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Abstract: High-power, broad-area, semiconductor lasers are attractive sources for material processing,
aerospace, and laser pumping. The design of the active region is crucial to achieve the required
high power and electro-optical conversion efficiency, since the temperature significantly affects the
performance of the quantum well, including the internal quantum efficiency and mode gain. In this
work, the temperature effects on the active region of a 808 nm high-power semiconductor laser were
investigated theoretically and experimentally. The simulations were performed with a Quasi-3D
model, which involved complete steady-state semiconductor and carrier confinement efficiency
combined with a new mathematical method. The critical aluminum content of the quantum barrier
was proposed and the relationship between temperature and various loss sources was disclosed in
the temperature range of 213 to 333 K, which provides a reliable reference for the design of epitaxial
structures of high-power semiconductor lasers in different operating conditions. Subsequently,
the optimized epitaxial structure was determined and used to fabricate standard laser bar chips
with a cavity length of 2 mm. The experimental electro-optical conversion efficiency of 71% was
demonstrated with a slope efficiency of 1.34 W/A and an injection current of 600 A at the heatsink
temperature of 223 K. A record high electro-optical conversion efficiency of 73.5% was reached at the
injection current of 400 A, while the carrier confinement efficiency was as high as 98%.

Keywords: semiconductor laser; temperature effects; carrier confinement; internal quantum efficiency

1. Introduction

High-power semiconductor lasers have various excellent characteristics, including
high output power and electro-optical conversion efficiency, compact structure, high re-
liability, long operating lifetime, and simple electric driving conditions, and have thus
already been widely applied in material processing, the medical field, communication,
aerospace, laser pumping, and so on [1]. In some specific fields, such as communication
and aerospace, semiconductor lasers are required to adapt to harsh working conditions,
especially drastic temperatures, which will cause the device performance to deteriorate
sharply or even fail. Therefore, the temperature characteristic of high-power semiconductor
lasers has always been a research hotspot. This paper mainly studies the performance
of semiconductor lasers in the temperature range of 213 to 333 K, which is a common
requirement for industrial applications [2]. Generally, temperature has significant effects on
the properties of semiconductor materials, including mobility [3], energy band structure [4],
carrier concentration, and refractive index [5], as well as dynamic processes, including drift-
diffusion equations, current injection [6], current distribution [7], and gain-absorption [8],
making the temperature analysis of semiconductor lasers rather complicated. From the
perspective of the vertical epitaxial structure, temperature affects the active region more
significantly than other non-active layers, including internal parameters such as mode
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gain, injected carrier concentration, carrier leakage, and internal optical absorption loss,
which ultimately affect the threshold current, slope efficiency, voltage, and resistance [9].
For this reason, this paper mainly focuses on the design of the active region and analyzes
differences in performance in the active region at different temperatures.

There is extensive literature on many aspects of epitaxial design from the perspective
of temperature. In 2017, Y. F. Song reported 808 nm semiconductor laser arrays with a
1.5 mm cavity length and conduction cooling package. When the temperature dropped from
298 to 233 K, the electro-optical conversion efficiency increased from 56.7% to 66.8% and the
carrier leakage ratio dropped from 16.6% to 3.1%, indicating that the significant reduction in
carrier leakage loss was the main reason leading to the increased electro-optical conversion
efficiency at low temperature [10]. In 2015, C. Frevert elaborated on the power and voltage
characteristics of 9xx nm GaAs-based semiconductor lasers in the temperature range of
208 to 298 K, showing the ratio of quantum barrier height to temperature, AE/ (kgT), had a
remarkable effect on the differential internal quantum efficiency. These results showed that
the carrier leakage was significantly affected by temperature when AE/ (kgT) was less than
seven [11]. In 2017, K. H. Hasler conducted low-temperature research on 9xx nm GaAs-
based high-power semiconductor lasers and analyzed the quantum barrier and waveguide
at 200 and 300 K for AlGaAs materials with different aluminum (Al) contents. The results
indicated that the increase in the mode gain of the active region and the decrease in the
accumulation of free electrons in the P-waveguide layer at a low temperature of 200 K led to
a decrease in the threshold current and an increase in the slope efficiency, thereby increasing
the power and electro-optical conversion efficiency [12]. In 2019, M. P. Wang studied the
output power, electro-optical conversion efficiency, and spectral variation of high-power
semiconductor lasers in the temperature range of 213 to 273 K. The results showed that
the energy distribution of injected carriers became narrower at low temperatures, so the
leakage of carriers was reduced. Coupled with the decrease in the transparent carrier
concentration and internal optical loss, the threshold current eventually decreased as the
temperature dropped [13].

