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Room-temperature mid-infrared “M”-type GaAsSb/InGaAs quantum well

lasers on InP substrate

Chia-Hao Chang, Zong-Lin Li, Chien-Hung Pan, Hong-Ting Lu, Chien-Ping Lee,
and Sheng-Di Lin?
Department of Electronics Engineering, National Chiao Tung University, 1001 University Road,
Hsinchu 30010, Taiwan

(Received 16 January 2014; accepted 28 January 2014; published online 12 February 2014)

We have demonstrated experimentally the InP-based “M”’-type GaAsSb/InGaAs quantum-well
(QW) laser lasing at 2.41 um at room temperature by optical pumping. The threshold power
density per QW and extracted internal loss were about 234 W/cm? and 20.5cm ™", respectively.
The temperature-dependent photoluminescence (PL) and lasing spectra revealed interesting
characteristics for this type of lasers. Two distinct regions in the temperature dependent threshold
behavior were observed and the transition temperature was found to coincide with the cross over
point of the PL and lasing emission peaks. The current-voltage characteristic of “M”-type QW
laser was superior to the inverse “W”-type one due to its thinner barrier for holes. Further
improvement of the “M”-type QW structure could lead to a cost-effective mid-infrared light

source. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4865170]

. INTRODUCTION

Molecular absorption spectroscopy is an important tool
to identify various gas molecules in chemical gas analysis
and atmospheric pollution monitoring. Every molecule has its
inherent absorption spectra. For example, there are strong
absorption lines for NH; around 2.1 um, for CO around 2.3
and 4.6 um, for CH, around 2.35 and 3.3 um, etc.! In this
mid-infrared wavelength range of 2-5 um, many different
kinds of laser sources are available. But aiming for integrat-
ing with photodetectors to build a complete measurement sys-
tem, the size of the laser has to be minimized. Semiconductor
laser is an ideal choice for reaching a compact even portable
system. In recent years, laser diodes operated in 2-3.5 um
wavelength range have been successfully demonstrated on
GaSb substrates. By using the strained InGaAsSb quantum
wells (QWs) as the active region, lasers with a low threshold
current density (44 A/cmz) were demonstrated.” On the other
hand, mid-infrared lasers built on cost-effective InP sub-
strates could be a better alternative because of its high
thermal conductivity and mature fabrication technology,
comparing with GaSb-based devices. However, there is no
narrow bandgap material lattice-matched to InP to allow
operation in such wavelength range. So Sato ef al. used
highly strained InAs QWs to extend the lasing wavelength
and the longest lasing wavelength was 2.33 um.? To achieve
even longer wavelength, one can use structures with type-II
band alignment where electrons and holes are confined in dif-
ferent spatial locations and the emission wavelength is not
limited by the bandgap of the constituent materials. But the
emission efficiency is usually not as good as those of type-I
structures. Recently, “W”-type structures on InP and GaSb
substrates were proposed to enhance the electron-hole
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wavefunction overlap as well as the radiative recombination
in type-II band alignment.*'® In InP-based InGaAs/GaAsSb
“W?”-type structure, our previous theoretical study shows
that, without serious degradation of the emission efficiency,
the wavelength is tunable in the range of 2-3 um by properly
setting the composition and the width of InGaAs and GaAsSb
layers.'" The optically pumped “W”-type laser at 2.56 um
was realized at room temperature soon after.'”> However, a
large turn-on voltage of the same structure with doped clad-
ding layers was a serious problem for laser operation under
electrical injection. This is largely due to the difficulty of
hole transport in the multiple QWs region.

An inverse structure, denoted as “M”-type here, could be
able to improve the problem of hole transport in “W”-type
QWs as we shall discuss below. Such structure has been suc-
cessfully used in infrared photodetectors.'® Very recently, the
“M”-type QW on InP substrate was proposed theoretically as
a promising structure for mid-infrared light sources'* but no
corresponding experimental result has been reported. In the
present work, we experimentally investigate the “M”-type
GaAsSb/InGaAs/GaAsSb QWs with reduced hole barriers so
the electrical transport property has been improved. The first
lasing for “M”-type laser at 2.41 um at room temperature is
observed with optical pumping. Recently, by replacing
InAlAs with GaAsSb layer to lower the barrier of electron
and hole, the electrically driven “W”-type laser diodes were
demonstrated with a high threshold current density of about
2kA/em?.'>'® We expect that, by using “M”-type QWs
instead, the threshold current density could be lowered. The
initial result on the I-V characteristics of the “M”-type struc-
ture showed superior turn-on behavior to that of “W”-type
devices. We also analyzed the temperature-dependent lasing
characteristics and the corresponding photoluminescence
(PL). It revealed that the localized states played a key role to
the abnormal phenomena of temperature-insensitive lasing
wavelength.

