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High Power Semiconductor Red Laser Arrays
for Use in Photodynamic Therapy

Ivan Charamisinau, Gemunu Happawana, Gary Evans, Member, IEEE, Jay Kirk, David P. Bour, Arye
Rosen, and Alex R Hsi

Abstract— Semiconductor laser ridge arrays emitting 250 mW at
a wavelength of 635 nm are designed for photodynamic therapy
applications. Although ridge laser arrays are less efficient than
broad area lasers, they are more reliable and can produce higher
power from the same lateral width due to thermal considerations.
An analytic expression for the active layer temperature of the
laser array as a function of the ridge spacing, number of ridges
and width is derived and has excellent agreement with a finite
element analysis. This analytic expression allows optimization of
the laser and the submount geometry to minimize the active
region temperature with the constraint of a small submount,
heatsink and package.

Index Terms— Photodynamic therapy, Diode laser array,
Thermal modeling, High power red lasers

1. PHOTODYNAMIC THERAPY

Many types of cancer can be treated by photodynamic
therapy (PDT), which destroys cancer cells through the use of
light in combination with a photosensitizing drug. The drug is
administered to the patient many hours before treatment and
accumulates mainly in cancerous cells [1]. Illuminating the
cancerous area activates the drug and kills the cancerous cells,
with little damage to surrounding healthy tissue in which there
is only a modest concentration of the drug. As a result, the
cumulative toxicity associated with repeated ionizing radiation
treatments [2,3] can be largely avoided with PDT.

Presently porfimer sodium is the most common
photosensitizer used for PDT since it has been extensively
studied and approved by U.S. Food and Drug Administration
(FDA). Photofrin is activated by 630 to 635 nm light and has
successfully treated almost all cancers, including breast,
bladder, colon, esophageal, gynecologic, head, lung, neck,
prostate, and skin cancer. The choice of ~ 635 nm light is a
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tradeoff between light penetration through tissue and blood
and absorption by photofrin[12].

Lasers used for PDT include gold vapor, tunable dye lasers,
copper vapor, frequency doubled Nd:YAG and excimer lasers.
Semiconductor diode lasers, which are much smaller and
cheaper than other lasers, are ideal for PDT.

II. LIGHT DELIVERY SYSTEMS

There are two approaches to delivering light from
semiconductor lasers to tumors. One method is direct
illumination by semiconductor laser arrays contained in a
balloon catheter. The second method couples the
semiconductor laser light to an optical fiber that contains a
Bragg grating or diffusing region over a portion of the fiber to
couple the light out and direct it towards the tumor. Both
approaches have their advantages and challenges. Fibers allow
light delivery to tumors located in the interior of the lung or
brain with relative ease, since the fiber has a small diameter
(100 to 500 pm). However, coupling high power light from
many lasers into a single fiber requires precision alignment
techniques that may degrade with time. The balloon catheter
approach is particularly useful for esophagus cancer [4-6].

Placing the diode lasers in a balloon catheter and directly
illuminating the tumor avoids fiber coupling losses and critical
alignments. Numerous lasers can illuminate the tumor so high
powers can be achieved and tumors of any size can be
illuminated. Electrical control to individual lasers or subgroups
of lasers allows custom illumination patterns to achieve
maximum treatment efficiency.

II1. RIDGE WAVE-GUIDE (RWG) LASERS ARRAYS

Fabrication of high power lasers [13] at the 635 nm
wavelength that activates porfimer sodium is challenging
because of the reduced electron confinement in the quantum
well compared to longer wavelengths such as 650 or 680
nm[9]. The few commercial products are high power 635 nm
broad area lasers in the 100-500 mW range and require
operation at or below 15C. The power required from each
laser depends on the number of lasers used for the PDT
treatment and the treatment time. Typical PDT applications
require a total power of ~ 4 watts with individual lasers (or
laser subarrays) emitting ~ 200 mW.

AlGalnP/GaAs 635 nm laser design is a compromise
between low threshold currents and large beam divergences.
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However, for PDT applications, a large beam divergence is
desirable. WAVEGUIDE [8] software, which uses a transfer
matrix method to find the near- and far- fields of laser
structures, was used to determine the optimum epitaxial
structure to achieve the maximum quantum well confinement
factor. The actual and ideal laser structures are given in Table
1 and the corresponding index profile and field distribution are
shown in Fig. 1. The theoretical perpendicular beam
divergences is about 40 degrees for both cases and is in
reasonable agreement with the experimental measurement of
42 degrees. The performance of the actual structural is very
close to the theoretical optimum structure as shown in Table 2
with only a slight difference in beam divergence and threshold
current.