Although temperature characteristics research of high-power semiconductor lasers is
relatively intensive, few studies have been able to match theory and experiment perfectly.
For one thing, studies only utilized experimental methods to obtain output data and
qualitatively describe related internal physical quantities. However, lasers designed for
a specific temperature scope are not always suitable for all other temperature ranges.
Therefore, the variable temperature-dependent experimental test with a fixed structure did
not reflect the best performance of the device, reducing the practicality of the experimental
data. For another, the related theoretical analysis of internal quantum efficiency, #;, and
material gain, go, is less reported. There is no distinct explanation describing how carrier
leakage loss is affected by temperature and barrier height, or how the gain of the active
region changes with temperature and materials, which is inconvenient to the design of the
active region at a specific temperature.

In this work, the epitaxial structure of the 808 nm GaAs-based semiconductor laser was
optimized in detail. The active region consisted of a commonly used InAlGaAs/AlGaAs
strained quantum well, and the other epitaxial layers were based on an asymmetric, wide
waveguide structure [14]. The trends of #; and gy were theoretically investigated in the
scope of the active region. To simplify the calculation of 7;, a mathematical model to
calculate the specific amount of carrier leakage in quantum wells was uniquely proposed
and its approximate expression and application scope were derived, which was simple,
time-saving, and accurate. Together with simulation tools, this model can make accurate
judgments on the output performance of semiconductor lasers at different temperatures.

In Section 2, the mathematical model for internal quantum efficiency and mode gain
was derived, and then temperature dependence was preliminarily analyzed. Section 3
is devoted first to the introduction of the simulation tools and then to the summary of
the most relevant physical effects of the model. In Section 4, the mathematical model of
Section 2 was embedded in the simulation tools of Section 3 to analyze the temperature
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effects. In Section 5, the simulated results are compared with the experimental data to verify
the correctness of analysis in Section 4. The paper ends with a conclusion in Section 6.

2. Theory

The core output performance of a semiconductor laser is the output power, P,;t, and
its empirical equation is [15]:

he i (—AT) { Jir <oci +zxm) (AT)}
—————eXx I —WL—exp| — |exp| — 1
quaiMm P\ m p T P\ T, @

1slop is the slope efficiency;

Iy, is the threshold current;
is the Planck’s constant;

c  isthe speed of light in vacuum;

g  is the amount of elementary charge;

A is the lasing wavelength;

n;  is the internal quantum efficiency;

&y  is the mirror loss, and «; is the internal optical loss;

AT is the temperature rise of the active region relative to the heatsink;

To  and Tj are the characteristic temperatures that depict the temperature sensitivity of
threshold current and slope efficiency, respectively;

L isthe length of the resonant cavity, and W is the width of the device electrode;

J&r  is the transparent current density;

I'go is the mode gain, which is the product of the optical confinement factor I in the
quantum well and the material gain gp.

where

According to Equation (1), it is essential to reduce the threshold current and increase
the slope efficiency as much as possible to increase the output power. Generally, the state
of the active region has the most significant influence on these two parameters. Therefore,
the relationships among the internal quantum efficiency #;, the material gain gp and the
temperature T are derived as follows based on the theory of semiconductor lasers.

The internal quantum efficiency is defined as the ratio of the number of photons
generated in the active region to the electron-hole pairs injected from the electrode. Due
to the existence of impurity defects in the active region, the heterojunction interface state,
the carrier leakage in the quantum well, etc., the electron-hole pairs injected into the active
region cannot produce 100% radiative recombination, so #; is always less than 1. According
to the reasons for the loss in carrier utilization, the internal quantum efficiency can be
divided into three parts, as follows:

i = Ninj * Yeon * Nrad 2)

where 77, is the ratio of the carriers injected into the active area to those injected from the
electrode, which is assumed as 1 in this paper [6].

