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Abstract—tong wavelength GalnNAsSb-SQW lasers and surface emitting laser (VCSEL) on GaAs substrates that it
GalnAsSb-SQW lasers that include a small amount of Sb can be grown monolithically on a GaAs—AlGaAs DBR mirror
were successfully grown by gas-source molecular beam epitaxyyith high reflectivity and high thermal conductivity, and it can

GSMBE). We confirmed that Sb reacts in a highly strained -
(GalnAs—)GaAs system and GalnNAs—GaAs systeng ”ze a surfac- Utilize the mature technology of 850—-980-nm VCSELSs such as

tant, which increases the critical thickness at which the growth AlAs selective oxidation [16].
mode changes from two-dimensional (2-D) growth to three-di-  However, most published results referred to broad area laser
mentional (3-D) growth. The lasers were processed into ridge characteristics with respect to GalnNAs and highly strained

lasers. The GalnNAsSb lasers oscillated under continuous-wave 5|nAs QW lasers and there were few results on narrow stripe
(CW) operation at 1.258:m at room temperature. The low CW

threshold current of 12.4 mA and high characteristic temperature
(7o) of 157 K were obtained for GalnNAsSb lasers, which is the
best result for GalnNAs-based narrow stripe lasers. Further, the
GalnNAsSbD laser oscillated under CW conditions over 100C. On
the other hand, GalnAsSb lasers oscillated under CW operation
at 1.20 zm at room temperature. The low CW threshold current
of 6.3 mA and high characteristic temperature () of 256 K were
obtained for GalnAsSb lasers, which is also the best result for
1.2um-range highly strained GalnAs-based narrow stripe lasers.
We can say that GalInNAsSDb lasers are very promising material for
a realizing pertier-free access network. Further, the differential
gain of GalnNAs-based SQW lasers was estimated for the first
time. GalnNAsSb-SQW lasers have the extremely large differ-
ential gain of 1.06x 1015 cm? in spite of the single-QW lasers;
therefore, GalnNAsSb lasers are also suitable for high-speed
lasers in the long wavelength region.

Index Terms—Communication systems, epitaxial growth,
GalnNAs, highly strained, quantum-well lasers, ridge laser, Sb,
surfactant.

|. INTRODUCTION
ONG WAVELENGTH lasers emitting at 1:21.3 pm

lasers so far. The lardg) (148-204 K) were reported on narrow
stripe GalnNAs lasers [4], but the threshold curreiitd were
very high (75-500 mA) [2], [4]. Recently, GalnNAs lasers with
low threshold current at room temperatud@’{ = 11 mA)
were reported [6], but this laser has the relatively @y of
70-80 K [6].

To obtain the 1.3:m-GalnNAs lasers with the good crys-
talline quality, 1.2pm-range GalnAs QF lasers that have the
strong photoluminescence intensity have to be grown because
nitride makes the photoluminescence intensity poor.

A few of 1.2-um-range GalnAs QF lasers were reported by
MOCVD growth [3], [10]-[12]. Although the photolumines-
cence up to 1.224m were reported [17], 1.2m-range GalnAs
QF lasers have not been reported by MBE growth. GalnAs QF
lasers grown by MBE were only limited to around 1.Lfh
[18] because the longer migration length in MBE-growth is apt
to cause the growth of QD in a highly strained GalnAs—GaAs
system [14], [15]. The QF with a higher indium composition
would be realized with good crystalline quality by using a high
growth rate, a low growth temperature, a high V/III pressure
ratio, and a surfactant [19]. With respect to surfactants, only Te

L grown on GaAs substrates have been attracting muefs been reported so far as the surfactant for the GalnAs—-GaAs
interest. GalnNAs [1]-[9], GalnAs quantum film (QF) [3],system [20]. On the other hand, Sb is reported as a surfactant in
[10]-[12], GaAsSb [13], and InAs quantum dots (QD) [14]5—C€ system and the GalnNAs system [8].

[15] have been reported to realize this wavelength on Gaagln this paper, we mvestlgated_ highly strained GalnAs
substrates. Among the candidates, the large conduction b% gnd GalnNAs QF lasers that include a small. amount of
offset can be realized for GalnNAs and highly strained Galn I'ke. a surchtant on the GaAs substrates to Improve the
QF, which leads to the strong electron confinement in the Weg ystalline-quality by gas-source molecular-beam epitaxy

. g SMBE) growth; we studied the performance of GalnAsSb
and leads to the high characteristic temperatiii@. (The large : . X
Ty of 127-274 K [1], [4], [7], [10], which are much Iargerand GalnNAsSb-SQW ridge lasers. In Section Il, we discuss

than the conventional long-wavelenath GalnAsP—InP s Stethe effect of Sb on the photoluminescence characteristics of
9 g YS®ainAsSb and GalnNAsSb SQW. The lasing wavelength of

have been reported in these materials. Therefore, a peltier'féeglnAsSb QF lasers was increased up to 148510 keep
system with low cost for access network can be realized pr;( :

