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Abstract—Dilute nitride Ga(In)NAs/GaAsSb “W” type II quan-
tum wells on GaAs substrates have been grown by metal-organic
chemical vapor deposition (MOCVD). Design studies underscore
the importance of nitrogen incorporation to extend the emission
wavelength into the 1.5 p«m region as well as increase the electron
confinement, given the material strain relaxation limitations. These
studies also indicate that the Sb content of the GaAs; _,Sb, hole
well is required to be greater than = ~ 0.2, to provide adequate
hole confinement (i.e., A £, > 150 meV). Photoluminescence (PL)
and electroluminescence (EL) studies are used to characterize the
optical transitions and compare with a ten-band k.p simulation.
We find that the lowest energy type II transition observed is in good
agreement with theory. Preliminary results are presented on diode
lasers with two- and three-stage “W”-active regions that exhibit
emission that is blue-shifted from the PL, due to charge separa-
tion and carrier band-filling of higher energy transitions. Further
structure optimization, including multiple-stage (eight to ten W-
stages) active regions is required to lower the threshold carrier
density and minimize carrier band-filling and built-in electric field
effects resulting from charge separation. Dilute nitride materials,
such as GaAs; _,_, Sb, N /InP, are also under development offer-
ing potential for wavelength extension into the mid-IR employing
InP substrates.

Index Terms—GaAs, GaAsSb, GaInNAs, mid-IR, semiconduc-
tor lasers, ten-band k.p Hamiltonian, type II.

1. INTRODUCTION

IGH-PERFORMANCE diode lasers emitting in the eye-
H safe wavelength regions (A > 1.5 pum) generally exhibit
poor performance compared with shorter wavelength, near-IR
(A =0.8-0.98 pum) devices. This fact stems from the stronger de-
vice temperature sensitivity as a result of the increased thermally
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activated recombination pathways, higher optical losses, and ac-
tive layer carrier leakage. Much effort has been directed toward
achieving 1.3—1.55 pum emission using various types of active
material on GaAs substrates, due to the potential advantages
offered from extending the emission wavelength of GaAs-based
lasers. The benefits of GaAs-based technology include the fol-
lowing: the large band offsets of AlGaAs-based materials can
provide strong carrier confinement as well as ease the implemen-
tation of the active regions into vertical-cavity surface-emitting
lasers (VCSELSs), allowing high-index contrast AlAs/GaAs dis-
tributed Bragg reflectors (DBRs) to be utilized. Due to strain
relaxation limitations, laser emission wavelengths longer than
~1.24 pm from GalnAs quantum wells (QWs) require the use
of InP substrates [1]-[4]. (Ga)InAs quantum dots (QDs) have
been pursued by many different groups with various degrees
of successes for wavelengths in the 1.3 um region [5]-[7].
QD active lasers exhibit extremely low transparency current
densities because of the small active volume. However, low
modal gain, high temperature sensitivity, poor modulation re-
sponse, and wavelength extension to 1.55 pm are still issues un-
der active development by many groups. Other alternatives for
1.3-1.55 pm emission from GaAs-based active regions include
the use of GaAsSb materials [8]-[10].

An attractive approach for achieving long-wavelength laser
emission on GaAs substrates is the use of highly strained
GalnAs [1]-[4], [11], [12] or GalnNAs [13]-[20] QWSs. The
use of highly strained (compressive) GalnAs QW active lasers
to extend the emission wavelength beyond 1.20 um was pi-
oneered by S. Sato and Satoh [1] and Koyama and cowork-
ers [21], [22]. GaAsP tensile-strained barriers have also been
implemented to strain-compensate the GalnAs QWs [2], [23].
Extremely low threshold current densities have been reported
from highly strained GalnAs QW lasers in the 1.2 um wave-
length region [1]-[4], [21]-[25]. The significant reduction in the
bandgap of the GalnNAs materials, pioneered by Kondow et al.
[13], due to the presence of the N, is also followed by a reduc-
tion in the compressive strain of the material. Since then, many
promising results have been demonstrated for 1.3 pm GalnNAs-
active lasers by both molecular beam epitaxy (MBE) and metal—
organic chemical vapor deposition (MOCVD) [13]-[20].

