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Abstract
It is well known that the laser diode performance will inevitably deteriorate when the device is
heated. It has been a difficult issue to solve to date. In this letter, we are reporting a new solution
to improve high-temperature performance of the laser diodes. The device uses a kind of
directly-coupled well-wire hybrid quantum confinement (HQC) structure of the active medium
based on the InGaAs–GaAs–GaAsP material system. This special HQC structure is constructed
based on the strain-driven indium (In)-segregation effect and the growth orientation-dependent
on-GaAs multi-atomic step effect. The measurement and analysis for the HQC laser sample
show that the carrier leakage loss, the Auger recombination and gain-peak shifting due to
heating are reduced in the HQC structure. It therefore increases the optical gain for lasing at
high temperature. The power conversion efficiency is enhanced by >57% and the threshold
carrier density drops by >24% at T ⩾ 360 K, in comparison to the traditional quantum-well
laser performance. A higher characteristic temperature of 240 K is obtained as well. It implies
the better thermal stability of the HQC laser structure. These achievements show a significant
prospect for developing high thermo-optic performance of laser diodes.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The quantum-confined semiconductor lasers, e.g. quantum-
well and quantum-dot lasers have been widely applied
for various fields, including optical fiber communication,
optical interconnection, atomic clock and scientific research,
etc [1–3], where the InGaAs-based laser diodes show the

∗
Author to whom any correspondence should be addressed.

promising prospects in generating terahertz (THz) waves,
pumping the erbium-doped fiber lasers and amplifiers as well
as achieving high power of short-wavelength laser devices
(450–550 nm) by combining the second-harmonic generation,
etc [4–6]. This is because there are higher barriers in the
InGaAs quantum-confined laser structure, which enable the
device to produce higher output power in the wavelength range
of 900–1100 nm. However, the thermal effect always accom-
panies all semiconductor lasers and becomes more severe for
high power of lasers. It will lead to laser diode performance
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to inevitably deteriorate. Therefore, the thermal problem has
been a bottleneck of development and application of the semi-
conductor lasers for ages.

In order to overcome thermal effect of the semiconductor
lasers, somemethods were investigated and applied in the past.
A common approach is the use of external heat management
[7]. However, this approach is not very effective to redu-
cing interior heating of the laser medium and increases com-
plexity of the laser device. Other ways include the improve-
ment of laser structures, such as the uses of asymmetric
waveguide [8–10] and low-dimensional structures (quantum
wires or dots) [11, 12] as well as the application of the gain
off-setting technique for single-frequency lasers [13].With the
asymmetric waveguide or simple low-dimensional structures,
the improvement effect on reducing thermal-carrier loss for
recombination is very limited. This can be reflected by their
not-high characteristic temperatures of 100–130 K, in com-
parison with the usual characteristic temperature of 80–150 K
from an InGaAs single quantum well (SQW) [14–16]. Theor-
etically, the higher is the characteristic temperature, the better
is the thermal stability of the device [17]. In addition, a dis-
advantage of the quantum wires or dots is the lower optical
gain and output power [18]. Their characteristic temperatures
rapidly degenerate above the room temperature due to thermal
escaping of the carriers [19]. The gain off-setting technique
is used only for overcoming the thermal gain-shifting-induced
loss in the single-frequency lasers at some temperature and not
suitable for other types of laser diodes.

For the above reasons, we propose a new quantum-confined
structure of lasers to enhance high-temperature performance
of the device, which is an InGaAs-based directly-coupled
well-wire hybrid quantum confinement (HQC) laser device.
With such a special quantum-confined structure, the thermo-
optic characteristics of the laser device can be improved so
that the gain attenuation due to heating is restricted in the laser
medium. The HQC laser structure and its thermal performance
are described as follows.

2. Structural characterization and gain
measurement

The laser structure is illustrated in figure 1. The kernel com-
position is the InGaAs–GaAs–GaAsP material system, where
InGaAs is the active material. The active layer is composed
of a 10 nm-thick well and self-assembled on-well wires. The
wire height is∼2 nm in average. The 2 nm-thick GaAs strain-
compensating buffers are used between the InGaAs active
layer and the 8 nm-thick GaAsP barrier layers. The GaAs buf-
fers and GaAsP barriers together make up the step barriers in
the energy-band structure. AlGaAs is the waveguide layer.