. . : e low threshold current density of as low as 280 A7dati],
using GalnNAs or highly strained GalnAs QF Iasers._ Furth Which is one of the lowest ever reported for L@ range
there are the advantages for the long-wavelength vertical cavi¥nAs-based QF lasers. In Section IlI, we fabricated ridge
lasers and extracted the basic laser parameters such as gain co-
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(Ith = 6.3 mA at 20°C, T, = 256 K). Further, the differential S T 1.25
gain of GalnNAs-based SQW lasers was estimated for the first [ | 3
time. The extremely large differential gain of 1:060~1° cn? 25 | ! ]
was estimated in spite of the single-QW lasers. ! 4 E
- [ | —@—PL intensityl / 3
3 2k T / 3 =
Il. GROWTH OF SQW LASERS AND EVALUATION OF BASIC S B vavelength (exp.) ) / 3 %:
MATERIAL QUALITY % s -o— wavelength(cal.) " ,F e I 1228
A. Growth Conditions of GalnAsSh—SQW 3 Yl ] <
First of all, we studied 1.2dm-range highly strained E 1 F _ » ) z
Ga&.61In0.30As,Sb_,-GaAs-SQW lasers on n-(100) just o N : ' 3
GaAs substrates by GSMBE in which group V was supplied os L -— B -‘ 3
by AsHs; and PH, group Il was supplied by metal In and Ga, [ 3
and Sb was supplied by solid source. The lasers consisted of n [
p-GalnP cladding, a highly strained SQW active layer (7.3 -nm 20.3 — '1"(;.7 —= 1(;6 — 103 15

thick), and 130-nm-thick GaAs SCH layers located on both
sides of SQW layer.

we Cal?wated the critical th-lckne-ss.usmg Matth_eyvs a ig. 1. PL intensity and PL wavelength against Sb flux for GalnAsSb—-GaAs
Blakeslee's formula [22] against indium composition isQw, The calculated wavelength where the incorporation rate of Sh is identical
GalnAs film on GaAs substrates. We designed the compositiorthat of GaAsSb was also shown.
of In in GalnAs film as 39% to increase the wavelength. As
Gay ¢11ng.30As—GaAs QF has an extremely high compressive 10
strain of 2.8%, the calculated critical thickness was only 4 nm.
However, we set the thickness of QF to 7.3 nm by taking into

Flux of Sb (torr)

account the increasing wavelength. The low growth temper- sl GaAs sb /GaAs ]
ature in GSMBE can accommodate the thick QW exceeding I Ty oy T
the critical thickness, and adding Sb like a surfactant in highly | G.R.=2.1um/h

strained material can help exceeding the critical thickness. 5 6 .
The growth temperature of the active and cladding layers was < [ ]
set to 440°C and 460°C, respectively; the pressure of AgH I ]
controlled by baratron was set to<20 ~° torr and the growth 4 7
rate of the well layer which is determined by the total flux of [ ]

group Il was set to 2.Lm/h. By adding Sb during the growth

>

Sb

of the well layer, we investigated the photoluminescence (PL)
characteristics’ dependence on the flux of Sh. Fig. 1 shows
PL intensity and PL wavelength against the flux of Sb. From oM

this figure, we can see that Sb is very effective to improve the 0 1 2 3 4 5 6
crystalline quality by prohibiting the three-dimensional (3-D)
growth like a surfactant in the highly strained GalnAs—GaAs
QF and that PL intensity increases most efficiently with th
Sb flux of 2< 1077 torr. The PL intensity of Ggg1Ing.39ASSb
with Sb flux of 2x10~7 torr (A = 1.17 pm) is about one-fourth
as strong as that of GasIng.35As QF (\ = 1.12 um). The bulk energy gap of G#n,_,As,Sb, _,, without strain ef-

To study the incorporation rate of Sb into the film, we greviect can be obtained from these two materials by Vegard'’s rule
GaAsSb, whose growth rates, AgHressure, and growth tem-as follows:
perature, were set to the same condition as the GalnAsSb well
layer. Fig. 2 shows the relationship between Sh composition de- E,(GayIn;_,As,Sh_,)
termined by X-ray diffraction on GaAsSb film and the flux of — E,{(GaAs,Sbi_,).(INAs,Sb_,)1_»}
Sh. Sb was incorporated into the film with the linearity up to the Y Yo0-y)a y=oHl—y/l—z

Flux of Sb (x1 O'Gtorr)

Igig. 2. Sb composition against Sb flux in GaAsSb on GaAs.

5x107¢ torr. The calculated wavelength of GalnAsSb SQW, =zE,(GaAsgShi_y) + (1 — z)E,(InAs,Sh )
where the incorporation rate of Sb is assumed to be identical = 2(0.726 — 0.502y + 1.2y%)
to that of GaAsSh, was also shown in Fig. 1. Here, the bulk +(1 - 2)(0.18 — 0.41y —|—0.58y2). 3)

energy gap of GaAsSSh,_, [23] and the bulk energy gap of
InAs, Shy ., [23] without strain effect were reported to have thehe conduction band offset was assumed taie, = 0.7AE,
relationship at room temperature as follows: in the calculation. The calculated wavelength agrees relatively
well with the experimental data up to an Sb flux of 206 torr.
E,(GaAs,Shi_,) =0.726 — 0.502y + 1.2y (1) with the Sb flux of 210~ torr where PL intensity becomes the
E,(InAs,Sb; ) =0.18 — 0.41y + 0.58°. (2) largest, the composition can be estimated as
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Fig. 3. PLintensity and PL wavelength against Sb flux for GaInNAsSb—Ga/ﬁg. 4. SIMS profile for GalnNAsSb—SQW lasers with Sb flux of 10-¢
SQW. torr, where N signals (C¢ N ion) and Sb signals (C$ Sb ion) were shown.