One of the challenges in growing GalInNAs QW lasers by
MOCYVD is the difficulty of incorporating N into the GalnAs
QW, while maintaining a high-optical-quality film. The low pu-
rity of the N-precursor used in MOCVD [U-dimethylhydrazine
(U-DMHy)] is suspected as a possible reason for the low optical
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Schematic diagram of single GalnNAs QW (A = 1.30 um) laser

quality of MOCVD-grown GalnNAs QWs. Also, in order to
incorporate sufficient N into the GalnNAs QW, very large
[DMHy]/V (typically >0.961) is required. Due to the high
cost and the low purity of the DMHy precursor, lowering the
[AsH3]/III to achieve large [DMHy]/V would be the prefer-
able option for increasing the DMHy flow. As a result, a large
[DMHy]/V ratio requires the [AsH; /Il ratio to be rather low. As
the [AsH;]/III ratio is reduced, the luminescence of the GalnAs
QW reduces rapidly for low [AsH3)/IIT (below 15-20) [25].
Nevertheless, high-performance MOCVD-GalnNAs QW lasers
with AsHj3 as the As-precursor have been reported in the 1.3 pm
wavelength region [19], [26].

In our previous work, GalInNAs QW lasers with an In con-
tent of 40% and N content of only ~0.5% have been realized
with record low threshold current densities of only 210 A/cm?
at an emission wavelength of 1295 nm [19], [26]. The type I
QW laser structures, shown in Fig. 1, utilized strain compensat-
ing 7.5 nm GaAs g5Py 15 tensile strain layers surrounding the
highly compressively strained (Aa/a ~ 2.7%) GalnNAs well.
The separate confinement heterostructure (SCH) consists of a
300 nm undoped GaAs region, with both n- and p-type cladding
layers consisting of 1.1-pm-thick Alj 75Gag 25As layers. Sim-
ilar structures, although with increased N content (N ~ 1.0%)
in the active region, have been achieved among the highest
performance GalnNAs lasers reported to date for lasers emit-
ting up to 1.38 um grown by MOCVD [27], [28]. However,
an “N-penalty” is clearly evident for MOCVD-grown Galn-
NAs QW lasers, i.e., increased N content leads to increased
monomolecular recombination, leading to a higher threshold
current density [28]. The addition of nitrogen to GalnAs has
been linked to a decrease in the radiative efficiency of the mate-
rial [29]. Due to strain limitations, higher In content cannot be
implemented. Thus, if we restrict the N content to a reasonable
range <1.5-2.0%, the emission wavelength is limited to below
~1.4 pm [27], [28].

Extending the emission wavelength of MOCVD-grown
GalnNAs-active lasers to 1.55 pm and beyond remains a con-
siderable challenge. The extension of emission wavelength fur-
ther by the introduction of higher N content leads to increased
monomolecular recombination and a resulting higher threshold
current density. Alternative approaches to increase the emission
wavelength include the introduction of Sb into GalnNAs [30],
[31]. However, this approach has yielded promising results near
A ~ 1.5 ym only for MBE-grown GalnNAsSb-active devices.

Furthermore, extending the emission wavelengths much beyond
1.5 pm with this approach is challenging due to the high strain
of the QW employed.

New dilute-nitride-based active layer designs hold poten-
tial to enable long-wavelength lasers on GaAs (A > 1.5 um)
and InP (A > 2.0 um) substrates. Furthermore, such structures
will allow for the study of carrier recombination mechanisms
in spatially indirect transition dilute nitride type II QWs. Re-
cently, we proposed a novel approach with a Ga(In)NAs-
GaAsSb type II QW active region for realizing GaAs-based
diode lasers with emission wavelengths beyond A = 1.5 ym
[32], [33]. This approach utilizes the type II band alignment
between Ga(In)NAs and GaAsSb. Dilute nitride type II QWs
based on In(Ga)AsN/GaAsSb [34] and GaAsSbN/GaAsSb [35]
materials grown on InP substrates have also been proposed to
achieve mid-IR emission (2—4 pm).

Here, we describe a comprehensive design analysis and ex-
perimental studies on the properties of MOCVD-grown dilute
nitride type II QW materials. Preliminary studies on the imple-
mentation of diode laser device structures on GaAs substrates
indicate that optical gain is significantly lower than expected
from theory, presumably due to the large nonradiative recombi-
nation present in these materials. Both GaInNAs/GaAsSb and
GaNAs/GaAsSb-active regions demonstrate PL emission in the
A = 1.5 pm region on GaAs substrates, although further opti-
mization of the growth of these highly strained structures is nec-
essary to produce sufficiently high gain (at low carrier densities)
for RT diode laser operation. Diode laser structures incorporat-
ing two- and three-stage W-structure GaInNAs/GaAsSb-active
regions are found to exhibit significant blue-shift in emission
wavelength with increased carrier injection. Laser structure op-
timization includes maximizing the electron-hole wave func-
tion overlap, employing increased Sb content in the hole well
for strong hole confinement, improving the optical properties
of the dilute nitride materials through thermal annealing, and
employing multiple-stage (eight to ten stages) active regions to
provide sufficient gain at long wavelength for diode laser appli-
cations. Based on strain limitations, wavelength extension into
the mid-IR (A > 2 pm) requires the use of new dilute nitride
materials, such as GaAsSbN, on InP substrates.