© 2014 AIP Publishing LLC
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Il. SAMPLE GROWTH, DEVICE FABRICATION, AND
MEASUREMENT METHODS

The sample was grown on S-doped (001) InP substrates
by a Veeco GEN II solid-source molecular beam epitaxy
(MBE) system. The As, and Sb, sources were supplied by
the needle-valved cracker cells. Be and Si were used, respec-
tively, as p- and n-typed dopants. The wafer surface tempera-
ture was monitored by an infrared pyrometer. To remove the
native oxide on the surface, the substrate was de-oxidized
under As, flux at 540 °C for 5 min. The growth started with a
100-nm-thick n-typed (Np=1x 10"®cm™) Ing.s,Alg4gAs
layer and followed by a 200-nm-thick undoped Ing 5,Alj 4gAs
layer. The active region consisted of 15 periods of the
“M”-type QWs (see Fig. 1). Every period had a symmetric
GaAS()_3Sb()j/ln()'s3G3.()'47AS/G3.AS().3Sb()j (3/4/3 nm) well
sandwiched between two Ing 36Alg 30Gag 30As (2 nm) barriers.
The 5-nm spacing layers Ings,Alg4gAs were inserted to
separate the “M”-type QWs. The active region was followed
by a 160-nm-thick undoped Ings,AlysgAs layer and a
2.1-um-thick p-typed (Nx=1x10"cm™) IngsrAlysgAs
layer. The growth was finished by 250-nm-thick p-typed (N4
= 1x 10" ecm™?) Ing s3Gag 47As contact layer. Regarding to
the growth condition, the growth rates were 1.3 um/h for
Ing 36Alp320Gag 30As layer, 0.9 um/h for Ings,AlgsgAs and
Ing 53Gag 47As layers, and 0.4 um/h for GaAsg;Sby; layer.
The V/III beam equivalent pressure (BEP) ratios were 15 for
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FIG. 1. Band diagram of the “M”-type laser sample. The zoom in part is two
pairs of “M”-type QWs: GaAs(3Sby 7 is the hole well and Ing 53Gag 47As is
the electron well (thickness: GaAsg 3Sbg 7/Ing 53Gag 47As/GaAsg 3Sbg 7: 3/4/3
nm). Ing 5pAlg 4gAs barrier layer is 5 nm; Ing 36Al 30Gag 32As strain compen-
sated layer is 2 nm.
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Ing 36Al0.32G29.32A8, Ing 52Alp.43As, and Ing53Gag 47As layer
and 20 for GaAsg3Sby; layer. The Sb,/As, BEP ratio was
about 2 for GaAsg3Sbg; layer. The “M”-type region was
grown at 470 °C but others were at 490 °C.

For PL measurements, the top Ings3Gag47As and the
p-typed Ings>Alg4gAs layers were removed by chemical
etching to avoid the absorption of the excitation laser light,
which was a 514.5nm Ar-ion laser. The luminescence was
dispersed through a monochromator and detected by a
thermal-electric-cooled (TEC) InGaAsSb photodetector. The
spectral response of the detector was calibrated by a black-
body light source. For optical pumping experiment, the sam-
ples with the Ings3Gag47As contact layer removed were
excited by a 1064nm (1.165 eV) pulsed fiber laser (pulse
width: 10ns, repetition rate: 1 kHz) with a beam diameter of
around 1.3 mm. To define the pumping area, the gain guided
laser devices with 100-um-wide stripes were defined by
openings in an evaporated gold metal mask. The lasers were
two-side cleaved with four cavity lengths (800, 1000, 1100,
and 1250 um). In light-output vs. light-input (L-L) measure-
ment, the laser emitted from the cleaved mirror was colli-
mated by an aspheric lens and detected directly by a TEC
InAs photodetector.