The threshold current in Table 2 is calculated for a 500 pm
cavity length which is close to the optimum cavity length (L)
0f 428.6 um calculated from [13]:

R
2G, RR,

where R; and R, are facet reflectivities, both equal to 0.3
and the modal gain parameter Gy is 27.98 cm’, calculated by
GAIN [14] for the structures in Table 1.

(1)

TABLE I
MATERIAL COMPOSITION OF EPI STRUCTURE[9]

#  Layer name 635 nm Epitaxial Structure

Material Actual/Ideal
Thickness, um
1 P+cap GaAs 0.05
2 Barrier reducer Gag sIng sP 0.075
3 p-cladding Aly sIng sP 0.75
4 Etch stop Gag gIng 4P 0.004
5 p-spacer Al sIng sP 0.25
6 SCH (Alg.6Gao.4)0.5Ing sP 0.1063/0.09
7 QW Gay slng sP 0.0080
8 SCH (Aly.6Gag.4)o.sIng sP 0.1063/0.09
9  n-cladding Al sIng sP 1
10  Substrate GaAs ~100
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Fig. 1. Index profile and near-field of the as grown structure (Table 1).

TABLE II.
COMPARISON OF A REAL LASER STRUCTURE
TO IDEAL OPTIMIZED

As Grown  Ideal Mea-

(theory) (theory) sured
quantum well 3.0289% 3.0558% -
confinement factor I
perpendicular far-field 40.0° 41.5° 42°
divergence
near-field width 0.2284 0.2181 -
threshold current Jg, 21.7 mA 21.3 mA 27-41mA

Further improvements to the laser performance at high
power can be obtained by minimizing the temperature rise at
the quantum well active region. Although broad area lasers
(typically 100 um wide by 500 um long) make efficient use of
the injected current, the heat is highly localized. Broad area
lasers are also subject to unstable optical filaments, which in
association with the high temperatures results in catastrophic
optical damage (COD). Ridge wave-guide lasers (RWG),
which are slightly less efficient than broad area lasers, confine
the optical power to a stable, narrow region. By spreading out
many narrow (~ 5 pm wide by 500 pm long) RWG lasers in an
array (see Fig. 2), the temperature rise of the quantum well can
be reduced while maintaining high power output.

In this array design, the average heat generation per unit
area is significantly lower than in a broad area laser and the
maximum active region temperature is reduced, allowing high
power operation and longer life.
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Fig. 2. Laser array.

The number of ridges, ridge widths and ridge spacings are
considered in optimizing the array. The optimum values of
these design parameters depend on multiple factors which
include the laser efficiency, lateral (y) near field, thermal
resistance between the active region and the heat sink,
fabrication processes and packaging.

To insure a single lateral mode, the width of the ridge
should be less than d,, (the cut-off ridge width for the second
mode) where

A
d2,c = > >
2\( r-]ridge - r-]wing
where A is the wavelength (635nm), nyge is the effective
index under the ridge region, ny,, is the effective index
between the ridges. For the structure in Table 1,
WAVEGUIDE [8] calculations give nyigee = 3.329233 and nyne
=3.328174.

=3.78um > (2)
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Because the high order lateral modes extend further beyond
the ridge than the lowest order mode, their overlap with the
gain region is much lower as long as the ridge width is less
than about 6 pm, as shown in Fig. 3, which suggests that even
ridge widths in the 4 to 6 pum range will result in single lateral
mode operation. Such ridge lasers are each capable of
producing 30-50 mW of optical power, so arrays of 7 elements
or more will produce over 200 mW.
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Fig. 3. Modes in the laser. a) mode field shapes in 5 pm thick ridge, b)
Confinement to the ridge for different modes (WAVEGUIDE[8] simulations).

IV. LASER DIE THERMAL ANALYSIS

The optimum spacing between the ridges is determined by
the distance at which there is insignificant thermal influence on
a ridge laser by the heat generated by adjacent ridge lasers.
Heat transfer between ridges takes place at two levels 1) in the
laser array die and 2) in the laser submount. Below the
submount the laser array geometry is of little significance
because the submount spreads the heat over a large area.

Since heat conduction is linear, the temperature distribution
in a laser array can be found as a superposition of individual
ridges. The temperature profile at the quantum well on the
facet of a single ridge laser obtained by finite element analysis
[10] is given in Fig. 4, assuming the substrate thickness is 100
pum, the silicon nitride layer is 0.12 pm, the active (heat
generating) area thickness is 80 A, the ridge width is 5 pm, the
ridge height is 1 pm, the plated gold layer is 1.5 pm, the solder
layer is 10 pm, the laser cavity length is 500 um and the heat
generation is 240 mW for an optical output of 35 mW. The
solder is assumed to cover only 460 pm of the length, with a
20 pum void on each end of the laser.
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Fig. 4. Finite element analysis of the lateral temperature variation centered on
the active layer at the facet of the laser (a) ridge crossection geometry, b)
temperature profile on the laser facet in y direction.