Ncon is defined as the proportion of carriers injected into the active region that is effec-
tively confined in the quantum well. This part of loss is mainly caused by the insufficient
height of the quantum barrier and the excessively high temperature of the active region,
causing the carriers to cross over the barrier into the waveguide layer. Therefore, it is
critical to study the barrier height of the active region at different ambient temperatures to
improve internal quantum efficiency.

Wraqd 1s the ratio of the number of photons generated by effective radiation recombina-
tion to the number of carriers confined in the quantum well [16].

Next, the new carrier confinement efficiency model is derived. The electron concentra-
tion in the energy range from the bottom of the conduction band E. in the quantum well to
any higher energy level E’ is:
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Similarly, the hole concentration in the energy range from the bottom of the valence
band E, in the quantum well to any lower energy level E’ is:

p(E) = [ so(E)L— F(E)AE @

where ¢.(E) and g,(E) are the state density of the conduction band and valence band,
respectively. f(E) is the Fermi-Dirac distribution function. The leakage of carriers in the
quantum well originates from the part over the quantum barrier height [17]. Therefore,
fcon 18 approximately equal to the ratio of the carriers confined in the potential well AE,
and AE; to the carrier concentration over the whole energy band:

‘E¢ barri -Ep barrie
n(Ec,barrier)+p(Ev,barrier) _ jEC o gc(E)f(E)dE+‘lE 0 gU(E)[lif(E)]dE
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where E_ j4y1ier and Ey payyier are the bottom of the conduction band and valence band in the
quantum barrier, respectively, and the position of the Fermi energy level is crucial to the
accuracy of the model, which is extrapolated by the simulation tools.

The first-order approximation of the model was derived when ignoring the hole
confinement and the higher subband in the quantum well, as well as approximating the
Fermi distribution function as a Boltzmann distribution. This is shown in the second line of
Equation (5), where x1 = E"ﬁECT*EF , X2 = AECZE{EP . Ej1 is the energy difference between
the first electron subband ancf the conduction band bottom of the quantum well, AE; is
the energy difference between the conduction band bottom of the quantum well and the
quantum barrier, and kg is the Boltzmann constant.

It can be deduced that the carrier confinement efficiency is mainly affected by the
barrier height (AE; and AE,), the active region temperature T, and the injected current
density | (affecting the position of the Fermi energy level). As for the AlGaAs quantum
barrier, the larger the Al content, the higher the AE. and AE,, and thus, the better the carriers
are confined. However, high Al content will cause the resistance to increase, resulting
in lower electro-optical conversion efficiency. Thus, for different operating temperatures,
choosing a suitable Al content for the barrier layers can maximize the power and electro-
optical conversion efficiency of the semiconductor laser.

In terms of the material gain in the quantum well, the gain spectrum equation is as
follows [15]:

§(hw) =) gmax[fe' (Er = hw — Ejf}) — £ (Er = hew — Ej ) H(hw — Ej) - (6)

where guax is the peak gain and H (hw — E§" ) represents the unit step function. The
occupation probability of electrons in the nth
are shown as follows, respectively [15],

conduction subband and the m™ hole subband

! 7
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When fI* > f'', population inversion is achieved, and the net gain will be generated.
According to Equation (6), the active region temperature T mainly affects the energy
distribution states f/ and f] of the injected carriers, thereby changing the gain peak.
Simultaneously, the temperature also causes the quantum well subband transition energy
Ej’ to change and then shifts the peak wavelength.

3. Simulation Model and Epitaxial Parameters

The simulation tools we applied were exploited to analyze the performance of different
types of semiconductor devices, such as F-P lasers [18], tapered semiconductor optical
amplifiers (SOA) [19], VCSELSs [20], and LEDs [21], where it has demonstrated predictive
capabilities. In brief, the program self-consistently solves the complete steady-state electri-
cal, optical, and thermal equations for customers. The simulators included Maxwell’s wave
equation solver for the normal modes in the waveguide; the 3D electrical solver of Poisson
and continuity equations; the energy band structure solver with strain effect, quantum
effect, and band-mixing effect; and the 3D thermal solver of heat-flow equation. Table 1
summarizes the basic physical effects included in the simulations and their dependence on
temperature, carrier concentration, and wavelength.

