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Abstract—A recognized drawback of edge-emitting diode lasers
is their high divergence and elliptical beam shape since the first
diode laser was demonstrated. In this paper, we demonstrated the
ultranarrow circular beam emission from the broad area diode
laser based on a modified Bragg-like waveguide. The low verti-
cal divergence of 9.8° with 95% power content and 4.91° with
the full-width at half-maximum was realized in the devices with
150 μm stripe width. The maximum output power was 4.2 W
under quasi-continuous-wave operation and presently limited by
thermal rollover. The detailed design principle was presented and
it was found that reducing the refractive index and thickness of
the defect layer was able to improve the vertical divergence and
achieve the stable circular beam emission by controlling the lateral
current distribution using the deep stripe. The packaged device
with 90 μm stripe width demonstrated a maximum continuous
wave power of 4.6 W at 10 °C. A direct fiber coupling efficiency
of 90.6% had been achieved with a common fiber of 105 μm core
diameter.

Index Terms—Semiconductor lasers, photonic bandgap, low-
beam divergence, high-power diode lasers.

I. INTRODUCTION

H IGH power diode lasers are widely used for pumping of
solid state lasers and fiber lasers, material processing, se-

curity and defense, typically coupled into a fiber for easy use by
beam shaping and combining techniques. However, the conven-
tional diode lasers usually suffer from a large vertical far-field
(FF) divergence of more than 30° for the definition of full-width
at half-maximum (FWHM) [1] and strongly elliptical beam be-
cause of the vertical optical confinement using narrow total in-
terface reflection (TIR) waveguide, which is recognized as one
of the main drawbacks [2] since the first edge-emitting diode
laser was demonstrated in 1962. This drawback requires the
use of expensive optical elements with high numerical aperture
(NA) for focusing and coupling of diode lasers. Furthermore, the
serious asymmetry of the vertical (∼40°) and lateral (∼10°) FF
divergence angle also needs sophisticated circularly re-shaped
optics for efficient coupling. Therefore, diode lasers with low
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divergence and circular beam emission would be valuable for
the direct applications.

Many approaches have been proposed to improve the verti-
cal beam divergence of edge-emitting diode laser, including the
super large optical cavity (SLOC) [3], asymmetric waveguide
[4], [5], double barrier separate confinement heterostructures
[6], multi-active region [7], and inserting anti-guiding layers
[8]–[10]. These methods have reduced the vertical beam diver-
gence with the definition of FWHM, θ⊥,FWHM , down to below
10° [10], however, the FF emission angle with 95% power con-
tent, θ⊥,95%, is still high, which is more meaningful for the
description of FF angle in the practical applications and must be
minimized to eliminate unwanted stray light effects in the appli-
cation such as pumping of the fiber cladding [11]. A low index
quantum barrier structure combined with SLOC was proposed
to improve the optical mode confinement and had demonstrated
the θ⊥,FWHM of 8° [11], [12]. The corresponding θ⊥,95% is as
low as 15.6°, which was almost the best result reported for the
edge-emitting diode lasers with watt-level power output. How-
ever, the further improvement of the divergence angle for this
index-guiding laser is limited by the onset of high order trans-
verse modes, and the realization of circular beam emission is
also difficult.

In order to solve these problems, edge-emitting diode lasers
based on the one-dimensional photonic crystal structure have
been proposed, in which light is guided by the photonic bandgap
(PBG) effect instead of TIR in the vertical direction [13]–[15].
As the PBG modes possess strong mode discrimination due
to the large mode spacing and significant losses of high-order
modes, the laser could achieve stable single mode lasing
with large optical mode size [14]. Recently, a longitudinal
photonic bandgap crystal (LPBC) laser has demonstrated the
low θ⊥,FWHM < 5o [15]–[19], but the θ⊥,95% is still wide due
to the existence of side lobes [20], which is about 20o estimated
from the results in [18]. The relatively high θ⊥,95% is mainly
caused by the deviation of beam profile from the ideal Gaussian
shape. The LPBC lasers consist of an optical defect sandwiched
between one periodic waveguide and one TIR waveguide. The
refractive index of materials in the optical defect usually has
a same or higher value than that of the highest index in the
PBG waveguide [16]. The inherent optical waveguiding of the
optical defect itself confines the optical mode tightly, resulting
in a much higher near field (NF) intensity as in a Gaussian
distribution. This will lead to a wide distribution of FF and
limit the minimum achievable θ⊥,95% [12]. In contrast, a Bragg
reflection waveguide (BRW) laser was proposed [21], [22],
which utilized transverse Bragg reflectors on both sides and a
low-index defect to expand the mode over the whole waveguide.
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Fig. 1. Schematic diagram of the MBW.