Gay 611N0.39AS0. 9968 Sy 0032. Therefore, Sb does not react as
a surfactant exactly but reacts as a surfactant-like because pjs wavelength against the flux of Sb. With the Sb

incorporated slightly into the film to improve the crystallingjyx of 1x10-¢ torr, where PL intensity becomes the
quality. Sb seems to lower the surface-free energy and syfmest, the composition of SQW can be estimated as
press the surface diffusion, which leads to prohibiting the i%aJ.Gl|n0.39leyfo.OIGASySb).OIG from the estimation in
land formation [8], [19]. So far, Te has been reportec_i asasify. 2. PL intensity of Gge1INo.soN1_y_0.016AS,Shy 016
facta_nt fqr the GalnAs-GaAs system [20]'. We confirmed fqgith S flux of 1x1076 torr (\ = 1.24 m) is about 1/20
the first time that Sb reacts in a highly strameq GalnAs-GaAs strong as that of GasIng.s;As QF (A = 1.12 um). The
system like a surfactant, which increases the critical th|ckness,\pgve|engths of as-grown Ga:lnos9ASo 084Sy o and
which the growth mode changes from tvyo—dimension'al _(2'%25-grown Gae11N0.30N1—_y—0.016AS, Shy 016 Were 1.19 and
growth to 3-D growth [21]. These are discussed again in thep7 ,m, respectively. We estimated the N composition as
Section 1I-B by observing the transmission electron microscopy449 from the wavelength shift of 80 nm. The FWHM of
(TEM) image. GalnNAsSb—SQW was 23 meV, which is almost the same value
With the Sb flux of 5¢10~ torr, the composition of Sb and ¢ Ga 611N 30ASSb—SQW lasers (19 meV). At the growth
the amount of strain become 8% and 3.41%, respectively. Thghdition without Sh, the FWHM becomes over 200 meV at
reason why the calculated wavelength does not agree with f{38m temperature in this composition, so we can say that Sb is
experimental data with Sb flux of more tha50~° torr and yery effective to suppress the 3-D growth in this material.
why the PL mte_ns_lty dec_reases for this amount of Sb _co_ulq_ berq investigate the crystalline characteristics of Galn-
due .to the misfit dislocation and/or the existence of m'sc'b'“tKlAsSb—SQW laser further, we studied the secondary ion mass
gap in GalnAsSb. spectroscopy (SIMS) and TEM for the film with a variety of
Sb amounts. Fig. 4 shows SIMS for GalnNAsSb-SQW lasers
B. Growth Conditions of GalnNAsSb—SQW with an Sb flux of 210~¢ torr, where N signals (Cs- N
Next, we studied GalnNAsSb—-SQW lasers grown bipn) and Sb signals (C$ Sb ion) were shown. We calculated
GSMBE, where the N source is N radical generated by &pe integral intensity of the SIMS signal from this figure and
RF plasma cell. The lasers consisted of the same structuresk@wed the relationship between the integrated intensity of Sb
GalnAsSb lasers except for composing the well layer with tt@@d N amounts and the flux of Sb in Fig. 5. Sb was incorporated
GalnNAsSb—SQW layer. The growth temperature of the acti#@o the GalnNAsSb—-SQW layer with linearity up to the Sh
|ayer and C|adding |ayer was set to 460, the flux of Ash; flux of 2x10°6 torr, while the amount of N was almost a
controlled by baratron was set tocQ0~? torr, the growth rate constant value.
of the well layer which is determined by the total flux of group Fig. 6 shows TEM images for GalnNAsSb-SQW lasers with
[l was set to 2.3um/h, and the flow rate of Nwas fixed at 0.05 Sb fluxes of 2x10~7 and 1x 10~ torr, respectively. The SQW
ccm. To recover the crystalline quality of the GalnNAsSb layewith an Sb flux of 2<10~7 torr shows 3-D growth; however,
the lasers were annealed after the growth at®5@r 10 min  the SQW with Sb flux of x107% torr shows 2-D growth.
in the atmosphere of Nflow. The lasers were capped by GaAsSb seems to react in a GalnNAs—-GaAs system as well as in
substrates to prevent the phosphorus atoms from decomposinGalnAs—GaAs system like a surfactant, which restricts the
from the surface of epitaxial layer. We investigated the effect &drmation of 3-D growth by suppressing the surface diffusions,
Shb on the PL characteristics. Fig. 3 shows the PL intensity am¢hich are caused by lowering the surface-free energy [8], [19].
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Fig. 5. The integrated intensity of Sb and N in a SIMS profile against the fluxig. 7. The effect of annealing on the PL intensities and PL wavelength for
of Sh. GalnNAsSbh-SQW lasers, where N composition was decreased to 0.33%.
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Fig. 6. TEM images for GalnNAsSh—SQW lasers with Sb flux of (&)l®~"
torr and (b) X 10—° torr, respectively. Fig. 8. The lasing spectrum for the broad contact lasers with gf0@avity
for (a) a GalnAsSb—-SQW laser and (b) a GalInNAsSb—-SQW laser.
PL intensities decrease with the Sb flux of more thari@—¢
torr. The reason why the PL intensity decreases for this amola{ues among the reported results for u-range GalnAs
of Sb could be due to the defects caused by increasing the str&dfr.lasers [3], [11], [12] and 1.25-1/@m-range GalnNA lasers
Next, we studied the effect of annealing on the PL charaldl-[9]. Jth can be expressed as follows [24]:

teristics for GalnNAsSb-SQW lasers, where the N composition 1 1

was decreased to 0.33% by decreasing the N radical, that is, N.J o + ﬁln <R R )

Gay.611N0.39N0.0033AS0.9807 Skh.016-SQW as shown in Fig. 7. Jth = = exp Cnbia 4)

The increase of PL intensity and the blue shift by annealing NuwwGo

were observed as reported in other papers. The annealing tem-

perature of 550 C almost recovered the quality of GalnNAsSkyhere

lasers and the wavelength of the lasers annealed atG5@as Jir transparent current density;

1.23sm and the FWHM of the PL spectrum was as narrow as N, number of the well;

