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Abstract—Characteristic temperature coefficients of the InP-substrate lasers are 204 meV [2], resulting in severe carrier
threshold current (Tp) and the external differential quantum  |eakage out of the quantum wells (QWSs) [3] as well as increased
efficiency (1) are studied as simple functions of the temperature Auger-assisted carrier leakage [4]. These factors lead to a high
dependence of the physical parameters of the semiconductor .
lasers. Simple expressions of characteristics temperature coeffi- sensitivity of the.' !aser performgnce to temperature Qhanges and,
cients of the threshold current (I.,) and the external differential S aresult, additional electronics are needed to maintain the op-
quantum efficiency (T:) are expressed as functions as physical erational temperature of the lasers. This additional temperature
parameters and their temperature dependencies. The parameters controller will lead to a significantincrease in the laser packaging
studied here include the threshold ¢:) and transparency (Jix) st [3]. Contraryto InP-based lasers, very large conduction band
current density, the carrier injection efficiency (7:,;) and external ff 471 meV) [23 b hieved f Bremitti W
(nq) differential quantum efficiency, the internal loss («;), and o S_et( ! meV) [ ]?an e achieved fora L.Bremitting Q
the material gain parameter (g,). The temperature analysis is active with GaAs confinementlayers. The large band offset helps
performed on low-threshold current density (A\ = 1.17-1.19um) suppress carrier leakage out of the QW to the confining region [1]
InGaAs—-GaAsP-GaAs quantum-well lasers, although it is ap- gndalso the Auger-assisted carrier leakage [4].
plicable'to lasers with other active-layer materials. Anqutical Another major factor motivating the development of L8+
expressions forT, and Ty are shown to accurately predict the GaAs-based diode lasers is the ease in forming high-quality

cavity length dependence of these parameters for the InGaAs =]
active lasers. (Al)GaAs—AlAs distributed Bragg reflectors (DBRs) on GaAs

Index Terms—Diode lasers, epitaxial growth, long-wavelength substrates [5]. Although many attractive alternative approaches

lasers, quantum-well lasers, semiconductor growth, semiconductor have also been proposed on InP, e.g., by wafer bonding [6],
lasers, strain, temperature analysis. metamorphic DBRs [7], and Sb-based DBRs [8], results have

been inferior to typical GaAs-based VCSELs.
An attractive approach for achieving long-wavelength laser
emission on GaAs substrates is the use of highly strained InGaAs
HE EXPLOSION in the Internet and data transmissiof8]-[13] or InGaAsN [1], [14]-[19] QWs. The use of highly
has led to an increased demand for higher bandwiddfrained InGaAs QW active lasers to extend the emission wave-
in optical fiber communications. The demand for highgength to 1.2Q.m was pioneered by Saé al.[10] and Iga and
bandwidth and longer transmission distance has led the purgilyamaet al.[11], [12]. Recently, GaAsP tensile barriers have
of the single-mode 1.3m edge-emitters- or vertical-cavity also been implemented to strain-compensate the InGaAs QW
surface-emitting lasers (VCSELs)-based systems, operatinggf [13]. Contrary to 1.3zm lasers on InP, recent studies on
a modulation bandwidth of 10 Gb/s, for the metro applicatioecombination mechanismsin InGaAsN—GaAs lasers, airh,3
using single-mode fiber, which will allow data transmission upave shown that Auger recombination is not the dominant recom-
to a distance of 20—30 km [1]. bination processs in this material system [20].

In order to realize low-cost 1.3m-based optical communi-  We describe here optimization of highly strained InGaAs
cations systems, high-performance (i.e., low-temperature-semgaterial optical quality and laser structure design which
tive) diode lasers (either in-plane or VCSELs) are needed. Hos- expected to lead to significantly higher performance
ever, conventional InP-based long-wavelength diode lasersfrain MOCVD grown devices, including the compressively
A =1.3pm, are inherently highly temperature sensitive [3], dustrained 1g 3;Ga) ¢sAs QW (laser A), a strain-compen-
to strong Auger recombination, large carrier leakage from tRated 1 35Gay c3AS—GaAs.ssPo15 QW (laser B), and the
active layer, and intervalence band absorption. Typical valugain-compensated JnGa, sAs—GaAs.s;Py.15; QW (laser
for the conduction-band offset for 1,an InGaAsP-active on C). A comprehensive temperature analysis of the InGaAs QW

