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Enhanced thermal stability of VCSEL array by thermoelectric
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The thermal stability of a vertical-cavity surface-emitting laser (VCSEL) array is enhanced by redesigning the mesa
arrangement. Based on a thermoelectric coupling three-dimensional (3D) finite-element model, an optimized VCSEL array
is designed. The effects of this optimization are studied experimentally. Power density characteristics of VCSEL arrays
with different mesa configuration are obtained under different thermal stress in which the optimized device shows improved
performance. Optimized device also shows better stability from measured spectra and calculated thermal resistances. The
experimental results prove that our simulation model and optimization is instructive for VCSEL array design.

Keywords: VCSEL array, mesa arrangement optimization, thermal stability

PACS: 42.55.Px, 42.60.Da, 42.60.Lh

1. Introduction

Vertical-cavity surface-emitting laser (VCSEL) offers
some natural advantages over edge-emitting laser (EEL) like
symmetrical laser beam and simple arrangement in two di-
mensional (2D) arrays, and are very attractive laser sources
for a wide range of applications in optical interconnect,
parallel links, free space communications, laser pumping,
illumination,!'"%1 gesture recognition and 3D sensing.!”:8!
These applications all demand the device’s reliability, which
largely depends on the thermal stability. For example, operat-
ing lifetime of the VCSEL decreases exponentially with tem-
perature rising, and excessive temperature rise in the active
region can reduce the VCSEL array’s reliability drastically.

Thus, it is important to investigate the thermal issue of
the VCSEL and many researchers have made great efforts
on it. Nakwaski et al.!°! analyzed the current flow and tem-
perature rise in etched-well VCSEL using the electrical ana-
log method; Chen ez al.!'%1 developed an effective electrical
conductivity model and considered size effects on the electri-
cal, thermo-physical, and radiative properties; Choi et al.!'!]
studied the thermal effects of 850-nm VCSEL using thermal-
electric direct-coupled field analysis. These works provided
valuable references both theoretically and experimentally, and
usually focused on single VCSEL. Meanwhile it is common
for many applications to take full advantage of the VCSEL ar-
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ray, so efforts have also been made for thermal characteristics
of the VCSEL array. Wang et al.l'?! investigated the effects
of oxide-aperture and substrate thickness. Holger Moench et
al.''31 simulated the heat flow in VCSEL array and presented
an elongated rectangle shaped VCSEL array to achieve higher
power. However, those studies basically focused on thermal
characteristics of the single VCSEL device or the whole array
device. Researches aiming at improving thermal stability of
the VCSEL array by designing a mesa arrangement according
to the heat coupling among mesas are lacking. The mesa ar-
rangement is of great potential to have strong effects on the
interplay of heat flux among different mesas in the VCSEL
array, without alteration of the wafer structure and extra fabri-
cation process. The interaction of heat flux among mesas will
finally affect the temperature distribution and consequently the
whole device performance.

In this paper we put forward a specially designed VC-
SEL array with non-regular mesa arrangement in order to en-
hance the thermal stability and reach higher power without
overlarge mesa area. A 3D thermoelectric coupling analysis is
performed to compare the temperature distribution inside the
VCSEL array with different configuration of mesas. Based on
the analytical results, we redesign the arrangement of mesas
in order to lower down the heat coupling among mesas. Then,

effects of the optimization(redesigning) were investigated ex-

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61434005, 61474118, 61376070, 11404326, and 11674314), the Jilin
Provincial Scientific and Technological Development Program, China (Grant No. 20150203011GX), the Changchun Science and Technology Project, Jilin
Province, China (Grant No. 155S02), and the Youth Innovation Promotion Association, Chinese Academy of Sciences (Grant No. 2017260).

fCorresponding author. E-mail: zhangx @ciomp.ac.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

064204-1


http://dx.doi.org/10.1088/1674-1056/26/6/064204
mailto:zhangx@ciomp.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 26, No. 6 (2017) 064204

perimentally. Light-current (LI) performances under differ-
ent heat sink temperatures of the optimized array were com-
pared to devices with normal 4 x4 square arrays. Furthermore,
we studied the spectra and central wavelength shift of arrays
with different mesa arrangement, from which the thermal re-
sistances were calculated. At last, far field patterns of different

devices were measured.