For the electrically driven laser devices, 20-um wide
ridge waveguide structures were fabricated by conventional
photo-lithography and wet etching techniques. The metals
for p- and n-typed ohmic contacts were Ti/Pt/Au and
Ni/Ge/Au, respectively.

lll. RESULTS AND DISCUSSIONS
A. Temperature-dependent PL

The measured PL spectra taken at different temperatures
were plotted in Fig. 2. Note that the spectra have been offset
for clarity. At the lowest temperature (13 K), the PL peak
was at 2300 nm with a full-width at half-maximum (FWHM)
of 28.3 meV. As the temperature increased, from 13 to 99 K,
the peak wavelength had a blue shift from 2300 to 2270 nm,
which was in contrary to what one would expect from the
bandgap shrinkage effect.!” Similar phenomena had been
observed in previous studies'®'? and explained by the effect
of localized states in the GaAsSb layer and/or at the
InGaAs/GaAsSb interfaces. These localized states could be

7 Pumping pZ)wer densitg; : 67.9 Wicm? 13K
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FIG. 2. Temperature dependent PL spectra from 13K to 315 K. The excita-
tion power density of Ar ion laser is 67.9 W/cm?.
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due to composition fluctuation, QW width fluctuation or
interface roughness.'®* The energy levels of these states
lay inside the bandgap, so the photo-generated carriers would
be trapped at those levels at low temperatures and then radia-
tively recombined. With increasing temperature, the carriers
occupied at the localized states would thermally escape to
higher energy states thereby the emission peak shifted to the
shorter wavelength. For the temperature higher than 99K,
the peak wavelength started to red shift due to bandgap
shrinkage. In Fig. 3, we plotted the PL peak energy against
temperature (the blue square symbol). The fitting curve (red
line) using Varshni equation, E,(T) = Ey— oT?/(T + f),
was also plotted (x=4.75x 0% eV/K, [=439.13K,
E(=0.557 eV). The fitting curve coincided with the experi-
mental data very well for T > 99 K. However, at lower tem-
peratures, a clear difference was seen. The difference at 13K
was about 18.4meV. This energy had been defined as the
localization energy of the localized states mentioned
above."®!” In Fig. 3, we also showed the integrated PL inten-
sity (the green open circles) as a function of temperature.
Two distinct regions were clearly seen in this plot indicating
the two different mechanisms mentioned above.

B. Optically pumped laser characteristics

The measured L-L curves of four lasers with different
cavity lengths were shown in Fig. 4(a). The measured thresh-
old power, Py, was 13 W for the 1-mm long and 100-um
wide stripe at 295 K. By taking the surface reflection and
QWs absorption into consideration, we estimated that only
about 27% of the pumping light was absorbed by the active
region. So the actual threshold power was about 3.51 W,
which corresponded to a threshold power density of
234 W/cm? per QW. In the inset of Fig. 4(a), we showed the
plot of the inverse quantum efficiency, 1/54, versus cavity
length (L). From the slope of the fitted line and the known
facet reflectivity of 0.27, we obtained an internal loss (¢;) of
about 20.5cm ™" for the laser. The emission spectra of a laser
with an 1-mm long and 100-um wide cavity were shown
below threshold (0.86P,) and above threshold (1.02Pg,) in
Fig. 4(b). The dramatic increase of output power at threshold
and the shrunk FWHM of the emission spectra were clear
evidence of the lasing behavior. The lasing peak wavelength
was 2414 nm at 1.02P,.

—_ Ejoc = 18.4 meV —mE—PL peak 3

?,’0'56 s Varzhni fitting 10 S
50-54 I —O= Int. intensity 1023 E
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0 50 100 150 200 250 300 350
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FIG. 3. Blue square symbols: PL peak energy at different temperature. Red
line: the fitting curve by Varshni equation. E,,. is the energy difference
between PL peak energy and the fitting energy at about 0K (here is 13 K).
Green open circle symbols: Integrated PL intensity at different temperature.
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FIG. 4. (a) L-L curves of different cavity length (800, 1000, 1100, and
1250 pm) lasers at 295 K. The inset is the inverse of non-calibrated external
quantum efficiency vs. cavity length. (b) Before threshold (0.86Py,, intensity
%x20) and after threshold (1.02Pg,) spectra for 1 mm long and 100 um wide
laser at 295 K.