devices is performed based on the temperature dependencies of
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[15]. The use of _high In content (approximately 35%) allows AN 11 im n-Aly g5Gag 1sAs
InGaAsN QW with low N content (about 0.5%) to reach emis-

sion wavelengths of 1,3m with improved optical luminescence 3000 A
over that of the high N content alloys. . 1." -

1.1-pm p-cladding

Extending the emission wavelength of the InGaAs QW diode \,
laser grown by MOCVD relies on two techniques. The first \ R4
technique to extend the emission wavelength is by growing the == \ 100 A GaAs 3Py s
InGaAs active region at a reduced temperature in the rang: 3000 A GaAs tensile barriers
510 °C-550 °C. Previous studies have shown improvement confining layers
in the optical luminescence of the materials grown at reducec 2659 A InGaP and In,Ga; As QW

temperature due to a reduction in dislocation density in the ma: 20 A GaAsg ¢7Pg 3
terials [9], [13], [21]. By growing the InGaAs QW at a reduced buffer layers
temperature, the surface energy during the growth is lowered
compared to the energy to form dislocations, which will iffig. 1. Schematic energy bandgap diagram for the basic structure of the
turn increase the effective critical thickness of the materigf@AsP strain-compensated highly strainedGay —.As QW edge-emitting
[22], [23]. The temperature-dependent critical thickness h&s®"™
also been shown theoretically [22] and experimentally [23],
with the lower substrate temperature resulting in larger criticede group V sources, AsH100%) and PH (100%) are used.
thickness. Other techniques to calculate the critical thickne3gute (2% in Hydrogen) Sill and dielthylzinc (DEZn) are
have also been proposed by Schlerdteal. [24]. Based on the used for the n- and p-dopants, respectively. The basic separate
model by Schlenkeet al.[24], for an Iy 35Gay.65As QW, the confinement heterostructure (SCH) InGaAs-active structures
critical thickness is approximately 83 A, which, as expecteds shown in Fig. 1. Implementation of GaAsP and InGaP
is slightly higher than the critical thickness calculated witktrain-compensation layers into the structure will be discussed
the People and Bean model (75 A). For most of our InGaAater. The characterization of the strain and composition of the
QW laser structures studied here, we employ a/Gla_.,As QW were obtained by using high-resolution X-ray diffraction
QW (z = 0.35-0.4) with a thickness of 6080 A for the activexperiments (HR-XRD), secondary ion mass spectroscopy
region. (SIMS) experiments, and photoluminescence studies. From

The second technique to both improve performance and ¢ite HR-XRD and SIMS experiments, the composition of the
tend the emission wavelength of the highly strained InGaAs QW,.Ga, .. As can be determined to be approximately 33%—-35%
laser is the implementation of strain compensation for the actille which corresponds to approximately 2.45% compressive
region. The use of tensile-strained GaAsP barriers surroundstgain. The thickness of the InGaAs QW, measured by TEM,
the InGaAs QW [9], [13] is beneficial in two ways. The firstis determined to be approximately 79 A. The typical peak
benefit is associated with strain compensation, that is, the totedvelength and full width at maximum (FWHM) of the
strain of the QW and the barriers surrounding the QW will bmeasured room-temperature photoluminescence spectra for
lowered due to the existence of the tensile barriers. The redudlkd Iny 35Gay 65As QW is approximately 1.16-1.188n and
total strain of the QW and the barriers may lead to an increaseZié—27 meV (Fig. 2).
the effective critical thickness of the InGaAs QW. The second By reducing the thickness of the QW to 60 A and increasing
benefit of employing GaAsP barriers is the higher bandgap pritre In content as high as 40%, the, iGa, ¢As QW exhibits
vided by the GaAsP barrier around the InGaAs or InGaAstrong optical luminescence, as shown in Fig. 2. The peak pho-
QW, which leads to a reduced carrier leakage out of the QWluminescence wavelength for the lfGa, ¢As QW is approx-
and possibly a reduction in the Auger-assisted carrier leakageately 1.210;m, with an FWHM of 29 meV. We observe a
[4]. As a result, stronger carrier confinement in the QW lowergduction of approximately 50% in the peak intensity of the pho-
the temperature sensitivity of both the threshold current densitfuminescence of the §n,Gay sAs QW, compared to that of the
and also the external differential quantum efficiency of the diodr, 35 Gay g5As QW. Although the optical luminescence inten-
laser [9]. In our experiments, tensile strain barriers-00.6%) sity for the 40% In content InGaAs is reduced, we find that the
GaAs 35P0.15 and (~1.2%) GaAs ¢7Po.33 have been imple- In, ,Ga, sAsN QW has stronger optical luminescence intensity
mented and studied in the InGaAs QW structures. compared for the kz5Gay.65AsN QW, due to the reduced re-
quired nitrogen, to achieve 1;3n emission [19].