However, these reported BRW lasers operate at leaky-mode with
double-lobed FF. In this paper, we modified the BRW structure
using the defect design of medium index to avoid the operation
of conventional BRW leaky-mode. The edge-emitting diode
lasers based on this modified Bragg-like waveguide (MBW)
can realize an ultranarrow single-lobe FF. The stable circular
beam with θ⊥,FWHM < 5◦, θ⊥,95% < 10◦ and watt-level power
emission are demonstrated. The mechanism of this kind of
diode lasers is present and the stability of FF is discussed.
Finally, the detail information about the voltage characteristics,
thermal properties and fiber coupling efficiency are also
reported.

II. DEVICE DESIGN AND FABRICATION

A. Theoretical Model

The structure of MBW is schematically shown in Fig. 1. It
consists of a mode-localized optical defect layer sandwiched
between the top and bottom distributed Bragg reflector (DBR),
which is made up of periodically alternated low and high index
materials with index values of n1 and n2 , respectively. The active
region is located in the defect layer.

The FF pattern of the laser is determined by the mode shape
in the cavity [23]. There exists two regimes of PBG guid-
ance, which are respectively neff < n1 and n1 < neff < n2 [24].
Here, neff is the effective index of guided mode, n1 and n2 are
respectively the low and high index of DBR. In the earlier re-
ported BRW lasers, as the core defect layer has a lowest refrac-
tive index in the waveguide, the laser operates with neff < n1 .
In this regime, light will propagate in all layers, leading to a NF
intensity profile with periodic local maxima and nulls. This NF
distribution can be approximated as a cosine function, resulting
in a double-lobed FF [25]. If the core thickness is substantially
increased, the NF profile would be confined only within the
core layer, resulting in a single-lobed FF [26]. However, its FF
angle is mainly dependent on the core thickness similarly with
the conventional TIR waveguide, difficult to achieve ultranar-
row beam divergence. Here, we utilized the core defect layer
with a medium index, whose value is between the low and high
index in one pair DBR. Through controlling the defect thick-
ness, the effective index of the fundamental mode is ensured to
be in the range n1 < neff < n2 . In this case, light propagates
(neff < n2) in the layers with high index n2 but is evanescent
(neff > n1) in the layers with low index n1 . The NF distribution
shows a Gaussian shaped envelope with very small amplitude

oscillations, whose FF pattern will be single-lobe. This method
can also achieve large mode expansion and thus narrow beam
divergence.

As shown in Fig. 1, the core defect layer has a refractive
index nc and thickness dc . The thicknesses of low and high
index n1 and n2 layers are respectively d1 and d2 , and the
period is Λ = d1 + d2 . Define the epitaxial direction as x axis.
Assuming that the light wave propagates along the z-axis (in the
direction of resonant cavity) and the waveguide is invariant in
the y axis (the lateral direction of the device), the optical field
distribution for the effective index in the range n1 < neff < n2
can be written as [27], [28]:

ϕy (x)=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

acexp(ikcx) + bcexp(−ikcx), for −dc < x ≤ 0

anexp[−γ1(x − nΛ)] + bnexp[γ1(x − nΛ)],
for 0 < (x − nΛ) ≤ d1

cn exp [ik2(x − nΛ − d1)] + dn exp
[−ik2(x − nΛ − d1)] , for d1 < (x − nΛ) ≤ Λ

(1)
In this equation, an , bn , cn , dn are the field amplitudes in the

nth cell (n = 0, 1, 2, . . . , the zeroth cell is adjacent to the core
defect layer). γ1 = k0(n2

ef f − n2
1)

1/2 , is the decay factor of

field amplitude in the low-index layer.kc = k0(n2
c − n2

ef f )1/2

and k2 = k0(n2
2 − n2

ef f )1/2 , represent the x component of the
wave vector in the defect layer and high-index layer respectively.
k0 is the vacuum wave constant.

