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Abstract: Abstract: We report room temperature injection lasing in the yellow–orange 
spectral range (599–605 nm) in (AlxGa1–x)0.5In0.5P–GaAs diodes with 4 layers of tensile-
strained InyGa1–yP quantum dot-like insertions. The wafers were grown by metal–organic 
vapor phase epitaxy side-by-side on (811), (211) and (322) GaAs substrates tilted towards the 
<111> direction with respect to the (100) surface. Four sheets of GaP-rich quantum barrier
insertions were applied to suppress leakage of non-equilibrium electrons from the gain
medium. Laser diodes having a threshold current densities of ~7–10 kA/cm2 at room
temperature were realized for both (211) and (322) surface orientations at cavity lengths of
~1mm. Emission wavelength at room temperature ~600 nm is shorter by ~8 nm than
previously reported. As an opposite example, the devices grown on (811) GaAs substrates did
not show lasing at room temperature.
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1. Introduction
A variety of modern applications requires compact low–cost wavelength–adjustable or 
wavelength–tunable coherent light sources emitting in the deep green, yellow and bright red 
spectral ranges. One class of applications is related to three–dimensional (3D) laser displays, 
for example, based on Wavelength Multiplex Technology [1], laser–illuminated glasses for 
augmented or virtual reality [2] and laser–based systems with wavelength–sensitive focal 
lengths for generating glass–free 3D images [3]. In particular, bright red and yellow–orange 
(< 620 nm) multi–wavelength lasers are needed. Yellow–orange light sources are needed in 
dermatology [3], biophotonics [4], photomedicine [5], confocal fluorescence microscopy [6] 
and other bio–medical applications. Commercially available lasers of this spectral range are 
mostly based on frequency doubling of the laser light from an infrared laser diode by means 
of a nonlinear crystal [7]. The devices are complex and bulky and the wavelength adjustment 
is limited to only a few selected wavelengths [8, 9]. 

InGaAlP–based laser diodes were considered as promising candidates [10–13] for 
providing emission in bright–red to yellow–orange spectral range. Indeed, lasing emission in 
the yellow spectral range was demonstrated at 77 K [14, 15]. However, the threshold current 
density was too high (~6 kA/cm2) even at low temperature making such devices not suitable 
for practical applications. More recently injection lasing at 555 nm at 77 K [16] was reported 
applying 16–fold stacked ultrathin (1.4 nm) In0.5Ga0.5P insertions separated by 
(Al0.5Ga0.5)0.5In0.5P 4 nm–thick barrier layers. The lasing was observed in narrow stripe (7 m) 
devices and the highest operation temperature was 150 K in the pulsed mode. However, no 
information was provided on the substrate orientation, the compositions and thicknesses of 
the cladding layers used for the optical and electron confinement, the cavity length and facet 
coating. Recently, it was reported that (In,Ga,Al)P light–emitting diodes grown on high–
index GaAs substrates inclined from (100) towards <111>–crystallographic direction and 
containing tensile strained ultrathin GaP insertions showed an improved intensity of the 
electroluminescence at room temperature in the green spectral range of ~568 nm [19] as 
compared to (100)–grown devices [17, 18]. The effect was attributed to the enhanced barrier 
heights in the conduction band for ultrathin tensile strained GaP barriers formed on surfaces 
close to the (111) GaAs orientation. To reach room–temperature lasing in (In,Ga,Al)P system, 
different variations of the structures and of the active medium were applied. Multiple 
compressively strained AlGaInP quantum well (QW) structure [20] and single tensile strained 
AlGaInP QW [21] allowed reaching continuous wave (CW) lasing at 615 nm. Using a single 
compressively strained GaInP QW [22] resulted in lasing in the pulsed mode at 614 nm in 
broad area devices. In the recent review [23] it was emphasized that 615 nm is in the shortest 
wavelength–range at which room–temperature lasing was reported for (In,Ga,Al)P–GaAs 
edge–emitting lasers. Same wavelength limitation was reported for vertical–cavity surface–
emitting lasers [24]. Very recently injection lasing at 608 nm was achieved at room 
temperature in laser structures subjected to high–temperature strain–induced intermixing [25]. 
We note that the possibility to realize room temperature lasing in the yellow spectral range 
(586 nm) by optical pumping was demonstrated already in 1994 [12], once efficient heat 
dissipation could be provided. In the present paper we demonstrate a further significant 
advance towards yellow and green spectral range allowing 600 nm lasing wavelength in 
broad area devices. 
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2. Growth and structural characterization
The structures studied in the present work were grown using metal–organic vapor phase 
epitaxy (MOVPE) on (811)A, (211)A and (322)A GaAs Si–doped substrates (n~2 × 1018 cm–