We also measured the threshold power density of a
1 mm long laser at different temperatures. The result, pre-
sented as a semi-log plot, was shown in Fig. 5(a). From 77K
to 250K, the threshold power density increased slightly. By
using P, (T) = Pmo % exp(T/Ty), we extracted a very high
characteristic temperature T, of 862K. After 250K, the
threshold power density rose rapidly and T, dropped to 47 K.
Similar behaviors had been reported previously'>** and
were explained by non-radiative Auger recombination near
room temperature. However, we thought this sudden change
in the temperature dependent behavior at 250K could be
from a different mechanism. If we carefully examined the
PL spectra and the lasing spectra at different temperatures,
we noticed that the peak positions of these two spectra were
not the same and they cross each other at 250K (see
Fig. 5(b)). For T < 250K, the lasing peak energy was lower
than that of PL. With increasing temperature, the PL and
lasing peak energies got closer to each other. This tended to
reduce the threshold power for lasing and compensated the
effect from the increased non-radiative recombination as the
temperature rose. As a result, a nearly unchanged threshold
power density was obtained for T=77-250K. When the
temperature increased above 250K, the PL peak energy
dropped below the lasing peak. As the two peaks moved
away from each other, the lasing threshold was increased.
This, coupled with the temperature dependent non-radiative
recombination, caused the characteristic temperature to go
up suddenly at the cross over temperature. The nearly
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FIG. 5. (a) Black square symbols are the nature log of threshold power den-
sity versus temperature. Red lines are the fitting curves to extract character-
istic temperatures. (b) Blue circle symbols are the lasing peak energy at
threshold versus temperature. Green star symbols are the PL peak energy
Versus temperature.

constant lasing emission energy was most likely due to the
competing effects from band-filling and bandgap shrinkage.
The reason for the large difference in the emission energy
between lasing and PL at low temperatures was not very
clear. It could be caused by the heating from the large pump-
ing power used for laser measurement. For T > 300K, the
lasing peak energy bent up due to the severe band-filling in
the type-II heterostructure.?’

C. |-V characteristic

The “M”-type sample was also fabricated into a ridge
waveguide structure for electrical measurement. The devices
had a length of 2mm and a width of 20 um. For comparison,
a “W”-type laser with the same size was also fabricated. The
only difference between the two was that the “M” structure
used GaAsg 3Sbg 7/Ing 53Gag 47As/GaAsy3Sbg 7 (3/4/3 nm)
“M”-type QWSs, while the “W” structure used the Ings3
Gap 47A8/GaAsy 3Sbg 7/Ing 53Gag.47As (4/3/4 nm) “W”-type
QWs. Measured I-V curves of two devices were plotted in
Fig. 6(a). For the “W”-type device, there were two turning
points at about 2 and 4V. The high turn-on voltage and
two-step turn-on could be attributed to the difficult hole
transport mentioned above.'> The I-V curve of “M”-type
laser was much better with normal turn-on characteristics.
The reason for the superior I-V characteristics of the
“M”-type devices could be seen in Fig. 6(b), which showed
the comparison of the band diagrams of the two structures.
In a “W”-type structure, the two electron wells were on the

J. Appl. Phys. 115, 063104 (2014)
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FIG. 6. (a) Blue empty circle symbols are the I-V curve of “M”-type diode.
Red empty triangle symbols are the I-V curve of “W”-type diode. (b) The
right side is the band diagram of “M”-type structure and the left side is the
“W”-type structure. The hole barrier width is reduced from 17 nm to 9nm
by using “M”-type structure.

two sides of the middle hole well. When we stacked the “W”
structures together, we could not put them too close to each
other to avoid possible coupling between adjacent electron
wells. But for the “M”-type structure, the hole wells were on
the outside (or the center electron well). Because of a larger
hole effective mass, we could stack the two “M” structures
closer each other without worrying about the mutual coupling.
For the two mirrored structures presented here, the “M” struc-
ture had a well spacing of 9nm, but the “W” structure had
17 nm. The additional thickness caused the W structure to suf-
fer from poor hole transport and worse turn on characteristics.

IV. CONCLUSION

We have presented the first room-temperature optically
pumped “M”-type GaAsy3Sbg/Ing53Gag47As/GaAsy3Sbg 7
QWs laser lasing at 2.41 um. The threshold power density per
QW was 234W/cm® and the extracted internal loss was
20.5cm ™' The characteristic temperature was about 862 K for
temperatures between 77 K and 250 K but dropped to 47 K for
temperatures above 250 K. By reducing the internal loss and
further improving the carrier transport in the QW region, we
believed a room-temperature, cost-effective, and electrically
driven mid-infrared laser could be realized in the near future.
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