By imposing the boundary conditions (continuity of E and
∂E/∂x in the case of transverse-electric (TE) modes, or conti-
nuity of H and (∂H/∂x)/n2 in the case of transverse-magnetic
(TM) modes) at the interfaces x = nΛ + d1 and x = (n + 1)Λ.
The transfer matrix between the vectors representing optical
fields in two adjacent periods can be expressed as:

(
an+1

bn+1

)

=

(
T11 T12

T21 T22

) (
an

bn

)

. (2)

The elements of the matrix are given as follows:

T11= exp(−γ1d1)
[

cos k2d2−
1
2

(
γ1K1

k2
− k2

γ1K1

)

sin k2d2

]

,

T12 = exp(γ1d1)
[
1
2

(
γ1K1

k2
+

k2

γ1K1

)

sin k2d2

]

,

T21 = exp(−γ1d1)
[

−1
2

(
γ1K1

k2
+

k2

γ1K1

)

sin k2d2

]

,

T22 = exp(γ1d1)
[

cos k2d2 +
1
2

(
γ1K1

k2
− k2

γ1K1

)

sin k2d2

]

(3)

where K1 = 1 for the TE mode and K1 = n2
2/n2

1 for the TM
mode.

Assume that the cladding layer on each side of the core layer
contains an infinite number of periods, so the wave traveled in
the periodic structure can be treated as Bloch wave. Accord-
ing to the Bloch formulation of electromagnetic wave propaga-
tion in a layered medium, the optical field can be described



1501609 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 6, NOVEMBER/DECEMBER 2015

by one periodic field in the following form, ϕ(x, z) =
ϕK (x)exp(iKx)exp(iβz). In this equation, K is the Bloch wave
constant. Then the periodic condition can be expressed as:

(
an+1

bn+1

)

= eiK Λ

(
an

bn

)

=

(
T11 T12

T21 T22

) (
an

bn

)

. (4)

The phase factor exp(iKΛ)is the eigenvalue of this matrix
and can be expressed by the following equation [28]:

eiK Λ =

(T11 + T22) ±
√

(T11 + T22)2 − 4(T11 · T22 − T12 · T21)
2

= χ ±
√

χ2 − 1. (5)

From (5), K can be obtained byK = cos−1(χ)/Λ with χ =
(T11 + T22)/2. |χ| < 1 corresponds to the real K and propagat-
ing Bloch wave. The condition |χ| ≥ 1 defines the forbidden
bands of the periodic medium, where K has an imaginary part.
The eigenvectors corresponding to the above eigenvalues (5) are
given by

(
an

bn

)

= einK Λ

(
a0

b0

)

= CeinK Λ

(
T12

eiK Λ − T11

)

, (6)

where C is an arbitrary constant.
By applying the continuity condition at the core-cladding

interface (x = 0), the field amplitudes in the defect layer can be
related to those in the first cladding low-index layer as:

(
ac

bc

)

=
1
2

⎛

⎝
1 + iKg γ1

kc
1 − iKg γ1

kc

1 − iKg γ1
kc

1 + iKg γ1
kc

⎞

⎠

(
a0

b0

)

, (7)

where Kg = 1 for the TE mode and Kg = (nc/n1)2 for the TM
mode.