As shownin Fig. 1, n-AJ s5Ga&y.15As QW, grown at 800°C,
is used as the lower cladding layer, in order to represent the

All the quantum well structures studied here were growhlGaAs-based n:DBR in future VCSEL structures. Above the
by low-pressure metalorganic chemical vapor depositionAlg s;Gay.15As cladding, a film of n-1g 4sGa& 52 P, grown at
(LP-MOCVD) on nominally exact (100) n-GaAs substrates/00 °C, enables us to explore the possibility of strain compen-
The [AsH;)/Il ratio was in excess of 100 for the InGaAs-activesation through the use of tensile-strained InGaP below the com-
laser structures, but was reduced ([AJHlI = 10-20) for pressively strained InGaAs(N) QW. The use of a 50-A n-GaAs
the incorporation of nitrogen in the InGaAsN structuredransitional layer, between the n-AlGaAs and the n-InGaP, is
Trimethylgallium (TMGa), trimethylaluminum (TMAI), and used to allow the temperature ramping (from 8@to 700°C)
trimethylindium (TMIn) are used as the group Il sources. Fdo be performed with GaAs on the top surface.

lIl. MOCVD GROWTH STUDIES
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HR-TEM image of our 1g 35 G& 65 AS QW appears to be com-
positionally more abrupt at the leading edge of the QW com-
pared to the trailing edge [30]. From the image of HR-TEM
studies on the highly strainedyp; Gay ¢5As QW, the existence

of line dislocations in the I,Gay sAs QW is not observed.

