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Thermal Characteristic of VCSEL with AIN Film Passivation Layer
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Abstract; In this paper, the internal thermal field and heat flow vector distributions of high power

vertical-cavity surface-emitting semiconductor lasers (VCSELs), which is based on AIN film and

SiO; film passivation layers, were analyzed using ANSYS finite-element software. The simulation

results proved that the AIN film passivation layer has better features than the SiO, film

passivation layers, and can make the device work in a more stable status, which also improves the
device characteristics. Through the simulation, it was found that the Rthjc of VCSEL in AIN film
was 3. 12 K/W and the Rthjc of VCSEL in SiO, film was 4. 77 K/W. Comparison with the
experimental values that the AIN film of 3. 59 K/W and the SiO, film of 4. 82 K/W shows that

simulation results are in good agreement with the experimental results. The proposed research

works prove that the AIN film passivation layer has better thermal features than SiO, film

passivation layer.
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0 Introduction

Vertical-Cavity Surface-Emitting Lasers

(VCSEL) is a new kind of high-performance

quantum well lasers. In recent years, the

development of high-power VCSEL has become the
research focus of scientists internationally. VCSEL
with low threshold current, high conversion
efficiency, small divergence angle, beam quality
and easy-to-fiber coupling can easily be two-

dimensional array of high-density power light

[1-2]

output In optical communications, optical

storage, pumped solid-state lasers, medicine,

sensors and other applications have received much
attention. VCSEL' s own serious phenomenon of
self-heat, since the heat caused by temperature,
significantly affects the properties of the laser.

Laser thermal effect severely restricts the

development  of  high-power  semiconductor

lasers™*'. To improve the thermal characteristics

of high VCSEL and their

performance, we used the AIN film passivation

power output
layer instead of the previous film passivation layer
of SiO,, and we packaged the lasers with Flip

technology replace Formal technology. In order to
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verify that if the use of AIN film passivation layer
can improve the laser's thermal properties or not,
ANSYS which is the thermal analysis software was
used to simulate temperature rise of VCSEL based
on AIN film passivation layer and the SiO, film
passivation layer structure, and calculate the

thermal resistance based on two films structure of

VCSEL.

1 VCSEL structure

As a
semiconductor laser, GaAs substrate of VCSEL on

special  wavelength of 980 nm
the optical absorption of the this wavelength is
very limited, so we used light output of N side
instead of light output of P side, light output of N
side can effectively avoid the phenomenon of
uneven distribution of light which caused by the
aggregation effect of carrier of ring electrode
current injection with light output of P side,
furthermore, P side packaged in copper heat sink
can be effective for cooling, since copper heat sink
from the active region was only a few micron.
VCSEL flip-chart is shown in Fig. 1.

VCSEL can work with N side emitting and P
side emitting. P side emitting which Uniforms
current distribution will result in uneven spatial
distribution of light and damage the Light mode. P
side emitting which is active region for form the
copper heat sink, influences the laser cooling

effect, so we used chip-flip form when package the
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high-power semiconductor laser. We used
Molecular Beam Epitaxy (MBE) growth of three
quantum well structure In, ,Ga, s As (8 nm)/GaAs
(10 nm) of the active region, 30 pairs of P-type
DBR and N-type DBR which doping concentration
is 3X10%cm™ can get theoretical reflectivity of 99.
9% to 980 nm wavelength. High
structure of the Aly osGag 0o As  is

between P-type DBR and active region layer. The

aluminum
oxide laye
relatively high aluminum content can quickly be
oxidized and then the formatted the oxide hole
(Fig. 1), which Limits the light and the effective
current. VCSEL epitaxial layer structure is shown
in Table 1.