II. TYPE II GaInNAs/GaAsSb QWS ON GaAs SUBSTRATE:
DESIGN ISSUES

Type II W-structure QWs, first proposed on GaSb sub-
strates [36], exhibit emission over a wide wavelength range
(A = 3-6 pm) within the mid-IR spectral region [37]. Optically
pumped InAs/InGaSb/InAs type II QW lasers have demon-
strated high conversion efficiency in the 2.4-9.3 ym wave-
length range, although room-temperature CW operation has
not yet been achieved [38]. Recently, GaSb-based type II QW
lasers have demonstrated A = 3.4 pum emission with a max-
imum CW operating temperature of 230 K [39]. GaAs-based
type II QWs that employ strained GalnAs/GaAsSb-active re-
gions have also been reported previously, as a means to ex-
tend the emission wavelength of GaAs-based sources into the
telecommunication range (A = 1.3—1.55 pm) [40]-[42]. The
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addition of nitrogen into the electron wells of such structures
would allow for additional wavelength extension. Design stud-
ies indicate that a multiple-stage GaInNAs-GaAsSb type II QW
“W”-active region, as shown in Fig. 2, holds potential for real-
izing GaAs-based diode lasers with emission wavelengths be-
yond A = 1.5 pm [32], [33]. This approach utilizes the type
II band alignment between GalnNAs and GaAsSb. Previously,
for GalnAs-GaAsSb type II QW lasers, the PL emission wave-
lengths were generally limited to 1.2—1.4 pm, primarily due to
the strain relaxation limitation and the relatively large energy
bandgap of GalnAs compared with GalnNAs [40]-[42].

The “W” structure design preserves a superior wave function
overlap, 2-D density of states [36] and a possible mechanism for
Auger recombination suppression [43]. Design studies, using
a ten-band k.p simulation, as described in [44], are used to
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Fig. 4. RT PL spectra of 6.5 = 0.5 nm GalnAs SQW with various In com-

positions from 40% to 47.5%. The PL intensity dramatically decreases due to
strain relaxation (for In ~47.5%).

illustrate the compositional dependence of the optical matrix
element and emission wavelength from the type II transition.
First, to clarify the role of N incorporation in the type II QW
design, we compare GalnAs/GaAsSb and GalnNAs/GaAsSb
type II “W” structures for a fixed structure strain, as shown in
Fig. 3. Structure A was selected with 30% In content, whereas
structure B contains 32% In content and 0.5% of N to maintain
the same structure strain (Aa/a ~ —2.15%). The hole well in
both structures consists of GaAsy 7Sby 3. The emission wave-
length is extended from 1246 nm (structure A) to 1285 nm
(structure B) due to the incorporation of nitrogen into GalnNAs
layer and the ability of accommodating a slightly higher In
composition. In addition, the electron and hole wave function
overlaps were found to be comparable, resulting in optical ma-
trix elements of comparable value, calculated as 5.78 eV-A for
structure A and 5.80 eV-A for structure B. In addition to wave-
length extension, the N-incorporation leads to increased electron
confinement, AFE,. = 135 and 187 meV for the GalnAs and
GalnNAs electron wells, respectively. The increased electron
confinement is important for reducing electron leakage in diode
lasers, ultimately leading to a reduced temperature sensitivity of
the laser threshold current and differential quantum efficiency.
Since both the Galn(N)As and the GaAsSb layers are com-
pressively strained on GaAs substrates, strain relaxation limits
the maximum In and Sb compositions that are possible. The
onset of strain relaxation of In, Ga; _, As is known to be growth
temperature dependent [45], [46], with lower growth temper-
atures kinetically limiting the strain relaxation. Experimental
studies on single GalnAs QWs help us establish the maxi-
mum In content, for a given thickness, prior to strain relax-
ation. Fig. 4 illustrates the dependence of the room-temperature
photoluminescence (RT PL) intensity, for a 6- to 7-nm-wide
GalnAs QW, on increasing In content, grown at relatively low
growth temperature, T, = 530 °C. From these studies, we find
that the maximum In content that can be achieved is approxi-
mately 45% (for an GalnAs well thickness of 6.5 nm % 0.5 nm)
before material relaxation due to the large compressive strain
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(Aa/a ~ 2.7%), resulting in degradation of the photolumines-
cence (PL) intensity.