Conventional finite element analysis does not work well for
this case since this is a 3-dimensional geometry and the ratio
of heat source size to domain size is over 10* (a 80 A active
layer and a length of 500 pm). To perform the analysis with
high accuracy within a reasonable time a self-adaptive thermal
modeling technique was used [10,11]. The technique uses a
nesting method to generate self-adaptive multiple grids. A very
fine grid is automatically generated in places with high
temperature gradients and a coarser grid is used elsewhere to
maintain the same computation accuracy over the domain.

Figure 4 shows that for ridges spaced more than 30 pm
apart, thermal crosstalk in the die will be lower than 10%.
Thus the array of 7 ridges can be 180 pm wide.

Finally the temperature profile in the array of 10 ridges
spaced 67 pum apart is shown in Fig. 5. Each ridge produces
120 mW of heat. Both Figs. 5a and 5b are obtained by finite
element analysis and show only half of the symmetric laser
array.
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Fig. 5. Temperature field distribution in the laser array die
obtained by the finite element analysis, a) the laser facet, b) ridge
cross-section.

V. ANALYTIC SOLUTION FOR HEAT TRANSFER IN THE
SUBMOUNT

Optimum ridge spacing depends on the properties of the
laser die and on the thermal properties of the submount.
Although the thermal distribution in the submount can be
found by finite element analysis, the submount geometry can
be simplified to provide a useful analytical solution by
combining two simple geometric models.

¢] Heated surface

Submount

Epoxy layer

Isothermal surface |

Fig. 6. Cylindrical submount geometry.

Consider a simplified cylindrical submount geometry (Fig.
6) of thickness z;, radius R, and thermal conductivity k;
mounted to an isothermal surface with epoxy of thickness z,
and thermal conductivity k,. A small isoflux area of radius R,
on the top of the submount represents the laser array. The heat
flux through the surface is Q/(TR,%) where Q is the heat
generated by the laser array. The other surfaces are assumed to
be adiabatic since convection and radiation are negligible. For
real submount geometries the following assumptions are
usually valid:

k1 >> kz, R1 << Rz, Z]/kl << Zz/kz, 7 << Rz, 7y << R2(3)

Due to symmetry the temperature profile will be uniform in
the O direction and the 8 component of the heat flux, qg, will
be zero. Since the thermal conductivity in the submount is
much higher than in the epoxy layer, the thermal gradients in
the radial direction will be determined by the submount. In the
epoxy layer the vertical component of the heat flux is much
bigger than the radial component, qcpoxy, Which can be
assumed to be zero. Thus there is only a vertical heat flux in
the epoxy layer.

In the copper submount we can assume 45-degree heat
spreading from the source. Therefore the heat flux will be in
the radial direction and the temperature profile depends only
on the radius.

The energy balance in a cylindrical element of radius r and
thickness dr is given by

Energy in N Heat from )
center face isoflux surface )
=(Energy out}_(conductlon throuth @

outer  face epoxy layer

The energy incident on the inner cylindrical interface q(r) is
given by:

)

and the energy exiting the outer cylindrical interface q(r +
dr) is given by:

dT(r)
r =-k 2mz
a(r) 1272

q(r+dr)=-k,27(r +dr)z, w =
r
daT . d°T
= —k,27(r +dr)z,| — +———dr (6)
1 IT( ) 1( dl’ dr2 ]
The heat from the isoflux surface q(r) is given by:
27rQdr

a,() = 222 (R, 1) ™

1

where h(x) is a step function (1 for x>0, and zero otherwise).

The conduction through the epoxy layer g, is given by

27k, T(r)dr
qc — 2 ( ) (8)
22

Combining the above equations and dropping the dr® term

we get:

2
2mz k, d—Tdr +27z K, d—Tdr +
dr? dr
2mrQdr
+———h(R, -1~

1 2

27k, Tdr —0 )
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Equation (9) can be simplified to:

2
AT, 19T _cr1+c, =0, (10)
dr?* rdr
K Q r<R
where €, = z sz © G =mkR? 1
15271 0 I'>R1

By substituting x =r,/C, , w=T -C,/C, equation (10)
can be transformed to a Bessel differential equation:
2
dw Taw_ - (11)
dx* X dx
The solution for the Bessel equation is expressed in terms of
the modified Bessel functions of zero order lg(X) and Ko(X):
C
T, :C72+a1 [y (%) +b, K, (X)
1
T, =a,1,(x) +b, K (X) (12b)
Coecfficients a;, by, a, and b, can be found from 4 boundary
conditions. Requiring zero flux at the edges results in
%:0, %:0, where x, =R,,/C, , (13)
X X

and requiring continuity of temperature and flux at x = x;
results in

for x < x,,

for x > X,

dT, (x,) - dT, (%)) .
dx dx
By substituting Egs. (12) into Egs. (13) and (14) and solving
for a;, by, a, and b, we find:

T (%) =T,(%) (14)

_C a
LG L OO)A=a)+ 1 (6K (X)) /K ()
zl_ll(xz) Kl(xl) s (15a)
1 (x) K (%)
b, =0, a =2, b, =a, 1) (15b)
a K, (X,)
The temperature along the axis of the cylinder (r = 0) is:
C
T,(0)=—*+a, (16)
Cl
e —_—
; - R
z / TZ dz
R1+Z
V Z
Yq

Fig. 7. 45 degree heat spreading model .

To obtain the temperature at the center of the heated surface
(the point representing the center of the laser array, P1) we
need to add the temperature difference between the top and the
bottom of the axis of the submount. Using the standard 45
degree model (Fig. 7):

gr=— 9% |
(R, +2)°k,

AT = J- de 3 = Qzl
s TR +2)°k,  TKR (R, +2))
Thus the highest temperature at the center of the laser array

is found as a sum of the temperature rises given by the two
models from Egs. (12), (15) and (17):

Tmax = QZl + QZZZ 1+IB Rl kl ’RZ kl
ml RI(RI + Zl) rkz Rl Z122k2 leZkZ

(18)

(17

where

MMJ»=T%3@UJKWQ—hUDKWJ)(w)

X, =R,4/C, (12a) In equation (18) the term Qz/(Tk,R,%) represents the

temperature if the device was placed on epoxy (with an
isothermal surface below) without the submount. The 3 term
(which ranges from 0 to -1) represents the temperature
reduction introduced by the spreading of the heat in the
submount.

Although the laser array and submount are not cylindrical,
an equivalent radius R, that gives the same area of the heated
interface between the laser and the submount, and another
radius R, equivalent to the area of the submount can be
calculated. If we have Ax; by Ay rectangular laser array on a
Ax; by Ay, submount of thickness z;, we can calculate the

equivalent radii as follows:
R, =X Ay, /T

R, =X by, /7T, (20)

To check the validity of this model, a finite element analysis
[10,11] of a laser array with an area of 500 um by 600 pm and
heat generating 2.4W on a 5 mm by 6 mm copper (k; = 398
W/mK) submount of thickness 0.25mm that is attached to an
isothermal surface with either 100 pum of silicone grease
(k,=2.3 W/mK) or with 200 pm of thermally conductive epoxy
(k=1 W/mK). The submount geometry used for the finite
element analysis and the obtained temperature distribution (for
the case of silicone grease) are shown the Fig. 8 and shows
that despite the rectangular shape of the submount and the
laser array, the resulting temperature profile is roughly
cylindrical, as assumed in the analytical model.

Laser array

X

Modeled
part

Cu
€pOXy

b)
Fig. 8. a) Laser submount geometry and b) the temperature
distribution in the submount with laser array obtained by finite
element analysis.
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Excellent agreement of the analytical model with the finite
element analysis is shown in Fig. 9. The lines represent
analytical calculation using Egs. (18)-(20) and the diamonds
represent the results of the finite element analysis. The thick
lines represent calculations for the case of epoxy between the
submount and the heatsink and the thin lines represent the case
of silicone grease between the submount and the heatsink. The
dotted lines are for an ideal submount with the k=co and
represent the theoretical minimum temperature rise. The
analytic model and the finite element analysis agree with 5%,
which is close to the error in the finite element analysis (2%).
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Fig. 9. Maximum temperature rise at the copper submount/laser interface
relative to isothermal surface with respect to submount width (a) submount
thickness (b) and laser array width (c). The heated surface is 500 by 600 pm.
The submount length Ays=Smm. Thin curves for submounts mounted with
100 pm silicone grease, ko=2.3 W/mK, thick curves for submounts mounted
with 200 pm thermally conductive epoxy, ko=1 W/mK. Solid lines represent
analytical solution, diamonds represent results obtained by the finite element
analysis and dotted lines represent results for an ideal submount with k; = co.

