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Abstract—We report on studying tunnel junctions and an optical
cavity structure for developing epitaxially-stacked high-efficiency
905 nm high-power laser diodes. The GaAs tunnel junctions were
explored via simulations and experiments to realize a high peak cur-
rent density of 7.7 x 10* A/em? and a low specific resistance of 1.5
x 105 Qcm? with a high n-doping concentration of 6 x 10" cm—3.
Employing a low-loss epitaxial structure design, single-, double-,
and triple-cavity structure laser diodes demonstrated power scaling
by epitaxial stacking. Triple-cavity laser diodes have a low optical
loss (0.42 cm™!) and generate a peak power of 83 W with a short
cavity length of 750 pom at a limited current of 30 A.

Index Terms—Epitaxial stacking, high efficiency, laser diode,
low optical loss, n-doping concentration, power scaling, specific
resistance, tunnel junction.

1. INTRODUCTION

IGH-power continuous-wave (CW) and quasi-
H continuous-wave (QCW) laser diodes (LDs) have been
widely employed as pump sources for fiber and solid-state lasers
[11, [2], [3]. Recently, high-power pulsed laser diodes evolved
beyond these fields with demands in three-dimensional (3D)
sensing and light detection and ranging (LiDAR) applications
[4], [5], [6]. Depending on the method employed and application,
the systems involve ~1-100 ns long pulses with peak power
levels of 10 to 100 W [6]. However, it is challenging to
generate short electrical pulses with high current amplitude

Manuscript received 20 September 2022; accepted 29 September 2022. Date
of publication 4 October 2022; date of current version 19 October 2022. This
work was supported in part by the National Natural Science Foundation of
China under Grant 61504167, in part by the Natural Science Foundation of
Shaanxi Province, China under Grants 2019ZY-CXPT-03-05, 2018JM6010 and
2015JQ6263 and in part by the Talent Project of Science and Technology
Department of Shaanxi Province under Grant 2017KIXX-72. (Corresponding
authors: Guowen Yang; Abdullah Demir.)

Yuliang Zhao, Guowen Yang, Yu Lan, and Yuxian Liu are with the State Key
Laboratory of Transient Optics and Photonics, Xi’an Institute of Optics and
Precision Mechanics, Chinese Academy of Sciences, Xi’an 710119, China, and
also with the University of Chinese Academy of Sciences, Beijing 100049, China
(e-mail: zhaoyuliang2016@opt.cn; yangguowen@opt.cn; lanyu2017@opt.cn;
liuyuxian2017 @opt.cn).

Yongming Zhao and Song Tang are with the Dogain Laser Technology
(Suzhou) Company, Ltd, Suzhou 215123, China (e-mail: zhaoym @dogain.com;
tangs @dogain.com).

Zhenfu Wang is with the State Key Laboratory of Transient Optics and
Photonics, Xi’an Institute of Optics and Precision Mechanics, Chinese Academy
of Sciences, Xi’an 710119, China (e-mail: wzf2718 @opt.ac.cn).

Abdullah Demir is with the UNAM - Institute of Materials Science
and Nanotechnology, Bilkent University, 06800 Ankara, Turkey (e-mail:
demirab@gmail.com).

Digital Object Identifier 10.1109/JPHOT.2022.3211964

[7]. To circumvent this issue, several separate and relatively
independent LDs can be monolithically stacked in series by
tunnel junctions (TJs). Ideally, the internal quantum efficiency
of such epitaxially stacked LDs is linearly proportional to the
number of diodes, N, so that the laser output power will be scaled
by N at a given current. In this approach, the drawback would
be scaling the applied voltage by the same factor, assuming
no voltage penalty with the TJs. Also, LiIDAR systems have
spectral requirements with preferred laser emission near 905 or
1550 nm. Automotive LiDARs commonly employ 905 nm due
to the low-cost off-the-shelf components, including high-power
GaAs-based LDs with pulsed operation near 905 nm and silicon
photodetectors [8].