3). First, a 0.3 µm–thick Si–doped (1018 cm–3) GaAs buffer layer was epitaxially grown to 
achieve reproducible surface morphology. Following the formation of the buffer layer, a Si–
doped (n~1x1018 cm–3) 1 µm–thick indirect gap (Al0.8Ga0.2)0.5In0.5P cladding layer was 
deposited. Afterwards, a coupled waveguide containing a passive part, an intermediate thin 
cladding layer and an active waveguide containing multiple QW structure was grown. The 
gain medium consists of four tensile–strained InxGa1–xP (x~38–40%) insertions separated by 
lattice matched (Al0.5Ga0.5)0.5In0.5P layers. Multiple GaP–rich insertions were introduced into 
the p–cladding layer as blocking barriers for electrons just after the initial 2 nm–thick 
(Al0.8Ga0.2)0.5In0.5P cap formed on top of the active layer. Four GaP–rich insertions, each 2 
nm–thick, were separated by (Al0.8Ga0.2)0.5In0.5P layers having thicknesses of 10 nm, 7 nm, 
and 5 nm. Different thicknesses of the layers between barriers were applied specifically to 
avoid possible tunneling effects through resonant QW energy levels. Thus, the entire structure 
with multiple GaP–rich insertions acts as a single 30 nm–thick barrier. The barrier structure 
was followed by a p–doped (Al0.8Ga0.2)0.5In0.5P cladding layer (5x1017 cm–3). Finally, a 0.2 
µm–thick Be–doped (1018 cm–3) GaAs contact layer was deposited on top. InGaAlP regions 
were grown at ~750°C, and GaAs regions at ~700°C. 

Figure 1 shows out–of–plane zz in Fig. 1(a) and 1(b) and in–plane xx in Fig. 1(c) and 1(d) 
strain maps which were obtained in two orthogonal cross–sections (1–10) (Fig. 1(a) and 1(c)) 
and (11–1) (Fig. 1(b) and 1(d)) over the four nominally 2 nm–thick Ga0.6Al0.15In0.25P barrier 
insertions in the structure grown on (112) GaAs substrate. The strain maps were extracted 
with respect to the Ga0.21Al0.30In0.49P lattice with a spatial resolution of 1 nm for zz and of 2 
nm for xx by applying dark–field electron holography (DFEH) in high–resolution (HR) mode 
[19, 26] at I2TEM–Toulouse, a HF3300 (Hitachi) TEM operating at 300 kV. The zz maps of 
the barriers indicate that the 4 nm–thick in–plane tensile strained layers contain about 40% of 
indium that was deduced by using elasticity theory and Vegard’s law. We note that some 
broadening of the interfaces and Indium intermixing with the surrounding matrix can be 
attributed (at least partially) to the periodic interface corrugation of the (112) surface [27], as 
even submonolyaer GaP insertions could be resolved in similar structures grown on the (118) 
surface [17, 18]. The xx maps in the barriers demonstrate the presence of vertical column–
like in–plane strain variation with amplitude of ∼ ± 0.2% and a period of ∼30 nm. Such in–
plane strain variation again can be provoked by the (112) surface corrugation and results in 
vertically–correlated arrangements similar to those observed in [28]. 
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Fig. 1. (a), (b) Out–of–plane zz and (c), (d) in–plane xx strain distributions in four nominally 2 
nm–thick Ga0.6Al0.15In0.25P barrier insertions in the structure grown on (112) GaAs substrate. 
Strain was extracted by dark–field electron holography in high–resolution mode with respect to 
Ga0.21Al0.30In0.49P lattice with a 1 nm (a), (b) and 2 nm (c), (d) spatial resolution in two 
orthogonal cross–sections: (a), (c) (1–10); (b), (d) (11–1). Note column–like xx strain variation 
in both cross–sections. 