2. Device structure

The scheme of a single 980-nm bottom-emitting VCSEL
device and the array are shown in Fig. 1. Our wafer was grown
using metal-organic chemical vapor deposition (MOVCD).
The epitaxial structure is as follows: the active region consists
of three groups of Ing>GaggAs/GaAsg 92Pg s quantum wells
which are surrounded by Aly,>Gag gAs spacer layers to make
up a 1A cavity. The active region and spacer layers are sand-
wiched by the n-doped distributed Bragg reflector (n-DBR)
and p-doped DBR (p-DBR). The n- and p-type DBR consists
of 22.5 pairs of Alg 12GagggAs/AlyoGag 1As and 30 pairs of
Alp.10Gag ggAs/A10.9Ga0.1As A/4-thick layers, respectively.
The oxide aperture, which is used for carrier and photon con-
finement, is located between the p-doped spacer layer and the
p-DBR.

p-contact

oxide confine
active layer

P b

n-contact

output aperture

bottom output window

p-contact substrate (b)

Fig. 1. (color online) Schematic view of bottom emitting (a) single VC-
SEL and (b) VCSEL array.

Circular mesas are etched on the p-doped side of the
wafer by chlorine using inductively coupled plasma (ICP)
equipment. After a selective oxidation process, SiO, is de-

posited on the surface of the mesas using plasma enhanced

chemical vapor deposition (PECVD). Then the SiO, on the
top of the mesas is etched away by fluorine using ICP equip-
ment and the p-contact is formed by DC sputtered Ti/Pt/Au.
The GaAs substrate is then reduced down and polished. After
sputtering of Ge/Au/Ni/Au, the output window is made by the
lift-off process and the antireflection layer is grown on part of
the wafer to avoid back reflections into the cavity. Finally the
wafer is split apart, bonded to a C-Mount heat sink and pack-
aged into TO-3. Further details of the device structure and
output characteristics are published in Ref. [14].

3. Modeling

To quantify the temperature distribution, heat source dis-
tributions in the VCSEL must be determined. In the DBR and
the substrate layers, thermal resistance is the main heat source.
In the active region, heat mainly comes from non-radiative re-
combination and resistive heating.[!>!

Under steady state conditions, the electrical potential in

the VCSEL is determined by the Laplace equation:
V-(e-V-U)=0. (1)

To consider the interface and boundary scattering effects
of phonons and electrons,!'%!7] anisotropic material properties
are used in the active layer and DBR region. The electrical
conductivity o in Eq. (1) is defined as

o, 0 O
c=10 o 0],
0 0 o

o.d;
=N = Zz:ﬁl’

2

where o, 0y, and o; are the electrical conductivities in the x,
v, and z directions, respectively. o; in Eq. (2) represents the
electrical conductivity of the i-th layer. Under the same con-
dition, the local heat generation Qy due to resistive heating is
determined by

CppVT =V. (KVT) + Qtota (3)

where C, is the heat capacity, p is the material density, scalar
Kk is the thermal conductivity and Qi is the total heat density.
In Eq. (3)

KVT = o+ h(Tins —T) + ekp (T, — T*), (4)

where T is the initial temperature, g is the inner heat flux, &
is the heat transfer coefficient, € is the surface emissivity, kg is
Boltzmann constant, T, is the volume ambiance temperature,
and Ty is the ambiance temperature. Again considering the
interface and boundary scattering effects, the thermal conduc-

tivity tensor k is defined by

K 0 O
k=| 0 x 0 |, )
0 0 «k
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where!8]

Y Kd; Y. d;
K= K, = ==
YYd Y.di/x

We had considered the temperature-caused variation of ther-

and K

(6)

mal conductivity!!’]

K(T) = K300 k - (300/T)/*. (7)

Finally, the Joule heating Qj, the Auger recombination Qauge
and non-radiative recombination Qp,q compose the total heat:

Ot = 05+ QAug + Onrad- (8)

Table 1 lists the material properties and structural param-

eters used in the simulation.

