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Abstract: In this paper, a high efficiency and high reliability 915 nm semiconductor laser is designed and fab-
ricated, which is a key component of the fiber lasers. In order to maximize the electro-optic conversion effi-
ciency of the device, a double asymmetric large-cavity waveguide structure is adopted in the design, and the
quantum well structure, waveguide structure, doping, and device structure are systematically optimized. De-
vice simulations show that the device’s maximum electro-optical conversion efficiency reaches 67% at an ambi-
ent temperature of 25 °C. The material is grown by Metal Organic Chemical Vapor Deposition( MOCVD) , and
a laser chip having a light emitting region width of 95 pwm and a cavity length of 4. 8 mm is prepared. Tests
show that the efficiency of the packaged device and other parameter indices have reached the advanced level of
similar devices in the world. In the case that the threshold current is 1 A at room temperature, the slope effi-
ciency is 1. 18 W/A, the maximum electro-optic conversion efficiency is 66. 5% , the output power is 12 W,
and the electro-optical conversion efficiency reaches 64. 3% . It can be seen that the test results are in good a-
greement with that of the device theory simulation. After approximately 6 000 hours of long-life accelerated tes-
ting, the device power does not attenuate, indicating that the produced high-power 915 nm laser chip has very
high reliability.
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devices, including beam quality, polarization char-

1 Introduction acteristics, output power, and electro-optical con-
gl = version efficiencym. Murita et al. from Hamamatsu
=1

Photonics Japan reported high-electron-to-optical
The performance of ytterbium-doped fiber laser conversion efficiency of 976 nm (96 pm) laser in

(YDFL) has improved dramatically over the past 20 2013. The device has a maximum electro-optic con-

years and its output power has increased at an aver- version efficiency of 68% ( corresponding to an out-

age rate of 170% per year. In 2009, Stile reported put power of 6.3 W) at a test environment of 20 °C,

that TPG used large-mode single-mode fiber ( large and the efficiency is reduced to 61% at an output

mode area; LMA) by IPG to obtain 10 000 watts of
[1]

power of 15 W'®'. Crump et al. from FBI Research
Institute Germany reported that the 96 pm-wide laser
had a lifetime test of more than 4 000 hours at 20 W

[89

output power . Due to the outstanding characteris-

tics of fiber lasers, including output power, beam

output power ', Literature **! reported that the effi-

quality, easy system integration with industrial e-

. . . . . ciency of a 976 nm device at room temperature at
quipment systems, laser industrial processing equip-
. . . 1 h | iti
ment with fiber lasers as its core components has 0 W output power reached 65%. In addition to

been widely used in various industrial manufacturing output power and efficiency, device reliability is also

[2-3]

processes™* . YDFL has a very broad absorption a very important design consideration. Although the

spectrum ( approximately 900 — 977 nm) , and its reliability of the device is related to many factors,

pump source wavelength is usually set at about including junction temperature, current density, and

915 nm'*’. Although high-power 915 nm semicon- optical power density, the optical power density has

ductor lasers are quite mature, industrial and aca- a more direct effect on the reliability of the device,
b

demic circles are still working hard to continuously especially the reliability related to the facet failure.

improve the parameters and the performance of the In order to improve the reliability of the device oper-

ation, several methods are used, such as low power
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: . [10]
density design ",

non-absorption window facet
technology'""'. In this paper, for the requirements of
high power and high electro-optic conversion effi-
ciency and high reliability, we adopt the design con-
cept of double asymmetric large optical cavity '*1
and that of low power density, and systematically op-
timize the device's material structure, including the
waveguide structure, doping profile, device cavity
length, facet reflectance, etc. to improve the device
efficiency. Tests have shown that a device with a
width of 95 um and a cavity length of 4. 8 mm can
reliably operate at 12 W with a threshold current of
approximately 1 A, a slope efficiency of 1. 18 W/A.
When the output power is 12 W, the corresponding
electro-optic conversion efficiency is 64. 3% , while
the highest conversion efficiency is 66. 5% ( corre-
sponding to 8.9 W of output power). The device's
energy conversion efficiency and other major parame-
ter levels have reached the level of international de-
vices of the same type.