23 meV. 7 spontaneous emission efficiency at the threshold;
. o internal loss;

C. The Evaluation of Broad Contact Lasers I cavity length:

The threshold current density,,) and the lasing wavelength Ry reflectivity of the front facet;
were evaluated using broad area lasers fof.§sB00.39AS0.9968 R, reflectivity of the rear facet;
Sh)_oogg and G@,GlIn0_39N0_0033A50_9807Sh)_016 SQW lasers. S'w optical confinement factor per well;
The lasing spectrums were 1.185 and 1.248, respectively, G, gain coefficient.
for the lasers with a 60@m cavity at pulse conditions as shown The refractive indexs,.) for 1.185- and 1.24@+mn-light can
in Fig. 8(a) and (b). The lasing wavelength is the longest valbe calculated as 3.47 and 3.46 for GaAs and 3.18 and 3.17 for
ever reported for an MBE-grown GalnAs—GaAs—QF-basédglalnP. So the optical confinement factor can be obtained by
system to our best knowledge [18]. Fig. 9 shayitd against solving the Maxwell’'s equation as 1.99% for GalnAsSb lasers
inverse cavity lengthJth for the lasers with a 90@:im cavity and 1.98% for GalnNAsSb lasers, respectively, assuming that
was as low as 280 A/ctrfor GalnAsSh lasers and 700 A/ém =, for GalnAsSb and GalnNAsSbh is 3.52. Gain coefficient
for GalnNAsSh lasers, respectively, which are relatively lofor GalnAsSb lasers and GalnNAsSb lasers assuming the



SHIMIZU et al.: HIGH-PERFORMANCE CW 1.2¢sm GalnNAsSb—-SQW RIDGE LASERS 359

A L R B RN 3N S — S — S — .
Broad contact laser 25°C, Pulsed
=100%
1000 ; i ° N
[ G =1700cm [ A O
¢ 2F a=7cm “
NA - | E
£ )
L £
< - [
~ -1 L [ A
< G0=1450cm s N
- n ' 15 F . ]
® Jth(GalnNAsSbh)| | O GalnNAsSb
B Jth(GalnAsSb) 4 GalnAsSb
1 M | IR T R T T VAT A E IR S T T R T T A
L e re—— 0 500 1000 1500
0 10 20 30 40
i Cavity length (um)
1/L {cm )

Fig. 10. The inverse external differential quantum efficiency against the cavity
Fig.9. Jth againstinverse cavity length for broad contact lasers of GalnAs$gngth for GalnAsSb and GalnNAsSh-SQW lasers.
and GalnNAsSb-SQW lasers.

the theoretical curves as the function of facet reflectivity. The
logarithmic gain can be estimated as 1450~¢nmand 1700 threshold currentl¢h) of the ridge lasers can be expressed as
cm! by fitting the experimental data in Fig. 9%, of the follows [25]:
GalnNAsSb laser is about 1.2 times larger than that of the

GalnAsSb laser, which is probably due to the strong electron o+ 1 1n< 1 )
confinement by the deeper band offset for electrons by adding Ny Jer ‘2L RyR,
h=WL LL+1
N; therefore, GalnNAsSb lasers can expect the laffeas 7 P EwNwGo thbth
compared with GalnAsSb lasers.
)

I1l. L ASING CHARACTERISTICS OFRIDGE LASERS
have fabri dridgel ith whereW is the width at the bottom of the ridges, ahd. +
We have fabricated ridge lasers with a reverse mesa struct 2€is the leakage current, in which and I, are the constant

_The off-ridge was etched by the s_elective wet etching u_singt Slues. We referred to the values Bfand I, reported previ-
mterface between n?InGaP c_Iaddlng and th_e GaAs 0pt_|cal CQﬂJsly in the analysis of 980-nm-InGaAs—AlGaAs—SQW ridge
fmem_ent Iz_iyer by using the SL‘Nn"?‘Sk‘ The mixture solution of lasers [25]. Thel; value was set to the same value as the one
tartaric acid and hydrogen_pero_mde was used to etch the Gar%ﬁorted in the papef{ = 0.78 mA) [25]. I; was determined
layers and thg hydrochloric acid was gsed to etch the Ga'B fitting the experimental threshold currents of the lasers with
layers. The widths at the bottom of the ridge were abouf4#n3 cleaved facetsl{ — 300, 600, 900 um). I, were determined as
for both types of lasers. 1.3x 10~2mA/um for GalnAsSb lasers andx20~2 mA/um
) for GalnNAsSb laserd.th values for GalnAsSb were 12.5, 20,

A. The Evaluation of Threshold Current and Laser Parametess,§ 26 mA for the cavity length of 300, 600, and 90, re-

The internal loss«;) and the internal efficiencyrf) were spectively, by pulse operation at 2&. Ith values for Galn-
evaluated from the cavity length dependency of the externdfAsSb were 25, 35, and 47 mA for the cavity length of 300,
differential quantum efficiency for GalnAsSb and GalnNAsSB00, and 90Q:m, respectively, by pulse operation atZ5. The
lasers as shown in Fig. 10. From Fig. 1Q,and; were esti- minimum/{th of the short cavity laserd(= 200 pm) with high
mated as 7 cm' and 100% for both types of the lasers, /n  reflectivity (HR) coatings on both facets (Sifa—Si; 78%/95%)
can be solved as 150 A/éfor GalnAsSb lasers and 380 A/ém exhibit as low as 6 and 9.5 mA for GalnAsSb lasers and Galn-
for GalnNAsSDb lasers, respectively, by fitting the experimentdlAsSbh lasers, respectively. Here, note that fve for lasers
results in Fig. 9 by substituting; into (4). J;./n of GaInNAsSb  with HR coatings (CL/HR, HR/HR) agrees well with the theo-
lasers is about 2.5 times larger than that of GalnAsSb laseesical curves.
mainly because of the poor spontaneous emission efficiefcy ( The temperature dependence of light output power against
of GalnNAsSb lasers. The further optimization of GalnNAsSimjected current L—I) characteristics was investigated for
QW growth conditions will improve the value af, which re- lasers {. = 300 ;xm, CL/95%) at pulse conditions, as shown in
sults in the further reduction of théth of GalnNAsSb lasers. Fig. 13(a) for GalnAsSb lasers and Fig. 13(b) for GalInNAsSh
The estimated material parameters with respect to GalnAsi@bers. The slope efficiencies at 2& were 0.46 W/A for
and GalnNAsSD lasers were summarized in Table I. GalnAsSb and 0.44 W/A for GalnNAsSb lasers. The maximum