Table 1. Main physical effects included in the simulations.

Physical Effects

Notes

Temperature dependence of energy
band structure
Carriers capture and escape process in the
quantum well
Temperature dependence of electron and
hole mobility

Main non-radiative recombination
Temperature dependence of refractive index
Free carrier absorption

Temperature dependence of material gain

Temperature dependence of
carrier concentration

Adopting k-p theory

Defined by electron and hole capture times

Affected by temperature, carrier concentration
and applied electric field
Including Auger recombination and
Shockley-Hall-Read (SHR) recombination
Affected by temperature, carrier concentration
and wavelength
Proportional to carrier concentration and
wave intensity
Affected by temperature, carrier concentration
and spectrum
Defined by Fermi-Dirac distribution, applying
Poisson and continuity equations

Not included, treated as constant temperature

Local h .
ocal heat sources and no thermal gradients

The elaborate epitaxial structure we applied to analyze the temperature effects was
based on our original epitaxial structure, as shown in Table 2. The quantum well thickness
was selected to be 8 nm with a compressed strain of approximately 1%, and the quantum
barrier thickness was fixed to 50 nm. The Al content of the barrier ranged from 0.1 to
0.35, which needed to be optimized through the temperature analysis. The simulated
temperature ranged from 213 to 363 K, which was divided into 16 groups with the same
gap. The chip of cm-bar contained 44 emitting units, each with a 170 pm electrode width, a
2 mm cavity length, and a front and rear reflectivity of 3% and 91.5%, respectively. Only
the single-emitting unit of laser bars needed to be simulated due to the consistency of the
epitaxial structure.
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Table 2. Optimized epitaxial structure [22].
. Doping
Description Materials Thickness Dopant Concentration
(um) 3
(cm—3)
P-clap GaAs 0.2 C 3x101%—1x10%
P-claddin Alg4Gag pAs- 0.5 C 2x1018—-4.5%1018
& A10,5Ga0V5As ’ ’
g . Al Gay As- 16 18
P-waveguide Alg4Gag gAs 0.8 C 5x10°°—=2x10
Quantum Barrier AlcGajAs 0.05 Undoped None
Quantum Well Ing.14Alp.14Gag7pAs 0.008 Undoped None
Quantum Barrier AlGajAs 0.05 Undoped None
: - Alg 35Gag g5 As- ~ 17 16
N-waveguide Al Gay As 1.2 Si 2x10" —5x%x10
N-cladding Al 35Gag g5 As 1.5 Si 2x1018—=2x10"
N-buffer GaAs 0.5 Si 2x1018
N-substrate GaAs 150 Si 2x10'8

4. Simulation Results and Discussion
4.1. Temperature Effects in the Quantum Well

The temperature effects on the carrier leakage process and mode gain in the active
region were first simulated and analyzed. Figure 1a shows the distribution of carrier
concentration with energy level, which was calculated according to the model in Section 2,
where the quantum barrier was Al 5Gag 75As and the temperature of the active region was
223 K. The position of the curve jump was the location of the quantum well sub-energy level,
and the near-exponential decay was a distinctive feature of the Fermi-Dirac distribution. A
high carrier confinement efficiency of 98% was obtained by calculating the proportion of
the curve integral in the red bar area (i.e., the part below the quantum barrier height) to
the total range. Figure 1b shows the variation in carrier confinement efficiency with the Al
content of the quantum barrier at different temperatures, where the carrier confinement
efficiency decreased exponentially as the Al content decreased from 0.35 to 0.1. The 96%
carrier confinement efficiency was considered as an acceptable value in this design, as
shown in Table 3. Thus, the operating temperature was a significant factor in the selection
of the quantum barrier material. Since the Al content of 0.25 in the quantum barrier ensured
98% carrier confinement efficiency at 223 K, the followed simulations were based on the
In0‘14A10~14Ga0_72As/A10‘25Ga0.75As quanturn well.