BAM LOUR B ROLE oL S (YDFL) PERE
TE3E 2 20 RARIAT T OISR T, Hofa ) 2 %
e T AP AR R B 170% ,2009 4, Stile 42
T IPG 2% W) R HI R AR ) B G £F (large mode
area, LMA) 3K75 7 —J7 FLAO4 B Zh R Ll ok
LFHOCRI LSRR IE , (45 i 2R O )
T B RGEHAT RGAE N, OGLHOLAS
N HAZ L BRI RO Tl N T34 & 2 RSN
T4 F Toll il 3 B e o YDFL i 0 i it
WA FE) (K21 900 ~977 nm) , HARH I A I K
LA 915 nm Zigy o BARR DI 915 nm 2
SEARHOE C 2 2 B SR T ol 5 2 AR AT TR
WSS Ty, USSR sut g RSB RE SR iR , &
5 AR B PR IE i D) AR R R e
s 2013 4F, H A< Hamamatsu Photonics 23
A Morita 48 A4RT 1 o OB AR Y976 nm
Y2k (96 wm) FOL, A4 FTE 20 CINAIREE T, ek
HLCIIR AR Ty 68% (XF I THgth 2R 6.3 W),
TER T 15 WO, SR AR 2 61%
2009 4, #E [ FBI fF 58Iy Cramp 2 AR T
96 pmZk 5L YOG AR 1 20 W i H i 3 i 7 i
iRE 4 000 7o SCER RS T 976 nm g5 4F
TEAS T 10 W it AR RARIBF] 65% o BR T
DR SRR, SR AT SR R R

B HIE AE SR Al S S 2R IR A L,
FLARAER | L LA RO BT 3R A (HOE I R
B Lo e P 1) T SR R 5 M 1 2R A5 SR ]
SEPERC W O E AR TGRSR R s AT Y Rl R
P AR5 R R B G
WRMSC I T B AR A T X TR 2 L R O B
R L R ] SRR X — R AR SCR A T IR
RFR AL T AR B BT R A, T
ARG T A FRA LA, AR 45 1B
ZROPAT A I A T S R A R B R R R AL
o PR, 05 wm 59 4. 8 mm JEER )
wefF Al AR SE s TARAE 12 W, (L iR 29
LA RERFCR N 1,18 W/A I B IR N 12 W B
JITRS L G R R Ty 64 3% |, T v B4 58
RN 66. 5% (X L T4 th R 8.9 W) . &l
R BB AR A ML E E BB HOK A2 T
NGBS ZE i o

2 Epitaxial structure design

SP 3k 2B M %t

Semiconductor epitaxial structure design in-
volves the selection of quantum wells, waveguide de-
sign, and doping optimization. For 915-nm lasers,
the quantum wells can use 5 — 8 nm compressive
strain material In(x)GaAs, and the content of In
component needs to be adjusted according to the
thickness of the used quantum well to ensure that the
lasing wavelength is around 915 nm. In addition to
the quantum well material, the height of the barrier
has a significant influence on the performance of the
device because the barrier height affects the internal
quantum efficiency and temperature characteristics of
the device. In order to examine the exact relation-
ship between the barrier height and the quantum effi-
ciency within the device, a numerical model of in-
ternal quantum efficiency based on traveling wave
amplification is developed. This model considers the
photon flux density at different locations in the re-
sonator, the carrier concentration in the quantum
wells, thermionic emission, eic. , to calculate the
number of radiatively recombined carriers among.

Fig. 1 shows the relationship between the internal
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quantum efficiency and the barrier Al content based
on our traveling wave amplification model. It can be
found from the calculation that for the 915 nm high-
power laser, the internal quantum efficiency reaches
99% when the content of the Al component in the
Al(x) GaAs material exceeds 0. 23. Based on the a-
bove calculation, the quantum well structure we se-
lected is In, ,,GaAs/Al, ,;GaAs.

R IRINE LS BT K B B e
BBt LB 2 AL . X T 915 nm Ok
Vi, FHEAT ST S ~ 8 nm Y JE I AE MR
In(x) GaAstAeh, Horh In 21 53 &5 #5075 BEAR 4 T R
FH A7~ B 5 HE AR EE A R R, DR IIESECH IR
915 nm ZiAy o B TBEARIAL, FA AR A v BT
Al F A PERE R M 22 O T 2L, DR O 4 42 1 BE S 1)
I TR UGRER . D 7555 80
JE5 N TR Z A RORG G &R, AT R i
H— MR TAT O N T RCR TR i
TYFR IR T AR AR I P AN [R]85 1 O 38 %
JE BT BF N A B TR RE AR T AR, T
T 2O & BB T TEA BRI TR e
TERTR AT B O AR R — MRy
U R B B STk . T 1 R AR TR AT Y
TP R A R N 2 T ReR 53 2 AL
FEZARR AR BTSRRI, X 915 nm &3
FRBWOLRVE, 24 Al(x) GaAs MR AL 41435
Hid 0. 23 I, N TRCRIBE] 9% . FET Lk
T, AT B & T P25 04 Ing o GaAs/
Al ,;GaAs,