Contour plots, shown in Fig. 5, help to understand the de-
sign space and tradeoff issues of the type II QW. The N content
is chosen to be minimal (N ~ 0.5%), similar to that utilized
for high-performance 1.3-um-emitting type I GalnNAs QW
lasers [19]. The GalnNAs and GaAsSb layer thicknesses are
both fixed at 2.5 nm, since thin layers are essential for achieving
significant wave function spatial overlap. We see that increas-
ing the In content and Sb content both result in an extension in
emission wavelength due to a reduced bandgap for the corre-
sponding layers. However, increasing the Sb content results in
a lower matrix element (i.e., lower electron-hole wave function
overlap) while increasing In content leads to a higher matrix
element. A higher Sb content leads to tight hole wave function
confinement, and hence, reduced spatial overlap with the elec-
tron wave function. Furthermore, considering the maximum av-
erage strain that can be experimentally achieved in a 7-nm-wide
In, Ga; _, As SQW, Aa/a ~ 2.7% (e.g., x ~ 0.45 In content),
a similar strain constraint is expected for the “W” structures.
This strain constraint limits the design space, as indicated by
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Fig. 6. Calculated emission wavelength (solid diamond) and optical matrix
element (open square) at 300 K of a Gag gIng 4N, As;_,/GaAsg ¢5Sbg.35
“W” type II QW with varying N content. Both the GaInNAs and GaAsSb layers
were fixed at 2.5 nm.

the solid line and arrow in Fig. 5. Thus, by choosing the highest
possible In content, given the strain limitation, long-wavelength
emission from the type II “W” QW with good optical tran-
sition strength can be achieved. The ability to accommodate
higher average strain may be possible by employing a lower
growth temperature (7, < 500 °C), and precursor sources such
as tertiarybutylarsine (TBA) and ethyl-based sources that de-
compose efficiently at low growth temperatures. However, as
the design target wavelength is increased, as shown in Fig. 5,
a larger number of W-stages will be necessary to achieve suffi-
cient optical gain due to the reduction in wave function overlap.
Optical gain simulations [33] indicate that a single stage of W-
structure should be sufficient for achieving lasing operation in
1.5-pm-emitting diode lasers, with a radiative component of the
threshold current density (Jin_raq) of 150-250 Alcm? for the
typical threshold gain requirements (gq, ~ 1000-2000 cm ™).
However, nonradiative recombination, which is known to play a
significant role in dilute nitride materials, ultimately determines
the number of stages required to provide sufficient optical gain.
In fact, the experimental results presented here on two- to three-
stage active layer diode lasers indicate that an even larger num-
ber of stages is required to provide sufficient gain for RT lasing.

An increased incorporation of N also leads to longer emission
wavelength. For example, by varying the N content from 0%
to 2%, the emission wavelength can be extended from 1.4 to
1.55 pm with only a small reduction of optical matrix element
(for fixed In content of 40% and Sb content of 35%), as shown
in Fig. 6. However, it is desirable to minimize the amount of
nitrogen incorporation due to the decrease of minority carrier
life time with increased N content [47].

III. EXPERIMENT

The dilute nitride type II QW structures reported here were
grown by MOCVD at an active region growth temperature of
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530 °C and reactor pressure of 100 mbar, growth conditions
similar to those utilized for high-performance 1.3-pym-emitting
GalnNAs type I QW lasers [19]. Trimethylgallium (TMGa),
trimethylaluminium (TMALI), and trimethylindium (TMIn) are
used as group III sources and AsHs, PH3, and U-DMHy are
used as group V sources. The dopant sources are SiH; and
diethylzinc (DEZn) for the n- and p-dopants, respectively. The
gas-switching scheme was studied previously and utilized here
for achieving good GaAsSb interfaces [48]. A GaAs SCH and
active region, similar to that depicted in the schematic band
diagram of Fig. 1, are grown undoped. The n-cladding and p-
cladding layers consist of Aly.74Gag.96As, grown at 775 °C and
640-700 °C, respectively. Both cladding layers are designed
with doping levels of approximately 1 x 10'® cm™3. The
tensile-strained buffer layer consists of a 3 nm GaAs ¢7Pg 33,
which we found to be crucial for the growth of the highly
strained Galn(N)As QW material system on top of a high Al
content lower cladding layer [19].

The structural and optical characteristics of the
GalnNAs/GaAsSb type II QW structures have been pre-
viously reported [49], [50], demonstrating RT PL emission
wavelengths >1.5 pm for structures utilizing relatively high N
content (N ~ 2%), which is in good agreement with theoretical
results. These previous studies demonstrated improved PL
intensity as well as an emission wavelength blue-shift with
thermal annealing, similar to that observed with type I GalInNAs
QWs. Thermal annealing is known to improve the material
quality of type I GaInNAs QW at the expense of wavelength
blue-shift [51]-[54]. The influence of annealing on emission
wavelength has been attributed to: 1) changes of bonding
configuration of the nitrogen atom nearest neighbor [55], [56];
2) gallium, indium, and nitrogen atoms interdiffusion [57]-[59];
and 3) QW profile modification from atomic diffusion at the
well/barrier interface [55]. In the type II GalnNAs/GaAsSb
W-structures, we expect that the impact of thermal annealing on
the atomic diffusion at the well/barrier interfaces may be more
severe, compared with GalInNAs/GaAs type I QWs, due to the
significant change in group V species across the interface. Also
note that this thermal-annealing-induced emission blue-shift
presents an additional uncertainty when comparing experiment
to the simulated transitions.