3.0x10" g T T T
1.0
5 54q0'7 | Holes 4
= inside the well Electrons
= ™~ " inside the well
= 20x107 o 08
=
Z 15x107 g
5 = 06
a —T=223K
1.0x10" 4
% : — T=243K
E 1 —T=263K
o 16 \ 04 ] -
5.0x10"" o o — T=283K
\ T=303K
0.04 VA T=323K
T (] 0.2 T T T T
-0.25 0.00 1.50 175 0.10 0.15 0.20 0.25 0.30 0.35
Energy (eV) Al Content in the Quantum Barrier
(a) (b)

Figure 1. Simulated carrier confinement efficiency model: (a) the carrier concentration distribu-
tion with energy level for Ing14Alg14GagpAs/ Aly25Gag75As quantum well at 223 K (b) carrier
confinement efficiency vs. Al content of the quantum barrier at different temperatures.
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Table 3. Al content of quantum barrier that satisfies #con = 96%.

T (K) 223 243 263 283 303 323
Al Content 0.216 0.230 0.246 0.26 0.274 0.288

The gain spectrum curves are shown in Figure 2. When the carrier concentration in
the quantum well was 0.5 x 10'® cm~3, meaning the injection current was lower than
the threshold current, the material gain was negative. When the carrier concentration
increased to 5 x 10'® cm~3, the material gain at the lasing wavelength was positive and
lasing occurred. In addition, as the temperature rose, the peak material gain gradually
decreased, and red shifts of the lasing wavelength were observed. Figure 2b is drawn
with the peak gain as the Y-axis to better illustrate the relationship between material gain,
temperature, and carrier concentration. As the temperature rose from 223 to 323 K, the
slope of material gain gradually decreased, and the transparent carrier density gradually
increased from 0.98 x 10'® to 1.54 x 10'® cm~3, indicating the weaker gain capability of
the quantum well.

5,000 T T T 5000 T T T

4000 -

= <
E £
&) - o
E n=5x10" cm~ / = 3000+
- — —— T=223K 3
~5,000 4 o C
3 — T=243K =
5 — T=263K E 2000 4
] —_—T=2 =
2 #_'83'{ =
-10,000 4 s o
I=323K 1000 4
n=0.5x10" ¢m *
-15,000 T T T T 4] f T T T
0.85 0.70 0.75 0.80 0.85 0.0 0 1 2 3 4 5
Wavelength (um) Carrier Density (x10'® cm %)
(a) (b)

Figure 2. Temperature effects on material gain: (a) gain spectrum curves at different temper-
atures and injected carrier concentrations, (b) peak gain vs. injected carrier concentration at
different temperatures.

4.2. Temperature Effects in the Whole Epitaxial Direction

The carrier leakage in the quantum well was enhanced and the material gain decreased
as temperature rose, which brought about a series of catastrophic chain reactions. Therefore,
the trends in energy band structure, carrier concentration, electric resistivity, and free carrier
absorption intensity with temperature were analyzed along the epitaxial direction, as shown
in Figures 3 and 4. According to the threshold gain condition of semiconductor lasers [15]:

Tgw (T, n) = a; + am )

The model gain must compensate for the optical loss in the resonant cavity, thus the
carrier concentration injected into the quantum well must increase to compensate for the
decrease in gain capability of the active region, which was consistent with the increase in
carrier concentration and electron Fermi energy level illustrated in Figure 3.

The electric resistivity and free carrier absorption intensity are important indicators
that affect the voltage and output power of the device. These two values will also be
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affected as the temperature changes the distribution of carrier concentration, as shown in
Figure 4. The free carrier absorption intensity «(x) is defined as follows [23],

a(x) =12 n(x)+0, px)]

) 10
S = [ I(x)dx (10

—00

+

where I(x), n(x), and p(x) are the wave intensity, electron concentration, and hole concen-
tration along the epitaxial direction, respectively. 0, and ¢}, are the absorption coefficients
of free electrons and holes, respectively.

L]
o

-~ Electron

-
@
i

E
L
=
2
g
_ ]
S g
2 8
0

4 T & 10 T
2 E
H 3

] % — T=273K
£ — T=323K

= 5+ Al
4 s
en
=)
— H

-0.2 ¥ g
T T T T 0 T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Distance (um) Distance (um)
(a) (b)

Figure 3. Temperature effects in the epitaxial direction at an injection current of 10 A (a) energy band
structure (b) carrier concentration (the position of 0 um is located at the start position of the N-buffer
layer, while the ordinate of Figure 3a has a break range from 0.4 to 1.6 and the ordinate of Figure 3b is
logarithmically transformed by 10).