In the InxGa1−xAs well and wires, the indium (In) con-
tents vary along the growth direction from 0 to 0.15 and from
0.15 to 0.17, respectively, due to the In-segregation effect [20].
The on-well wires are formed in a self-assembling way by the
control of material growth direction on a slightly-misoriented
GaAs(001) substrate so that the two-dimensional nucleation
mode is changed to the step-flow mode during the material

Figure 1. The illustration of the InGaAs HQC structure. The active
layer contains a 10 nm thick well and the on-well wires with an
average height of ∼2 nm.

growth [21]. This is called growth orientation-dependent on-
GaAs multi-atomic step effect and also the mechanism of the
on-well wire formation [22]. In addition, as the strain in the
well is partially released due to the In-segregation effect, the
strain-caused morphological fluctuation of the well surface
can be ignored. As the combination of wires and the well can
enhance quantum confinement of the whole active structure,
the thermo-optic performance of the device will be improved,
comparing with a traditional quantum-confined laser diode.

The laser sample was grown on the GaAs (001) substrate
in a slightly-misoriented direction under 100 mbar pressure
and at a flow rate of 13 slm using the metal organic chem-
ical vaporing deposition. The growth rate of the material was
∼1.0 µm h−1 at a V/III ratio of 50. A higher temperature of
650 ◦C was used for the InGaAs material growth to increase
the migration distance of the In-atoms in the InGaAs act-
ive medium in light of the In-segregation effect. The on-well
wires in the laser structure weremorphologically observed and
measured using an atomic force microscope (AFM, XE100)
and a scanning electron microscope (SEM, Zeiss gemini300).
A special sample with the exposed InGaAs surface was used
for this purpose, which was fabricated under the same condi-
tions by terminating its epitaxial growth just after complet-
ing the InGaAs layer formation. The results are shown in
figures 2(a) and (b).

The length and height of the on-well wires are about 0.5–
1.2 µm and 1.0–4.5 nm, respectively, according to the AFM
and SEM measurement results, where the statistical analysis
on the wire sizes shows that most of the wires are ∼2 nm in
height and ∼90 nm in width. Thus, an averaged wire height
of ∼2 nm is used in the subsequent analysis. In addition, the
AFM tip-convolution effect on the wire height is ignored here,
as it exists for both top and bottom measurements of the wires
so that this error can be offset and thus should be negligible.

Figure 2(c) shows a cross-sectional image of the InGaAs
active layer, which is obtained through the cross-sectional
transmission electron microscope (X-TEM, JEM-2100F)
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Figure 2. (a) and (b) The photographs of the on-well wires
observed and measured using AFM and SEM, respectively. (c) The
cross-sectional image of the InGaAs well and wires measured by
X-TEM. (d) The In-content variation in the InGaAs layer in the
material growth direction.

measurement. The image clearly shows the quantum wires
formed on the well, in which the white outline is the focused
ion beam influence on the InGaAs material in sample thinning
processing. The width and height of the wires shown in the X-
TEM image are consistent with the results from the AFM and
SEM measurements. The In-content varying along the mater-
ial growth direction in the InGaAs layer is measured using
the x-ray photoelectron spectroscope (PHI Quantera II). The
result is shown in figure 2(d). The above measurement res-
ults tell that the well width and the wire height are ∼10 nm
and ∼2 nm, respectively and the In-content is monotonically
changed approximately from 0 to 0.15 in the well and from
0.15 to 0.17 in the wires along the material growth direction.

In order to look at thermo-optic performance of the HQC
laser structure, the thermal gain characteristics of the struc-
ture are measured at different temperatures. The measure-
ment principle is briefly illustrated in figure 3. The sample
for the gain measurement is a HQC edge-emitter with

Figure 3. The TE-polarized ASE measurement from two facets of a
HQC edge-emitter sample. The inset shows the principle of the ASE
measurement. The optical injection power is 13.8 W.

1.5 mm × 0.5 mm in area, which is coated by the transmit-
tance of T = 99.99% (R1 ≈ 0) at one facet and uncoated at the
other facet (R2 = R∼ 0.3 is determined by the InGaAs mater-
ial index). The sample is optically pumped from the top using
a beam of pulsed 808 nm laser with the pulse width of 20 ms.

Firstly, the amplified spontaneous emission (ASE) spectra
of the HQC laser structure are measured from both ends of
the edge-emitter and the results are shown in figure 3. We can
clearly see from figure 3 that double peaks are formed in all
spectra, in which the shorter wavelength peak at ∼930 nm is
corresponding to the wire bandgap and the longer wavelength
peak at ∼980 nm is corresponding to the well bandgap. Then,
the modal gain G of the laser structure can be calculated by
substituting the ASE data (IASE1 and IASE2) into the following
equation [23]:

G=
1
L
ln

(1−R) IASE1 − IASE2
RIASE2

(1)

where IASE1 denotes the ASE intensity measured at the coated
end of the sample, which is the sum of a single-pass ASE
intensity and a round-trip ASE intensity from the same spon-
taneous emission (Isp) source within the active layer. IASE2
denotes only the single-pass ASE intensity measured at the
uncoated end of the sample. L is the single-pass distance of
light propagating through the device, which is L = 1.5 mm
here.