To evaluate the electroluminescence (EL) behavior of the
type II active regions, diode laser structures were grown
and fabricated into broad area edge-emitting devices. The
lasing characteristics are measured under pulsed condition with
pulsewidth of 5 us and duty cycle of 1%. Devices were mounted
inside a cryostat, to allow for temperature-dependent EL and PL
spectral measurements. The PL. was measured with excitation
by an argon ion laser (A ~ 514.5 nm) and detection by a liquid-
nitrogen-cooled Ge photodiode. The EL measurements are
performed on as-cleaved broad area laser devices, with an oxide-
defined stripe width of 30 m. The metal contacts consist of 25
nm Ti/50 nm Pt/150 nm Au and 20 nm Ge/100 nm GeAu/50 nm
Ni/300 nm Au for p-contact and n-contact, respectively. The
contact annealing of the devices is accomplished under forming
gas (10% Ha + 90% Ny ) at a temperature of 370 °C for duration
of 30 s.
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IV. GalnNAs/GaAsSb TYPE I QW: MATERIAL AND DEVICE
CHARACTERISTICS

The simulated energy band diagrams, measured high-
resolution X-ray diffraction (HRXRD) spectrum, PL, and EL
spectra of a two-stage “W” QW laser structure are shown in
Fig. 7. Calibration of the W-active region consists of grow-
ing Ing 4Gag 6Asi_yN,/GaAs and GaAs;_,Sb,/GaAs super-
lattice (SL) structures for HRXRD analysis in order to deter-
mine the N and Sb contents. Subsequently, from the HRXRD
dynamical simulation of the two-stage laser structure [Fig.
7(a)], the QW active region was determined to consist of an
Ing. 4Gag 6AS0.995Np.005 (2.5 nm)/GaAsg 63Sbg.32 (22.3 nm)
W-structure with GaAs (8.5 nm) and GaAsy gPy; (4.5 nm)
barriers. The p-type Alj 74Gag 26As cladding layer of the laser
structure was grown at 640 °C, which thermally anneals the
dilute nitride active region. Based on this structure, we can
compare the experimental and simulated optical transitions us-
ing a ten-band k.p model [Fig. 7(b)]. Fig. 7(c) shows the PL
spectra with different laser pump power. With the lower pump
power density (~50 mW/cm?), the PL spectrum shows a pri-
mary peak with a shorter wavelength shoulder. With the higher
power density (~100 mW/cm?), the PL spectrum contains a
primary peak at shorter wavelength with a longer wavelength
shoulder, due to carrier band-filling. At low pump power den-
sities, the long-wavelength peak in the emission (1278 nm) is
believed to originate from transitions from the lowest electron
state (C1 S) to the lowest heavy-hole state (HH1). The sim-
ulated C1 S—HHI transition wavelength is 1278.4 nm based
on the structure, as determined from XRD measurements. The
higher energy peak (1120 nm) in the emission spectrum is dif-
ficult to identify with confidence, although it may correspond
to C1 S-LHI1 transition, with a simulated emission wavelength
of ~1099 nm. With increasing laser pump power [Fig. 7(d)],
we observe from the PL spectra that the emission wavelength
blue-shifts from 1278 to 1232 nm, corresponding to a change in
the transition energy of A E~30 meV, consistent with a type 11
transition [42], [60]-[62]. Previous reports on GalnAs/GaAsSb
type I QWs report PL A F shifts of ~22.4 meV for increasing
laser pump power [62]. Compared with type [ QWs, the emission
wavelength blue-shift observed here for the type II QW is sig-
nificantly more severe. For example, the PL emission blue-shifts
were found to be ~13 and ~4 meV for type II (GaAsSb/GaAs)
and type I (GaAsSb/GaAlAs), respectively, with increased laser
pump power [63]. The emission blue-shift observed in type II
QWs has been attributed to energy band-bending associated with
charge separation in the type II heterostructure, which increases
with increasing carrier density [60]-[62].

