the beam; 
right, uniformity of the beam. 

High Brightness  
For most applications, the output power from a 

semiconductor laser system, no matter if it is a multiple 
single-emitter module, a laser bar, a stack or multiple stacks, 
is most useful when it is come from a relatively small area. 
This is quantified by the parameter known as brightness, 
which is defined as the total power emitted by the source per 
unit solid angle, per unit area. The higher the source 
brightness, the more easily and efficiently it can be 
concentrated into a small focused line, spot, or area. In other 
words, a higher brightness source can deliver greater power 
density at the work surface [ 11 ]. Even for pumping 
applications, increasing the spatial brightness of the pump 
diode enables the laser system designer to improve the laser 
system compactness, efficiency, power, and beam quality 
while at the same time reducing thermal management cost in 
the system.  

Several beam shaping technologies have been developed 
to achieve high brightness [1, 2, 6, 11-12]. At the single 
emitter integration level, the technology trend is changing 
from fiber bundle to multiple single-emitter module approach 
as discussed above. At the single bar level, the fiber coupling 
architecture using fiber array bundle offers limited brightness. 
The state-of-the-art commercial product offers 50W CW 
power out of an 800 m fiber or 30W power out of a 400m 
fiber.   Similarly, people are using multiple single-emitter 
module approach to use micro optics to couple the output 
power of the individual emitters into a smaller fiber. The 
state-of-the-art commercial product can achieve ~100W from 
a 100m fiber.   Technologies are also being developed to 
coupling the light output from multiple mini-bars into a small 
fiber using micro optics and 500W output from a 200m fiber 
has been reported [12]. At the vertical stack level, spatial 
coupling architecture to fill the “gaps” between the bar 
emission lines to increase the fill factor, polarization coupling 
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affects the emitting wavelength with a coefficient on the order 
of  ~1*10-5 eV/bar (or ~0.005nm/bar), with tensile stress 
causing red-shift and compressive stress having blue-shift 
[17]. Non-uniform thermal stress experienced by the emitters 
across the width of the array would cause uneven wavelength 
and thus broad spectrum.    

 
(a) 

 
(b) 

 
(c) 
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(e) 

Figure 13.  Typical examples of spectra of laser bars.   

Conduction cooled 808nm laser bars with different types 
of broadened spectral shapes were characterized using spatial 

spectral mapping, scanning acoustic microscopy and material 
analysis techniques to study the emitting wavelength of each 
emitter, wavelength distribution and package structure, 
especially die bonding [18].  It was concluded that while 
solder voiding causes local heating and therefore there could 
have a “shoulder” or “tail” on the right side of the spectrum, 
non-uniform thermal stress on the emitters could be the 
dominant factor in causing double or multiple peaks in 
spectrum. Intermetallic formation at some local die attach 
solder interface causes additional local compressive stress on 
some emitters, which lead to a “shoulder” or “tail” on the left 
side of the spectrum.  

Knowing the mechanism of the spectral broadening, it is 
important to know the shape of the broadened spectrum and 
determine if it is mainly due to thermal effect or stress effect. 
The challenge remains how to achieve the temperature 
uniformity and stress uniformity across the laser bar to 
eliminate the thermal effect and stress effect.  Local 
temperature rise is mainly caused by solder voiding in bar 
bonding interface. So the approach to achieve temperature 
uniformity across the bar is to minimize solder voiding or 
even achieve void “free” bonding. Furthermore, proper epi-
side metallization design of the laser bar can also minimize 
the impact of solder voiding and local temperature rise [19]. 
The stress in a laser bar can be induced by CTE mismatch 
between the laser bar and the mounting substrate, the bonding 
process and intermetalic formation in the solder bonding 
interface [18]. New package structures should be designed to 
more accommodate the stress caused by CTE mismatch 
between the laser bar and the mounting substrate as well as 
the bonding process. Also the packaging process should be 
optimized to minimize the thermal stress. Furthermore, a 
proper metallization structure of the laser bar as well as the 
mounting substrate should be used to avoid intermetalic 
formation in the solder bonding interface. 

Low “smile”  
The non-linearity of the near-field of emitters (or the so 

called “smile” ) in a laser diode array poses significant 
challenges in optical coupling and beam shaping and has 
become one of the major roadblocks in broader applications 
of laser arrays. If near field linearity of a laser array is poor, in 
other words, if the smile is very large, the coupling efficiency 
of the laser array to a fiber array or micro-optics such as a fast 
axis collimation lens is very low. Increasing the near-field 
linearity of a pumping laser diode array enables the laser 
system manufacturer to improve the laser system 
compactness, optical coupling efficiency, power, and beam 
quality while at the same time reducing manufacture cost in 
the laser system, such as diode pumped solid state lasers and 
fiber lasers. Therefore, the near-field linearity of a laser bar is 
one of the key specifications of laser array products and 
improving the near field performance is especially important 
in order to increase production yield, reduce cost and gain 
competitiveness.  

Figure 14 shows a magnified “smile” image of a typical 
good diode-laser array. As can be seen from Figure 14, a 
typical good laser diode array is nearly linear. This is a better 
emitting light source for beam coupling. 
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Figure 14 Enlarged “smile” image of a typical good laser 
diode array 

The individual emitters form a curvature, which can be 
concave or convex, corresponding to “smile” (Figure 15 (a)), 
“cry” (Figure 15 (b)), or other types (Figure 15(c), (d)). Both 
“smile”, “cry” or others are commonly called “smile” due to 
historical reason. 

 
(a) 

 

(b) 

 
(c) 

 
   (d) 

Figure 15 Magnified images of a diode-laser bar with various 
“smile”, (a)‘cry’ of approx. 2 µm, (b)‘smile’ of approx. 2.5 
µm, or others (c),(d) 

The near field non-linearity of laser diode array is caused 
by the coefficient of thermal expansion (CTE) mismatch 
among the different layers of a bare bar, the packaging 
process and CTE mismatch between the laser bar and the 
bonding heat sink [20] . The factors that affect the “smile” are 
solder layer material, mounting substrate/heatsink material 
and thickness, pick-up tool of the die bonding process, and die 
bonding temperature profile.  

Summary and Conclusions 
Trends and challenges in high power semiconductor laser 

are presented in this paper. The technology development trend 
of high power semiconductor laser is output power scaling, 
high brightness, indium free die/bar bonding, narrow 
spectrum and low “smile”.  The challenges and issues in these 
aspects are discussed and some approaches and strategies in 
addressing the challenges and issues are presented. 
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