Figure 9 can be used to determine the optimum size of the
submount and the laser array using the criteria of the minimum
temperature rise (at the interface of the copper submount/laser
array) and the minimum size of the array and submount.
Increasing the submount thickness beyond 250 pm or
increasing submount width over 4 mm (silicone grease
mounted) or 8§ mm (epoxy mounted) will not significantly
decrease the temperature rise.

From the theoretical model, the maximum temperature of
the heated area can be calculated as a function of the laser
array width (with a fixed number of ridges spaced over the
width). The results for a 5x6x0.25 mm submount (Fig. 9c)
show that for laser arrays with widths smaller than 450-600
Mm, the maximum temperature increases rapidly, while
increasing the laser array width beyond 600 pm provides little
reduction in temperature.

Comparing the thermal analysis data for the laser die and
the submount suggests that the optimum array size and ridge
spacing is determined mainly by the properties of the
submount rather than laser array chip. Although an ideal
submount with an infinite thermal conductivity allows a 25 pm
ridge spacing (Fig. 4.), realistic submounts require array
widths between 450 to 600 um to effectively dissipate heat.
This means that for a 7-ridge array, the ridge spacing should
be increased to 70 to 100 pm where thermal cross talk is
negligible (< 1%).

The actual temperature in the quantum well of the laser
array is found by adding the temperature values from Fig. 5
(the temperature rise in the array and solder) to the heatsink
temperature increase (Fig .9b), in the submount and silicone
grease, added to the temperature of the heatsink.

For a 600 by 500 pum laser array producing 2.4 W of heat
that is soldered to a 5 mm by 6 mm by 0.25 mm copper
submount that is attached to a heatsink by 100 pum of silicone
grease (thermal conductivity 2.3 W/mK), the temperature rise
from the laser facet to the heat sink will be 29°C, of which
15°C is the temperature rise in the laser array and solder
and14°C is the temperature rise in the submount and silicone
grease.

VI. RWG LASER ARRAY TESTING

The RWG laser arrays (Fig. 2) were fabricated with the
epitaxial structure listed in Table 1. Two different wafers were
used. B779 has a central wavelength of 636 nm and a
threshold current density of 430A/cm”. B765 has a 634 nm
wavelength and a threshold current density of 400A/cm’.

The testing results for single RWG lasers from both
materials show the same slope (dL/dI) of 0.8 mW/mA per
facet, and threshold currents of 31- 41mA (B779) and 25-
31mA (B765).

The slope is very close to the predicted value of 0.8753
mW/mA, although the value of the threshold current is 50%
higher than predicted, 27 mA and 37mA compared to 21.7
mA. A possible explanation for the increased threshold current
is larger than expected current spreading, which is supported
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by the observation that the threshold current does not depend
on ridge width.

The maximum CW power for the single RWG lasers is 18-
20 mW per facet (35-40 mW total) before rapid degradation.

Laser arrays with different number of ridges were fabricated
from the same materials summarized in Table 3. Pulsed (1
microsecond pulses and 0.1% duty cycle) L-I and V-I curves at
a temperature of 15 C for these ridge wave-guide arrays are
shown in Fig. 10.

TABLE III
LASER ARRAYS TESTING SUMMARY
Material B76 B76 B76 B77 B77 B765
5 5 5 9 9
# of ridges in array 3 7 10 10 20 Broad
area
Threshold current, mA 65 135 170 310 570 260
Slope per facet, 052 045 049 047 041 0.41
mW/mA
Differential resistance, 12 6 6.5 3 2 1.6
Ohm
Maximum CW - 340 400 550 - 330
current, mA
Max. output CW - 90 100 125 - 27
power, mW/facet
Maximum efficiency - 10 10.6 10.8 - 5.3
at CW, %
00 10 ridges
100 +
B765 10 ridges
: B779
| 7 ridges
80 B765
2 3 ridges
Ee0 |  B76S
5]
H 20 ridges
840 B779
20
0 =
0 100 200 300 400 500 600 700
Current, mA
6 10 ridges
B765
S [ 3ridges 7 ridges
B765 B765
4 |
z. 10 ridges
23 | ~ — B779
5 = e _
> broad 20 ridges
2r area B779
B765
1 |
0
0 100 200 300 400 500 600
Current, mA

Fig. 10. Pulsed L-I and V-I curves (1 microsecond pulses and 0.1% duty cycle
at a temperature of 15 C).

The threshold currents in RWG arrays are 25 - 40% lower
than the threshold current of a single RWG multiplied by the
number of ridges. Additionally, the slope of the L-I curve in
RWG arrays is 30 - 40% lower than in single RWGs. This may

be because the ridges in the array may have slightly different
resistances allowing higher than average current in some
ridges resulting in early onset of lasing (in some ridges). The
ridges that turned on later than the others produce less light but
still consume considerable current and therefore cause a lower
slope. The difference in output power of different ridges can
be seen in Fig. 11 where ridges 1, 5, 6, and 10 (counting from
the top) produce much more light than ridges 4, 8, 9.