0.4 T T T T T T

T T
6.0x10° — T=223K |
—T=273K
0.3 B —T=323K
7 T oaox10°] T 4
5 2 E
S 024 {2
< %
3
2.0x10° o 25 30 35 40 1
0.14 . Distance (um)
i )
\\\
0.0 A X_ 4
00 T T T ; . . . d
0 1 2 3 4 5 0 1 2 3 4 5
Distance (pm) Distance (um)
(a) (b)

Figure 4. Temperature effects in the epitaxial direction at an injection current of 10 A (a) electrical
resistivity, (b) free carrier absorption intensity.

On the one hand, as the temperature increased, the resistivity of the local area near
quantum well decreased, while the value of both N-cladding and P-cladding increased
significantly, resulting in a rise of bulk resistance from 25.5 m() at 223 K to 36.9 mQ) at 323 K.
On the other hand, the closer to the quantum well, the higher the free carrier absorption
intensity and the higher contribution to the internal optical loss. The value of free carrier
absorption intensity in the quantum well was approximately 50 times that of the waveguide
at 223 K, mainly resulting from the high carrier concentration and wave intensity in the
quantum well.
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4.3. Temperature Effects on the Slop Efficiency

According to Equations (1) and (2), the carrier confinement efficiency needs to be
combined with the radiation recombination efficiency and internal loss to determine the
slop efficiency. Therefore, in order to compare the simulated and experimental data, the
temperature effects on the radiation recombination efficiency and the internal loss were
simulated in this section.

Figure 5 illustrates the position of the electron and hole Fermi energy levels in
the quantum well at various temperatures. The electron Fermi energy level was ap-
proximately linear with temperature when the injection current was fixed at 10 A, and
the fitted result was E. — Ep, = —0.0192 — 1.828 x 107*T (eV). The hole Fermi en-
ergy level was approximately parabolic with temperature, and the fitted result was
E, — Ep, = 0.02362 — 1.03878 x 10~ 4T + 1.78482 x 10~"T? (eV).

T T T T T T T T 0.0098 T T T
-0.070 I=10A 1

[=10A
Linear fit: E~Fp=-0.0192—1.828x10%T (eV) 0.0096 Parabolic fit: E,~Ep= 0.02363-1.03874x10*T+
-0.075 - B \ i
\ 1.78482x107-T2 (¢V)
0.0094 4 1
. —-0.080 1
) 7 0.0092 - .
2 -0.085 g =
U‘J :\T 0.0090
23] o
—-0.090 w

0.0088 4
-0.095

0.0086

-0.100 B

0.0084 T T T T T T T T
200 220 240 260 280 300 320 340 360 380

T T T T T T T T
200 220 240 260 280 300 320 340 360 380

Temperature (K) Temperature (K)

(a) (b)

Figure 5. Temperature effects on Fermi energy level at an injection current of 10 A (a) electron Fermi
energy level, (b) hole Fermi energy level.

The carrier concentration in the quantum well was clamped over the threshold; how-
ever, this clamped state was shifted by the temperature, as shown in Figure 6, which
implied a nonlinear relationship between the threshold carrier concentration and temper-
ature. The threshold carrier concentration increased exponentially from 1.60 x 108 to
2.75 x 10'® cm~3 when the temperature rose from 223 to 323 K.

3.0

T T T T T T T

a e 3.5+ 4
E 25 ’ E ”vE
"_; 51

2 'S 304 B
o X
£ =
£ g

§ é 254 B
: g
N E

2 2 2.0 -
5] Q
2} 5
= 2
]

1.5 4 b

0.0 T T T T T T T T T T T T
0 2 4 6 8 10 200 220 240 260 280 300 320 340 360 380
Current (A) Temperature (K)
(a) (b)

Figure 6. Temperature effects on electron concentration at the center of quantum well (a) electron
concentration vs. injection current at different temperatures (b) electron concentration vs. temperature
at an injection current of 10 A.
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Figure 7 shows the trend in radiation recombination efficiency with injection current
and temperature. The radiation recombination efficiency is derived from the formula:

Rspon + Rstim
Rspon + Rstim + Rauger + Rsur

Nrad = (11)

where Rspon, Rstim, Rauger, and Rsyr represent the spontaneous radiation recombination
rate, stimulated radiation recombination rate, Auger non-radiation recombination rate,
and SHR non-radiation recombination rate, respectively. Each of them is affected by the
carrier concentration in the quantum well. Therefore, under the threshold, the radiation
recombination efficiency increased rapidly with the injection current before becoming
stable. Additionally, it was exponentially reduced from 94.9% at 223 K to 92.6% at 323 K at
an injection current of 10 A. This finding meant that as the temperature rose, the proportion
of non-radiative recombination increased, and this part of the lost energy would eventually
become the local thermal source in the chip to further reduce the carrier confinement
efficiency and material gain.

1.00 T T T T T T T T T T

0.954 1

0.95
0.94 4 1

0.90

E - 0934 |
= =
0.85
0.92+ e
—T=263K
—— T=283K
0.80 1 T=303K 0.91 .
1=323K
075 T T T T 0.90 T T T T T T T T
0 2 4 ] 8 10 200 220 240 260 280 300 320 340 360 380
Cutrent (A) Temperature (K)
(a) (b)

Figure 7. Temperature effects on radiation recombination efficiency (a) radiation recombination
efficiency vs. injection current at different temperatures (b) radiation recombination efficiency vs.
temperature at an injection current of 10 A.

Figure 8 shows the trend in internal optical loss accompanied by current and tempera-
ture. The internal loss is derived from the formula [24]:

—+o00
n; = / a(x)dx + wseqr (12)

—00

where w4 represents the scattering loss and «(x) is the free carrier absorption intensity
defined in Equation (10). It can be estimated that the internal optical loss did not change
significantly with the injection current after reaching the threshold current. The internal
optical loss increased exponentially from 0.57 to 1.67 cm ! as the temperature rose from
223 to 323 K. According to Equation (9), the threshold material gain has to increase since
the optical confinement factor of the quantum well hardly changed with temperature. In
summary, the material gain ability gradually weakened as the temperature increased, so the
carrier concentration in the quantum well needed to increase, resulting in a corresponding
increase in internal optical loss. Finally, increasing the carrier concentration in the quantum
well is needed to achieve the new threshold gain condition, forming a vicious circle and
causing the carrier concentration in the quantum well to increase exponentially. This is
an important reason for the rapid decline in the performance of semiconductor lasers at
high temperatures.
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Figure 8. Temperature effects on internal optical loss (a) internal optical loss vs. injection current at
different temperatures, (b) internal optical loss vs. temperature at an injection current of 10 A.

5. Contrast of Simulated and Experimental Data

In order to achieve a carrier confinement efficiency as high as 98% at 223 K, the Al
content of the quantum barrier in Table 2 was optimized to be 0.25. The semiconductor laser
with the optimized epitaxial structure was fabricated using a standard process. The laser
bars with 44 emitting units and 2 mm cavity length were tested at heatsink temperatures
ranging from 213 to 333 K in the quasi-continuous-wave (QCW) mode of 250 pus pulse and
200 Hz frequency.

Figure 9 shows the output power, injection current, and applied voltage (L-I-U) char-
acteristics of the laser bar at 223 K compared with simulated values, which were deduced
from the single-emitting simulation multiplier. According to the experimental results,
the output power of the bar reached 799 W when the injection current was 600 A, while
the electro-optical conversion efficiency was 71.2%. The device reached the maximum
electro-optical conversion efficiency of 73.5% when the injection current was 400 A. The
simulated and experimental results were highly consistent, indicating that the theoretical
model we used in Sections 2 and 4 accurately anticipated the performance of high-power
semiconductor lasers.

1000 ——— e
800 _w N
RO = " 1.5
ey —_~
600 > 06 o
z | 8
5 F10 @ 'S
3 = =
2 400 + © 04 ‘*La
—s— Experiment 2
Simulation L
200 = 0.2
0 T T T T T T 0.0 - 0.0
0 100 200 300 400 500 600
Current (A)

Figure 9. Contrast of simulated and experimental L-I-U curves of laser bars at 223 K.