After the quantum well material is determined,
the material structure design should be performed ac-
cording to actual application requirements, and its
main purpose is to find a waveguide structure that
satisfies the laser operating parameters ( such as a
suitable quantum well confinement factor). This is
because the material structure of the semiconductor
laser is essentially a typical one-dimensional
waveguide structure, i. e., a low refractive index
under clad layer, a high refractive index waveguide
core , and a low refractive index upper cladding layer
in the material growth direction in turn. In this way,

light waves can be transmitted in a guided wave

manner in the growth plane. The waveguide struc-

Internal quantum efficiency/%

90
0.1 0.12 0.14 0.16 0.18 0.2 022 0.24
Al(x)GaAs

Fig.1 Relationship between internal quantum efficien-
cy and Al component content of quantum well

barrier materials
Bl 1 HNEFIESEFBS2ME AL 4G &
GNP

ture generally has two different design ideas: one is
a traditional narrow-waveguide single-mode de-
sign'"'™! " and the other is a popular large-cavity
structure design in high-power lasers. The advantage
of the large-cavity structure is that the optical loss
can be designed to be very low because of the small
overlap of the light field and the material doped re-

15]

gion, so that free carrier absorption(FCA)[ and

Y can be

inter-valence band absorption ( IVBA
minimized. The waveguide design calculates the
mode field distribution of light in the waveguide in
the vertical direction (i. e., growth direction) ac-
cording to the refractive index distribution of the giv-
en epitaxial structure. Then, the parameters related
to the device performance including the quantum
well confinement factor I', far field distribution, nor-
malized power density, eic. are calculated by the
mode field distribution. The mode field distribution
in the optical waveguide needs to solve the following
Helmholiz equation derived from the Maxwell elec-
tromagnetic equations ;
PR E IS, T EARE S PR 5K
PEATAPRHES A BT, FE 32 5 AR 4R 2 O
TAEZSECCINE 8 i 1 BIF R DY 1) B S 4%
o X0 P B RO CAS AT RS M AR BT )2
— TR —ZER L, RIEAP R K71 |, 5
JE AT R N, ST R A TR L
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PO AHEEEAR, B Fbs B2 2% X I S AR
N Tk, 1 R T (FCA) T B R Ay
A5 T A 23 7R R 5 L A s (TVBA) 7 ] L o
REN R/ o BT ARG 25 € R A NE S 1y
AT SR 2R A TG A I 5 vh 3 7 1) (IR B AR
KI71m)) ki oA, 48 )5 18 33 8837 o3 A 1153
S PEYEREAE G I 2 B 45 T BEBR I X 7 T
AT A — LR SR S o B P
Gy A it TR A A 58 4 3 7% Fi 1 5 R 2 4 S5
KB P IR IR IR 25T e -

PE

dx’

This equation is actually an eigenvalue equation,

=-K[n(x)’ -n’]E , (1)

which means that the effective refractive index of the
waveguide mode can only take a specific discrete
value, and each eigenvalue ( effective refractive in-
dex value) corresponds to a mode field distribution.
For a single mode waveguide, only the fundamental
mode exists, and correspondingly, there are multiple
waveguide modes for the multimode waveguide.

XA bR B — AR, B E
P PR A R S 23 R R IR E Y 23 S AE,
— DAAEAE (A AT 5 348 X R — DI 03 A1
X TR R U, RAFTE AL, 5 AH XS I, 2
B A Z IR

In equation (1), represents the electric field

strength of light waves, K, = ij( A, is wavelength in
0

vacuum) is the free space wave number, n(x) is
the refractive index distribution of the epitaxial struc-
ture in the growth direction, and the refractive index
distribution of the material depends on the change of
the material composition in the growth direction.
Fig. 5 shows the refractive index changes along the
growth direction of the material structure designed in
this paper, the dispersion relationship of AlGaAs

materials refer to [12], and n, is the effective re-

fractive index of the desired waveguide mode. The
mode field distribution within the waveguide can be
calculated using the transfer matrix method (TMM ).
In order to calculate the mode gain, considering that
the mode field distribution is only partially overlap-
ping with the active region, the concept of the quan-
tum well confinement factor has been introduced.
The quantum well confinement factor I is defined as
the ratio of the distribution of the light field intensity
of the waveguide mode ( proportional to E*) at the

quantum well to the total area distribution, 1. e. ;

JER (1) E bR IR 5 K, =
2T (N HELE P R B R (o)

SEAMEGAAEAE KT 1) b A4 5 3800 A, ALk
AT SR 3800 A B T AR 1) B AT RLZE 13 284k
(S g5 TASSCBOT AR5 i AR K 7 1) |
AT a2 A2 4k, AlGaAs BHELAY (3 HIOC & 2 L 3
W) R PR R A AT SR
SN AL o3 A iT R R AR By R e RS O 1
(TMM) BEAT 5. H B RIRL A S5 A IR X 2
SRR E S, N TR AR, TSI T &1
BIFBR A A X — MG o B RR 0 DR 1 o
A R (IR T E?) fE T BF b
FR 53 A1 RS DX A1 Y e, B
JEzdx
r=o%—, (2)
szdx