Fig. 11. Lasing 10 element RWG array.

This non-uniformity in ridge performance within the array
has negligible effect on the spectrum. For most devices, the
spectrum of RWG arrays, shown in Fig. 12, is almost identical
to the spectrum of single RWG lasers. The small spectral
broadening in arrays (from 0.3-0.6 nm to 0.5-1 nm) has no
effect in our application, especially considering that there is a
+1 nm central wavelength variation for devices made from the
same wafer.
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Fig. 12. Typical spectrum of a RWG array of 10 ridges

The highest CW power was achieved for RWG arrays of 7
or 10 ridges. The devices fabricated from wafer B765 require
less current to achieve high power than devices from wafer
B779. However, due to n-metal problems, devices from wafer
B765 have much higher resistances and operating voltage than
those from wafer B779. As a result, B779 RWG arrays of 10
ridges can achieve higher powers and were used in early

prototypes.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 8

Arrays of 7 and 10 ridges from wafer B765 are expected to
have much higher performance when the contact problem is
corrected.

Despite the high voltage problem, these laser arrays show
much better CW performance than 100 pm wide broad area
lasers made of the same material. Broad area lasers with lower
operation currents and lower voltage still generate heat in a
very small area that leads to device degradation. Although
these RWG arrays produce almost twice the heat, it is spread
over a six times larger area, allowing four times more output.

VII. SCATTERING ELEMENTS AND FACET COATINGS

Unlike most lasers applications, a very broad radiation
pattern is desired for the lasers used in balloon catheters for
Photodynamic Therapy. Such illumination patterns can be
achieved by applying optical scattering elements to the facets
of semiconductor lasers as shown in Fig.13. These scattering
elements, consisting of a light transparent polymer (refractive
index ~ 1.51) with nanoparticles, will affect the reflectivity,
and thus the threshold and power output of the lasers.

Polymer with nanoparticles

Laser

Submount

7
Coating
Fig. 13. Edge-emitting 635nm laser on a Cu submount with a scattering
element

The intensity reflectivity R at the interface between two
media with refractive indexes n; and n, is:

2
i
n2 + r.]l

The effective refractive index of the laser structure (neg)

found by MODEIG software [8] is 3.286 so the reflectivity at

the air interface is R = 28.4%. If the laser facet is embedded in

a polymer with an index of 1.51, the reflectivity R is 13.7%,

causing increased threshold current and decreased laser
efficiency.

Such drastic changes can be avoided by using a multilayer

facet coating designed to provide a facet reflectivity of ~ 35%

in both air and polymer, allowing the laser to perform the same
with or without scattering elements.

e2))

Laser Coating Coating Coating Air/

layer1 layer2 layer3 polymer

No

Ny nz N3 N4
Lo d | g o o (66—
AO Al A2 A3 A4
Bo B1 B> Bs
-—0 = ¢ = o = L]
S1 Sy S3

Fig. 14. 3-layer coating schematic

Figure 14 illustrates a 3-layer coating between a laser and
either air or polymer. In the ith layer of an N-layer coating, A;
represents a forward traveling wave, B; represents a backward
traveling wave, s; is the layer thickness, and n; is the refractive
index of the layer. The (N+1)™ layer is the outside media (air
or polymer) and since the light is incident from the laser, By,
= 0 and ny-; is either 1 (air) or 1.51 (polymer). Layer O is the
laser so ny = ng. The reflectivity R seen at the laser-coating
interface is (Bo/Ag)>, which is found by summing the
amplitudes and phases of the fields reflected at each interface
in the multilayer stack. The field reflectance p; at the
boundary between the ith and i+1th layer is:

_ =Ny

= 22
n +ng, 22

and the sum of the backward traveling waves at each
interface (at each dot in Fig. 14) is

B, = Ap, + By, exp(27ds;, y1- o/ (23)
and the sum of the forward traveling waves at each interface
(at each diamond in Fig. 14) is

A = A exp(7s, W1 - oL, — B, exp(473s,) o,y (24)
where j is J-1.
The reflectivity of all layers after layer i is:
B.
= XI (25)

Substituting A; from Eq.(24) into Eq.(25) results in
B, = A, =1, A, exp(27§s; 1- P, —1B; exp(473s;) ;. (26)

which reduces to
_h A, exp(273s; )\ll - piz—l

B =Ar. = 27
AT 1+1; exp(473s;) o, @D

From Eq.(23) with i changed to i-1 we find
Bio = Ao + B exp(27gs; )y1- P (28)

Substituting Egs. (25) and (27) (changing i to i-1), into (28)
results in
Atia =ALPL T

r A exp(278s; ){1- p,
1+ 1, exp(473s;) oy,
which can be simplified to obtain a formula for r;_;:

_ T+ piy exp(=473s)

exp(—473s;) + 1,0,
where ry = Py is the reflectivity (Eq. 22) at the last interface
and the reflectivity seen by the laser is R = |r*, which is
found by an iterative solution of Eq.(30) with i ranging from N
to 1.