Strain distribution in the gain medium of the (112) structure which contains four tensile 
strained nominally 4–nm thick In0.4Ga0.6P layers was extracted by applying Moiré by 
Specimen Design (MoSD) technique [29]. The experiment involving double lamella 
specimen was realized at an old generation Jeol 2010 TEM operating at 200 kV equipped 
with 1.3K x 1K CCD camera. Figures 2(a) and 2(c) show zz and xx maps extracted from 
moiré images with respect to the Ga0.21Al0.30In0.49P lattice with a 4 nm spatial resolution. The 
analysis of Fig. 2(a) indicates that the tensile strained QWs have a wavy morphology, 
repeating from the bottom to the upmost layers, with a lateral period of 50 nm and a thickness 
varying from 4 nm to 8 nm. We detect in–plane column–like strain variation with an 
amplitude of ∼–0.6% and + 0.6% at the thickest and the thinnest parts of the QWs, 
respectively (Fig. 2(c)) which is accompanied with the zz strain variation from –1.2% to –
0.4%. We have applied 2D finite element method (FEM) modelling (Fig. 2(b) and 2(d)) with 
the aim to deduce In composition within such complex structures. The QWs were 
approximated by laterally connected triangular shape wires with a constant In composition. A 
good quantitative agreement between the experimental and simulated zz maps has been 
obtained for wires containing 40% of Indium. While principally good qualitative agreement 
has been obtained also between xx maps, the amplitude of the simulated in–plane strain 
variation of ∼ ± 0.2% (Fig. 2(d)) is lower than that found in the experiment (Fig. 2(c)). We 
believe that such discrepancy is related to the limits of the QWs morphology applied in the 
simplified 2D model: one would expect a much stronger in–plane strain relaxation at the 
apexes of the 3D islands if they would have been introduced into the 3D model. In 
conclusion, we evidenced that the tensile strained layers contain laterally connected 50 nm–
large 8 nm–high islands containing 40% of indium which are vertically correlated. 
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Fig. 2. (a) Out–of–plane zz and (c) in–plane xx strain distributions in the gain medium of the 
(112) structure which contains four tensile strained nominally 4–nm thick In0.4Ga0.6P layers.
Strain was extracted with respect to Ga0.21Al0.30In0.49P lattice with a 4–nm spatial resolution by
applying moiré by specimen design technique in cross–section (1–10). (b) Out–of–plane zz
and (d) in–plane xx strain distributions obtained by finite element method modelling. Note
column–like xx strain variation both in (c) and (d).

Finally, the structures grown on the (112) and (223) GaAs substrates both contain 
vertically–coupled arrays of islands (QDs) that was identified in two orthogonal in–plane 
directions. It should be emphasized that no evidence of atomic–scale ordering was found. As 
opposite, (811)A–grown structure demonstrated spontaneous formation of natural tilted 
superlattices in the alloy as was already previously observed and discussed [15]. The QWs 
were revealed in form of corrugated quantum wire–like structures with a lateral periodicity of 
~35 nm. 

To address the effect of the island–like nature of the active medium on carriers, it is worth 
estimating the modulation amplitude of the potential for electrons and holes. Spatial 
quantization of electrons in the vertical direction yields the energy in the thick parts of the 
GaInP layers, (thickness ~8 nm) ~250 meV lower than in the thin parts (between islands) 
where the thickness is ~4 nm. An increase in Indium composition and tensile strain between 
the islands contribute in the opposite direction. The estimation of the effect using materials 
parameters from [30, 31] yields ~190 meV. The overall effect shows the localization potential 
for electrons ~60 meV deeper in the islands than in the domains of the GaInP layers between 
the islands. Thus the islands in the active medium should act as quantum dots also at room 
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temperature. We can mention that the QD potential suppresses diffusion of nonequilibrum 
carriers towards point defects and surface defects and thus can improve the reliability of the 
device. We also note that the spectral width of the electroluminescence spectra (16–19 nm 
full width at half maximum) indicated a good average uniformity of the QD array and the 
impact of inhomogeneous broadening should not be dominant. 

