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Improved thermal property of strained InGaAlAs/AlGaAs quantum
wells for 808-nm vertical cavity surface emitting lasers
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Yun Sun(#M#), Jing-Tao Zhou(J###%), and De-Xin Wu(F=fE4E)
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The 808-nm vertical cavity surface emitting laser (VCSEL) with strained Ing 13Gag 75Aly.12As/Aly3Gag 7As quan-
tum wells is designed and fabricated. Compared with the VCSELs with Alg g5Gag g9sAs/Aly3Gag7As quantum wells, the
VCSEL with strained Ing 13Gag 75Alg.12As/Alp 3Gag 7As quantum wells is demonstrated to possess higher power conver-
sion efficiency (PCE) and better temperature stability. The maximum PCE of 43.8% for 10-um VCSEL is achieved at an
ambient temperature of 30 °C. The size-dependent thermal characteristics are also analyzed by characterizing the spec-
tral power and output power. It demonstrates that small oxide-aperture VCSELs are advantageous for temperature-stable

performance.

Keywords: 808-nm VCSEL, InGaAlAs/AlGaAs quantum wells, thermal property

PACS: 42.55.Px, 42.55.5a, 73.21.Fg

1. Introduction

Vertical cavity surface emitting lasers (VCSELs) have
significant advantages such as circular output beams, low
threshold currents, single longitudinal modes, high speed
modulations, slow wavelength shift rates versus temperature,
and easy two-dimensional integrations.!-% The VCSELs have
been widely used in data communication and short-distance
optical interconnection.!”!!l In recent years, the VCSELs
have been greatly developed and widely used in the fields of
three-dimensional face recognition, hand gesture recognition,
and laser radar. 1]

The wavelength of 808 nm is a very important wave-
length in high-power laser applications. For example, the
808-nm laser source can be used as a pump source of solid-
state laser (Nd:YAG or Nd:YVOy) used for material cutting,
marking, printing, etc.!'3-1] The 808-nm pulsed laser sources
are also used in the medical field for skin-care related cos-
metic applications such as hair removal,!'®! and they also used
as industrial and military infra-red illumination sources.!718]
Compared with the conventional 808-nm edge-emitting semi-
conductor lasers, VCSELs have good wavelength stability for
varying environment temperatures. The VCSELs also exhibit
a small divergence angle and circular output beam, which is
conducive to the collimation or focusing.

To date, there have been not many reports on 808-nm
VCSELs. These reports focused mainly on how to solve the
heat dissipation problem in order to increase the output power
in practical applications. Because of strong GaAs absorp-
tion at 808 nm, a bottom-emitting configuration cannot be
used for efficient heat dissipations. Seurin et al. demonstrated

fCorresponding author. E-mail: xunmeng @ime.ac.cn
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3 mmx3 mm arrays and 5 mmx5 mm arrays with the GaAs
substrate completely removed from and mounted on diamond
submounts. These arrays emit more than 50 W and 120 W,
respectively, and exhibit a maximum power conversion effi-

[19

ciency of 42%."9 Zhong et al. improved thermal stability

of 808-nm VCSEL arrays by arranging the mesa distribution

[20] Besides ex-

within the array in a nonlinear configuration.
ploring heat dissipation measurement, it is also important to
reduce the self-heating of the device for improving the tem-
perature stability of the device. In VCSELs, the quantum well
material is critical for differential gain and temperature stabil-
ity. Zhang et al. numerically simulated GaAs/Alj3Gag 7As,
GaAs Py _/Aly3Gap7As and In;_,_,Ga,Al,As/Aly3Gag 7As
quantum-well active regions. The output characteristics of the
three designed quantum-well VCSELs were also calculated
and compared. [>!]