Table 1. Material properties used in the simulation.

c/Q-m! K/W-m1.K~! C/llkg LK™! plkg-m?

p-contact oy =0y=0,=1x10" Ky = ky = k; = 315 132.2 19.32x10°

p-DBR oy = 0y = 2.761 x 10%; Ky = Ky = 69.21; 332 4.53x10°
0. = 4.454 x 10? K, =54.29

Active layer o =0y, =5.9x 10% Ky = Ky = 45.81; 332 5.39x 10°
o, =12x10? K, =43.75

n-DBR oy = 0y = 5.933 x 10%; Ky = Ky = 69.21; 375.5 4.53 % 10°
0. =7.932x 103 K, =54.29

Substrate 0y =0y =0, =4.5x 10’ K = Ky = k; =45 327 5.32x103

n-contact 6y=0y=0,=1x10" Ky = Ky = k; = 315 132.2 19.32x10°

The 3D thermal-electrical coupled field analysis model was built using COMSOL Multiphysics®. The boundary conditions for our bottom emitting
devices were set as: p-side of the device having large heat exchange with the heat sink while the n-side having much smaller heat exchange with the

air and remaining room temperature.

4. Simulation and optimization

The primary purpose of our simulation is to investigate
the temperature variation tendency of arrays with different
mesa edge distances. Therefore, specifically, device struc-
ture in our simulation was simplified. The oxide layer is thin
enough to be omitted and the oxidized part is regarded to be
adiabatic, so the mesa’s diameter was the same as the oxide
aperture’s being 100 um. Thus we only constructed four main
heat sources of a VCSEL: p-DBR, active layer, n-DBR and the
substrate, which are sufficient enough to explore the thermal
influence of different mesa arrangements.

(a) (b)

eml em2

/real mesa size

I
I
I
L =0
I
I
I

simulation size

Fig. 2. (color online) (a) Top view of a bottom emitting 4 x4 VCSEL array.
msl: Edge mesa space; ms2: Middle mesa space; em1: Edge mesas; em?2:
2nd row of mesas. d is the distance of two mesas’ edges. (b) Real mesa
diameter is 150 pm while the simulation diameter is 100 pum.

As shown in Fig. 2, it was a 4 x4 square VCSEL array we
simulated and we had performed calculations for arrays with 4
different mesa-edge distances: 50 pm, 100 pum, 150 pwm, and
200 pm.

4.1. Simulation for 4x4 VCSEL array

The surface temperature distribution and details on the ac-
tive layer plane when adding 3-A current were obtained. Fig-
ure 3 demonstrates that the mesa distance has an obvious in-
fluence on the thermal characteristics of the device, in favor of
our expectation.

Figure 4 illustrates the details of the temperature distri-
bution on the active layer. As the mesa distance increases,
the maximum temperature decreases with the temperatures in
each mesa converging to the same value.

To have a closer insight, we investigated 20 mesa edge
distances varying from 50 pm to 350 um as shown in Fig. 5(a)
The temperature curve gets smooth as mesa distance increases.

Simulation results above indicate that the mesa distance
together with the number of mesas surrounding have the main
influence on thermal interaction among mesas. We give our
explanation by sorting mesas into three types: the corner type,
edge type and central type, marked sky-blue, yellow and red
color respectively as depicted in Fig. 5(b). The corner type
mesas at least interact with two mesas nearby while the edge
type with at least three and the central type at least four.
Hence, central mesas reached the highest temperatures, edge
type mesas the medium and corner type mesas the lowest. And
as mesa distance increases, heat exchange among mesas de-
cays, resulting in lower and closer temperature of different

mesas.
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Fig. 3. (color online) Surface temperature distribution of 4x4 VCSEL arrays with different mesa edge distances d: (a) d = 50 pm; (b)
d =100 pm; (c) d = 150 pum; (d) d = 200 um. The maximum temperature for each design is 372.0294 K, 359.5966 K, 352.8352 K, and
348.9016 K respectively.