Since Esaki’s discovery of the tunneling effect in 1958 [9],
TJs have been intensively investigated and widely employed in
solar cells. However, their investigation in epitaxially stacked
LDs have been limited [10], [11], [12], [13], [14], [15]. Rather
than stacking individual LDs [16], epitaxial stacking is desirable
since it can simplify packaging and is cost-effective. Relatively
long cavity length lasers (>2.5 mm) have been demonstrated in
the form of microarray with short pulse operation power levels
above 100 W [12] and for 1-cm wide bars with QCW output
power levels above 1 kW [13], [14], [15]. OSRAM reported
905 nm pulsed LDs with a peak output power of 125 W using
vertically integrated three emitters with PCE of 28.4% at 40 A
[17]. Additionally, epitaxial stacking of several active regions
in a single waveguide core with a third-order optical mode was
demonstrated to utilize surface grating for wavelength locking,
with ~3 W output power achieved [18], [19]. Such epitaxial
stacking with TJ has been applied for VCSELs as well [20], [21].
For the TJs, it is beneficial to have a simple material structure
(e.g., GaAs) for epitaxial growth and high doping concentration
to obtain low specific resistance [22]. Optical cavities with very
low internal optical loss should be employed for high slope
efficiency. Low internal optical losses of 0.31 cm™! for single-
cavity LD [23] and 0.7 cm~! for triple-cavity LD [18] were
demonstrated. For the extensive use of edge-emitting LDs in
LiDAR applications, utilizing a short laser cavity is desirable for
alow cost. In this work, we aimed to realize low resistance GaAs
TJs and low internal loss optical cavities and then effectively
combine them to achieve high-efficiency epitaxially-stacked
LDs with short cavity lengths, which is lacking in the literature.

The paper, first, focuses on the experiment and simulation of
TJs with various high n-doping concentrations. The simulations
are calibrated by the experimentally measured J-V curves that
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Fig. 1. (a) The schematic and (b) SEM picture of 3-cavity LD. (c) Profiles of refractive index and calculated optical intensity of the vertical mode of single p-i-n
structure.