L&<— Output hole
— N side electrode

N-DBR Passivation layer

Oxide layer

Active layer 4
side electrode

P-DBR

pper heat sink

Fig.1 Schematics of VCSEL in flip package
Table 1 Epitaxial layer structure of the laser
Name of layers Material Thickness/pm
Cap layer GaAs 0. 04
P-DBR(30 pairs) e Gt ASBZ T nm) /o g,
GaAs(68. 6 nm)
Oxide layer Al o5 Gag, 02 As 0. 004
P-Cover layer Al , Ga, s As 0.0733
Three Quantum In, , Ga, s As(8 nm)
WQCH o-‘Ga/i-sg(lo nm) / 0064
N- Cover layer Al » Gag. s As 0.0732
N- DBR Aly.oGa, ) As(82.7 nm)/ 4593
(30pairs) GaAs(68. 6 nm)
N-Buffer layer GaAs 0.4
Substrate GaAs 160
2 Features of SiO, film and the AIN
film

The electrode of P-side is Ti-Pt-Au, which is
made by evaporation method. Generally speaking,
to prevent leakage, we coated with dielectric film
on the table which has been corrosion before
evaporate Ti-Pt-Au as passivation layer of high-
power VCSEL. We first cleaned out the passivation
layer of the circular electrode windows, and then
we evaporate Ti-Pt-Au. So the passivation layer
had been preserved around the electrode windows.,
and achieve a good isolation between wafer and
current, so that current can only be injected
through the circular electrode, to achieve a good

limit on the current, this ensures that the active

region material produce lasing. We often use good
insulation dielectric film as a passivation layer of
high-power VCSEL. The comparation of SiO,
AIN dielectric film are
shown in Table 2, the location shown in Fig. 2.

dielectric film and the

Table 2 Compare AIN film with SiO, film on Parameters

Material
AIN  SiO,
Parameter

Band gap/eV 6.2 9

Coefficient of thermal expansion(10° K') 4.5 0.5
Density(g/cm™) 3.26  2.27

Breakdown field strength(10° V/em) 14 13
Thermal conductivity(W/(cm « C)) 3.0 0.014
Dielectric constant 8.5 3.9
Resistivity (Q * cm) >10% >10"

Index of refraction 2.15 1. 46

P-side electrode

SiO, film or
AIN film

N-side electrode

Fig. 2 Position of SiO, film or AIN film
VCSEL

prepared at home and abroad use SiO, dielectric

Now days, most of the devices
film, since SiO, dielectric film has advantages of
large band gap and large high resistance, but the
thermal properties of SiO, film is poor, thermal
0. 014 W/(cm. C). And its
coefficient of thermal expansion is only 0.5 X 107

conductivity is

K',GaAs thermal expansion coefficient is 5. 9 X
10°% K',there is much difference between SiO, film
and GaAs thus

undermining  the characteristics  of

substrate. Prone to stress,
output
semiconductor lasers. The AIN film as [[[-nitride
wide band-gap insulating material, its thermal
conductivity is 3. 0 W/ (cm. C). The thermal
AIN film has
good thermal conductivity, resistivity large high
breakdown field

thermal stability. What is the most important is

conductivity is 200 of SiO, times.

strength, good chemical and
that the thermal expansion coefficient is 4. 5X10°
K", closed to the thermal expansion coefficient of
GaAs . All of these properties determine that the
AIN dielectric film is better than SiO, dielectric
film. Therefore, we used to replace SiO, film with

the AIN film as passivation layer of devices -,

3 Thermal analysis of VCSEL

We used ANSYS software to simulate the
temperature distribution within the chip of AIN
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film passivation layer and the SiO, film passivation
layer. The parameters of simulation are shown in

Table 3.
Table 3 Parameters of modeling VCSEL with ANSYS

Injection current 2.1 A
Device Voltage 2V
Output power 1.1 W
Device threshold current 0.5 A
Electro-optical conversion
efficiency of the device 26.8%
Round table diameter 350 pm
P-side electrode circle diameter 200 pm
Round table surface height of P 4.73 pm
GaAs substrate height 150 pm
Copper heat sink height 200 pm
Thermal conductivity of AIN film 3W/(cm+ C)

0.014W/(cm « C)
3.98W/(cm « C)
0.55 W/(cm + C)
0.65 W/(cm « C)
The height of P-side round table is only
4.73 pm, the GaAs substrate and the Cu heat sink
height of 150 pym and 200 pm, respectively,and the

