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We have used both 10-band and 8-ban@ Hamiltonian to investigate the maximum TE-mode
optical gain for the triple quantum wells with JBGa, gsASo 9sNo.015 @S the active layers and
barriers comprised of two unstrained GaAs layers and one tensile-straineq §&F2Ag layer. The

results were compared to a similar structure without the GaAsP layer and were discovered that the
presence of the GaAsP barrier reduced the carrier density at threshold condition. However, the
characteristics of the optical gain versus radiative current density for both structures are very similar.
We also found the conduction band energy dispersion curves calculated by the 8-band model are
flatter than the 10-band model due to the larger InGaAsN effective mass used. The transparent
carrier density of the 10-band model is smaller than that of the 8-band model. The radiative
recombination coefficienB calculated by the two models varies from 330! cm?/s for the

8-band model to 8.8 107! cm?®/s for the 10-band model. Usingj,,=n,gl(AN+BN2+CNd), the
calculatedJy, of 558 A/cnt agrees very well with the experimentally observed threshold current
density of a 10< 1600 um? broad-area laser. @004 American Institute of Physics
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Over the past few years, the InGaAsN-based quanturts about 89 mA, which corresponds td;, of about
wells (QWSs) have received great attention. While the prom-556 A/cn?. The lasing wavelength is 1295 nm as measured
ising potential of this material to replace InGaAsP/InP QWsby a spectrometer with Ge detector cooled down to —20°C.
as the conventional laser source in telecommunication waghe sample has been characterized extensively and reported
initially hindered by the high threshold current observed inelsewheré. Here, we intend to address some aspect of the
early grown samples, the recent effort to improve the threshlow threshold current density achieved by this structure us-
old current by adding other 11I-V compounds into the barriering detailed calculation based on thep model.
has proved to be a more challenging task. Thus far, Tahsu We have previously investigated the optical gain of
al. has been very successful in reducing the threshold currehiGaAsN/GaAsN QWs by using a>66 k-p model® To
densityJ,, to 390 A/cn? using the direct barriers of GaAsP. accurately simulate the energy dispersion curves of InGaAsN
However, there is still no attempt of using it in a symmetri- Material, a 10-band-p model;’ which incorporates the
cally structured InGaAsN/GaAs/GaAsP multiple quantumband-anticrossingBAC) (Ref. 5 model into the 8-bané-p
wells (MQW). In this paper, we used such structure to invesmodel? was developed by Choulist al. Recently, the BAC
tigate the possibility of achieving low threshold current den-model has been employed to explain the modification to
sity and investigate the difference between the optical propband-gap energy, effective mas§, and pressure-induced

erties calculated by both 8-band and 10-bé&np models. shifting of conduction band edgevhen nitrogen atoms are
Instead of a single GaAs layer as the barrier, our struc-
ture used two unstrained GaAs layers and one GaAsP laye GaAs 3Py 15