The threshold current of chip can be expressed
as;
TEs R 1) B A 3 ] AR
I = e(AN, + BN; + CN))dwlL/ny , (3)
Where N, is the carrier concentration in the quan-
tum well when the threshold condition is reached, e
is the electron charge amount; A, B, C are non-ra-
diative recombination coefficient, spontaneous emis-
sion coefficient, and Auger recombination coeffi-
cient, respectively. By comparing with a large num-
ber of experimental test data, we fit the A, B, C co-
efficient values at 915 nm to approximately 5 x

107s',7x107" em’/s, 1x107 em®/s, re-
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spectively. d, w, L are the quantum well thickness,
the width of the chip current injection region, and
the cavity length, respectively, and 7 is the carrier
quantum well implantation efficiency, which can be
further expressed as n =1 -7, , 7, is the probability
that carriers escape the quantum well. The following
equation solves A in equation (3) :
AP, Ny o B K B A I 1 B A B 3800 7k
JE e TR, A B C B AR E G
FI AR S LA AR 5 2R i S R S il
IR HLE, AU 915 nm W A B.C &
BOEEA KA A S5 x1077 s71 7 x107" em™/s
1107 em®/s, d o L 23 5 o0& T BFEREE O F
HELR A A 58 B DL K, g 20 19 &= 1B
EARCR, U — B HRm A n=1-n.,n. A
iR R TR LR, (3) N, T
KT IR
Ig(Ny) = a-In(RRy)/(2L) . (4)

Equation (4) describes the device reaching the
threshold condition when the gain and loss obtained
are balanced and the photons go back and forth with-

in the cavity, where g( N, ) is the material gain of

th

the quantum well. The calculation can be referred to
Ref. [17].
reflectivity of the two facets. The left side of equa-

« is the cavity loss, R, and Ry are the

tion (4) is the mode gain of the light, and the first
term on the right side of the equation is the internal
loss( we will then see the dependence of the loss on
material doping). The second term is loss related to
the mirror loss.

TR (4) FWRE 671 AR — JE i i
ARAT A 5 5 15 RG I8 BP0 I, 487 28 3 B 4%
7, X, g (V) 2t T BRI AR £, HH 5]
PUZ25CHRI17 ], o HIENDGIRFE, Ry (R 350 R
PSR A B R . 5 (4) %7210 o
e £, 17 45 30 2 26 — T T N DG 4G (B
JGBA TR 2 BIBFE 5 A RHE 2% Z 18] i ORS¢
F) A IO S I RECA KA

The divergence angle of the beam, that is, the

far field distribution and the near field distribution

constitute a Fourier transform, and it is also necessa-

ry to consider the refraction of light at the interface
Fig.2 -

Fig. 4 shows the relationship among quantum well

between the semiconductor and the air.

confinement factor, beam divergence angle ( full

width at half maximum(FWHM) ),

er density and the total waveguide thickness( the to-

normalized pow-

tal thickness of the SCH layer) in the case of sym-
metric waveguides where the aluminum component of
the waveguide layer is 0.06, 0.09, and 0. 12 re-
spectively higher than the aluminum component of
the cladding layer. In this paper, the normalized
power density refers to the peak power density corre-
sponding to a 100 pm wide active area chip output
power of 10 W. It can be seen from the figure that
all three parameters obtain the highest value at a
certain SCH thickness and after the highest point,
the above parameters decrease with the increase of
the SCH thickness. The reason for the existence of
the maximum value of the quantum well confinement
factor I is that, as the thickness of the SCH increa-
ses, the light-restricting ability of the waveguide in-
creases, and the mode field value of the waveguide
at the quantum well increases. After reaching the
highest point, the thickness of the SCH increases
further. As a result, the mode field size increases,
eventually resulting in a decrease in the field value
of the mode at the quantum well. It should be point-
ed out that, unlike low-power communication laser
chips, the design of high-power laser chips mainly
considers whether the highest possible output power
can be obtained, and the actual output power is lim-
ited by the highest power density that the bulk mate-
rial and the facet coating can withstand. Therefore,
in a high-power semiconductor laser design, the nor-
malized power density value should be reduced as
the normalized

much as possible. In this paper,

power density value is about 10 MW/cm’.