The guided modes of such waveguide should satisfy the trans-
verse resonance condition [28]:

2kcdc + 2φc = 2mbπ for mb = 0, 1, 2, ... (8)

where φc is the phase shift acquired at the boundary be-
tween the defect layer and low-index layer, and the integer
mb is the mode order. The reflectance at x = 0 can be ob-
tained from (6) and (7) as R = bc/ac . As in the photonic
bandgap, the amplitude reflection coefficient from the semi-
infinite DBR cladding is 1, and the reflected wave acquires only
a phase shift φc . Therefore, the reflection phase φc can be ob-
tained from R = exp(iφc) [28]. From (8), the mode dispersion
curves or the propagation constants of the guided modes can be
obtained.

In this paper, the gain material is GaAs0.86P0.14 quantum well
(QW) emitting at 808 nm, which is placed at the center of the
defect layer. Owing to the large tensile-strain (ε = 0.5%) in the
active region, the lasing emission is TM polarized. The top and
bottom DBR is made up of 100 nm Al0.35Ga0.65As and 600 nm
Al0.5Ga0.5As. To make sure that the effective index of guided
modes is located in the range of n1 < neff < n2 , the calculated
dispersion curves for 250 nm thick Al0.3Ga0.7As defect layer
are shown in Fig. 2(a). The shaded region indicates that the

Fig. 2. (a) The dispersion curves for the MBW with 250 nm thick
Al0 .3 Ga0 .7 As defect layer, (b) the effective index of fundamental mode at
808 nm with the Alx Ga1−x As defect layer, (c) calculated vertical divergence
angle, θ,FW HM , as a function of the effective index of guided mode.

effective index neff satisfies the condition of single-lobed FF, and
the dashed lines inside corresponds to the effective index when
mb = 0. For such defect layer of 250 nm Al0.3Ga0.7As, there
is only one guided mode within the range of n1 < neff < n2 .

The characteristics of defect layer will affect obviously the
effective index of guided modes. Fig. 2(b) plots the effective
index of the fundamental mode at 808 nm for the defect layer
of AlxGa1-xAs (x is from 0.1 to 0.4). As can be seen, with the
increase in refractive index and thickness of the defect layer,
the effective index of guided mode will increase, the disper-
sion curve of fundamental mode will move upward and more
modes can be guided in the waveguide. However, for a thick
enough defect layer with a high refractive index, e.g., 200 nm
Al0.1Ga0.9As, the optical field of the fundamental mode will be
confined mainly by the index-guiding effect rather than PBG
guiding with neff > n2 . Note that the effective index will af-
fect the decay rate of field amplitude in the low-index layer
and hence determine the FF angle, where the field magnitude
will vary slowly when the effective index is sufficiently close to
the value of n1 . When the Al-content of defect layer increases
to 0.45, the dispersion curves will be terminated at the edges
and the corresponding guided modes are cut off, leading to the
BRW mode with neff < n1 . Fig. 2(c) shows the dependence
of the FWHM divergence angle on the effective index of such
waveguide. It shows that compressing the effective index of
guided mode tends to significantly reduce the FF angle. When
the effective index of mode is near to the optimized value, the
FF angle will reduce from 40° to less than 5° quickly. There-
fore, to obtain a low divergence angle, the refractive index and
thickness of defect layer have to be decreased to allow only one
guided mode and n1 < neff < n2 .

Although the expanded optical field can improve the FF char-
acteristics, it will also cause the low optical confinement fac-
tor (OCF) and hence the low modal gain in the diode laser.
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Fig. 3. Calculated vertical NF distribution of the fundamental mode TM0 of
SQW-laser (blue line), DQW-laser (red line) and TQW-laser (green line), the
dashed line shows the NF distribution of high-order TM1 mode.