As noted for the structure grown side by side on (811)A substrate self–organized 
corrugated quantum wire arrays were observed in the gain region, as it was already discussed 
previously [15, 18]. The (811)A–grown structure emitted however at ~15 nm longer 
wavelengths than those grown on (211) and (322) and demonstrated no lasing at room 
temperature. This observation is in general agreement with lower efficiency of GaP–rich 
barriers for substrate orientations relatively weakly inclined from the (100) plane. Thus this 
structure will not be discussed further in the present paper. We also note that, as the formation 
of nanostructures proceeded in entirely self–organized mode, there was no option of direct 
comparison of the structures studied in the present paper to QW structures of the same design 
grown on similarly–oriented substrates. 

3. Electroluminescence and lasing
As explained in Refs [18]. and [19], the vertical epitaxial design was aimed at achieving a 
reduced vertical beam divergence [32]. We apply tilted wave laser (TWL) concept [33] which 
is basically similar to the couple cavity design with a passive waveguide section matching the 
/2 condition. A full width at half maximum of 25° was targeted; the refractive indices were 

taken from Ref [34]. Thick waveguide concept is chosen for short wavelength (In,Ga,Al)P 
laser diodes because catastrophic optical mirror damage plays a key role in degradation of 
such devices. We note that the effective refractive indices of the strained quantum wells 
(QWs) used in the modelling were well studied for (811)–oriented structures [35]. 

The devices for the electroluminescence (EL) studies were processed in ridge–stripe 
geometry with 50 µm stripes. The stripes were oriented in the surface plane in such direction 
that the laser facets perpendicular to the stripes matched to the cleavage planes (01–1). Cavity 
length of 1 mm and uncoated facets were used. The contact resistance was ~5 × 10−4  cm2. 
The devices were mounted p–side down onto a copper heat sink with indium solder and tested 
in the pulsed mode at 300 ns pulse duration and 1 kHz repetition rate. The EL spectra and 
intensity were recorded. For temperature studies the devices on copper submounts were 
introduced into a transparent glass Dewar in between of the resistive coil furnace and liquid 
nitrogen partially filling the bottom part of the Dewar. The temperature of the laser heat sink 
was controlled by a thermocouple. 

Figure 3 demonstrates room–temperature EL spectra at different drive currents for laser 
diodes on (a) (211) substrate and (b) (322) substrate. Threshold current densities for 1 mm 
cavity length were at ~7–12 kA/cm2 at room temperature and were controlled by external 
losses. As it will be illustrated below, a strong superliner growth of the EL intensity was 
recorded at current densities exceeding 400 A/cm2. This observation indicates that, with 
proper processing and optimization of external losses, the performance of the devices can be 
improved. The lasing wavelength varied across the wafer within 599–604 nm for both 
substrate orientations. 
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Fig. 3. Room temperature electroluminescence (EL) spectra at different drive currents for laser 
diodes grown on (a) (211) substrate and (b) (322) substrate. 

Vertical and lateral far field patterns of the device grown on (211) GaAs substrate are 
shown in Fig. 4(a) and 4(b), respectively. The device is clearly single mode in the vertical 
direction (fast axis) and the full width at half maximum (FWHM) matches well the modeled 
value (FWHM~25°). 

Fig. 4. Room–temperature vertical (a) and lateral (b) far field pattern of the (211)–grown laser. 

Figure 5 displays light–current characteristics of the broad–stripe lasers at pulsed currents. 
A clear threshold current for the lasing process is revealed both for (211) and (322) substrates. 
As no facet passivation was applied, the maximum optical power reached was limited to ~800 
mW. Upon further power increase a catastrophic degradation of the devices occurred due to 
the facet overheating and damage (catastrophic optical mirror damage, COMD). To prevent 
this effect one needs to passivate the facets and reduce external losses, and, thus, the 
nonequilibrium carrier density at threshold, by depositing high reflectivity coating at least on 
the rear facet of the device and preferably fabricate narrow stripes to improve heat 
dissipation. However already in the pulsed mode the average power reached in Fig. 5 
constituted 0.32 mW. At higher duty cycles, by keeping the pulse duration and by increasing 
the repetition frequency from 4 kHz to 40 kHz it became possible to reach higher average 
power levels ~1 mW, already sufficient for important practical applications at 600 nm 
wavelength such as virtual/augmented reality glasses and helmets [2]. 
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Fig. 5. Light–current characteristics of laser diodes grown on (322) and (211) substrates. (322) 
structure was not explored at power levels close to catastrophic optical mirror damage 
(COMD). 