DGR B I RIS 3 53 A1 5 30 39 73 A /g AT
B OC R [Rl IR 77 278 BT ik S
AR CATS . B 2 ~ B 4 ERTFRIT
IR I, 5 )2 19 58 200y 23 i) BE A 2 S8 4H 1 i
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B i X A R BE g B =2 8, 7 T Bk A
(R AR A (38 K, Y38 B e s 55, SCHL R
(R HE— 203G, 8T B RT3, AT 530
T T B AL S N T S
J AN AR RE RGBS R, MRS A
BT F2 28 5% R A TR XTI e 1 s T
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Fig. 2 Quantum well confinement factor versus total

SCH thickness
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It should be noted that Fig. 2 — Fig. 4 are calcu-
lated for symmetric waveguides. In order to increase
the efficiency of the device as much as possible, we
adopt a dual asymmetrical waveguide design based
on the calculation of symmetric waveguides, that is:
1) the aluminum composition of the P-type AlGaAs
material is higher than that of the N-type AlGaAs
material ; 2) the quantum well is placed asymmetri-

cally in the SCH waveguide as shown in Fig. 5.

40 T
= AAI=0.06
== AAI=0.09

) /\ — AAI=0.12
g 35
5 30 SO\
o
g 25,/ \ ~
2 N
20
500 1000 1500 2000

Total SCH thickness/nm

Fig. 3 Beam divergence (FWHM ) versus total SCH
thickness
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Fig. 4

Normalized power density versus total SCH
thickness
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Fig. 5 — Fig. 6 show the calculated waveguide near-
field and far-field distributions. From the near-field
distribution, it can be seen that about 72% of the
light field is on the side of the N-type region. The a-
symmetrical distribution of the light field allows us to
simultaneously reduce internal losses and electrical
resistance to a minimum. This is because consider-
ing light absorption, the cross-section of electrons is
only about half of that of holes, and the mobility of
electrons in Al (x) GaAs( when x <0.45) is much
higher than that of holes.

M AR A, 8] 2 ~ &1 4 S B0 X PR
PEATHHRRY . S TR AT RESR & de RO R, Fe AT
TEXT PRI B B Al B, >R T SRR FR -5
it BIECL) P 7Y AlGaAs #1RFBIER 410 L N Y
AlGaAs 48} B 55 21 10 2w — 285 (2) BT BHE
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Fig.5 Double unsymmetrical waveguide structure ( line
1) and corresponding light field distribution
(line 2)
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Fig.6 Profile of far-field distribution
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After optimization of the waveguide, doping op-
timization should be considered because doping not
only affects the series resistance of the chip but also
affects the optical loss of the laser resonator. For
shallowly etched waveguide, the scattering loss of

the light at the material interface is negligible, so

that the internal optical loss is completely deter-
mined by the absorption of free carriers and that of
holes in the valence band transition. This means that
as long as electrons and holes exist within the scope
of the light field, absorption by the above mecha-
nism will occur. Thus, the optical loss of the semi-
conductor laser is composed of three parts;one is the
light absorption caused by electrons and holes in the
quantum well, because the carrier concentration in
the quantum well generally exceeds 1 x 10" c¢m ™
during normal operation of the device; the second is
the electron-induced absorption of light in the n-type
region; the third is the light absorption caused by
holes in the p-type doped region. Therefore, the to-
tal light loss and the resistance per unit area of the
material and doping distribution can be expressed
as;

B se e 2 ), bia BB 8RB 28
DAL, AR A AR MAES F 14 H3 15 FL R, T L2
SEMABOCIERIE D CIRFE . TER T R Z e
L JCAERTRE S 1AL (Y BRG] L Z2 s AN, A
1113 J P9 R ARG 58 B T el 280 1 IR L B
23 AEM T 8] BRI 5| A A A, T A R R A AE D
Yyt RGN A, R e 15250, B PLEE
IR 2 K o FET IR, 2 S AR
S ORI =R 4 e — A TP B
L5 23 G DR BRI, PR R 7R 88 4F 1E AR
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p-side
dx dx
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Where I" is quantum well confinement factor, N, is

the carrier concentration in the quantum well when
the device reaches the threshold, /( x) (the dimen-

sion is cm ') is a normalized light field distribution



598 o DA

1%

whose integral over the entire growth direction is 1,
indicating that the intensity distribution of the light
field in the material growth direction, which is pro-
portional to the square of the field strength E, and
the field strength can be obtained by solving the
aforementioned equation (1). C,, C,,, (in cm®)
are the absorption cross-sections of the free carriers
electrons and holes, respectively, N,, N, are the
doping concentration distributions of donor and ac-
ceptor atoms, u,., u, are the mobility of electrons
and holes in the material, e is the electron charge.
In equation (5), the first term indicates light ab-
sorption due to carriers in the quantum well, and the
second and third terms are the optical losses in the
n-type doped region and the p-type doped region,
respectively. In equation (6), the first and second
terms are the resistances of the n-type region and the
p-type region, respectively. The actual calculations
show that for a 915 nm high-power laser structure u-
sing a large optical cavity, the light loss caused by
the doping of the epitaxial layer can be reduced to
below 0. 2/¢m through doping optimization, and the
resistance per unit area of the device can be reduced
to below 6.0 x10 7> Q - em’.