The experimentalt/: for GalnAsSb lasers and GalnNAsShoscillating temperatures were 1485C for GalnAsSb and
lasers were plotted in Figs. 11 and 12, respectively, along witls °C for GalnNAsSb lasers. Fig. 14 shows the temperature
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TABLE |

ESTIMATED LASER PARAMETERS FORGalnAsSb—SQW RSeERS AND GalnNAsSb—SQW hASERS

Device type E, G, (cm™) Jrm (Alem®) o, (cm™) ,
GalnAsSb-SQW 0.0199 1450 7 1
GalnNAsSb-SQW 0.0198 1700 7 1
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SQW lasers

I I
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Fig. 11. [th against cavity length for GalnAsSb—SQW lasers with a parameter
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Fig. 13. The temperature dependence of light—current characteristics for
(@) GalnAsSb lasers and (b) GalnNAsSb lasers under pulsed operation
(L = 300 pm, 30/95%).

parameter of facet reflectivity. The lines are theoretical curves calculated lasers. Fig. 15 shows the temperature dependence of the

(5).

maximum slope efficiencies for these lasers. The decreasing
rate of the maximum slope efficiencies wa$.010 dB/K (at

dependence ofth for these lasers, where we can see th@5-125°C) for GalnAsSb and-0.022 dB/K (at 25-75C) for

the characteristic temperatures are 120 K (at 25-X2bfor

GalnNAsSb lasers. Although the band offset for the electron

GalnAsSb lasers and 111 K (at 25-86) for GalnNAsSb becomes larger by adding N into the well, the temperature
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Fig. 14. The temperature dependence of the threshold currents for GalnAsSb Current (mA)

and GalnNAsSb-SQW lasers under pulsed operafios (300 xm, 30/95%).
Fig. 16. The temperature dependence of light—current characteristics for

GalnNAsSb lasers under CW operatioh & 200 pm, 78/95%). The inset
L e S A B B L B shows lasing spectrum at room temperature.

[ L=300um, 30%/95% ]
- Pulsed ASdmaxe-0.010d8/K and the largely to our best knowledge [5], [6]. Furthermore,

. T the relatively high slope efficiency of 0.22 W/A at 2&, the
(@25-125 C) . . . ..

\ 1 superior decreasing rate of the maximum slope efficiency of

NEp ) —0.014 dB/K (at 25-88C) and the CW oscillating at more than
RS 100°C were obtained. GalnAsSb lasefs+£ 200 pm, 78/95%)

1 were also tested under CW operation. The lasing wavelength
of GalnAsSb laser is 1.2pm at 20°C, and the lasers show
] ASdmax=-0.022dB/K| lower Ith (6.3 mA at 20°C) and highefl}, (256 K at 20—-70C)
(@25-75°C) [26] as compared with GalnNAsSbh lasers, and it is also the
® GalnNAsSb| o best result for the 1.2:m-range highly strained GalnAs-based
O GalnAsSb narrow stripe lasers [10], [26]. From these results, we can say
N that GalnNAsSb QF lasers are very promising material for real-

20 40 60 80 100 120 140 160 izing pertier-free access network.

Further, the relaxation oscillation frequency was mea-
sured from the relative intensity noise (RIN) spectrum for
Fig. 15. The temperature dependence of the slope efficiency for GalnAs%go-um_long, devices with . HR Coat'”gs on . both . facets
and GalnNAsSb—SQW lasers under pulse operatior-(300 2m, 30/95%).  (/8%/95%) in order to estimate the differential gain. The
output power dependence of the RIN spectrum of Galn-

dependence ol.—I curves of GalnNAsSb lasers deteriorate&"Al‘:sbeISva Iase':{;]s is shown '? t';'g' 1|7' i illation f
compared with GalnAsSb lasers. This could be due to the '9. S _OV\{Sth € sclua;e 0 efre axz]lor; ostt:lfalotn _I_rﬁ
poor crystalline of GalnNAsSb lasers; therefore, further influeéncy against the output power from the front tacet. ihe

) h " Fﬁciengy of the relaxation frequ_ency for GalnNAsSh—-SQW
ggl\;] e&iggfgé’gﬁ;@gged by optimizing growth conditions asers is 3.25 GHz/(mWj2, which is comparable to the

reported value of 3.25 GHz/(mWY in 980-nm GalnAs-Al-
GaAs-SQW lasers [27]. The relaxation oscillation frequency
can be described as follows:

(W/A)

max

I

Sd

Temperature (°C)