Silicon dioxide (n = 1.5) and titanium dioxide (n = 2.43) are
high index contrast coatings that have low losses at 635 nm.

To obtain the maximum coating reflectivity, the SiO2 layer
should be adjacent to the laser so that the maximum index
contrast is obtained. Starting with the maximum reflectivity, R
can be reduced by adjusting the thicknesses of each coating
layer. Although two layers are sufficient to obtain R = 35%
for the specified coatings, a three-layer coating is less sensitive

exp(273s, ) 1- P2, (29)

(30)

i-1
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to index and thickness variations and results in a larger
solution space. The resulting three-layer coating on the laser
(ny = 3.286) facets consists of 1) SiO; (n; = 1.5), 2) TiO, (n, =
2.43), 3) SiO; (n; = 1.5) followed by air (ny = 1) or by polymer
(ng=1.51).
The coating reflectivity R is a function of the coating layers
thicknesses s, s,, s3 and the outside media refractive index:
R = 1(sy, 85, 83, Ny) 31
The specified target reflectivity of R=35% in both air and
polymer is achieved by selecting layers thicknesses s;, s,, s3
that satisfy:
R(sy, $2, 83, 1.5) =0.35 (32a)
R(Sl, S, S3, 1) =0.35 (32b)
The boundary between SiO, and polymer will not reflect
since they have the same refractive index. Therefore s; will
have no effect in polymer media and Eq.(32a) can be
simplified:
R(sy, 82, 1.5) = 0.35 (33)
The normalized thickness s,n,/A, (Where Ay = 635 nm is the
free space wavelength) is plotted in Fig. 15a as a function of
siny/Ag by solving Eq. (33) Eq (32b) can now be written as:
R(Sl, Sz(Sl), S3, 1) =0.35 (34)
and can be solved for s; as a function of s; (s; = s3 (s1)),
(Fig.15b). Note that Egs.(33) and (34) will have multiple
periodic solutions with period 0.5, because exp(-4Tys;) is a
periodic function of s;. We are interested in minimizing the
coating thicknesses to reduce diffractive losses (which have
been neglected).
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Fig. 15. Solutions for layers thickness

Figure 15 represents a set of solutions for the coating
thicknesses. By choosing s; in the range of 0.12 to 0.3 we can
select s, (Fig. 15a) and s; (Fig. 15b) so that the target
reflectivity R is 35% in both air and in polymer.

The coating layer thickness tolerance is typically 5 to10%
and the tolerance on the refractive indices of the layers is ~
0.5%. These variations result in a range (minimum and
maximum values) of reflectivities as shown in Fig. 16. Figure
16 indicates that the minimum reflectivity variations are at s,
equal to 0.26 or 0.12. The reflectivity variations at these points
are below 3% compared to ~ 4% at other points. The coating
parameters for s; = 0.13 (Table 4) were applied to the
AlGalnAs lasers described in Section 3.
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Fig. 16. Coating reflectivity R variation for 5% thickness variation in all 3
coating layers and for 0.5% refractive index variation in all layers including
laser. Top and bottom curves represent min and max values of reflectivity.
Solid line represents reflectivity in air, dashed line for polymer.

TABLE IV
A COATING DESIGN
Layer Laser Coating  Coating Coating  Media
layer#1 layer#2  layer#3

Material AlGalnP/  SiO, SiO SiO, Air/

GaAs polymer
Refractive 3.286 1.5 243 1.5 1/1.51
index
Thickness, A 0.13 0.255 0.18
Thickness, nm 55 67 76

VIII. CONCLUSIONS

A 635 nm ridge waveguide laser array was designed and
optimized for better heat extraction allowing higher power and
improved reliability compared to broad area lasers fabricated
from the same material.

An analytical formula for heat transfer in the laser array and
the submount showed good agreement with results obtained
by finite element analysis.

These ridge waveguide arrays produce greater than 3 times
more optical power from 7 to 10 ridges (each 5 pm wide) than
100 pm wide broad area lasers because the heat is spread over
a larger area.