Figure 6 presents EL spectra of (211)–laser at different current densities. A strong 
superlinear increase of the maximum intensity is observed at higher current densities and is 
accompanied by the narrowing of the EL emission. The EL band of stimulated emission and 
lasing is Stokes–shifted from the bandgap feature resolved at low excitation densities. 

Fig. 6. EL spectrum of (211) laser at different current densities. A strong superlinear growth of 
the intensity is observed at current densities above 400 A/cm2. The band of stimulated 
emission and lasing is Stokes–shifted from the bandgap feature resolved at low excitation 
densities. The insert shows the deconvoluted EL spectrum at 40 A/cm2 in linear scale revealing 
a bandedge emission with the maximum at 603.5 nm (dashed line) and emission at a shorter 
wavelength with the maximum at 594 nm (dash–dotted line). Lasing spectrum is not to scale. 

Figure 7 shows the temperature dependence (a) of the emission wavelength of the lasing 
emission and of the bandgap EL feature and (b) of the threshold current density obtained for 
the laser structure grown on (211)A GaAs substrate. We note that while the bandgap feature 
shifts in the range 100–295 K by ~70 meV (Fig. 7(b)) in agreement with the trend for the 
bandgap photoluminescence of (In,Ga)P layers on GaAs [23, 36], the spectral shift of the 
stimulated emission and lasing is much stronger and the Stokes shift becomes more 
pronounced upon temperature increase. We tentatively attribute the effect to the multi–
particle effects and contribution of phonons, which becomes stronger once the temperature 
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increases and the exciton transport between QDs becomes significant. More detailed studies 
will be published elsewhere. The dependence of the threshold current density on the heat sink 
temperature is shown in Fig. 7(b). The device provides high temperature stability up to 
temperatures ~220 K (T0~165 K) while at higher temperatures the temperature stability is 
reduced (T0~31 K). 

Fig. 7. Temperature dependence of (a) the photon energy of the emitted light for the bandedge 
EL and of the bandgap energy and (b) of the threshold current density for laser diode grown on 
(211) substrate. 

We attempted to further shift lasing emission towards green–yellow spectral range by 
optimizing the wavelength of the gain medium. Lasing at 559 nm at 85 K was reached both 
for (211)– and (322)–oriented substrates. The bandedge EL was recorded for both structures 
at 570–575 nm. The threshold current density at this temperature was lower for (322)– 
oriented structure (700 A/cm2 vs ~1500 A/cm2). The lasing at 10 kA/cm2 could be realized up 
to ~130 K for (211) substrate and up to 160 K for (322) substrate. Even no lasing at room 
temperature was observed in this case, one can expect that, with further optimization of the 
design using GaP–rich tensile–trained barrier insertions and applying bandgap engineering of 
the QDs, a further shift towards green–yellow lasing may become possible. 

4. Conclusions
To conclude, we have proposed and developed advanced approach aimed to extend lasing 
wavelength of (In,Ga,Al)P–based laser diodes towards yellow–orange and, further, to green–
yellow spectral range. A combination of the epitaxial growth on high–index GaAs substrates, 
strongly inclined from (100) surface towards <111> direction, namely, on (211) and (322) 
substrates, on the one hand, and employing tensile strained GaP–rich barriers, acting as 
current blocking layers for non–equilibrium electrons, the height of the barriers significantly 
increasing for these orientations, on the other hand, has allowed reaching lasing at ~599–605 
nm at room temperature. Using a different active medium has allowed green–yellow lasing up 
to 160 K. Further optimization of the active medium and barriers may suggest both a further 
improvement of the characteristics of yellow–orange lasers and a possibility to reach green 
lasing at room temperature. 
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