B. DC Characteristics of Ridge Lasers

The short cavity lasers( = 200 pm) with high reflection
(HR) coatings on both facet®t s/ R,. = 78%/95%) were tested 1 /Solgouy
under CW operation. Fig. 16 shows the temperature dependence Jr= P T—p 6)
of light-current characteristics for GalInNAsSb lasers. The low
Ith of 12.4 mA at 25°C was obtained under CW operationwhere
which is the almost the same value with the best results everS,  photon density in the QW layer;
reported for narrow stripe lasers [6]. The lasing wavelength isT" optical confinement factor;
1.258;:m as shown in the inset of Fig. 16. Lar@g of 157 K go differential gain;
was obtained in the range of 25-8G; therefore, thisisthe best V,;;  group velocity;
result for GalnNAs-based edge emission lasers withtheltéw 7,  photon lifetime.
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Further,7,, can be expressed as follows:

1
— = vyl + am). 9)
Tp

From (6) to (9), we can get the relationship betwggrand P,
as follows:

f2 _ gorvg ; + gy 1+ & —1/2 1-— Rr p
T 472V hy [0 759 Rf 1-— Rf

f.
(10)

The differential gain was determined from the slope in Fig. 18
using (10). The extremely large differential gain of 1-Q8~1°
cm? for 1.26:m-GalnNAsSh—SQW lasers and 826016
cn? for 1.20wm-GalnAsSb—SQW lasers were estimated,
respectively. This is the first report for the differential gain in

Fig. 17.  The output power dependence of RIN spectrum of GalnNAsSb-SQ®5 | nNAs-based lasers and Jufr-range GalnAs-based QF

lasers.

12
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Fig. 18. The square of the relaxation oscillation frequency against out

0 02 04 06 0.8 1 12 1.4

Output power from front facet (mW)

power from the front facet.

lasers to the best of our best knowledge. The differential gain
of GalnNAsSb lasers was enhanced by a factor of 1.28 as
compared with GalnAsSb lasers, which agrees well with the
enhancement of7, by a factor of about 1.20 between these
lasers, which is probably due to the strong electron confinement
by deeper band offset for electrons by adding N. The reported
differential gain in 980 nm InGaAs—AlGaAs—-SQW lasers
was about %¥1071¢ cm? [27]; therefore, the larger differen-
tial gain as compared with 980-nm InGaAs—-AlGaAs—-SQW
lasers is attributed to the deeper band offset for electrons by
increasing indium composition and adding N. The differential
gain of a GalnNAsSb-SQW laser is much larger than that
of long-wavelength compressively strained GalnAsP-4QW
lasers §g = 2.5 x 10716 cn?) [28] or INnASP-3QW lasers
(9o = 1.7 x 10716 cn?) [29] and is still larger than that of
the strain-compensated GalnAsP—16QW lasers (6<tb07 16
cm?) [30].

From these results, we can say that GalInNAsSb lasers are also
suitable for high-speed lasers in the long wavelength region, and
the higher modulation response can be expected by increasing

Fﬁllte number of the well.

IV. CONCLUSION

The relationship betweesy and the output power from the both

facets (otn)

Pionl

can be described as follows:

1 m
1:3+3:—<JL—ﬁw&

Tp \ O +

Py output power from the front facet;
P,.  output power from the rear facet;
o,  Mmirror loss;
hr photon energy;
V' volume of the QW layer.

P; /P, can be described as follows:

Py _1-B (R
 1-R, \| Ry’

=

Long wavelength GalnNAsSb and GalnAsSb—-SQW lasers,
that include the small amount of Sh, were successfully grown
on GaAs substrates by GSMBE. We confirmed that Sb reacts in
a highly strained GalnAs—GaAs system and a GalnNAs—GaAs
system like a surfactant, which increases the critical thickness
at which the growth mode changes from 2-D growth to 3-D
growth. Low CWIth (12.4 mA) with high7; (157 K) and over
100°C oscillation was obtained for 1.26m GalnNAsSb—SQW
ridge lasers and low C\WWtA (6.3 mA) with high7 (256 K) was
obtained for 1.2Q:m GalnAsSb—-SQW ridge lasers. Both types
of lasers are the best results ever reported for GalnNAs-based
edge emission lasers and highly strained GalnAs-based edge
emission lasers with lowth and high7y to the best of our
knowledge. GalnNAsSb—QF lasers are very promising material
for realizing peltier-free access network. Further, we think that
GalnNAsSD lasers are suitable for high-speed lasers in the long
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wavelength region because these lasers have the very large dife]
ferential gain in spite of the single-QW.

(17]
ACKNOWLEDGMENT

The authors would like to thank J. Kikawa for his encour-[1g]
agement through this study. They also acknowledge Assistant
Professor T. Miyamoto and T. Kageyama of Tokyo Institute of[19]
Technology for their kind advice for the N radical cell. Fur-

ther,

we also acknowledge Dr. M. Yokozeki, Dr. S. Yoshida,[20]

Dr. Y. Hiratani, and T. Kurobe for their helpful discussions for

RF-GSMBE growth.

(1]

(2]

(3]

(4]

(3]

(6]

(71

(8]

[9]

[10]

(11]

(12]

[13]

(14]

[15]

[21]

REFERENCES [22]
M. Kondow, S. Nakatsuka, T. Kitatani, Y. Yazawa, and M. Okai, [23]
“Room-temperature pulsed operation of GalnNA's laser diodes with
excellent high-temperature performancéph. J. Appl. Physvol. 35,

pp. 5711-5713, 1996.

K. Nakahara, M. Kondow, T. Kitatani, M. C. Larson, and K. Uomi,
“1.3-um continuous-wave lasing operation in GalnNA's quantum-well
lasers,”IEEE Photon. Technol. Lett., vol. 10, pp. 487—488, 1998.