Thermal conductivity of SiO; film
Thermal conductivity of Copper
GaAs substrate thermal conductivity

P-DBR thermal conductivity

main heat region of VCSEL is active region and P-
DBR, so we can take an approximation, putting
entire round table as laser heat source. The copper
heat sink temperature was set constant
temperature 20 C on simulation ,and we used air
flow. When we used AIN film as a passivation
layer, because the thermal conductivity of AIN
films was 3 W/(em » 'C) which was closed to Cu
heat sink thermal conductivity 3.98 W/(cm « C),
P side electrode is a better heat conductor, the
thermal region diameter equal to 350 pum. If we
took SiO, film as Passivation layer, thermal
conductivity was only 0. 014 W/(cm -+ C),
equivalent insulation material, it does not heat, so
efficient cooling diameter 200 pm.

Here we simulated temperature distribution
and heat flux vector distribution with AIN film
passivation layer structure and SiO, film
passivation layer structure, respectively.

In Fig. 3, we can see temperature rise of
VCSEL with AIN dielectric film is 6. 243 K, and
temperature rise of VCSEL with SiO, dielectric
film is 9. 534 K. The Rthjc of VCSEL with AIN
film is 3. 12 K/W, and the Rthjc of VCSEL with
film SiO, is 4. 77 K/W. As can be seen from Fig. 4
shows the cooling area in Fig. 4(a) is much smaller
than in Fig. 4 (b), this proves that there have
greater cooling area and better heat dissipation

with AIN film passivation layer.

— = e

283 285288 989576  289.865  292.534

284144 286432 288721 291.009
(a) SiO,

— 4 — |
283 284498  MWA097 287495 289243
283749 285248 286746 288244

(b) AIN

Fig. 3 Distribution of thermal fields in SiO, film
and AIN film
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172E-03 8.877 13354 20031 27.821
3333 10.018 18.833 2337
(b) AIN

Fig. 4 Heat flow vector distribution in SiO, film
and AIN film

4 Experiment

Since the peak wavelength of VCSEL will red
shift with increased active region temperature, so
we used spectroscopy, low duty cycle pulse lasing
conditions, and as duty cycle increased, the
corresponding average power of laser will increase,
the active region temperature will increase too. We

measure different duty cycle of the laser peak
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wavelength, and by comparing, we calculated
temperature change of active region,Rthjc obtained
by temperature change divide heating power of
VCSEL. Laser Rthjc is calculated as™™ ®
AT
R = AP @))
Whrer AT is temperature difference on chip, AP is

Inject electric power difference , and P can be

expressed ast "
—_urd
P =UI i (2)

Where U is the device Voltage, I represents device
operating current,and A represents pulse width, M
The width of
experiment is 10 ps, frequency is 100 Hz, and with
1% duty

wavelength of the laser in pulse and continuous

represents pulse cycle. pulse

cycle, we measured the central

lasing with spectrometer, so measuring the
wavelength shift in order to calculate junction
temperature rise. We got the wavelength shift
was 0. 075 nm/C, and calculate
wavelength red shift was 0. 8nm. Through
calculation, we got the Rthjc of VCSEL with AIN
film was 3. 54 K/W, and the Rthjc of VCSEL with

film SiO, was 4. 75 K/W. The experiment measures

coefficient

on the heat sink temperature of 20 ‘C, which

ensures that the results of experimental
measurements and  simulation have  some
comparability.
5 Conclusion

We got the result in which the thermal

resistance with AIN film is 3. 123 K/W form
simulation, and 3. 54 K/W form experiment,at the
same time, we got that the thermal resistance with
SiO, film is 4. 377 K/W form simulation, and
4,75 K/W The simulation

form experiment.

results and experimental results agree well with

calculations. Form the Rthjc, we can prove that

AIN dielectric film is better than the SiO, dielectric

film as passivation layer. The cooling effect of the

device with AIN film passivation layer is much
better than SiO, film passivation layer.