Fig. 7(e) shows the measured EL spectra at 7' = 14 K from
the same two-stage W-structure QW laser, with a stripe width
of 30 um and 3 mm cavity length. With increasing current in-
jection, we find behavior similar to that observed for optical
injection, the emission wavelength of the CS1-HHI transition
blue-shifts from 1200 nm (400 mA) to 1173 nm (1890 mA),
whereas the higher energy transition (shorter wavelength) emis-
sion wavelength blue-shifts from 1130 to 1110 nm. At laser
threshold (2000 mA, Jip ~ 2.2 kA/ch) that occurs at high
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(a) HRXRD spectra of (0 0 4) w/20 scans. (b) Band diagram and selected wave function components. (¢) 30 K PL spectra With higher (dashed line) and
lower (solid line) pump power densities of 102 and 52 mW/cm?. (d) 30 K PL by varying excitation power from 1.86 to 4.83 mW/cm?. (e) 14 K EL spectra with
various pump currents (400—1890 mA). (f) Temperature-dependent PL from 39 K to 275 K at a fixed excitation current of 265 mA.
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carrier injection, the carrier density clamps and the wavelength
is fixed at 1080 nm. The temperature-dependent EL spectra mea-
sured under low current injection (265 mA) conditions is shown
in Fig. 7(f). With increasing thermal excitation, the emission
red-shifts from 1208 nm (at 39 K) to 1235 nm (at 120 K), where
the higher energy type II transition dominates. For T" > 180 K,
the relative intensity of the dominating CS1-HHI1 type II transi-
tion dominates and decreases with increasing temperature. The
EL spectral peak occurs near 1325 nm at ' = 275 K.

Laser structures employing higher N content GalnNAs elec-
tron wells with an In content of 37% and a gas phase N/V
ratio in the 0.994-0.996 range, corresponding to N contents
estimated to be in the range of 1.5-2%, were also grown
and characterized. The Sb content of the GaAs;_,Sb, is
estimated from XRD calibration samples to be y ~ 0.25.
Fig. 8(a)—(c) shows the PL and EL spectra of a three-stage
Ing.37Gag.62As0.98No.02 —GaAsy.758bg.25 “W” QW laser, re-
spectively. The PL spectrum exhibits a peak wavelength at 1300
nm at 30 K [Fig. 8(b)], is blue-shifted from the as-grown PL
at ~1425 nm [Fig. 8(a)], due to a high-temperature (720 °C,
25 min) anneal during the growth of the p:AlGaAs cladding
layer. Lower temperature cladding layer growth can be used to
minimize this blue-shift. Similar to that observed for the lower
N content (N ~ 0.5%) W-structure lasers discussed above, the
peak wavelength of the EL spectrum [Fig. 8(c)] blue-shifts un-
der increasing injection current up to the lasing wavelength of
1176 nm when the threshold condition is reached and carrier
density is clamped. The threshold current density is relatively
high, corresponding to .J;;, ~ 2 kA/cm?. A gradually shortened
emission wavelength was observed with increasing injection
current, indicating that the emission blue-shift depends strongly
on the carrier density. Lasing appears to occur on the higher en-
ergy transition of the W-structure, presumably due to excessive
carrier band-filling at high injection currents. From these device
results, it is evident that an insufficient gain is provided from
the lowest energy type II transition (C1 S-HH1) to reach the
laser threshold. This behavior is similar to what occurs in self-
assembled QD lasers with high cavity losses, where lasing gen-
erally occurs on excited QD states due to the insufficient ground
state gain [64]. In QD lasers, multistack active regions have been
successful in increasing the ground state optical gain. Thus, in
order to avoid the excessive band-filling and provide sufficient
gain in the type II QW active devices to achieve ground-state las-
ing, higher gain per stage (i.e., increased wave function overlap
and reduced nonradiative recombination) and/or an increased
number of active stages must be employed.

V. STRAIN COMPENSATED TYPE II GaNAs/GaAsSb QWS ON
GaAs SUBSTRATES

One of the primary drawbacks of the GalnNAs/GaAsSb type
IT QW design, as discussed in Sections II-IV is that both the
electron well and the hole well are under high compressive
strain, which ultimately limits extending the active volume and
emission wavelength of this design. As a result, GaAsP bar-
riers are required between the GaInNAs/GaAsSb W-stages to
allow for multistage structures, with a potential for achieving
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high ground-state optical gain with minimized carrier band-
filling. An alternate, strain-compensated, dilute nitride struc-
ture (Fig. 9), was proposed in [32], [33], and [65], consisting of
a GaNAs/GaAsSb/GaNAs W-structure.The electrons are con-
fined in the GaNAs electron QWs, sandwiched with large AFE.
of GaAs and GaAsSb. The holes in GaAsSb hole QWs, are
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confined by the large AE,, of GaAsSb and GaNAs. A compre-
hensive design analysis of this structure was presented in [32]
and [33], indicating the feasibility of employing such an ac-
tive region for diode laser emission at 1.55 pum. These design
studies indicate that optical gain values comparable to that of
the GaInNAs/GaAsSb W-structure can be achieved, although
higher N content is required for a given emission wavelength.