S. Sato and S. Satoh, “Room-temperature continuous-wave operatioﬁ?S]
of 1.244m GalnNA's lasers grown by metal-organic chemical vapor
deposition,” IEEE J. Select. Topics Quantum Electron., vol. 5, pp.
707-710, 1999.

S. Sato and S. Satoh, “High-temperature characteristic ipcind-ange
highly strained GalnNA's ridge lasers grown by metal-organic chemical
vapor deposition,JEEE Photon. Technol. Lett., vol. 11, pp. 1560-1562,
1999. [27]
B. Borchert, A. Y. Egorov, S. lllek, M. Komainda, and H. Riechert,
“1.29um GalnNA's multiple guantum-well ridge-waveguide laser
diodes with improved performanceElectron. Lett., vol. 35, pp.
2204-2206, 1999.

S. lllek, A. Ultsch, B. Borchert, A. Y. Egorov, and H. Riechert,
“Low threshold lasing operation of narrow stripe oxide-confined
GalnNAs/GaAs multiquantum well lasers at 1.@8,” Electron. Lett.,
vol. 36, pp. 725-726, 2000.

T. Kageyama, T. Miyamoto, S. Makino, N. Nishiyama, F. Koyama, and [29]
K. lga, “High-temperature operation up to 0 of GalnNAs—-GaAs
guantum-well lasers grown by chemical beam epitaigEE Photon.
Technol. Lett., vol. 12, pp. 1012, 2000. [30]
X. Yang, M. J. Jurkovic, J. B. Heroux, and W. I. Wang, “Low threshold
InGaAsN/GaAs single quantum well lasers grown by molecular beam
epitaxy using Sb surfactantElectron. Lett. vol. 35, pp. 1082-1083,

1999.

D. A. Livshits, A. Y. Egorov, and H. Riechert, “8W continuous wave
operation of InGaAsN lasers at L.®),” Electron. Lett., vol. 36, pp.
1381-1382, 2000.

F. Koyama, D. Schlenker, T. Miyamoto, Z. Chen, A. Matsutani, T.

[24]

(26]

(28]

363

K. D. Choquette, K. M. Geib, C. H. Ashby, R. D. Twesten, O. Blum,
H. Q. Hou, D. M. Follstaedt, B. E. Hammons, D. Mathes, and R. Hull,
“Advances in selective wet oxidation of AIGaAs alloy$£EE J. Select.
Topics Quantum Electron., vol. 3, pp. 916-926, 1997.

M. Kudo and T. Mishima, “Improved photoluminescence properties of
highly strained InGaAs/GaAs guantum wells grown by molecular-beam
epitaxy,”J. Appl. Phys.vol. 78, pp. 1685-1688, 1995.

D. E. Mars, D. I. Babic, Y. Kaneko, and Y. L. Chang, “Growth of 118
InGaAsN laser material on GaAs by molecular beam epitakyVac.

Sci. Technol. Bvol. 17, pp. 1272-1275, 1999.

M. Copel, M. C. Reuter, E. Kaxiras, and R. M. Tromp, “Surfactants in
epitaxial growth,"Phys. Reuv. Lett., vol. 63, pp. 632-635, 1989.

N. Grandjean, J. Massies, and V. H. Etgens, “Delayed relaxation by sur-
factant action in highly strained I1I-V semiconductor epitaxial layer,”
Phys. Rev. Lett., vol. 69, pp. 796—-799, 1992.

H. Shimizu, K. Kumada, S. Uchiyama, and A. Kasukawa, [dr2range
GalnAs SQW lasers using Sb as surfactaBtgctron. Lett., vol. 36, pp.
1379-1381, 2000.

J. W. Matthews and A. E. Blakeslee, “Defects in epitaxial multilayers,”
J. Crystal Growth, vol. 27, pp. 118-125, 1974.

O. Madelung,Landolt—Bornstein in Numerical Data and Functional
Relationships in Science and Technology, ser. new series Ill: Springer-
Verlag, 1982, vol. 17 and 22a.

J. S. Osinski, P. Grodzinski, Y. Zou, and P. D. Dapkus, “Threshold cur-
rent analysis of compressive strain (0-1.8%) in low-threshold, long-
wavelength quantum well laserdEBEE J. Quantum Electron., vol. 29,
pp. 1576-1585, 1993.

S. Y. Hu, D. B. Young, A. C. Gossard, and L. A. Coldren, “The effect of
lateral leakege current on the experimental gain/current—density curve
in quantum-well ridge-waveguide laser$ZEE J. Quantum Electron.,
vol. 30, pp. 2245-2250, 1994.

H. Shimizu, K. Kumada, S. Uchiyama, and A. Kasukawa, “High per-
formance CW 1.26m GalnNAsSb-SQW and 1.20n GalnAsSb-SQW
ridge lasers,” Electron. Lett., vol. 36, 2000, to be published.

R. Nagarajan, T. Fukushima, M. Ishikawa, J. E. Bowers, R. S. Geels, and
L. A. Coldren, “ Transport limits in high-speed quantum-well lasers: Ex-
periment and theory[EEE Photon. Technol. Letvol. 4, pp. 121-123,
1992.

Y. Zou, J. S. Osinski, P. Grodzinski, P. D. Dapkus, W. C. Rideout,
W. F. Sharfin, J. Schlafer, and F. D. Crawford, “Experimental study
of Auger recombination, gain, and temperature sensitivity of:5
compressively strained semiconductor laserlfEE J. Quantum
Electron., vol. 29, pp. 1565-1575, 1993.

H. Shimizu, K. Kumada, N. Yamanaka, N. lwai, T. Mukaihara, and A.
Kasukawa, “1.3xm InAsP modulation-doped MQW laserdEEE J.
Quantum Electron., vol. 36, pp. 728-735, 2000.