A, IOy BRI 5, N, a1 ik 2
BRI 5 5 BiF N R 2R TR, T () (4N
em ™) IR AL 43 A, HAE A A Ky )
BB 1, R e R K 5 L 5
B, 558 E {5 BUE EE, 168 n] DL
RIFRTIA R ITRE (1) MR E . Co C (AL N
em’® ) 535Ky ] R RO 5 s R o e
Ny N0 it 34552 F2 85 BB 4R e B2 o3 A
By T BIAH T G2 TAEM B IIERE R e K
R (2 (5) SUP, 88— IR T BE N
AR 55 1 RS AL, 26 — 5 2R =705 R n
RBIRX S p BB KN RDOERHFE. 72X
(6) 1, BF— 555 5] & n B XIS p BUIX
SRR B S BR TSR B, R TR A RO I Y
915 nm @ HRBFOLLH, 25 B 2R, SMEJZ
BAGIEADEHAE o FTELE/NE] 0.2/cm LLTF,
[ 85 P4 P T R b BEL 7T AR 1) 6.0 % 102

Q- em’ PR,

Appropriate cavity length for the required out-
put power is to be calculated by device design.
Careful consideration has been given to thermal is-
sues during packaging for cavity length calculations.
A three-dimensional numerical analysis method is a-
dopted to analyze the heat dissipation typically used
for packaging of 915 nm fiber laser pump modules to
calculate the thermal resistance of the entire package
module. The calculation assumes that the chip’s e-
lectrical injection region has a width of 95 pm and is
soldered to the AIN heat sink with a thickness of 350
wm ( this type of package is called COS) in the form
of P —face down. The AIN heat sink is then welded
on a 2 mm thick copper block. Equations (7) and
(8) give the relationship of the thermal resistance of
the package module varies with the length of the la-
ser cavity and the corresponding change in the junc-
tion temperature, respectively:

APFBETT 32 B0 T EEOR A g t Zh AR By
M A . RIS 5 ZAT 4025
IR IR, FRATTR P = HE R EL A D7 12 0 1
JLRIFY T 915 nm SEEF O B B P S 2 1Y)
I AT, NPT R A B R A BB . 7R
HE S B S B TEAXIERZ N 95 pum If-L
P T AR R 7R )R O 350 pm Y AIN
PO E (X —BPRIE AR Z o COS) , B)E AIN
POTHRRETE 2 mm JERGHISR 1o 20(7) 5
(8) 733l 45 th 1 a2 B fg A BH Bl O G o 1
KR A I 28 LA RO I ) 25 1l A2 Ak«

0.96
Ko=iv0.03 )

AT = RQ , (8)
where L is the cavity length of the laser which is giv-
en in centimeters. The dimension of the thermal re-
sistance is K/W, Q is the thermal power(in Watt)
generated by the chip. AT is the chip junction tem-
perature rises, which is given in K. After the high-
power laser is fabricated, the facets are coated as re-
quired. The reflectivity of the rear facet coating is u-
sually greater than 95% . The reflectivity of the front
facet coating (i. e. , the light exiting facet) is opti-
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mized based on the epitaxial structure, device cavity
length, and light output power. This is because the
reflectance affects both the device’s threshold cur-
rent and the external quantum efficiency. Using the
self-developed semiconductor laser design software,
the dependences of device’s electro-optical conver-
sion efficiency (WPE) and the output power on the
device cavity length and front-facet reflectivity at an
injected current of 12 A and at room temperature at
25 °C are calculated ( see Fig. 7 — Fig. 8). In this
calculation model, the calculations to be performed
include; discrete energy levels in quantum well
structures and their corresponding quantum wells,
material gain and spontaneous emission coefficient,
optical waveguide and its quantum well limiting fac-
tor, and heat dissipation of packaged modules and
corresponding thermal resistance, light-current-volt-
age (L-1-V) characteristics, etc. From the simula-
tion results, it can be seen that the electro-optical
conversion efficiency at a cavity length of 4.8 mm
reaches 67% when the AR film reflectivity is about
1% , and the output power exceeds 13 W. In the
case of the fixed front-facet reflectance, due to the
interaction between the parameters of mirror loss, e-
lectrical resistance and thermal resistance, the out-
put power will decreases as the cavity length increa-
ses, while the electro-optical conversion efficiency
increases as the cavity length increases.