demonstrated very high peak current density and low specific 25 nm Te-doped n++ GaAs with various doping concentrations
resistance. Then, we employed the TJs for epitaxial stacking of ~of 4 x 10,5 x 10'°,and 6 x 10" cm~3, 225 nm C-doped p++
LDs and obtained a record low optical loss of 0.42 cm™! fora GaAs (1 x 10* cm~?) and finalized with p++ GaAs contact
triple-cavity LD showing TJ incorporation without introducing  layer (p>5 x 10'* cm~?). Since the p-doping reaches a high level
loss. Triple-cavity LDs (750 um long and 200 ym wide wave- of 1 x 10?%° cm™3 with a C dopant, we focus on investigating
guide) achieve high peak power of 83 W at a limited current of  the n-doping concentration optimization using the Te dopant.
30 A (100 ns, 100 Hz). The material and thickness were chosen considering the material
quality and device performance [24]. Te and C were used due
to their low diffusion coefficient and high doping concentration.
Hence, thin TJ layers are possible, which is advantageous for
The LDs with one, two, and three p-i-n junctions have been the minimal impact of these layers on the optical mode profile
investigated in this work. Fig. 1(a) shows the schematic of a and optical loss. The TJ structures were fabricated employing
3-cavity diode laser, where two reverse biased TJs connect three  a standard process with metal contacts for electrical testing
optically independent laser cavities. LD wafers with 1-, 2-, and cleaved into chips with a size of (200 ym) x (400 pm).
and 3-cavity were epitaxially grown by metal-organic chemical Fig. 2(a) shows the simulated and experimental current density
vapor deposition (MOCVD) and fabricated by a standard LD  versus voltage (J-V) curves. The JV curves with solid lines in
fabrication process. TJ can provide electrical coupling with Fig. 2(a) present the experimental electrical characteristics of
negligible optical loss by properly designing the epitaxial struc-  the TJs tested in V-I mode by a current source. In Fig. 2(a), the
ture. Fig. 1(b) shows the scanning electron microscopy (SEM) positive voltage demonstrates the forward bias characteristics of
picture of the fabricated 3-cavity LD. The refractive index and the TJ as employed in solar cells. The negative voltage represents
optical mode profile of a 1-cavity is shown in Fig. 1(c). A the reverse bias operation of TJ as used in epitaxial stacking of
GRINSCH (graded-index separate confinement heterostructure) — optical cavities in LDs, which is the aim of this study. This
vertical cavity design is used to obtain high carrier injection requires TJs with low specific resistance to efficiently scale LD
efficiency, and a thin p-waveguide is employed for low optical —output power with epitaxial stacking. The voltage transition
absorption loss. The active region has two InGaAs quantum is caused by the behavior of the TJ transitioning from the
wells to increase the optical confinement factor and improve tunneling state to the exponential diode state since the negative
the modal gain for short cavity lengths. resistance region cannot be observed due to using a current
The material quality and electrical characteristics of TJs are  source. Available voltage sources do not have the required cur-
critical for the overall efficiency of the epitaxially stacked LD.  rent limit to provide such a high J,,; hence, a current source was
Using a combination of numerical simulation and experimental —employed.
results, first, we examined the critical parameters of TJs, such The simulation results represented by the dotted lines are
as peak tunneling current density and electrical resistance, as  attained by using the nonlocal band-to-band and trap-assisted
a function of doping concentration. Usually, TJ consists of a tunneling models assuming zero contact resistance [25], [26].
heavily doped p-n junction with a typical doping concentration  The intrinsic parameters, such as the effective mass of electrons
higher than 10'® cm~3. For effective device operation, TJ must  (m,) and holes (my,), were modified as m, = 0.09 and m;, = 0.53
form a low resistance path for carriers between the p and n  to match the measured value of the peak current density for the
terminal of its neighbor optical cavities. A low resistance ensures  n-doping concentration of 4.0 x 10'” cm 3. The experimental J,,
a minimal voltage drop and hence a minimal influence on the improved from 2.8 x 103 to 7.7 x 103 A/cm?, with the n-doping
optoelectronic performance of the device. concentration increasing from 4 x 10" to 6 x 10'> cm=3. The
The TJ test structures were epitaxially grown on an n-GaAs  simulated n-doping concentrations of 5.0 x 10! and 6.0 x 10"
substrate with a 500 nm n-GaAs buffer layer (3 x 10'® cm™3),a  ¢cm~? were adjusted to the value of 4.65 x 10'° and 4.80 x 10"

II. STRUCTURE DESIGN
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Fig. 2. Simulated J-V curves (dotted line) and experimental J-V curves (solid line) (a) for different n-doping concentrations with R¢ont = 0 in the simulation,

and (b) for n = 6 x 10" cm™> experiments result and n = 4.8 x 10" cm™

concentrations with Reont = 4.0 x 107> Qcm? in the simulation.

cm 3, respectively, to match J, with the experimental results.
Both simulation and experimental results demonstrate that J,
improves significantly with increasing doping concentration.
However, the simulations show that lower doping concentrations
are required to reach the experimental J, values, which can
be attributed to doping saturation. Excessive doping could also
cause epitaxial degradation. Hence, we limited our study to the
n-doping level of 6 x 10" cm™3.

The series resistance was previously studied [27] to show its
effect on the J-V curve. Similarly, in Fig. 2(b), we examine the
effect of the series resistance on the J-V curve by introducing
an additional resistor into simulations to fit the experimental
data [25], [28]. We separate the diode resistance into two series-
connected resistances: TJ specific resistance Rt; and a contact
resistance Reqnt. Then, by applying Ohm’s law, the peak voltage
V,, can be given as [25]