In this work, we design and fabricate two kinds
of 808-nm VCSELs with Ing 13Gag75Aly.12As/Alg3Gag7As
and Al 0sGag 95 As/Alg 3Gag 7As quantum wells, respectively.
The temperature characteristics of the two kinds of quan-
Then the
output power characteristics and temperature characteristics
of the fabricated VCSELs are analyzed in detail. The

strained Ing 13Gag 75Alg.12As/Aly 3Gag 7As quantum wells ex-

tum wells are investigated mainly by theory.

hibit higher material gain and better temperature stability than
Alg 05Gag.95As/Alg3Gag7As quantum wells. The tested re-
sults are in good agreement with the calculations. The VC-
SELs with strained InAlGaAs quantum wells are more suit-

able for high temperature operation.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Design and fabrication

The 808-nm top emitting laser layers to be exam-
ined here were grown by metal-organic chemical va-
por deposition (MOCVD) on an N-type GaAs sub-
strate. The bottom mirror consisted of 41.5 pairs of N-
doped Aly25Gag75As/Alg.9Gag 1As distributed Bragg reflec-
tors (DBRs). The top mirror was composed of 23.5 pairs of
P-doped Alg5Gag75As/Alg9Gag.1As DBRs. The active re-
gion contained three pairs of 6-nm-thick Ing 13Gag75Alp.12AS
quantum wells surrounded by 8-nm-thick Alg3Gag 7As barrier
layers. Another kind of active region containing three pairs
of 6-nm-thick Al o5GagosAs quantum wells surrounded by
8-nm-thick Alg3Gag 7As barrier layers was also designed for
contrast.

The fabrication procedure is as follows. Firstly, Ti/Pt/Au
electrode was deposited at the periphery of output aperture.
The P-DBRs were etched by inductively coupled plasma (ICP)
reactive ion etching to expose the AlgosGag p2As layer. The
oxide aperture was formed by the selective wet oxidation of
AlpogGag 2As into Al,O, at temperature of 420 °C. A 200-
nm-thick SiN layer was deposited on the surface of the VC-
SEL for electric isolation. After Ti/Au seed layer was sput-
tered, thick Au is electroplated to improve heat dissipation.
Then, the substrate was thinned to 150 pum. The N-type elec-
trode was evaporated on the substrate. Finally, the contacts are
rapidly annealed in a nitrogen (N> ) ambient. Figure 1(a) shows
a microscopic image of the fabricated 808-nm VCSELSs. Fig-
ure 1(b) shows the cross-section diagram of the 808-nm VC-
SEL along the A—A’ direction in Fig. 1(a).

(a)

Top electrode

(b)

P-DBRs

Oxide layer

Active region

N-DBRs

Bottom electrode

Fig. 1. (a) Microscopic image of actual device, and (b) cross-section dia-
gram of device along A—A’ direction.

3. Results and discussion

The gains of Ing3Gag75Alp.12As/Alp3Gag7As and
Algo5Gag g5 As/Alg3Gag7As quantum wells at different am-
bient temperatures are calculated by the standard 8-band
k- p theory,?”) and the results are shown in Figs. 2(a)
and 2(b).
Ing.13Gag.75Alp.12As quantum wells is higher than that of
Algp5Gag.osAs quantum wells. This is because the strain of

At the same ambient temperature, the gain of

Ing.13Gag.75Alp.12As quantum wells increases the curvature of
the valence band structure, thereby greatly reducing the effec-
tive mass. The strain can reduce the valence band effective
mass allowing the quasi-Fermi levels to separate more sym-
metrically. So not only does the material turns transparent
faster, but also the gain increases faster with carrier density

increasing. (2324
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Fig. 2. (a) Curves of gain versus wavelength of three pairs of 6-nm-
thick Ing 13Gag 75Alp.12As quantum wells surrounded by 8-nm-thick
Aly3Gap7As barrier layers at different temperatures, and (b) curves
of gain versus wavelength of three pairs of 6-nm-thick Alyo5Gag.osAs
quantum wells surrounded by 8-nm-thick Aly3Gag7As barrier layers at
different temperatures.

Owing to increased leakage carriers at high temperatures,
the gains of these two kinds of quantum wells decrease as the
ambient temperature increases. The variation of the extracted
peak gain with ambient temperature is shown in Fig. 3(a). The
drop rate of Aly 95Gag.95As quantum wells’ peak gain decreas-
ing with ambient temperature increasing is 19.18 cm~!/°C
which is faster than that of Ing13Gag75Alg.12As quantum
wells, 17.26 cm™! /°C. In addition, the gain curves of these
two kinds of quantum wells are redshifted as the ambient
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temperature increases. The red shift rate of the peak wave-
length of Ing 13Gag75Alp.12AS quantum wells versus temper-
ature increasing is 0.220 nm/°C which is slower than that
of AlggsGaggsAs quantum wells, 0.275 nm/°C as indicated
in Fig. 3(b).
Ing.13Gag75Alp.12As quantum wells exhibit higher material

The above calculation results show that the

gain and better high-temperature stability than Aly gsGaggsAs
quantum wells.