3. Results and discussion

The temperature-dependent transverse electric (TE) polarized
optical gains of the HQC laser structure are measured and
shown in figure 4(a), where the injection power is 13.8 W
and the device temperature is changed from 280 K to 360 K.
The measured modal gain is converted into the material gain
in figure 4(a) based on the relation of g= (G+ ⟨αi⟩)/Γ,
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Figure 4. (a) The measured gain spectra of the InGaAs HQC
structure in TE polarization mode at T = 280–360 K, where the
modal gains are converted into the material gains here. The optical
injection power is 13.8 W. (b) The calculated material gains of an
InGaAs SQW with the same composition and size as the HQC
structure under the same injection and temperature conditions.
(c) Gain-peak variations with temperatures and thermal gain-peak
shift in the two structures.

where Γ is the optical confinement factor of the laser struc-
ture, which equals to 0.02 for the given edge-emitter sample.
⟨αi⟩ ∼ −6 cm−1 is the averaged absorption loss coefficient
of the InGaAs material, which is obtained from the measured
modal gain. There are not apparent double peaks observed in
the gain spectra in figure 4(a) because the gain spectra are

broadened and become more uniform due to intermixing or
superposing of wire and well gains. The In-content change in
the InGaAs active layer is also a factor to form a more uniform
gain spectrum.

For a comparison, we calculated the TE-polarized gain
spectra as a function of temperature for an In0.17Ga0.83As
SQW model using the professional Photonic Integrated Cir-
cuit Simulator (PICS3D), as well. The calculation was com-
pleted based on the same structural composition, sizes and
injection conditions. The results are shown in figure 4(b). We
used a theoretical SQWmodel instead of a real device to com-
pare the device performances here because it can conveni-
ently achieve characteristic analysis of the devices under the
completely identical conditions and avoid unnecessary errors
and cost from the sample growth and fabrication. It is usu-
ally difficult to obtain different structures of samples with
the completely identical growth and fabrication conditions in
experiment.

In figures 4(a) and (b) the red spots are the gain peaks.
By comparing the results in figures 4(a) and (b), we can
observe two apparent differences of the thermal gain-peak
variations from HQC and SQW structures, as is shown in
figure 4(c). One is the thermal gain-peak attenuation reduced
in the HQC structure, compared with the gain-peak variation
in the SQW structure. Figure 4(c) gives the attenuation rates
of thermal gain-peaks, dgp/dT of the two structures, which are
−8.02 cm−1 K−1 and −9.46 cm−1 K−1 for HQC and SQW
structures, respectively. The difference of the gain-peak atten-
uations between the two structures is enlarged with increas-
ing temperatures, which reaches ∼13.5% when the device is
heated up to T = 360 K. It means that the gain loss of the
InGaAs HQC structure is reduced by ∼13.5% at T = 360 K.
The other is that the two structures show different thermal red-
shift rates of the gain-peaks (dλgp/dT), which are 0.31 nmK−1

and 0.37 nm K−1 for HQC and SQW structures, respectively.
The smaller thermal red-shift rate of the gain-peak together
with the flatter gain spectrum shown in figure 4(a) from
the HQC structure is specially meaningful to improving the
single-frequency laser performance, as there is an additional
gain loss that is induced by thermal gain red-shift effect in this
sort of lasers. Thus, the less gain red-shift due to heating also
reflects a better thermal stability of the HQC laser structure.

The causes why the directly-coupled well-wire HQC laser
structure can demonstrate better thermal gain properties are
associated with the quantum-wire modulation on the well and
the reduced non-radiative recombination. On the one hand, the
quantum wires enhance quantum confinement of the whole
structure, resulting in the reduced carrier mobility and thus
the reduction of carrier leakage loss at high temperature, com-
pared with the SQW structure. On the other hand, there is a
bigger transition distance (1.33 eV) between the first conduc-
tion sub-band (C1) and the first valence sub-band of heavy
holes (HH1) in the quantum wires than in the well (1.26 eV),
as illustrated in figure 5. Therefore, the Auger recombination
coefficient of the whole structure can be reduced. The relev-
ant studies on the non-radiative recombination have demon-
strated that a larger bandgap of the material can result in a
smaller Auger recombination coefficient [24], while a smaller
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Figure 5. The diagrams of energy bands of (a) the InGaAs HQC
structure and (b) the InGaAs SQW structure.