A, Lo G s B I, B D JEOK, PR BH
AR KW, Q Jgoth 7= A= B AR 2%, B Oy
FO,AT Jits R afil ot &, S0 Ko DR
Jean il Eoe e, o BRI T 2N s TR T AR
AR P I IS T F) B 358 R T 95 %, T i ThT
(RIS ) B9 S5 305 ARG SN AE 45 ) | 48 1 1
KA BRI NIATIAL o 372 PR W JEs T
SR e R IR 532 W) g 28 1 19 {1 P O LA B O BT 3K
Ao FHFRATA SR I RO LR B TR
PF, AT TE0EE 25 CEWE T, SEA BT
12 AR RLOC AR AR (WPE ) DA Bt 2%
55 R0 T P G B (antireflection coating ) [ 5 %
MERZER SRR (WE 7,18 8) . AT

AR R Tl ST TR T PR A A
ORI R T B A A8 2 S BE G AR, 4 H 45 L
e B RS R BOT R Ol = S B BR
T B Y B B B R A EABH A
Je—i B — R (L-1-V) R s di i Hoat
TR R 4.8 mm N DGRk
15 AR BRI ARN 1% 7247 355 67 % , T i i
it 13 W, 7EAfE AR B ARG T,
TR EHRBOSR | LB DL S R BH 45 2 2 [A] 1Y)
FHEAR I, S 2 2R BRI IIAT] T EE
JCHACR N BB %Kk

= —7=36mm
— =10

z B e~ |=i=i4mm
< 3 o = [=4.8 mm
® 13 H4f \‘\
: ~N
= 129
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Fig. 7 Relationship between output power, cavity

length and reflectivity of antireflection ( AR)
layer
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Fig. 8 Relationship between electro-optical conversion
efficiency, cavity length, and reflectivity of an-
tireflection( AR) layer
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3 Material growth, process production

and testing

PR, B AR AR S o

The epitaxial material is grown by metal organic
vapor deposition( MOCVD). The quantum well is an
In, ,,GaAs with a thickness of about 7 nm and the
barrier is an Al ,; GaAs material. The thickness of
the entire SCH layer is 1. 5 wm. The device process
begins with the definition of the waveguide by optical
exposure, followed by electrical contact windows, P-
side metallization, wafer thinning, N-side metalliza-
tion, rapid annealing, facet passivation and coating
etc. In order to enable the device to operate as a
continuous wave at high currents, we soldered the
device on a 350 pum thick AIN ceramic with P side
down, and 30 gold wires are welded on the N side.
Fig. 9 is a photo-current ( LI) characteristic curve
and a corresponding electro-optical conversion effi-
ciency curve measured at a continuous current mode
(CW) at a temperature of 20 C, which consists of
the proportion of the threshold current in the overall
injected current, the Joule heating, and the ther-
mal, optical, and electrical interactions. It can be
seen that, at 20 °C, the COS threshold current is a-
bout 1 A, the slope efficiency is about 1. 18 W/A
and the operating current required to reach 12 W
output power is 11.5 A. The highest electro-optic
conversion efficiency is 66. 5% . When the output
power is 12 W, the electro-optical conversion effi-
ciency is reduced to 64.3% . The above test results
are in good agreement with the simulation in Fig. 7 —
Fig. 8, which shows that this design software can ac-
curately predict the performance of the device. In
order to find the facet damage threshold of the de-
vice, a destructive test on the device under high cur-
rent is conducted. The test conditions are 20 °C
quasi-continuous-wave ( QCW ) current mode and 40

°C continuous current mode. In the QCW test, the

pulse width is 1 ms and the repetition rate is 1 KHz.
During the test, the current increase continuously
until the sudden loss of power due to facet damage.
The test results are shown in Fig. 10. As can be
seen from Fig. 10, the facet COD power value is
23.8 W under the QCW condition, and the facet
damage threshold power becomes 18. 1 W during the
CW test. Fig. 11 shows the relationship between the
divergence angle of the beam and the injected cur-
rent when the energy contained in the beam is 95%
of the total energy. It can be seen from the figure
that in the process of increasing the current from 2 A
to 12 A, the far field in the vertical direction re-
mains basically constant. However, the horizontal
far field increases with the increase of the current.
This change is related to various mechanisms, inclu-
ding the thermal lens effect and the spatial hole
burning effect of carriers. Since the reliability of la-
sers is critical for industrial applications, we have
performed life testing of COS devices under over-cur-

{8] " The test conditions are as fol-

rent conditions
lows : temperature 35 °C , 14 A constant current. The
output power is 14 W under this condition. Fig. 12
shows the recording of the power of the eight COS
devices over time under the above test conditions. It
is clear that the power of the device did not change
during the life test of about 6 000 hours, indicating
that our device works reliably even in high tempera-
ture (35 °C) and high current(14 A) and high pow-
er(14 W).