M. C. Tatham, C. P. Seltzer, S. D. Perrin, and D. M. Cooper, “Frequency
response and differential gain in strained and unstrained InGaAs/In-
GaAsP quantum well lasersElectron. Lett., vol. 27, pp. 1278-1280,
1991.

Sakaguchi, and K. Iga, “Data transmission over single-mode fibétitoshi Shimizuwas bornin Yamanashi Prefecture, Japan, in 1966. He received
by using 1.2¢#m uncooled GalnAs—GaAs laser for Gb/s local aredhe B.S. degree in physical engineering from Tokyo University, Tokyo, Japan,
network,” |IEEE Photon. Technol. Lett., vol. 12, pp. 125-127, 2000. in 1989.

D. Schilenker, T. Miyamoto, Z. Chen, F. Koyama, and K. Iga, “Growth 1n 1989, he joined the Furukawa Electric Co., Ltd., at Yokohama Research and
of highly strained GalnAs/GaAs quantum wells for r@ wavelength Development Laboratories, Yokohama, Japan. He was engaged in research on
lasers,”J. Crystal Growth, vol. 209, pp. 27-36, 2000. quantum-well lasers in GalnAs—AlGaAs, AlGalnAs—InP material systems by
W. J. Choi, P. D. Dapkus, and J. J. Jewell, “L&GaAsP/InGaAs strain molecular-beam epitaxy growth, and the modulation doped quantum-well lasers
compensated single-quantum-well diode laser on GaAs using metal-rInAsP—InP material systems by gas-source molecular-beam epitaxy growth.
ganic chemical vapor depositiodEEE Photon. Technol. Lett., vol. 11, He is currently interested in the highly strained GalnNA's quantum-well lasers
pp. 1572-1574, 1999. and its applications. He holds four U.S. patents.

M. Yamada, T. Anan, K. Tokutome, K. Nishi, A. Gomyo, and S. Sugou, Mr. Shimizu is a member of the Japan Society of Applied Physics.

“Low threshold lasing at 1;8m from GaAsSb quantum wells directly

grown on GaAs substrates,”@onf. Proc. LEOS'980rlando, FL, 1998,

Paper WA3, pp. 149-150.

X. Huang, A. Stintz, C. P. Hains, G. T. Liu, J. Cheng, and K. J. Malloy,

“Efficient high-temperature CW lasing operation of oxide-confined

long-wavelength InAs quantum dot laserEJéctron. Lett., vol. 36, pp. Kouji Kumada was born in Kanagawa Prefecture, Japan, in 1965.

41-42, 2000. He jointed the Furukawa Electric Co., Ltd., Yokohama Research and Devel-
K. Mukai, Y. Nakata, K. Otsubo, M. Sugawara, N. Yokoyama, and Hopment Laboratories, Yokohama, Japan, where he studied the bulk crystal of
Ishikawa, “1.3xm CW lasing of InGaAs—GaAs quantum dots at roonGaAs by liquid encapsulated Czochralski method. His current research inter-
temperature with a threshold current of 8BmAEEE Photon. Technol. ests include long-wavelength strained quantum-well lasers grown by gas-source
Lett., vol. 11, pp. 1205-1207, 1999. molecular-beam epitaxy.



364 IEEE JOURNAL ON SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 7, NO. 2, MARCH/APRIL 2001

Seiji Uchiyana (M'87)was born in Saitama Prefecture, Japan, in 1958. He révkihiko Kasukawa (A'94) was born in 1958. He received the B.S., M.S., and
ceived the B.E., M.E., and Dr.Eng. degrees from Tokyo Institute of Technolodgh.D. degrees in electrical engineering all from Tokyo Institute of Technology,
Japan, in 1981, 1983, and 1986, respectively. Tokyo, Japan, in 1982, 1984, and 1994.

From 1986 to 1992, he was with the Department of Image Science and Engitn 1984, he joined The Furukawa Electric Company, Ltd., Yokohama, Japan.
neering, Chiba University. From 1990 to 1991, he spent one year as a Postdiid-urukawa, he has been engaged in research and development of long-wave-
toral MTS at Crawford Hill Laboratory, AT&T Bell Laboratories, Holmdel, NJ.length semiconductor lasers. From 1990 to 1991, he spent one year at Bell Com-
In 1992, he joined The Furukawa Electric Co., Ltd., Yokohama, Japan, wheneinication Research (Bellcore) Inc., Red Bank, NJ, as a Visiting Researcher.
he has been engaged in the research and development of VCSEL. After coming back to Furukawa Electric, Yokohama R&D Laboratories, he con-

Dr. Uchiyama is a member of Institute of Electronics, Information and Conaucted the development of long-wavelength strained-layer quantum-well lasers.
munication Engineers (IEICE) of Japan, the Japan Society of Applied Physitrs;1994, he received the Technology award from Fiber Optic Products News for
and the Optical Society of Japan. high-power 1480-nm pumping laser modules for EDFA. His research includes

the first room-temperature pulsed operation of Ar&-VCSELSs in 1989, first
demonstration of low-threshold-current density 1.3- and In5-GRIN-SCH
quantum-well lasers in 1989, the novel INASP—InP lasers in 1992. He is an au-
thor and co-author of 90 technical papers and conference papers, and co-author
of one book chapter. He holds three U.S. patents. His current research interests
include high-power pumps (980 and 1480 nm) ultralow-threshold lasers, optical
devices for access networks, and epitaxial growth.

Dr. Kasukawa is a member of the Japanese Society of Applied Physics
(JSAP) and the Institute of Electronics, Information and Communication
Engineers (IEICE) of Japan.