Vp = RryJp + ReontJp (D

where J;, is the peak current density with the corresponding
voltage of V,,. Since J, and Rr; are independent of Ry, [27],
we can obtain the contact resistance by varying its value to
match V,,. Fig. 2(b) shows the simulation results with different
Reont values. As anticipated, J, does not change with Reqp.
The addition of this resistance leads to similar trends for the
simulation and experimental results with a matching V,, for a
contact resistance of Reont = 4.0 x 107> Qem? at V, = 0.42
Vand J, = 7.7 x 10* A/em?. The experimentally measured
total resistance of 5.5 x 107> Qcm? is obtained by the slope
of the J-V curve in the ohmic region, which is set by J,, and
V,,. Then, the specific resistance of TJ can be extrapolated as
1.5 x 107> Qcm?, comparable to the best values for the TJs
employed in ultra-high concentration multijunction solar cells
[22]. As demonstrated in the simulation and experimental results
of Fig. 2(a), the reverse-bias current density from —0.2Vto 0V
is similar to the forward-bias operation. Therefore, such a low
TJ resistance is favorable for the laser diode with TJ operating
in reverse bias. Since the TJ with a doping concentration of
n=26x 10" cm™3 and p =1 x 10%° cm~3 provides desirable
outcomes, they are used in the epitaxially stacked LDs.

To analyze the influence of the resistance for various n-doping
levels, Fig. 2(c) presents the simulation results with the Rcone =

3 simulation results with different contact resistances, (c) for different n-doping
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Fig. 3. Experiment results for (a) the inverse differential quantum efficiency

versus cavity length, (b) the logarithm of threshold current density versus inverse
cavity length.

4.0 x 107> Qcm?. It shows that the differences in the simulated
total resistance values are much lower compared to zero contact
resistance due to its dominating effect compared to TJ resistance.
The simulation results agree with the experimental values to a
large extent.
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III. LASER CHARACTERIZATION RESULTS

Uncoated 3-junction laser chips with 200 pm stripe width and
four different cavity lengths were tested under QCW operation
(50 ps, 100 Hz) to extract the internal parameters of the epitaxial
structure. The dependencies of the inverse differential quantum
efficiency (1/nq) on the cavity length (L) and the logarithm of the
threshold current density (In(Jy,)) on the inverse cavity length
(1/L) are shown in Fig. 3(a) and 3(b). By linear fitting the data
of 5 points for each length, the internal quantum efficiency 7;,
internal optical loss «;, transparency current density J;,, and
modal gain coefficient I'gy can be determined according to the
equations [29]:

11 1 20

—_— =t | —— . L
Na i |:77i In (1/3132)]

ai}Jr[hl(l/RlRﬂ.l 3)

FgO 2Fgo Z

where the uncoated facet reflectivity R; and Ry are assumed
to be 0.32. The internal quantum efficiency n; is 275% for the
3-cavity LDs, equivalent to 92% for each cavity on average.
The low internal optical loss of 0.42 cm™' confirms the high
optical quality of the p-i-n epitaxial structure and its effective
integration with the TJ structures. This also indicates that the
optical loss contribution of the TJs is insignificant in agreement
with the negligible overlap of the optical mode with the TJs. The
relatively high transparency current density of 132 Acm~? is due
to employing double quantum wells, which are used to obtain
the high modal gain coefficient I'g of 14.3 cm ™! to compensate
for the short cavity length.

Single emitter LDs with a cavity length of 0.75 mm and stripe
width of 200 um were cleaved, passivated, and coated with ap-
propriate dielectric films. The reflectivity values are 95% for the
high-reflective (HR) back-facet and 15% for the anti-reflective
(AR) front-facet. As shown in Fig. 4, the power, voltage, and
power conversion efficiency of 1-, 2-, and 3-cavity LDs were
obtained under QCW conditions (50 us, 100 Hz) up to 5 A before
packaging. Fig. 4(a) shows the L-I (i.e., power-current) charac-
teristics of 1-, 2- and 3-cavity LDs with an output power of 5.4,
10.1, and 14.5 W at 5 A, respectively. The corresponding slope
efficiencies are 1.24, 2.29, and 3.36 W/A. The linear scaling of
power and slope efficiencies indicates that the TJ is working
properly. Fig. 4(b) shows the V-I curves, and the corresponding
voltages at 5 A are 1.81, 3.64, and 5.46 V, demonstrating

2

In Jth = [1n Jtr +

Voltage (V)
w
Power Conversion Efficiency (%)
(=]
N

3
Current (A)

6 1 2 3 4 5
Current (A)