Auger recombination coefficient reflects the less non-radiative
recombination. Thus, the HQC structure has a stronger abil-
ity against the thermal carrier loss associated with the non-
radiative recombination, i.e. the better high-temperature per-
formance. The bandgap difference between the InGaAs HQC
and SQW structures is illustrated in figure 5, in which the
inclined band-edges in figure 5(a) are formed from both com-
pressive strains and continuous In-content changes in the well
and wires, while the band-edge tilt in figure 5(b) is only due to
the compressive strain in the well. There is a small band-edge
step at the well-wire interface in figure 5(a), which is formed
from the In-segregation-induced indium atom re-distribution
on the well surface.

The threshold carrier density and the power conversion effi-
ciency of the InGaAs HQC and SQW laser structures under
various temperatures are calculated. The results are shown in
figure 6(a), in which the black curves are the behavior of the
HQC laser structure and the red curves are the behavior of
a SQW structure. These calculations were completed under
the same device dimensions to ensure the comparability of
the results. The threshold carrier densities can be obtained
by comparing the peak gains under different injection levels
with the threshold gain. When the peak gain matches exactly
the threshold gain, i.e. gpeak = gth at some injection level, the
threshold carrier density can be determined. In this way, the
threshold carrier density, Jth as a function of temperature can
be obtained by repeating the above procedures at different tem-
peratures. The threshold gain is obtained with the equation
below,

gth =
⟨αi⟩+ 1

2L ln
(

1
R1R2

)
Γ

(2)

where R1 and R2 are the reflectivity of the laser cavity, which
are R1 = R2 ∼ 0.3 for the given edge-emitting laser sample
here. Since both ends of the sample are uncoated,R1 andR2 are
determined by the InGaAs material index. The cavity length is
L = 1.5 mm. ⟨αi⟩ is ∼−6 cm−1, which is obtained from the
measured modal gain at room temperature (the modal gain has
been converted as thematerial gain in figure 4(a)) andΓ= 0.02
for the given sample. The optical injection power is converted
into the carrier density, J, according to the conversion relation
with carrier density [25].

Figure 6. (a) Threshold current densities and power conversion
efficiencies of the HQC and SQW laser structures as the functions
of temperature. (b) Input–output characteristics of the InGaAs HQC
laser sample.

The power conversion efficiency is calculated based on the
definition below,

ηPCE(T) =
Pout(T)
Ppump(T)

∝ J(T)− Jth(T)
J(T)

(3)

where Ppump is the injection power, Pout is the output power
and Pout ∝ (J− Jth) [26].

The results in figure 6(a) show that the threshold car-
rier density, Jth is 24% lower from the HQC laser structure
than from the SQW when the device temperature goes up to
T = 360 K.Meanwhile, the power conversion efficiency of the
HQC laser structure is correspondingly increased by 57% at
T = 360 K, in comparison to the SQW laser structure perform-
ance. It can be predicted that the differences of threshold car-
rier densities and conversion efficiencies between the two laser
structures will become bigger if the device is heated to higher
temperatures than 360 K, according to the trends of threshold
carrier density and power conversion efficiency developing
with temperatures in figure 6(a). In addition, the characteristic
temperature, T0 of the device is calculated with the equation
below [27]
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1
T0

=
1
Jth

dJth
dT

. (4)

For the HQC and SQW laser structures with the same
device dimensions, their characteristic temperatures (T0) are
240 K and 140 K, respectively, in the temperature range of
280–360 K. This result indicates that the HQC structure has
the better thermal stability.

The input–output characteristics of the electrically-injected
HQC laser sample are measured under different temperatures.
The result is shown in figure 6(b), in which the inset is the I–V
curves of the device. The result in figure 6(b) shows that the
HQC laser device still works well without the use of any heat-
sink means even if the device temperature is up to T = 360 K.
This also confirms the validity of the InGaAs well-wire HQC
laser structure in reducing the thermal carrier loss and enhan-
cing the high-temperature performance of the laser diodes.

4. Conclusion

In this paper, a new laser structure with the enhanced high-
temperature performance is reported here. The device uses the
InGaAs directly-coupled well-wire HQC structure as the laser
medium. The gain measurement and analysis for the HQC
laser samples show that the proposed structure can reduce not
only thermal carrier loss, but also thermal-shift of the gain-
peak at higher temperatures, in comparison to the thermal per-
formance of the traditional SQW laser diode. Subsequently,
the characteristic temperature, the threshold carrier density,
the power conversion efficiency and the input–output charac-
teristics of the HQC laser device are calculated and measured
as well. These results demonstrate the better high-temperature
performance and thermal stability of the HQC laser structure
than the traditional SQW laser device. The mechanism of the
HQC laser structure enhancing thermal performance is ana-
lyzed with its special energy-band structure, which is associ-
ated with the strengthened carrier confinement and the reduced
non-radiative recombination from the directly-coupled on-
well quantum wires.
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