Increasing the QW number is helpful to achieve high output
power. However, the refractive index of QW material is usually
much higher than that of the surrounding waveguide layer. The
wave-guiding due to the QW active region itself will limit the
minimum achievable FF angle especially for the wide wave-
guide laser [12]. Therefore, how to increase the output power
while maintaining low divergence angle is a key issue for the
laser design with MBW. To obtain the large optical mode exten-
sion in multi-QW laser, the strength of localization for the light
from the optical defect should be reduced, which can ensure that
the neff approaches the low index n1 in the DBR regions, and
leads to an enlarged spot size but without dramatic decrease in
the OCF for the fundamental mode. In this paper, the medium-
index Al0.4Ga0.6As material is used as the defect layer to reduce
the beam divergence. In order to find the optimized condition
for the high power and narrow vertical FF angle simultaneously,
we designed the laser structures with single QW (SQW), dou-
ble QWs (DQW) and triple QWs (TQW). For the laser with
SQW, a 110 nm thick Al0.4Ga0.6As defect layer was chosen.
If the QW number is increased to two without changing other
layer parameters, the optical mode will be stronger confined in
the defect layer, resulting in about 5° increase of the beam di-
vergence. Therefore, we reduce the thickness of Al0.4Ga0.6As
defect layer to 80 nm for the laser with DQW so as to keep the
divergence angle unchanged. The Al0.4Ga0.6As layer thickness
of the laser with TQW is substantially reduced to 40 nm for
further reduction of the vertical beam divergence.

Fig. 3 shows the calculated NF intensity profiles of the fun-
damental TM mode and the adjacent high-order mode in these
three lasers. It can be seen that these three laser structures have
a similar NF profile except the different extent of mode expan-
sion. The TM0 mode is localized with its maximum in the defect
layer and decays away from it, whereas the TM1 mode and other
high-order modes are extended over the entire waveguide and
penetrate into the substrate and the contact layer. This will re-
sult in significant losses and low modal gain for the high-order

Fig. 4. (a) Distribution of refractive index in the laser with MBW. (b) The
cross-sectional SEM micrograph of the laser wafer.

modes. Therefore, the designed laser can operate under the sin-
gle transverse mode. The TQW-laser shows the largest optical
mode size due to the significantly reduced thickness of defect
layer, which reflects that the decrease in the thickness of defect
layer can restrain the localized optical waveguide effect of high
index QW region and maintain narrow beam divergence. The
calculated OCF for the SQW, DQW and TQW lasers are 0.27%,
0.69%, and 0.63%, respectively.

B. Device Fabrication

The laser structure was grown on (100)-oriented, n+ GaAs
substrate by Aixtron-200 metal-organic chemical vapour depo-
sition (MOCVD). All DBR interfaces were linearly graded in
composition of 20 nm to reduce the electrical resistance. The
doping profile is carefully adjusted to reduce the internal loss.
The refractive index distribution of the designed laser is shown
in Fig. 4(a), and the total thickness of epitaxial layers exceeds
16 μm. Fig. 4(b) shows the cross-sectional scanning electron mi-
croscope (SEM) micrograph of the grown laser structure, which
reveals clearly the defect layer, top and bottom DBR.

After the growth, the samples were patterned into broad area
stripe lasers with the width of 150 μm by photolithography and
etching. To investigate the influence of etching depth on the
FF stability and emission power, the stripes with two different
depths were fabricated for the SQW-laser. One is 1 μm depth
defined by wet etching and called as shallow stripe, the other is
6 μm depth formed by dry etching and named as deep stripe. The
etching depths for DQW and TQW laser are about 6 μm, which
means the top Bragg reflector is almost etched out completely.
350-nm SiO2 was deposited as the electrical insulating layer,
a contact window opening was defined and etched, followed
by the standard p-side metallization. Finally, after the substrate
thinning and n-side metallization, the diode lasers were cleaved
into single devices without any passivation or coating. In the
measurement, the unmounted laser chips were placed on copper
heat-sinks with p-side down and the electrical potential is ap-
plied through a thin metal needles contacted to the n-side metal
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Fig. 5. L–I–V characteristics of the lasers with various QW number.

contact. For further characterizing the designed lasers, we fabri-
cated 90 μm-wide DQW-laser coated with high-reflective (HR)
and anti-reflective (AR) facet coating, which were soldered p-
side down on CuW submount.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Output Power and QW Numbers

Fig. 5 plots the measured light-current-voltage (L-I-V) charac-
teristics of the unmounted lasers (150-μm-wide, 1400-μm-long)
under quasi-continuous-wave (QCW, 200 μs pulses of 200 Hz
frequency) operation at room temperature. It can be seen that the
laser with two QWs shows the lowest threshold current of 0.74
A and the highest slope efficiency of 1.06 W/A. The maximum
output power is 4.2 W without any catastrophic optical damage
phenomena before the onset of thermal roll-over. The TQW-
laser reveals a higher threshold current of 1.53 A and lower
output power of 2.8 W compared with the DQW-laser. This
might be resulted from the increased absorption loss caused by
the significantly enlarged optical mode.