4 5

(a) P-I, (b) V-1, (¢) n-I curves with 1-, 2- and 3-cavity diode lasers. The inset in (c) shows a typical spectrum of 3-cavity laser at 5 A.

proper voltage scaling. The power conversion efficiency (PCE)
in Fig. 4(c) shows a downward trend as the number of junctions
increases. The PCE of 1-, 2- and 3-cavity laser diodes at 5 A
are 60.3%, 55.0% and 53.1%, respectively. It is possibly caused
by the weakening of the carrier and optical field confinement
in the lateral direction as the number of cavities increases. This
issue can be addressed by proper deep ion implantation of the
structure to improve the carrier confinement; then, comparable
efficiencies can be realized for different cavities. The inset in
Fig. 4(c) illustrates a typical spectrum of the 3-cavity LD at 5 A.

To enable high current testing and operation of these devices,
3-cavity LDs are packaged as chip-on-board (COB). Fig. 5(a)
shows the L-I characteristic of these lasers under short pulse
test conditions of 100 ns and 100 Hz at 25 °C. The maxi-
mum output power of 83.1 W is attained at 30 A, which is
limited by the driver current. The power measurement is not
accessible at a low current for the same reason. The device
has high a slope efficiency of 2.73 W/A, which is lower than
the unpackaged chips. The possible reasons may be the lat-
eral carrier leakage and higher optical loss at higher injection
current. Another possibility is the pulse shape deformation due
to inductive effects. Then, the actual pulse width may be less
than 100 ns resulting in a lower duty cycle and measured peak
power. The lateral current expansion is severe in this 3-cavity
LD as the current diffusion path is longer than that of the 1- and
2-cavity, and the two TJs with a high conductivity intensify this
effect. We can see the apparent electroluminescence emission
from three epitaxial stacked p-i-n junctions from the inset of
Fig. 5(a) at 2A.

The far-field profiles of the 3-cavity LD chip are shown in
Fig. 5(b) at 5 A (50 us, 100 Hz). The FWHM angles of the
vertical (fast-axis) and horizontal (slow-axis) far-fields are about
29° and 18°, respectively. The vertical far-field agrees with the
near-field optical mode profile simulation results presented in
Fig. 2(c). Since each waveguide is diffraction-limited in the
vertical direction, it results in a single-mode far-field profile for
the 3-cavity laser diode. The built-in refractive index ridge step
has little impact on the bottom two cavities, and noticeable lateral
carrier expansion influences the material gain profile at contact
edges. Hence, higher order modes reach the threshold, yielding
larger lateral far fields. Therefore, the horizontal divergence
angle of the 3-cavity is larger than the 1-cavity case. Further
improvement to obtain a smaller lateral far field and higher
slope efficiency can be realized by suppression of lateral current
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spreading via lateral structuring techniques such as high-energy
deep ion implantation [30], deep-etched index-guiding trenches,
the enhanced self-aligned stripe technique [31], and lateral
buried implantation structure [32].

IV. CONCLUSION

This work presented the GaAs TJ investigation and its in-
tegration into 3-cavity edge-emitting LDs. A high n-doping
concentration of 6 x 10'” cm™3 and p-doping of 1 x 10?° cm~3
was used to realize a high peak current density of 7.7 x 10*
A/cm? and a low specific resistance of 1.5 x 107> Q2cm?, which
are the best values achieved with GaAs-only TJs. Fabricated 1-,
2-, and 3-cavity LDs demonstrated power scaling with a high
differential quantum efficiency of 275% and a low loss of 0.42
cm’!, which is the lowest internal loss shown for a multiple cavity
LD. The 3-cavity single emitter LD (L = 750 pm, W = 200 pzm)
was shown to reach a peak power of 83.1 W at 30 A (100 ns, 100
Hz), which is limited by the driver current. The dimensions are
determined to obtain the smallest probable chip size for ~100 W
operation. It is possible to scale the power by increasing the LD

1557006

size (i.e., longer cavity and/or broader waveguide) or by epitaxial
stacking of more cavities in case of higher power requirements.
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