5533 B 3 M
2014 4 6 H

EANPINES I ST S

J. Infrared Millim. Waves

Vol. 33, No.3
June 2014

NEHS 1001 —9014(2014)03 - 0213 - 05

DOI:10. 3724/SP. J. 1010. 2014. 00213

InAs/InGaAs digital alloy strain-compensated
quantum well lasers

CAO Yuan-Ying, GU Yi,

LI Ai-Zhen,

ZHANG Yong-Gang®, LI Yao-Yao,
ZHOU Li, LI Hao-Si-Bai-Yin

FANG Xiang,

(State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and Information
Technology, Chinese Academy of Sciences, Shanghai 200050, China)

Abstract: InAs/InGaAs digital alloy strain-compensated quantum well lasers have been grown on InP substrate by gas
source molecular beam epitaxy. Multiple quantum wells composed of compressive InAs/In, 5;Ga, ,; As digital alloy tri-
angular wells and tensile In; ,;Ga, s, As barriers were used as the active region. X-ray diffraction measurements con-
firmed the pseudomorphic growth and high crystalline quality of the QW structures. The peak emission wavelength of
the laser is 1. 94 wm at 100 K under continuous-wave driving current of 130 mA, and the threshold current density is
2.58 kA/cm’. An unusual blue shift of the laser spectral with the increase of the temperature was found, which is
originated from the reduced slope of maximum gain function, due to the relatively high internal absorption and weak

optical confinement in the laser structure.
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Introduction

Semiconductor lasers emitting around 2 pm have at-
tracted much attention due to their applications in molec-
ular spectroscopy and trace-gas sensing''?'. Strong ab-
sorption lines of various gases such as carbon monoxide
(CO) and carbon dioxide ( CO,) are located in this
wavelength range. Traditionally such semiconductor la-

sers are developed in InGaAsSh/ AlGaAsSb material sys-
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tem on GaSh substrate>”. In Ga, As/In, ;Ga, ,,As (x
>0.53) quantum well (QW) laser on InP substrate is
another approach in this spectral range owing to the supe-
rior quality of InP substrate as well as the mature growth
and processing technology' ®®'. The emission wavelength
can be tailored by adjusting the indium composition of
InGaAs QWs, whereas it is really a challenge to extend
the wavelength much longer due to the large lattice mis-
match and strain in the QW''*""). In our previous work,
the emission wavelength of the InAs/InGaAs strained
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QWs can be increased effectively by changing the band
shape in the wells from conventional rectangular to trian-
gular one, while keeping the same strain content''?'. In
this case the indium composition in the well layers is var-
ied from 0. 53 to 1, and then to 0. 53 again. A novel
growth process of digital alloy (DA) technology, which
simulates desired compound alloy compositions by grow-
ing short period superlattices of two defined compositions
at certain digital thickness ratio, can be applied to ap-
proximate the triangular shape of QWs effectively using
molecular beam epitaxy "', In this letter, InAs/InGaAs
quantum well lasers on InP substrate have been demon-
strated, where symmetrical triangular QWs composed of
compressive InAs/In, 5;Ga, ,;As DA triangular wells and
tensile In, ,,Ga, s; As barriers are used as the active re-
gion. The growth procedure, material structural proper-
ties and laser performances are analyzed in detail.

1 Experimental details

The samples were grown on (100) InP epi-ready
substrates by using a VG Semicon V80H gas source mo-
lecular beam epitaxy ( GSMBE) system. The elemental
indium and gallium dual filament thermo-cells were used
as group [l sources, and their fluxes were controlled by
changing the cell temperatures during growth. Arsine

(AsH,) and phosphine (PH,) were cracked to form As,

and P, at 1 000 °C as group V sources, and their fluxes
were controlled by adjusting the pressure. Standard be-
ryllium (Be) and silicon (Si) effusion cells were used
as p-and n-type doping sources, and the doping levels
were also controlled by changing the cell temperatures.
Prior to the growth, reflection high energy electron dif-
fraction (RHEED) was used to determine the surface ox-
ide desorption of InP substrate under P, flux. This in-
volved a slow ramp-up of the substrate temperature until
the pattern showed an abrupt transformation to 2 x4 sur-
face reconstruction. The substrate desorption temperature
was 470 C measured by thermocouple, while the growth
temperature was 420 C and 460 °C for InP and In( Ga)
As, respectively.