The output power-current (L-I) curves ranging from 213 to 333 K are shown in
Figure 10. The L-I curves showed an obvious linear relationship below a heatsink tempera-
ture of 273 K, with the slope efficiency rising from 1.25 W/A at 263 K to 1.34 W/A at 223 K.
Additionally, the temperature effects of rising power were saturated below 213 K when the
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carrier leakage was almost negligible. The threshold current was increasing rapidly above
a heatsink temperature of 293 K, from 41.7 A at 293 K to 70.5 A at 333 K, and the slope
efficiency decreased significantly, from 1.09 W/A at 293 K to 0.81 W/A at 333 K. The output
power dropped from 808 W at 213 K to 311 W at 333 K when the injection current was 600 A,
with a difference of 497 W, meaning the device was only suitable for low temperatures.

800

600

400

Power (W)

200

T T T T T d
0 100 200 300 400 500 600

Current (A)
Figure 10. The experimental L-I curves of laser bars from 213 to 333 K.

The temperature of the active region was deduced using the method proposed in
reference [25], and the detailed data is illustrated in Table 4. When the injection current was
600 A, the temperature of the active region was on average 30 K higher than the heatsink
temperature. The trend in the threshold current and slope efficiency with the corrected
temperature of the active region are illustrated in Figure 11. Both the variation in the
threshold current and slope efficiency with temperature showed exponential forms, which
were closely related to the exponential decay of the carrier confinement efficiency and
material gain analyzed in Section 4.1. The simulated and experimental values were highly
consistent in terms of temperature trends, indicating the reasonableness of the temperature
effect analysis in Section 4. In addition, the simulation results in Section 4 were obtained
by embedding the mathematical model in Section 2 into the simulation tools in Section 3,
which further confirmed the accuracy of the newly proposed carrier confinement efficiency
calculation model.

Table 4. The temperature of the active region at different operating conditions.

T (K) A (nm) Waste Heat Power T (K) Rin
Heatsink I=600 A W) Active Region (K/W)
213 797.58 27.74 240.1 0.97
223 799.77 27.40 249.2 0.95
233 802.37 28.86 259.9 0.93
243 804.90 29.69 270.3 0.92
253 807.26 30.80 280.1 0.87
263 810.09 32.26 291.8 0.89
293 818.11 45.27 324.9 0.70
303 819.16 49.12 329.2 0.53
313 823.06 53.27 345.3 0.60
323 825.30 56.99 354.5 0.55

333 827.99 62.95 365.6 0.52
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Figure 11. Comparison of simulated and experimental data of: (a) the threshold current, (b) the
slope efficiency.

As for the absolute difference between the simulated and experimental values of
the threshold current, this value mainly comes from the calculation deviation of the non-
radiative recombination because the default non-radiative recombination parameters in the
software material library were applied to calculate the radiation recombination efficiency.
The non-radiative recombination rate is not only material dependent but also closely related
to the quality of the epitaxial growth process, so it is usually roughly estimated. The fitting
for the threshold current will be advanced in our future work to help better predict the
device output characteristics.

6. Conclusions

The relationships among internal quantum efficiency, #;, model gain, I'gg, and temper-
ature T were analyzed theoretically and experimentally from the perspective of the active
region of high-power semiconductor lasers. Based on the results obtained from different
temperatures and injection currents, the following design guidelines were derived: (i) the
carrier confinement efficiency will drop sharply when the barrier height is lower than a
certain critical value, meaning optimization is necessary for the active region at different
operating temperatures; (i) the material gain of the active region decreases quickly as
temperature rises, resulting in exponential soaring of carrier concentration and internal
optical loss. The optimized design of the quantum well ensured that the carrier confinement
efficiency reached 98% at 223 K and the carrier concentration in the quantum well was as
low as 1.6 x 10'® em~3, which further achieved a high radiation recombination efficiency
of 95% and low internal optical loss of 0.57 cm~! together with the optimized doping
profile, achieving a high slope efficiency of 1.34 W/A. The output power of laser bars
reached 799 W at 600 A injection current, while the electro-optical conversion efficiency
reached 71%. The maximum electro-optical conversion efficiency of 73.5% was reached at
the injection current of 400 A.
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