to form a combined barrier as shown in Fig. 1. This structure
is believed to have a higher confinement potential than the
single GaAs barrier due to the higher band-gap energy ofy,
GaAsP and is supposed to reduce the carrier leakage frorg;
the quantum well. The width of the active layers is 64 A and
the barrier width is 220 A in totald;=70 A, d,=80 A). A
sample with such structure was grown by metal organic
chemical vapor deposition. Subsequently, ridge laser diode:
were fabricated using pulse anodic oxidation technique. In
Fig. 2, we have plotted the measured output power versusG. 1. Schematic band diagram for the, 4§5a 65°So.9sdNo.o1s Multiple
njection current characterisic_for the uncoated 108D YELS W e o e St S
X 1600 um* broad-area laser operated in Com'nuous'wa\/%arriers, respectivelyl. is the thickness of the compressive strained active
(CW) mode. As can be seen, the threshold injection currentyer.
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added into IpGa_,As to form InGa_,As; N, alloys. The
interaction of localized N-induced resonant states with the
extended states of the,[Ba_,As conduction band has been
cited as the main reason to cause the significant lowering of
conduction band edge in IlI-N-V semiconductor com-
pounds. However, unlike the 10-banki-p model, the band-
gap lowering and enhancement of the electron effective mass
of InGaAsN (Ref. 9 must be specified explicitly as input to
the 8-bandk-p Hamiltonian. The Hamiltonian in Ref. 6 is
modified to take into consideration the additional barrier po-
tential and tensile strain in the GaAsP barrier. The strained
conduction band offseQc¢ for the InGa_,As; \N,/GaAs
guantum well was determined from that ofGg, _,As/GaAs
of same indium composition with the assumption that the
unstrained valence band edge of theQg _,As/GaAs and
In,Ga,,As; \N,/GaAs are the same. TheQ. for
GaAs_,P,/GaAs was interpolated from the experimental
values reported by Zhanet al*° All the other band param-
eters were collected from the compilation by Vurgaftnein
a|_11 FIG. 4. (a) Maximum optical gain of the TE-mode as a function of carrier
The energy dispersion curves for conduction and vqlenc%ﬁé‘:'gébgo'fzgﬁct't‘ﬁ éiué;esnrfe%eﬁg Zfei;‘rigfrtl'ﬂug carrier density. Solid
subbands in the direction ¢L00] and [110] are shown in
Fig. 3. As can be observed, the conduction band-energy dis-
persion curves of the 8-band model are flatter than those afhown to be around 40 to 50 mé¥/which is just the value
the 10-band model due to the higher electron effective maséat is required to increase the calculated transition wave-
of 0.0987n, used in the calculatiohAlso in good agreement length to 1.30um.
with the assumption of BAC, we observe only a small dif-  We have also plotted the maximum TE-mode optical
ference between the valence band energy dispersion curvg8in obtained at different carrier density for both 10-band
calculated by both models. The calculated transition waveand 8-band models in Fig.(@ for both structure with or
length is 1297 nm(956 meVj for the 8-band model and without GaAsP barriers. For simplicity, we will refer to the
1243 nm (997 meV} for the 10-band model. While the structure with GaAs/GaAsP/GaAs barrier as_strucmzmd
heavier effective mass in the 8-band model proved to be H1€ Other as structur. The transparency carrier densitl;
better fit for the experimentally observed lasing wavelengttPPt@ined by the 10-band is much lower than the value pre-
at 1295 nm; however, the separation between the first twg'(:te(j by the 8-band model, sinég is directly related to
electron energy levels are greatly reduced as compared to
those computed by the 10-band model. The net effect is a 1.6
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FIG. 2. CW light output power versus injection current measured at roomFIG. 3. The in-plane energy dispersion curves of thgdBa 7Sy 989N0.015
temperature (RT) for a 10x1600um? ridge waveguide quantum wells with GaAs/GafgP, 1s/ GaAs.(a) and(b) are the conduc-

INg 3:Gay 6570 08dN0.015 triple quantum wells. The inset shows the lasing tion and valence subbands, respectively. Solid line is the result calculated
spectrum of the MQW at an injection current of 150 mA. using 8-bandk-p model, dashed line is that of the 10-band model.
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the curvature of the energy dispersion of the conduction band=2.95x 10° 1/s andC=4x 1072° cm®/s from Ref. 13 and

as observed in Fig. 3. However, it is interesting to note thabur calculated B=8.0x10cm?/s and Ny=2.45
when compared to the GaAs barrier, the structure withx 10'® cm ™3, the calculated),,=557.7 A/cn? agrees very
GaAsP in the barrier actually delivers higher TE-mode opti-well with the experimental value. From the above calcula-
cal gain at given carrier density. This is related to the in-tion, we would like to attribute the reduction in monomo-
crease in the confinement potential which not only increasegcular recombination coefficient to the better crystal quality
the separation between the electron energy levels but also thgd the improved postgrowth preparation of our sample.
separation between the quasi—Fermi-energy levels in the copjowever, the exact reduction in monomolecular recombina-
duction and valence bands at fixed carrier density. Moreovegijon, relies on the crystal quality and process, and is beyond
as observed in Fig.(8), the radiative current densify,q for  he scope of this discussion.

structureA with combined-barrier is slightly higher than the In conclusion, we have calculated the optical properties

quantum wells with GaAs barriers alone. The increase in th%f the InGaAsN quantum well with both GaAs barrier and
barrier potential by the GaAsP layer has very Iitt!e effect ONGaAs/GaAsP/GaAs barrier and found that the latter struc-
tr;etground sta'ée enbergy b(;thhas ter:ev:_tf?d the hlg]ht\eﬂr exc't(?ﬂre resulted in smaller threshold carrier density. Moreover,
Stales as can be ODSEIVEr from ne dillerence DEWREN g 50 jated by the 10-barid p model is almost double that
for structureA and B, which increased progressively with calculated by 8-banii-p model. We have also observed that

higher carrier density. The higher maximum optical gain cal-

culated by the 8-band model at larger carrier density is atthe transparency carier densiy, calculated by 10-band

tributed to the larger ratio of the InGaAsN electron effectivemOd('}I is generally smaller than that computed by the 8-band

mass over the heavy hole effective mass. From our calcula[poile_I dl:]e tg tt)he (Ijarge(; eIIecr:_ror? effectkl)ve mas_?_ Ocl; InGIa_lAslN
tions, we expect that structureachieves the threshold con- US€d In the 8-band model which must be specified explicitly.
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