The layer parameters of the laser structures are listed
in Table 1. The growth sequence started with a 1 000-nm-
thick n-type InP cladding layer (Si, 2 x 10" em™). Then
a 150-nm-thick n-type InP waveguide layer (Si, 5 x 10"
em”) was grown. The following active QW region was
formed by two periods of triangular QWs. Each period
was composed of a 12-nm-thick compressive InAs/In, .,
Ga, ,; As triangular QW sandwiched by tensile In
Ga, 5;As barriers. The well layers were grown by digital
alloy technology and composed of digital graded InAs/
In, 5;Ga, 4, As ultra-thin layers'™' while the In, ,; Ga, s,
As barrier layers were grown by random alloy technology
using another indium cell. After that a 150-nm-thick p-
type InP upper waveguide layer (Be, 5 x 10" em ™)
and a 50-nm-thick p-type In, s; Ga, ,; As etch stop layer
(Be, 5 x10" em™) were deposited. Subsequently a
500-nm-thick p-type (Be, 5 x 10" ¢cm™) and a 1 200-
nm-thick highly doped p-type (Be, 1 x10"” cm ™) InP
cladding layers were grown. Finally a 300-nm-thick

highly doped p-type In, s; Ga, ,; As cap layer (Be, 1 x
10” em ™) was grown. The schematic energy-band of
the active zone is shown in Fig. 1.

Table 1 Layer parameters of the QW laser structure
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Layer Material Thickness(nm)  Concentration(cm ~%)
Cap In, 53Ga, 4;As: Be 300 p=1x10"
Cladding InP: Be 1200 p=1x10"
Cladding InP: Be 500 p=5x10®
Etch stop  Ing 53Gag 47As: Be 50 p=5x10"
Waveguide InP: Be 150 p=5x10"
Barrier Ing 43Gay, 57As 12 Undoped
Triangular well InAs/In, 53Ga, 47As 12 Undoped
Barrier In; 4;Ga, s7As 24 Undoped
Triangular well InAs/In; 53Ga, 4;As 12 Undoped
Barrier Ing_43Gay 57As 12 Undoped
Waveguide InP; Si 150 n=5x10"
Cladding InP; Si 1000 n=2x10"®
Substrate InP: S 350 wm n=2x10"
1200

In,.,,Ga,s,As Barriers
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Fig.1 Schematic energy-band diagram of the active zone
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After growth, the structural properties of the QW
parts were characterized by using high resolution X-ray
diffraction ( HRXRD ) measurements after etching away
the cap and cladding layers, where a Philips X’pert X-
ray diffractometer equipped with a four-crystal Ge (220)
monochromator was applied. Ridge waveguide structures
with strip width of 6 pm were fabricated by standard li-
thography and wet chemical etching process. Then a
300-nm-thick Si;N, layer was deposited by plasma en-
hanced chemical vapor deposition ( PECVD) as insula-
tor. After that, a 4-pm-wide window was patterned on
top of the ridge. Ti/Pt/Au was sputtered as a top metal-
lic contact, then the samples were thinned to 100-120
pm and Ge/Au/Ni/Au was evaporated on the back of
the substrate as a back metallic contact. The chips were
cleaved into 0. 8-mm-long bars with the facet uncoated,
soldered on copper heat sinks and wire bonded. The
spectral features of the laser were characterized by using
a Nicolet 860 Fourier transform infrared ( FTIR) spec-
trometer with liquid-nitrogen cooled InSb detector and
Cal, beam splitter. The current-power (I-P) and cur-
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rent-voltage (1-V) characteristics of the laser under con-
tinuous-wave (CW) driving conditions were measured by
a Keithley 2 420 source meter and a Coherent EMP1000
power meter with PS19 thermopile detector. The heat
sink temperature of the laser was controlled by using an
Oxford Optistat DN-V variable temperature liquid nitro-
gen cryostat.

2 Results and discussions

The HRXRD (004) ®/20 scan curves of the QW
structures are shown in Fig. 2. The upper one was the
measured curve and the lower one was the simulated
curve. The measured curve of the sample showed multi-
ple satellite peaks on both sides of the substrate peak,
indicating that strain relaxation did not occur in the
QWs. The signal envelops on the left and right sides of
the substrate peak were related to compressive InAs/
In, s;Ga, ,; As triangular wells and tensile In, ,; Ga, 5, As
barriers, respectively. The significant compressive strain
in the QWs was partially compensated by the tensile bar-
riers but not overcompensated. It also can be seen that
the positions of satellite peaks in the measured curve
matched well with the simulation. The results give the
evidence of pseudomorphic growth and indicate the high
crystalline quality of the QW structures.
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Fig.2 Measured (upper) and simulated (lower) HRXRD rock-
ing curves of the QW structure
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The spectral characteristics and tunability of the la-
sers were measured by using the FTIR spectrometer with
resolution of 0. 125 em™. Figure 3 shows the lasing spec-
tra of a 6-pm-wide and 800-um-long laser at temperature
from 99 K to 107 K in step of 2 K. The laser was opera-
ted at a driving current of 250 mA in pulsed mode with a
pulse width of 500 ns and a repetition frequency of
100 kHz. It can be seen that the lasing wavelength blue
shifted from 1.940 pm at 99 K to 1.926 pum at 107 K. The
unusual blue shift of the laser spectra with the increase of
the temperature may be resulted from the reduced slope of
maximum gain function G(E), due to the relatively high
internal absorption and weak optical confinement in the la-