Although the output power from these laser arrays was
limited to 200 mW because of high contact resistivity, more
than 400 mW is expected with proper contacts.
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TABLE I

MATERIAL COMPOSITION OF EPI STRUCTURE[9]

# Layer name

635 nm Epitaxial Structure

Material Actual/Ideal
Thickness,
um
I P+cap GaAs 0.05
2 Barrier Gay 5Ing sP 0.075
reducer
3 p-cladding Aly5Ing 5P 0.75
4 Etch stop Gag gIng 4P 0.004
5 p-spacer Al sIng sP 0.25
6 SCH (A10.6Gao,4)o.511’10.5P 0.1063/0.09
7 QW Gao,sll’lo,sP 0.0080
8 SCH (A10.6Gao,4)o.511’10.5P 0.1063/0.09
9 n-cladding Alo.5Ino.5P 1
10 Substrate GaAs ~100
TABLE II
COMPARISON OF A REAL LASER STRUCTURE
TO IDEAL OPTIMIZED
As Grown Ideal Mea-
(theory) (theory) sured
quantum well 3.0289%  3.0558% -
confinement factor [
perpendicular far- 40.0° 41.5° 42°
field divergence
near-field width 0.2284 0.2181 -
threshold current J;, 21.7mA 21.3 mA 27-41mA

12
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TABLE III
LASER ARRAYS TESTING SUMMARY

Material B765 B765 B765 B779 B779 B765
# of ridges in array 3 7 10 10 20  Broad
area
Threshold current, mA 65 135 170 310 570 260
Slope per facet, mW/mA 0.52 045 049 047 041 041
Differential resistance, Ohm 12 6 6.5 3 2 1.6
Maximum CW current, mA - 340 400 550 - 330
Max. output CW power, - 90 100 125 - 27
mW/facet
Maximum efficiency at CW, % - 10 10.6 10.8 - 5.3
TABLE IV
A COATING DESIGN
Layer Laser  Coating Coating Coating Media
layer#1 layer#2 layer#3
Material AlGalnP/  SiO, S10, S10, Air/
GaAs polymer
Refractive 3.286 1.5 2.43 1.5 1/1.51
index
Thickness, A 0.13 0.255 0.18

Thickness, nm

55 67 76

13
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Fig. 3. Modes in the laser. a) mode field shapes in 5 um thick ridge, b) Confinement to the ridge for
different modes (WAVEGUIDE]8] simulations).
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Fig. 5. Temperature field distribution in the laser array die obtained by the finite element analysis, a)
the laser facet, b) ridge cross-section
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Fig. 8. a) Laser submount geometry and b) the temperature distribution in the submount with laser
array obtained by finite element analysis.
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Fig. 11. Lasing 10 element RWG array.
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Fig. 12. Typical spectrum of a RWG array of 10 ridges
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Fig. 13. Edge-emitting 635nm laser on a Cu submount with a scattering element

Laser Coating Coating Coating Air/
layer 1 layer2 layer 3 polymer

No Ny Ny N3 Ny
— e —e| ——>e| ——>e|e—>
AO Al A2 A3 A4
Bo Bl BZ B3
4“0  €4-— 0| ¢4—0| «-—°

< S1 Sl S2 >l S3

Fig. 14. 3-layer coating schematic



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 24

0.3
0.28
0.26
0.24
0.22

0.2

521’12/ 7\,0

0.18
0.16
0.14

0.12

0.1
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3

S]l’ll/)\o

0.3
0.28
0.26

0.24

0.22

0.2

S3n3/7\,()

0.18
0.16
0.14

0.12

0.1
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3

b) Slnl/)\o

Fig. 15. Solutions for layers thickness



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 25

wnn 04
e
2
70.39
0.38
¥ <
2 .E 0.37
o
B 5036
[ Tty
33
= 560.35
= >
o v 0.34
.: q)
S £033
QO .Q
< 0.32
NN
031
—
2

0.3
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3

S1n1/)\o

204

0>)\‘.

<00.39

® 038
— .
S &
o g 0.37
>‘- 'i:; ----------- Soeoecaee [ L M -
E .8 0.36 1==
= 8
S > 035
E q>§ ey ——r—r—r—y—r— e
L ’g 0.34
=

O
s 2 0.33
IR

0.32

O£

L 031

AN

v 03

= 0.1 0.12 0.14 0.16 0.18 0.2 022 0.24 0.26 0.28 0.3

Slnl/)\()

Fig. 16. Coating reflectivity R variation for 5% thickness variation in all 3 coating layers and for 0.5%
refractive index variation in all layers including laser. Top and bottom curves represent min and max values
of reflectivity. Solid line represents reflectivity in air, dashed line for polymer.