SMERT R 4 8 A B PTR (MOCVD) Az
K. #FBFY 7 nm Z245 1 Ing ,, GaAs, T #¢
2 Aly oy GaAs B H}, B A SCH JZ 198
LS wmo fF T2 LDOGEBOE LLUE S
L BB S AT R AR M T 10 P e Ak A B N
TE 462 S A PRGATIR LA R A B A 5 s T B S
TR o R T RERS 1 i FL i B LB SRS
LR, FATH AR R LU P s T i Jr AR 7R
350 pm JERY AIN % FBEE7E N HHT | 30 AR
Gror2k ., B9 HTE 20 CIRJE T LAFFEE M I )7 X
(CW) I A Se—rE 3T (L-1) R il £k L K2 i
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P P AP B3 T 2K 1% ML TR 200 2 v B 1
FL I R A A H U P A B R A L B A
6 R EAE A Y o i HRT IL, COS 1 20 C
MAFAEE T, BER TR N 1A RERECR R
118 WA TAE] 12 W i th D) 3R I it 22119
TAEHL W N 115 Ao HOBHE e 30K B (B o
66. 5% , ki T F N 12 W B, o B R0R I
/NEIT 64.3% , EIAIASR SIE 7 K 8 ALY
ZERART WIS, BB ATTA BT RE WS I ) Bl
MESPERITERE . A 1 4R M A 1 A Y T 453 4 B A,
FRATXFE AL = B T BEAT 1 BRI, )t
ZAEI 50 20 CHERFZE (QCW) BB DL [
40 CHpge A i 0o 78 QCW i, Bk 58 M
1ms, FERBRN 1 kHz, 1RGSR, BIREE
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Fig.9  Photocurrent curve and electro-optical conver-
sion efficiency curve of 915 nm single-tube COS
module at 20 C
K19 915 nm H4F COS BLBRAE 20 C T HL—HLR
HHZR 5 BRI 2R

SEBA T, E 0 DR v 5 10 ) 2 2R R R Ak o
ML RN 10 fizR . B 10 A0 78 QCW 2%
{47, T COD Th2R{E Ky 23. 8 W, Tii#E CW il
B, s T 0 [ (T 2 0 A2 18.1 W, & 11 2
JEHIT B BE = R B RE 519 95% B T X Bz A O BR
EEASEABRRM LR, hE 11 a0 EE
IS E LI 2 A 5] 12 A s Fi v, JEAR 4t
R, 77K V-2 S D0 i P 3 P 38 R T 39, ik —
AL 5 Z FHLIEAT 5C , AL G IGE BE AN D K B
TS AL o ST HOGEF I T ST Tolk
N PR UL A T EL, FRATTNS COS SR {4E4T T 1
VA AEE B A A AR IR 4% PF R IR
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Fig. 10  Cavity damage power tested under quasi-con-

tinuous( QCW) and continuous ( CW) condi-

tions
B 10 FEMERFSE(QCW) L e HE4E (CW) 2544 F Il ik

PR JS T 453 £ 2 5

2 35

3

5 -m- Horizontal

%’J 25 %-l' vertical ‘\

5

bS]

§ 15

2a) B
5i W . L]

2 4 6 8 10 12

Injection current/A

Fig. 11 Beam divergence angle corresponding to 95%

of the total energy
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Fig. 12 Life test record ( device initial power 14 W, test
temperature 35 °C, current 14 A) ( colour fig-
ures is availabe in electro-version)
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14 W, & 12 2y 8 4> COS #efhAE Lkl & fF &
(DR B[R] A2 AL AT 8% , AR AR AE K24 6 000 h
(73 i R, AP h R BeA Aeqe, BE 3
ARG i 10 RIAE A = R PR 58 (35 °C) DA e B
(14 A) MR R (14 W) IHRIRAERS nl 5 T AR

4 Conclusion
& %

This paper briefly describes the design, fabri-
cation, and testing results of high power 915 nm
semiconductor laser manufactured by Shenzhen Ray-
bow Optoelectronics Co. , Lid. The test results show
that the electro-optical conversion efficiency of the
developed device is up to 66.5% , and the electro-
optical conversion efficiency can still reach 64.3%

when the output power is 12 W. This efficiency has

Sk

reached the advanced level of similar devices in the
world. Under the accelerated life test conditions of
35 C and 14 A injection current ( corresponding to
output power of 14 W) , the output power of the de-
vice remained stable during the test period of about 6
000 hours, indicating that the reliability of the de-
vice is satisfactory.

ASCRTEAGR 1 S PFOC i 12 vl 1Y 5 2 3
915 nm ARBPOCHTEIT HIVE S MHAZE R,

BEIRRW, WK 00 1 i G e 8 R e e A
66. 5% , it DRy 12 W I A LG e 4 3R AT
IRIBH] 64. 3% X —RURFE bRk 2 [ R [R) 2 g4
SEE Ko 7E35 °C 14 A T AHL R O6f I i
A 14 W) B0 A3 I 25 F i 4 1 a E
FAER LY 6 000 h Fyiaid Fe v PR Fp A , LA
Al E BRI RE P AT
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