380F
(a) 360
360 | e
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) = 340
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Fig. 4. (color online) Temperature distribution in different position on the active layer plane for VCSEL arrays with different mesa
edge distances d. (a) d = 50 um, (b) d = 100 pm, (¢) d = 150 pm, (d) d =200 pm.
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Fig. 5. (color online) (a) Maximum temperature for VCSEL arrays with different mesa edge distances ranging from 50 um to 350 pm and (b)

illustrative interaction among mesas.

4.2. Optimization of mesa arrangement

According to the simulation, mesa distance has proven to
have non-negligible influence on thermal characteristics of the
device. Larger mesa distance can help avoid more heat cou-
pling. However, the result in Fig. 5(a) indicates that large mesa

()

(b)

@ﬂ@o

dy dy do

O
OOOCP

Fig. 6. (color online) Illustration of mesa arrangement on the VC-
SEL array’s surface. (a) Normal mesa arrangement with mesa center
(edge) distance equals 250 um (100); (b) optimized mesa arrangement.
The mesa radius is 75 wm. The mesa center distances: d; = 250 pm,
dy =300 um, and d3 = 150 um.

distance is not necessary, and besides, too large separation of
mesas will cause other drawbacks like lower output power
density and coherence. Hence, it is worthwhile as well as
being feasible to look for a reasonable mesa arrangement in
which mesas’ positions are appropriately modified instead of
increasing the mesa distance simply. The designed VCSEL ar-
ray with appropriate mesa distance and not oversized mesas’
area as shown in Fig. 6(b).

The priority in our optimizing process is to reduce the
heat coupling among meas as much as possible and then comes
the whole mesa area. We chose the normal 4 x4 mesa arrange-
ment as the initial arrangement. Compared to the normal de-
vice, the distances of mesas in the central part got larger in the
optimized array, because heat coupling among them is more
serious than other mesas’.

Also, the position of some mesas were modified. Two
mesas at the corners were moved to the centers of left and right
sides respectively. Three remaining mesas on the top and bot-
tom sides were moved to the center in their original rows. The
existence of interaction between mesas is visualized in Fig. 7
by red and green lines (coupling lines). According to Fig. 4(d),
in the array with mesa edge distance of 200 pm, the maximum
temperature difference of the most adjacent mesas is 1.64 °C.
For mesas with larger distance, the temperature difference and
Therefore, if the

mesa center (edge) distance of two mesas is larger than dpax

heat coupling is thought to be negligible.

equaling 424.26 um (274.26 pm), we disregard the heat cou-
pling of them. Coupling lines of normal array and optimized
array sum to 42 and 36 respectively. After this transforma-
tion, the mesa-distribution area changed from 562500 umz to
600000 m?. To be noted, area for larger array with mesa edge
distance being 150 um, is 810000 um?.
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(a) CN =142

coupling line

(b) Amax

CN =36

Fig. 7. (color online) Coupling lines (red solid lines) which indicate the existence of heat coupling between mesas in (a) normal
VCSEL array and (b) optimized VCSEL array. The green solid—dashed line in panel (b) represents the max mesa distance (dmax) that

can be counted as a coupling line. CN: coupling number.

4.3. Simulation for optimized array

Using exactly the same material parameters, bound-
ary conditions and driving current of the 4x4 square
mesa arrangement VCSEL array, we performed a simula-
tion for the optimized one using COMSOL Multiphysics®
again. Through the surface temperature distribution and
details on the active layer in Fig. 8 we can see that its
heat generation is between the array with mesa edge dis-
tance being 100 um(center distance being 250 pm) and the
one with mesa edge distance being 150 pm (center dis-
tance being 300 pm). It should be noted here that the

(a) A 356

350

340
330
320
310
300
V¥ 293
360
b N
asop ) i
H|
i
|
<340t i
& [
Z 330} I
< T
& PN B T
2 320} R MR YA
g ,: .‘ d Ny 1
& 310} cm
g —-—--em2
300} . mm
---msl
290 ms?2

0 500 1000 1500

Position/pm

Fig. 8. (color online) Surface temperature (a) and details distribution
on active layer (b) for optimized VCSEL array. The maximum temper-
ature of the device is 356.1709 K. em1, em2, ms1, ms2 have the same
meanings as Fig. 2 defined but are in the horizontal direction here and
mm means the middle row of mesas.

optimized array’s area is smaller than the area of array with
mesa edge distance being 150 pm.