In addition, the gains of AlggsGaposAs and
Ing.13Gag 75Alp.12As quantum wells with 4 nm and 8 nm
in widths are also calculated at different ambient temper-
atures as shown in Fig. 4. The barrier material is still
Alp3Gap7As with 8 nm in width. Obviously, the gains
of the Ing 13Gag75Alp.12As quantum wells with 4 nm and
8 nm in widths are significantly greater than those of the
Alp.05sGag.9sAs quantum wells at the same ambient tempera-
ture. This trend agrees with the result of 6-nm quantum well in
Fig. 2. From Figs. 2 and 4, the difference in gain between the
two quantum wells turns smaller as the well width increases
from 4 nm to 8 nm at the same temperature. As the well width
is 4 nm, 6 nm, and 8 nm, the corresponding gain difference
between the Ing 3Gag75Alp.12As and Al osGagosAs quan-
tum wells is 2239.8 cm™!, 1418.9 cm™!, and 834.9 cm~! at

temperature of 30 °C.
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Fig. 3. Plots of (a) peak gain and (b) peak wavelength versus ambient tem-
perature of Alg o5Gag.osAs and Ing 13Gag75Alg.12As quantum wells with 6-
nm width.
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Fig. 4. Plots of gain versus wavelength of Aly0sGagosAs quantum wells with (a) 4-nm and (d) 8-nm widths at different temperatures. Plots of gain versus
wavelength of Ing 13Gag 75 Alp.12As quantum wells with (b) 4-nm and (d) 8-nm widths. Plots of peak gain versus ambient temperature of Alg 0sGaggsAs and
Ing.13Gag 75 Alp.12As quantum wells with (c¢) 4-nm and (f) 8-nm widths.

When the quantum well width is 4 nm, the peak-gain-dropping rate with temperature increasing for Ing 13Gag75Alp 12As
quantum wells and Al osGagosAs quantum wells are 28.09 cm™! /°C and 28.66 cm™! /°C, respectively. When the quantum
well width is 8 nm, the peak-gain-dropping rate of Ing ;3Gag 75Alp.12As quantum wells and Al g5Gag95As quantum wells are
13.38 cm™! /°C and 13.71 cm™! /°C, respectively. Therefore, the Ing 13Gag 75Alp. 12As is surely more stable than Al osGag gsAs
quantum wells with the temperature varying. It is also found that the quantum well with larger width exhibits more stable
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temperature performance. However, the gain decreases as the quantum well width increases. Therefore, the 6-nm well width is

very suitable in terms of both gain and temperature stabilities.
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Fig. 5. Plots of (a) output power, (b) PCE, and (c) maximum PCE versus current of the Aly 0s5Gag9sAs quantum wells VCSELs with 10-pm oxide aperture
in a temperature range of 30 °C—130 °C, and plots of (d) output power, (¢) PCE, and (f) maximum PCE versus ambient temperature of Ing 13Gag 75Alp.12As
quantum wells VCSELs with 10-pum oxide aperture in a temperature range of 30 °C-130 °C.

The VCSELs with different oxide aperture diameters are
fabricated and tested. The L—I characteristics of the 10-
um VCSELs with both AlggsGagosAs quantum wells and
Ing.13Gag 75Alp.12As quantum wells at ambient temperatures
ranging from 30 °C to 130 °C are shown in Figs. 5(a)
and 5(b). It can be found that the output power of the
Ing 13Gag 75Alp.12As quantum wells VCSELSs is greater than
that of the Alg 05Gag 95 As quantum wells VCSELs at the same
ambient temperature and injection current. The maximum out-
put power of Ing 13Gag75Alp.12As quantum wells VCSELSs is
22.88 mW at 30 °C. As the ambient temperature increases,
the output power gradually decreases. The maximum output
power is 15.82 mW at 70 °C and 1.52 mW at 130 °C. The
maximum power of Alg osGag gsAs quantum wells VCSELS is
21.37 mW at 30 °C, 13.35 mW at 70 °C, and only 0.031 mW
at 130 °C. The output power of Ing 3Gag7sAly.12As quan-
tum wells VCSELs decreases more slowly with the increase
of ambient temperature. Therefore, the Ing 13Gag75Alp 12AS
quantum wells VCSELSs exhibit better high-temperature per-
formances than Alg o5Gag 95 As quantum wells VCSELs.