References

[1] IGA K, KOYAMA F, KINOSHITA S. Surface-emitting
semiconductor lasers [ J |. IEEE Journal
Electronics, 1988, 24(9) . 1845-1855.

[2] LI Te, NING Yong-giang. SUN Yan-fang, et al.
quality of 980nm high power vertical cavity surface emitting
laser[J]. Chinese Journal of Lasers, 2007, 34(5): 641-643.

[3] LI Xiao-feng, PAN Wei, LUO Bin, et al. Theoretical study

on nonlinear dynamics of vertical-cavity surface-emitting laser

of Quantum

Beam

with multiple external optical feedbacks[J]. Chinese Journal
of Lasers, 2004, 31(12). 1450-1452.
[4] LI Te., NING SUN  Yan-fang, et al.

Temperature of 980 nm two-

Yong-qiang,

dependent characteristics

dimensional bottom emitting VCSEL arrays [ J]. Chinese
Optics Letters, 2007, 5(Supl) :156-158.

[5] RIBEIRO C T M, ZANATTA A R, ALVAREZ F. X-ray
photoelectron spectroscopy of amorphous AIN alloys prepared
by reactive rf sputtering [ J]. Journal of Non-Crystalline
Solids, 2002, 299-302(1): 324-326.

[6] CUI Jinjiang, NING Yong-qiang, SUN Yan-fang. et al.
Vertical cavity surface emitting lasers fabricated with pulsed
anodic oxidation[ J]. Chinese Optics Letters, 2007, 5(Supl):
145-147.

[7] PU R, WILMSEN C W, GEIB K M, et al.
resistance of VCSEL's bonded to integrated circuits[J]. IEEE
Photonics Technology Letters, 1999, 11(12): 1554-1556.

[8] PARK J, LEE C C.
temperature for light-emitting diodes and the impact on

IEEE Electron Device Letters,

Thermal

An electrical model with junction

conversion efficiency [ J ].
2005, 26(5): 308-310.

[9] HOU Lifeng, ZHONG Gang, ZHAO Ying-jie. et al. High-

power VCSEL with radial brigde electrodes [ ]J]. Acta
Photonica Sinica, 2010, 39(1) . 3-4.

[10] SAFAISINI R, JOSEPH ] R, LOUDERBACK D, et al.
Temperature dependence of 980-nm oxide-confined VCSEL
dynamics[J]. IEEE Photonics Technology Letters, 2008, 20
(14) . 1274-1275.



12 #1 MA Xiang-zhu, et al; Thermal Characteristic of VCSEL with AIN Film Passivation Layer 2117

ST AIN i Hy VCSEL Stk g 5

LA R R L ER Wk
(1 KRBERTRS @R SEEOLEREGLE %, KEF 130022)
(2 WS AT BRFT AR W) L5 100083)

WE AN ANSYS A A5 R80T R T AIN BLAL &A= SIO, BEALIL B8 & o) 5 & A @ A
HFFRELZ(VCSEL) B ARG A oA FR k5 H. B 69229 AIN B4 & Z 1k SiO, BEstib
BB EAF AR A B B AL R TR R S B A 2T B K T AIN Bi4k4L £ 49 VCSEL #
fA 3.12 C/W,m kT SiO, B4t &4 VCSEL e9 3 4 4.77 C/W. 2 £ 5m 435 F AIN bt & )
VCSEL # 4 3.59 C/W ik T SiO2 B4t Ee) VCSEL ¢ # LA 4.82 C/W, ML R L2 R Y
S BOF. BLA AIN BAb AL B B0k SO, BEARIL & B A B4 69 a1,

KER . FABEGASHEASE; AIN BE; SiO, BB ; ANSYS

MA Xiang-zhu was born in 1985. He is a postgraduate student of Changchun University of
Science and Technology, and his main research focuses on semiconductor laser technology
and package field.

QU Yi was born in 1969. Now he is a research fellow and doctoral supervisor, and his main
research focuses on semiconductor laser technology and package field.