5. Experiment

According to the simulation, we fabricated three kinds of
VCSEL arrays with different mesa arrangement. 4 x4 square
array with mesa edge distances being 100 pm, 150 um and
the optimized array were fabricated as a bottom emitting VC-
SEL array on the same wafer with the same mesa diameter of
150 pm. The optimized array has an irregular distribution of
mesa, but it requires no additional fabrication process except
changes of lithography mask.

5.1. LI characteristics for different VCSEL arrays at dif-
ferent heat sink temperatures

LI characteristics in different heat sink temperatures were
tested under the CW condition. Due to the limit of maximum
current (5 A), our device testing equipment could not make the
devices reach the thermal roll-over point. It could be seen from
both the LI curves for different temperatures and the statistical
histogram of maximum power per mesas’ area (the maximum
power divided by the mesas’ distribution area) in Fig. 9 that
higher outer temperature leads to lower output power, which is
caused by additional losses introduced by extra heat. The max-
imum powers for devices with d = 100 um at temperatures
from 25 °C to 70 °C are 1.84 W, 1.60 W, 1.42 W, 1.21 W, and
1.00 W respectively. The maximum powers for devices with
d=150 pm are 2.19 W, 1.83 W, 1.65 W, 1.42 W, and 1.20 W
respectively. Counterparts for optimized devices are 2.16 W,
1.99 W, 1.83 W, 1.60 W, and 1.44 W respectively. Obviously
the performance of optimized-mesa-arrangement device ex-
celled at almost every heat sink temperature. As for devices
with d = 100 pm and d = 150 um, the larger distance shows
an apparent advantage to the shorter distance. However, we
should note that enlarging the mesa distance leads to a larger
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mesas’ area and therefore the size of the device has a greater
limit. Our optimized device can avoid this problem, realizing
the highest power and maintaining an appropriate mesas’ area
of 600000 pm?.

2500
——d =100 um
d=150 ym (a)
—— optimized array 12000
=
11500 g
~
8
g
1000 £
1500
0
Current/A
5 &
(b) B d=100 ym g
d=150 pm §
[ optimized array {4 <
M -
— I
o
| i s £
— @
1 :
—| — 3
192 F@
n
0
g
8
4 1 g
5}
2
o
— HJo &

25 40 50 60 70
Heat sink temperature/°C
Fig. 9. (color online) (a) Power density characteristics of three kinds

of VCSEL arrays at different heat sink temperatures, (b) statistical his-
togram of maximum power per mesas’ area for different devices.

X2 Of === Ed=100 pm
~ d =150 pm
% —5r m optimized array
S 10} L
% —15¢ [l] [']
ol
—20 . L L L .
25 40 50 60 70

Heat sink temperature/°C

Fig. 10. (color online) Maximum power decline ratio at different heat
sink temperatures.

The bottom emitting VCSEL device is sort of a flip chip
as its p side is mounted on the heat sink. Hence the outer heat
was transferred directly from p-DBR to the active layer, the
case in which diffusing the heat among mesas away as much
as possible becomes so important. Since each single mesa
has the same epitaxial structure, factors relevant to the macro-
structure like mesa arrangement is the key to lowering the ther-
mal interaction among mesas. Figure 10 demonstrated that a

device with an optimized mesa arrangement had the lowest
maximum power decline ratio (power drop), the proportion of
maximum power reduction at higher temperature to maximum
power at the last lower temperature. As heat sink temperature
increased, the power drop remained the least for the optimized
VCSEL array, coinciding with the prediction of our simulation
and analysis. The power stability and consequently the device
reliability in optimized optimal design was upgraded.

5.2. Spectra for different VCSEL arrays

To further investigate the thermal stability of different
types of devices, spectra and wavelength shift were tested.
Working on a copper heat sink without heating and water-
cooling, the central wavelength shift for different devices var-
ied as illustrated in Fig. 11. The wavelength shift obeys

WS4=100 um > WSd=150 pum > WSopt—array-

The measured wavelength-temperature variation (AA/AT) is
0.07 nm/°C[?%1 5o the temperature rises for each device are
51.7 °C, 49.1 °C, and 46.6 °C respectively.