We previously reported [66] on the structural and optical
properties of four-period (5.7 nm) GaAsj 978Ny ¢22/(4.3 nm)
GaAs 78Sbg 22 SL structures grown by MOCVD. RT PL emis-
sion at A = 1425 nm was observed, after optimization of the post-
growth thermal annealing. However, because of the relatively
thick layers employed in [66], the electron—hole wave function
overlap will be poor for these SL structures, and thus, would
not be suitable for a diode laser active region. Furthermore, to
maintain the two-dimensional density of states, a W-structure is
advantageous over a SL structure [36]. Employing thinner elec-
tron and hole layers within the W structure necessitates a larger
N content to offset the increased quantum size effects, if long-
wavelength emission is to be achieved. Four-period (2.30 nm)
GaAsj 97Ng 03/(1.82 nm) GaAsy 715Sbg 285 SL structures have
been grown and characterized by HRXRD, TEM, and PL analy-
sis, as shown in Fig. 10. As in the case of the GalnNAs/GaAsSb
type II QW structure, we find thermal annealing significantly
improves the PL intensity with a corresponding emission blue-
shift [Fig. 10(c) and (d)]. The simulated CS1-HHI1 transition at
30 Kis 918 meV (1351 nm), in reasonable agreement with the
experimental results.

Structures with increased N content in the GaNAs elec-
tron wells exhibit longer emission wavelength, as expected.
We-structures similar to that of Fig. 11, except utilizing higher
N content, GaAsy.96Ng o4 €electron wells exhibit RT PL emis-
sion at 1.54 pm, in good agreement with the simulated C1
S-HHI1 transition (1.5 pm). Higher temperature thermal anneal-
ing improves PL intensity, but at the expense of an emission
wavelength blue-shift. Because of the strain compensation in
these GaNAs/GaAsSb QW structures, we expect that many W-
stages can be grown without strain relaxation, ideal for achiev-
ing high optical gain. Thus, these strain compensated active
regions appear promising for implementation into diode laser
structures.

VI. LASER STRUCTURE OPTIMIZATION AND WAVELENGTH
EXTENSION

Structure optimization considerations include: 1) increased
wave function overlap by employing ultrathin layers. However,
this leads to increased quantum size effects and an undesirable
emission wavelength blue-shift; 2) larger number of “W”-stages
to increase the active volume and reduce the threshold carrier
density per stage; 3) increased Sb content in the hole well,
improving the hole confinement and extending emission
wavelength at the expense of wave function overlap; and 4)
reduced nonradiative recombination, possibly achieved through
optimization of the annealing conditions of the dilute nitride
materials.

The impact of Sb content on the hole confinement is illus-
trated in Fig. 12, where the simulated energy band structure is
shown for active regions with different Sb content GaAs; _, Sb,.
hole wells (z = 0.1, x = 0.2, x = 0.3). We see that, to provide
a relatively large AE, > 164 meV, it is necessary to utilize an
Sb content x > 0.2. In addition to providing sufficient hole
confinement, to achieve long-wavelength emission, a high Sb
content is desired in the thin GaAsSb alloy layers. However,
Sb incorporation efficiencies are limited for the growth of thin,
pseudomorphically strained GaAsSb layers on GaAs, due to
“lattice latching” effects [67]. Along with the strain-induced
effects, GaAsSb growth is complicated by the segregation of
Sb atoms on the growth surface [68]. Low growth tempera-
tures and low V/III ratios are used to increase Sb incorporation
in GaAsSb films. The kinetic effects during the MOVPE are
pronounced at lower growth temperatures (~500 °C) due to in-
complete thermal decomposition of commonly used methyl and
hydride precursors. We have performed a study [69] conducted
to determine the effect of Ga and Sb precursor chemistry on
Sb incorporation efficiencies in relaxed and strained GaAsSb
films on GaAs substrates. Ethyl precursors with relatively low
decomposition temperatures produce elemental species on the
growth surface and result into higher Sb incorporation. We have
reported strained GaAs; _, Sb,/GaAs QWs with x ~ 0.48 using
such techniques [68]. Such changes in the growth chemistry
would allow higher Sb content layers, and hence, an extended
range of wavelength and control in type II structures.