The power conversion efficiency (PCE) of the VCSELs
with two kinds of quantum wells under different ambient
temperatures are shown in Figs. 5(b) and 5(e). As the am-
bient temperature is 30 °C, the maximum power conver-
sion efficiency (PCE) of Ing 13Gag 75Alp.12As quantum wells
VCSELs can reach 43.82% which is higher than that of
Al 95Gag9sAs quantum wells VCSELs, 41.33%. As the
ambient temperature increases to 130 °C, the maximum
PCE for Ing 3Gag75Alp.12As quantum wells VCSELs and

Alp.05Gag.95As quantum wells VCSELSs decrease to 8.35% and
3.36%, respectively. The plots of maximum PCE of the two
devices versus ambient temperature are shown in Figs. 5(c)
and 5(d). Obviously, the maximum PCE of the Al gsGag gsAs
quantum wells VCSELs decreases faster with the increase of
ambient temperature. Under the same operation condition,
the Ing 13Gag75Alp.12As quantum wells VCSELSs have higher
output power and higher power conversion efficiency than the
Alg 05Ga g5As quantum wells VCSELs, showing better high-
temperature stability. The experimental results are consistent
with the calculations.

Figure 6(a) shows the plots of peak output power versus
ambient temperature of Ing 3Gag7s5Aly 12As quantum wells
VCSELs with six oxide aperture diameters in a range of 2 pm—
25 um. The peak output power of VCSELs with the same
oxide aperture decreases almost linearly with ambient temper-
ature increasing. The extracted drop rate of peak output power
increasing with oxide aperture increasing is shown in Fig. 6(b).
The drop rate of the peak output power of the VCSELs with
an oxide aperture diameter of 2 um, 10 um, and 25 pum are
0.0471 mW/ °C, 0.1901 mW/ °C, and 0.4996 mW/ °C, re-
spectively. This is because larger active region area produces
more heat, which will introduce more serious heat crosstalk.
The heat dissipation in large aperture VCSELs is more diffi-
cult than that in small aperture VCSELs. As the ambient tem-
perature increases, the phenomenon turns more serious, which
accelerates the temperature rise. Therefore, the small aperture
VCSELs exhibit more stable temperature characteristics.
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with 2-um-25-pum oxide apertures.

The rollover current of VCSELs with an oxide aperture
diameter of 2 um and 25 pwm at 30 °C are 9.4 mA and 69 mA,
respectively. When the ambient temperature rises to 110 °C,
the rollover currents become 5 mA and 27.5 mA, respectively,
as shown in Fig. 7(a). It is noted that VCSELs with a larger
As the ambi-
ent temperature increases, the rollover current of the VCSELs

oxide aperture have higher rollover currents.

with large oxide aperture decreases more quickly than that of
the VCSELs with small oxide aperture. Figure 7(b) shows
that the plots of rollover current density of VCSELSs versus
The rollover
current density of 2-um and 25-um VCSELs at 30 °C are
299.21 kA/em? and 14.06 kA/cm?
perature increases to 110 °C, the rollover current density de-
creases to 159.15 kA/cm? and 5.60 kA/cm?, respectively. It in-

current density for different oxide apertures.

, respectively. As the tem-

dicates that the rollover current density of VCSELs with larger
oxide aperture is smaller. With the increase of ambient temper-
ature, the rollover current density of the VCSELs with small
oxide aperture decreases faster than that of the VCSELs with
large oxide aperture.