Etching depth shows its obvious influence on the emission
power. The threshold current for the SQW-laser with shallow
stripe is about 1.6 A, and the maximum optical power is 1.47 W.
On the contrary, deep etching reduces the threshold current
down to 1.3 A, and the emission power reaches 2.1 W, which
is contributed from the reduced carrier diffusion and leakage
in the lateral direction due to the deep stripe. The following
FF results also demonstrated the compressing of lateral carrier
diffusion plays an important role on the stability of lateral FF
angle. The maximum output powers of these samples were all
limited by the thermal rollover due to the poor heat conduction
in the tested devices without soldering and packaging. The deep-
etched lasers with different QW numbers have nearly the same
voltage characteristics. The measured series resistance for these
devices is about 230 mΩ. This relatively high resistance might
result from the multiple reverse biased hetero-junctions and
extra contact resistance for the unmounted devices.

Fig. 6. Measured FF spot patterns at various currents of SQW-laser with (a)
shallow and (b) deep stripe; (c) and (d) are the corresponding FF angle with
shallow and deep mesa, respectively.

B. Far-Field Characteristics and Stability

To characterize the FF and investigate stability of the fabri-
cated lasers, the FF patterns and profiles are measured. Fig. 6
shows the measured FF spot patterns of the SQW-laser with
shallow stripe (see Fig. 6(a) and (c)) and deep-etched stripe
(see Fig. 6(b) and (d)) at different injection currents. The de-
vices show the nearly circular emission spots with ultralow
divergence. The FF spots of shallow stripe devices reveal an
evidently broaden in the lateral direction with the increase of in-
jection current, which might be attributed to the current-induced
thermal lensing due to the serious lateral current diffusion in the
shallow etched stripe [29]. On the contrary, when utilizing deep
and steep stripe to suppress lateral current leakage, the laser
shows a much more stable lateral FF and nearly circular spot
for all the injected currents as shown in Fig. 6(b), indicating
that the deep stripe is beneficial to improve the lateral beam
quality. Although the laser operates under multi-lateral-mode,
the obvious beam filamentation could not be seen even at high
injected current, which might be because that the large vertical
mode extension leads to a low modal gain and thus reduce the
generation possibility of beam filamentation [16]. Fig. 6(c) and
(d) show the quantitative results on the dependence of vertical
and lateral divergence angles of the SQW-laser on the injected
current shown in Fig. 6(a) and (b). Two kinds of definitions on
the divergence angle, 95% power content and FWHM defini-
tion, are both shown. As can be seen, the FF angle in the vertical
direction is almost independent on the current for both devices.
The vertical divergence angle of the shallow-etched SQW-laser



WANG et al.: HIGH-POWER ULTRALOW DIVERGENCE EDGE-EMITTING DIODE LASER WITH CIRCULAR BEAM 1501609

Fig. 7. (a) Measured vertical FF distribution at 3 A current of the SQW and
DQW laser, the inset shows measured FF spots of the DQW-laser at various
currents; (b) measured and Gaussian-fit vertical FF distribution of the TQW-
laser, the inset shows measured FF spots of the TQW-laser.

is 6.7° (θ⊥,FWHM ) and 13.8° (θ⊥,95%) at 2 A and increase no
more than 1° at the current of 5 A. However, the lateral FF di-
vergence angle θ//,FWHM broadens rapidly from 6.2° to 11.6°
and the θ//,95% increases from 10.1° to 15.4°. The aspect ratio
of the FF pattern is below 2 in the whole operating range. On the
other hand, the deep mesa device exhibits a nearly unchanged
vertical FF divergence of 7.1° (θ⊥,FWHM ) and 14.5° (θ⊥,95%).
The sensitivity of lateral divergence on the operation current re-
duces significantly, which is about 6.1° (θ//,FWHM ) at 2 A and
increases to 7° at 5 A. The corresponding values of θ//,95% are
respectively 12.1° and 13°, which reveals a very stable circular
beam output with the aspect ratio close to 1 until the highest
current.