983
—&-d =100 ym, WS =3.62 nm
g [ —5-d =150 pm, WS =3.8 nm
i 982 optimized array, WS =3.26 nm,
= L
=
2
g 981
© L
>
]
2 9801
= L
-
= 979t
[3)
O L
78 1 2 3 4
Current/A

Fig. 11. (color online) Central wavelength shift (WS) for different VC-
SEL array with heat sink at room temperature.
For this condition, we can also calculate the thermal re-
sistance defined as
AT

Ry = ——,
APdissipation

©)
where AT can be calculated using wavelength-temperature
variation and dissipated power Fissipation Can be calculated by
U #I — Poutput- S0 APyissipation 18 derived by the difference of
Pyissipation at different driving currents. The thermal resistances
of different devices are listed in Table 2. In favor of our ex-
pectation, the optimized array has the smallest thermal resis-
tances.

Table 2. Thermal resistance(K/W) of different devices.

Current scale in calculation 1Ato3A 1Ato35A 1Ato4A
d =100 um 8.0582 8.5147 8.7415
d =150 um 8.7719 8.9171 8.9734
Optimized array 6.8939 7.5127 7.8880
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When adding water cooling, self-generated heat from the
VCSEL array was constantly transferred to the heat sink, the
central wavelength shift got shrunk as shown in Fig. 12 In this
situation the optimized array wins again in thermal stability.
The temperature rises for each device are 41.4 °C, 41.3 °C,
and 38.7 °C respectively. For this condition it is needless to
compare the thermal resistances.

982
—&-d=100 pm, WS=2.9 nm

I 5= d=150 pm, WS =2.89 nm
optimized array, WS =2.71

981

980

979 +

Central wavelength/nm

0.5 1.5 2.5 3.5 4.5
Current/A

Fig. 12. (color online) Central wavelength shift (WS) for different VC-
SEL arrays with heat sink with water cooling.

5.3. Far field patterns for different VCSEL arrays

Far field patterns of different devices at 3.5 A were mea-
sured as illustrated in Fig. 13. Though with a non-central sym-
metry, the optimized device shows a nearly circular pattern as
the normal arrays do. Values of divergence angles are reason-
able, bigger than ones of an array with d = 100 wm and slightly
smaller than ones of an array with d = 150 um. So far, we have
not found any negative influence of the non-central symmetry
on the device’s performances.

r axis divergence
y axis divergence
14.8351°

19.2029° 18.5308°

14.8351°

20.9275°

19.0479°

d =100 um d =150 pm optimized array

Device type

Fig. 13. (color online) Far field patterns and divergences for different
VCSEL arrays.

6. Conclusion

A 3D thermal-electrical coupled finite-element method
was developed to investigate the thermal characteristics of a
980nm high power bottom emitting VCSEL array. The sim-
ulations showed that a different mesa arrangement had an ef-
fect on the heat coupling between mesas. Optimization of the

mesa arrangement was performed in order to improve the ther-
mal behavior of the VCSEL array device. In the experimental
investigation of VCSEL arrays with three kinds of mesa ar-
rangements, the optimized VCSEL array has shown obvious
advantages on LI characteristics and its thermal stability ex-
cels according to the spectra and thermal resistance under dif-
ferent driving currents. The optimized array has an average
reduction of 1.2312 K/W in thermal resistance compared to
normal VCSEL arrays at different current scales. Besides, it
can reach higher output power while maintaining a not over-
sized mesas’ area and far field patterns suggest that non-central
symmetry will not bring a negative effect to the device. The
arrangement of VCSEL mesa has been proven to have a pos-
itive influence on device performances. It can be concluded
that our optimizing process has efficiently reduced the thermal
interplay between mesas and is instructive to array design. Fi-
nally, our optimizing method is after all a qualitative one and
promisingly can be improved to a more perfect, quantitative
one.
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