The plots of the output power of the Ing 13Gag 75Alp.12As
quantum wells VCSELS versus injection current are shown in
Fig. 8(a). The changes of output power of VCSELs with dif-
ferent oxide apertures are basically the same under small in-
jection currents. As the injection current increases, the out-
put power of the VCSELSs with small oxide aperture decreases

faster because the VCSELs with small oxide aperture has a
small rollover current. Figure 8(b) shows the change of the
output power of the Ing 13Gag 75Alg.12As quantum wells VC-
SELs with injection current density as the ambient temperature
increases from 30 °C to 90 °C. Under the same current den-
sity, the change of output power increases with the augment
of the oxide aperture diameter. This is because the rollover
current density of VCSELs with large oxide aperture is lower
than that of VCSELs with small oxide aperture. Obviously,
the VCSELs with small oxide aperture have more excellent
high-temperature stability than large oxide aperture VCSELSs.
the
Ing.13Gag.75Alp.12As quantum wells VCSELSs, the thermal re-

To investigate thermal characteristics  of
sistance is also calculated according to the emission spectra

and the dissipated power. Thermal resistance can be deter-

mined experimentally from the following equation: >
AT AL /APy
Ry = _ AA /Bl ¢))
APriss AL / AThs

where AL /APgiss is calculated by the variation of the wave-
length shift with the dissipated power. The dissipation
power is calculated by the input power subtracting the out-
put power. Figure 9(a) shows that the value of AA /APy
of Ing 13Gag75Alp.12As quantum wells VCSELs with 10-
pum oxide aperture at 30 °C, 50 °C, 70 °C, 90 °C, and
110 °C are 0.1325 nm/mW, 0.1366 nm/mW, 0.1434 nm/mW,
0.1525 nm/mW, and 0.1615 nm/mW, respectively. AA /ATy
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is calculated by the peak wavelength shift rate versus ambient
temperature, and its value is 0.0602 nm/°. At the ambient tem-
peratures of 30 °C, 50 °C, 70 °C, 90 °C, and 110 °C, the ther-
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mal resistances are 2.201 K/mW, 2.269 K/mW, 2.382 K/mW,
2.533 K/mW, and 2.683 K/mW, respectively, as shown in
Fig. 9(b).
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Fig. 8. Plots of output power of Ing 13Gag 75Alp.12As quantum wells VCSELSs versus (a) injection current and (b) injection current density as

ambient temperature increases from 30 °C to 90 °C.

818
a7l @ /
/g 816 110 "C/
5 i 90°/A
5 814t
E 813-7000././0/‘/.
= 812_50°C././_/./'
811} 30 °C
2 4 6 8 10 12 14 16

Dissipated power (mW)

Peak wavelength (nm)

816 2.9 ~
2
(b) log B
813} AX/AT;s=0.0602 nm/°C E
. -2-7 ~—
- o)
810} <—— / 126 &
’ ' [}
) 125 &
807} / 2
- 124 2
804} ./ {23 E
[}
— 12.2 &

Y I

20 40 60 80 100 120

Ambiemt temperature (°C)

Fig. 9. (a) The AA/APyiss of Ing 13Gag 75Alp.12As quantum wells VCSELs with 10-um oxide aperture versus dissipated power at different
ambient temperatures, and (b) AA /ATy and thermal resistance versus ambient temperature.

4. Conclusions

In conclusion, the theoretical calculations show that
the strained Ing.13Gag 75Alg.12As/Aly 3Gag 7As quantum wells
possess higher material gain and lower temperature sensitiv-
ity than the Alg o5Gag9sAs/ Alg3Gag 7As quantum wells. The
808-nm vertical cavity surface emitting lasers with various ox-
ide apertures are fabricated and characterized in this paper. It
is demonstrated that the vertical cavity surface emitting lasers
with strained Ing 13Gag75Alp.120AS/Alg3Gap7As quantum
wells exhibit higher power conversion efficiency (PCE) and
better temperature stability. Such the vertical cavity surface
emitting laser of 808-nm Ing 13Gag75Alp.12AS/Alg3Gag 7As
quantum wells will be preferred for high power applications.
The maximum PCE of 43.8% for 10-um VCSELs is achieved
at the ambient temperature of 30 °C. The output power and
spectra of the VCSELs under different ambient temperatures
are tested. We find that the smaller oxide aperture VCSELs
exhibit more stable temperature performance. The thermal re-

sistances at different temperatures are also presented.
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