Fig. 7 shows the measured FF profiles of the DQW-laser
and TQW-laser in vertical direction, which are near Gaussian
distributions. In Fig. 7(a), it reveals the θ⊥,FWHM of 8.1° at
3A for the DQW-laser, which is slightly higher than that of
SQW-laser. The behind reason is because of the reduced mode
size as shown in Fig. 3. As shown in the inset of Fig. 7(a),
the DQW-laser exhibits a stable circular beam output for the
current above 3 A. In Fig. 7(b), it shows a perfectly Gaussian-
shaped vertical FF profile of the TQW-laser at 2.25 A and the
corresponding θ⊥,FWHM and θ⊥,95% are respectively as low
as 4.91° and 9.8°, being considerably narrower than that of
commercial diode lasers. It was worth to note that the TQW-
laser achieves the lowest vertical FF divergence, proving that
the significant expansion of optical field can also be achieved
for multi-QW laser through reducing the thickness and index of
defect layer.

Fig. 8 shows the stability of FF divergence of TQW-laser at
different injection currents. The vertical FF angle θ⊥ is very
stable, only 0.85° increase for the FWHM definition with the
current increasing from 2 to 5 A. The corresponding variation
of θ⊥,95% is from 9.7° to 11.2°, which is about 5% expansion
with per ampere current injection. The lateral FF angle shows

Fig. 8. FF stability of TQW-laser in the vertical direction (filled circles) and
lateral direction (filled squares).

a relatively sensitive dependence on the injection current, but
their values are still low. θ//,FWHM is 4° at 2 A and increases
to 6.9° at 5 A. The corresponding θ//,95% are respectively 6.5°
and 11.3° at 2 and 5 A. The θ//,95% and θ⊥,95 are same at 4.8 A,
which reveals a circular emission beam with an angle of 11.1°.
For the FWHM definition of FF angle, the perfect circular beam
corresponds to the angle of 5.3°. In the broad area lasers, the
increasing current results in the onset of a large number of lateral
modes, degrading the FF angle [29]. Due to the rapidly changed
lateral divergence but stable vertical divergence, the circular
beam behavior observed for these device occurs only at a narrow
range of bias currents. The aspect ratio of vertical direction
versus lateral direction first reduces from 1.2 at 2 A to 1 at 3.25
A, then reduces to 0.82 at 5 A. Therefore, in order to achieve
stable circular beam behavior, single lateral mode operation is
important [18]. This needs lateral mode control, such as utilizing
ridge waveguide, tapered structure or the lateral gratings.

C. Characteristics of Packaged Devices

For continuous-wave (CW) measurements, we fabricated
90 μm-wide and 4 mm-long DQW-laser device with deep-
etched stripe. The devices were coated with AR/HR facet coat-
ing and then soldered p-side down on CuW submount with
AuSn solder. Fig. 9 depicts the L-I-V characteristics from 10 °C
to 20 °C (heat-sink temperature) under CW test conditions. At
10 °C, the threshold current is 1.5 A, and the maximum CW
power exceeds 4.6 W at 10 A, limited by thermal rollover. The
threshold current increases to 1.57 A at 20 °C. The highest power
at 15 and 20 °C are respectively 4.5 and 4.2 W. The slope effi-
ciencies are 0.77, 0.74 and 0.69 W/A when temperature varies
from 10 to 20 °C. The reduced slope efficiency is due to that
the increased cavity length leads to a smaller relation of mirror
loss to the total loss. The turn-on voltage is 1.54 V, approx-
imately equivalent to the emission wavelength of the device.
The measured series differential resistance Rs ≈ 45 mΩ, which
gives a resistivity of 16.2 mΩ·mm2. The further improvement
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Fig. 9. Light-current-voltage (L-I-V) characteristics of the DQW-laser in CW
mode at different temperatures.