ser structure' . Tt is well known that the material gain g,

is correlated with the modal gain g, , via

Bnod = Bnat XF_aL(T) ’ (1>

where T is the optical confinement factor and «; is the in-
ternal absorption. By increasing the carrier density and
thus the Fermi level, the energetic position of the gain
maximum shifts towards higher energies. Therefore the
curve described by the point of maximum modal gain is
called the “maximum modal gain function” G(E). Gen-
erally, the internal absorption «; increases as the opera-
tion temperature T increases in semiconductor lasers,
which is mainly due to an increased amount of free carri-
er absorption. Therefore, the modal gain g, , will reduce
as the temperature increases as shown in literature' "’
Besides, in this laser structure the waveguide and the
cladding layers are both InP as shown in Fig. 1, the op-
tical confinement factor I' is about 0. 24 by calculation,
which is relatively weak. Consequently, with the temper-
ature increased, the necessary modal gain for a given la-
ser geometry can only be obtained closer to the transition
between the first excited electron and hole states which
results in an inevitable blue shift of the laser line relative
to the gain spectrum of the laser. It is also obvious that
the slope of the maximum modal gain function G(E) de-
termines the magnitude of the relative blue shift.
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Fig.3 Lasing spectra of the laser at temperature from 99 K to
107 K in step of 2 K
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To investigate the temperature-dependent spectral
characteristics and tunability more clearly, the lasing
spectra of the same laser was investigated under the
same driving current at a smaller temperature step of
0.5 K from 101 K to 103 K as shown in Fig. 4. It can
be seen that, as temperature increased from 101 K to
103 K, the lower energy lasing mode (mode 1) red shif-
ted continuously from 1936. 084 nm to 1936.210 nm and
the higher energy lasing mode ( mode 2) red shifted con-
tinuously from 1935. 366 nm to 1935. 509 nm, respec-
tively. For the same lasing mode, the average wavelength
shift as a function of temperature AN/AT was about
0.067 nm/K, which could be attributed to the refractive
index change with the temperature. In addition, as the
temperature increases, the lasing intensity of mode 2 in-
creases, whereas the intensity of mode 1 decreases,
which formed the temperature-dependent spectral charac-
teristics as shown in Fig. 3.
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The laser characteristics under CW driving condition
have also been measured as shown in Fig.5. The peak e-
mission wavelength was 1.942 um at an injection current of
130 mA at 100 K. Figure 6 shows I-P and I-V characteris-
tics of the laser under CW driving conditions from 80 K to
105 K. At 100 K, the threshold current was 124 mA, corre-
sponding to a threshold current density of 2. 58 kA/cm’. The
turn-on voltage of the laser was about 1 V and a differential
resistance of about 5.4 () was obtained.
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Fig.5 Lasing spectra of the laser under CW driving condition at 100 K
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Fig.6 [-P and I-V characteristics of the laser under CW driving

conditions
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Fig.7 Characteristic temperature dependence of threshold cur-
rent density for the laser under CW driving conditions
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The temperature dependence of threshold current
density for the laser under CW driving conditions is
shown in Fig. 7. By fitting J,, data, a characteristic tem-
perature of T, =24. 1 K was obtained in the 77 K to
110 K temperature range. This Tyis relatively lower than
the values reported in other publications for InP based
2 pm strained QW lasers, where the typical T, values are

about 30 ~50 K. """ A possible reason may be that in
this laser the waveguide and cladding layers use the same
InP materials, which causes relatively weak optical con-
finement, and thus a relatively lower T,. In the further
device demonstration, the optical confinement still needs
to be improved.

3 Conclusions

In conclusion, InP-based InAs/InGaAs compres-
sively strained quantum well lasers emitting at 2 um have
been grown by GSMBE. A symmetrical triangular QW
structure composed of InAs/ In, 5;Ga, ,;As DA triangular
well and tensile In, ,; Ga, 5, As barrier is used as the ac-
tive region. The pseudomorphic growth and high crystal-
line quality of the QW structures have been confirmed by
the HRXRD measurements. The unusual blue shift of the
laser spectral with the increase of the temperature may be
resulted from the reduced slope of maximum gain function
G(E) and the little red shift of the same mode can be at-
tributed to the change of refractive index with the temper-
ature. At 100 K, the laser has a threshold current densi-
ty of 2. 58 kA/cm’ and emits at 1. 94 pum under CW
driving current of 130 mA. A characteristic temperature
of 24.1 K in 77 ~110 K range under CW driving condi-

tions has also been measured.
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