With smaller threshold carrier density, achievable using a
larger number (eight to ten) of strain compensated active layer
stages, we expect that the effects of charge separation and
band-filling can be significantly reduced, allowing lasing in the
1.5 pm range from optimized thickness devices. The challenges
are to strain-compensate between each W-stage, so as to decou-
ple the interstage strain and allow for a larger active volume.
Recent experimental studies on type II GalnAs/GaAsSb “W”
laser structures on GaAs substrate also found optical gain was
significantly lower than expected from theory and indicate that
the optimization of QW thickness and an increased number
of “W”-stages are required to improve the optical gain and
to reduce the threshold carrier density [70]. Furthermore, in
GaSb-based type II mid-IR lasers, multistage active regions
(five to eight stages), have been successful at minimizing
emission wavelength blue-shifts, allowing for low threshold
current density long-wavelength emission [37].
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Due to strain limitations, and the necessity to minimize the
N content for high optical quality, extension to wavelengths be-
yond 1.5 pm using a dilute nitride type II QW active region will
require the use of an InP substrate. Mid-IR (2-5 pm) sources
produced on conventional InP substrates could have significant
advantages over existing type I and type II QW lasers that uti-
lize GaSb or InAs substrates. GaSb-based type I GalnAsSb/
AlGaAsSb lasers have realized CW operation at room tem-
perature with wavelengths as long as ~2.96 pm, although
they suffer from weak hole confinement at the longer wave-
lengths [71], [72]. A further improvement of the valence-band
offset can be achieved by the introduction of an AlGalnAsSb
quinternary barrier [73]. Even though good performance has
been achieved, immature GaSb-based growth and processing
technology have hindered the progress of this technology.

InP offers many advantages over GaSb such as better thermal
conductivity, the ability to utilize a buried heterostructure, or
buried grating distributed feedback design, incorporation into

a VCSEL design, and optical pumping capability with high-
efficiency near-IR diode lasers (i.e., A = 980 nm).

The conventional approach of extending the emission wave-
length on an InP substrate, i.e., highly strained GalnAs-active
regions, encounter difficulties for wavelengths >2 pm [74].
GalnAs/GaAsSb type II “W” QW structures on InP substrate
have also been realized by Peter et al., employing a SL ac-
tive region consisting of compressively strained GalnAs and
tensile-strained GaAsSb [75]. The CW room-temperature laser
emission wavelength of these GalnAs/GaAsSb type II devices
has been limited to about 1.7 um, due to the maximum lattice
strain that the structures can accommodate and the relatively
large energy bandgap of the GalnAs employed.

Previously, we reported a design study of a dilute nitride
In(Ga)AsN/GaAsSb type II QW structure on an InP substrate
for achieving 2~5 pm emission [34]. Although the growth of
these materials are quite challenging because of the inhibition of
N incorporation into high In content GalnAs alloys when using
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MOCVD growth [49]. An alternate type II QW design consist-
ing of GaAsSbN/GaAsSb on InP was proposed [35], eliminat-
ing the need for incorporation of nitrogen into high In content
GalnAs. The use of GaAsSbN electron wells should allow for
increased N-incorporation over previous designs [34] due to
the elimination of indium in the material. While the growth of
GaAsSbN compounds have been reported previously on GaAs
substrates [76], little is known concerning the growth and prop-
erties of strained GaAsSbN QWs on InP. A design analysis
of a strain-compensated structure (tensile-strained GaAsSbN

electron wells and a compressively strained GaAsSb hole well)
indicates that emission is possible in the 2-3.5 pm wavelength
range [35]. Preliminary experimental studies on the growth of
strained GaAsSb/InP and the incorporation of N into GaAsSb
QWs on InP was presented in [77]-[79]. A significant improve-
ment in the optical quality of the strained GaAs; _,_.Sb,N_/InP
is obtained after postgrowth high-temperature thermal anneal-
ing [80]. Unlike other dilute nitride alloys, there was no signifi-
cant annealing-induced blue-shift of the optical transitions in the
GaAsSbN/InP MQWs, which confirms the theoretical expecta-
tion that a change in the nearest neighbor configuration nitro-
gen atoms has negligible effect on bandgap of GaAsSbN [81].
Growth optimization of these materials in the type II QW
heterostructures could lead to mid-IR sources based on well-
established InP technology.

VII. CONCLUSION

GalnNAs/GaAsSb and GaNAs/GaAsSb dilute nitride type 11
QWs have been grown by MOCVD and characterized through
PL and EL measurements. RT PL measurements indicate that
A ~ 1.5 ym can be achieved, in good agreement with theory.
Thermal annealing results in improved PL intensity, although
at the expense of a significant emission wavelength blue-shift.
Given the material strain limitation, design studies suggest that
a dilute nitride type II QW design is a promising candidate to
achieve 1.5 pym laser emission on GaAs substrates and >2 pym
laser emission on InP substrates, provided nonradiative recom-
bination can be minimized through material optimization. Pre-
liminary data on the incorporation of two- and three-stage dilute
nitride “W”-active regions into diode lasers reveal a shorter las-
ing wavelength of ~1.1-1.2 pm, as a result of transitions from
higher energy states in addition to the wavelength blue-shift in-
duced by charge separation within the active region. A design
incorporating an increased number of stages is expected to lead
to higher optical gain, required to achieve ground state lasing
and minimize the emission wavelength blue-shift due to charge
separation in the type 11 QW.
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