Fig. 10. The lasing wavelength versus wasted power at 10 and 15 °C, the inset
shows the measured lasing spectrum at 3 W emission power.

of the series resistance can be achieved using the bandgap en-
gineering methods to eliminate the band-discontinuity, such
as parabolically graded interface [30], delta doping [31], and
adding superlattices [32] at the interfaces of DBR.

The thermal resistance of the device was estimated by mea-
suring the wavelength shift with current. The optical spectrum is
measured as a function of the electrical power at a fixed heat-sink
temperature of 10 °C and 15 °C. Increasing the pumping current,
the wavelength will be red-shift. The heat dissipation power can
be described as the total electrical power minus the output opti-
cal power. Fig. 10 shows the lasing wavelength shift versus the
thermal power, which exhibits a linear behavior with coefficient
of 1.1 nm/W. In the fabricated lasers, the temperature depen-
dence of the modal gain peak is measured to be ∼0.29 nm/K.
Then the extracted thermal resistance is determined to be 3.8
K/W. The inset of Fig. 10 shows the measured lasing spec-
trum by an AQ6370C optical spectrum analyzer at 3 W out-
put power. The central wavelength is 808.1 nm. The device

Fig. 11. The fiber coupling efficiency of the laser based on MBW at differ-
ent currents, the inset shows the optical system for the method of single lens
collimation.

operates in multi-longitudinal mode but with a very narrow
spectral linewidth (FWHM) of ∼0.1 nm.

The narrow circular beam emission of the laser with MBW
is very promising to develop a low-cost coupling scheme into a
fiber without complicated beam shaping. It allows to use lower
NA fibers and collimation lenses with large focal length, re-
ducing the tolerance of alignment. To test the fiber coupling
efficiency, we used two methods to couple the output light into
a normal commercial fiber (105 μm core, NA = 0.15). The
alignment process was carried out under 2 A current, and then
the power in the fiber was measured under various currents with-
out changing the lenses and fiber position. The first method is
to couple the light directly into the fiber without utilizing any
lenses or wedge-fiber. As shown in Fig. 11, a maximum cou-
pling efficiency of 90.6% is achieved for this configuration, and
the coupling efficiency degrades to 75% at 8 A. In the other
method, the output light is first collimated by a commercial
aspheric lens (focal length ∼4.5 mm) and then imaged by a
same lens on the fiber core, not employing the typical fast- and
slow-axis respective collimation for conventional diode laser.
The inset of Fig. 11 shows the optical setup and the simulated
beam propagation by ZEMAX. A fiber coupling efficiency as
high as 96% is obtained under 2 A. At higher pump current,
the fiber coupling efficiency remains above 89%. For compar-
ison, a similar arrangement using a conventional diode laser
yielded a maximum coupling efficiency of only 42% and 67%
respectively for these two methods.

IV. CONCLUSION

In summary, we had demonstrated the low divergence and
circular beam emission from the edge-emitting diode lasers us-
ing the MBW, which overcome the drawbacks of traditional
diode lasers. The broad area lasers emitting in 808 nm wave-
length show a lowest vertical divergence of < 5◦ and < 10◦

in FWHM and 95% power content definitions, respectively. It
presents the stable FF characteristics with Gaussian distributions
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even at the highest operating current. It was found that reduc-
ing the index and thickness of the defect layer can improve the
vertical divergence. The lateral divergence can be controlled by
the deeply etched stripe. The packaged device with 90-μm-wide
stripe achieved 4.6 W output power under CW operation. The
narrow circular beam emission from the laser can greatly im-
prove the fiber coupling efficiency without complicated beam
shaping. We believe that our work will contribute to the devel-
opment of low divergence diode lasers.
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