IV. BROAD-AREA LASER ANALYSIS: HIGHLY STRAINED
InGaAs QW-ACTIVE LASERS

A. Method and Theory of Laser Characterization

Intensity (a.u.)
- N W R O N o

0 , ‘ , I Several laser structures are fabricated and studied.
10500 11000 11500 12000 12500  Laser structures A and B utilize the highly strained 80-A
Wavelength (A) |n0.356&).65AS QW, WIthOUt and with ”GaA(ﬁ&;F-)O.lg) strain
compensation, respectively. Laser C utilizes a higher In content
Fig.2. Photoluminescence comparison between an 80:46a, :AsQW  1M0.4G& 6AS QW, with GaAs s;P.15 strain compensation.
and a 60-A 15 ,Gay.sAs QW. The strain-compensated structure is shown in Fig. 1. The
uncompensated structure is similar to the structures in Fig. 1,
The insertion of transitional layers of 20 A ofonly without the GaAsP tensile barriers. As stated in the
u-GaAs ¢7Po.3a between the n-InGaP and the u-GaAsgrevious section, lasers A and B utilize noAkGay.15AS
confining layers improves the InGaP—GaAs interface [25]. And p-InGaP as the cladding layers. By contrast, laser C uses
transitional layer of 50 A of u-GaAs is also used after the-Alg 74Ga 26As and p-Ab 7, Gay 26As as the cladding layers.
u-GaAs 67Po.33 so the temperature ramping from 700C The GaAsP tensile barriers have previously been shown to
to 550 °C is performed with GaAs on the top surface. Botimprove the performance of highly strained InGaAs QW
the GaAs confining regions and InGaAs QW are grown #sers near the 1.2m wavelength regime [9], [13]. The
a temperature of 550°C. We find that the buffer layer of GaAs ssPo.15 barriers, which are approximately 75 A each,
InGaP-GaAsP is essential for the growth of IGa ¢As are grown approximately 100 A before and after the InGaAs
QWs on a high Al-content AIGaAs bottom cladding layer [19]QW. Lasers with higher P-content GaAsP tensile barriers, and
Our original structures (lasers A and B) utilizehigher doping-level p-cladding layers for suppression of carrier
p-Ing 4sGay 52P, grown at 650°C, for the top cladding leakage to the cladding [31], [32], are also studied in the device
layer, with three purposes. The first purpose is that the growdptimizations (Section IV-B).
of InGaP materials for the top cladding will allow us the All the semiconductor wafers are processed into
possibility of exploring etch and regrowth processes for tHO0:m-wide broad-area lasers of various lengths, with
fabrication of index-guided device structures [26], [27], due tstripes defined in the (001) direction by the vertical grooves
the low surface recombination velocity and low reactivity to O etched to the top cladding layers. The etching of the cap layers
The second purpose of the use of the InGaP for the p-claddimig GaAs is accomplished using an NBH:H;O,:H,0
is for temperature control for the annealing of the InGaAskB:1:50) solution, which is selective to InGaP materials.
QW in our future studies. Annealing of InGaAsN is commonhAn oxide-defined stripe geometry is then used to confine the
performed during the growth of the p-cladding [28]. By usingurrent into the gain medium.
InGaP as the material for the p-cladding, which can be grownThe above laser structures are characterized by extracting the
with high optical quality in a wide range of temperature frondevice parameters from measurements on various cavity-length
600 °C to 725 °C, larger flexibility in selecting th@ptimal broad-area«y = 100 xm) diode lasers. The extracted device
growth temperature for thén situ anneal of the InGaAsN parameters include the thresholdy() and transparency/(,)
QW can be gained. By contrast, the growth of a high-qualigurrent density, current injection efficiency,;), external dif-
p:AlGaAs based cladding layer generally employs a growterential quantum efficiencyy;), temperature characteristic co-
temperature above 75. Finally, the series resistance of thefficients of threshold current densityy) and external differ-
Al-free materials also makes InGaP an attractive choice effitial quantum efficiencyx(,), internal loss ¢;), and material
material for the p-cladding [29]. gain parametery,). The optical confinement factor for the QW
Laser C (utilizing In+GagAs QW) utilizes modified active region in all the laser structures is designed to be approx-
cladding layers, with n- and p-cladding layers formed binately 2.2%. All the length studies to extract the physical pa-
1.1-um Al 74G& 26AS. The impact of changing from p-InGaPrameters of the lasers are performed on as-cleaved devices under
to p-AlGaAs for laser C is discussed in Section 1V-B. Highelow duty-cycle pulsed operation (&s, 1 kHz). We assume the
performance is achieved with the p-AlGaAs cladding layereflectance valug? = 0.29, for the as-cleaved facets. The er-
due to the elimination of carrier leakage through interfaciabrs in the analysis of the multi-length studies, in determining
defects between the interface of the p-InGaP and udoped-Gdls above-threshold current injection efficieney,() and the
confining region. internal loss {;), are due to the uncertainty in determining the
Material characterization of the active region was also pdntercept from these length studies. The multi-length studies,
formed, on the structure in Fig. 1, by employing high-resolutiowhich are commonly used [3], [44], [45], [47], assume the in-
transmission electron microscopy (HR-TEM). The atomic levéérnal loss to be independent of carrier density. An alternative
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measurement proposed by Andreksairal. [57] allows more TABLE |
i . PERFORMANCE OF INg.35G&.65AS (SAMPLE A),
accurate measurement of mternel Iqse, however, we choseIrt\g)'gsGa{]'GSAS_GaAs'85P&15 (SAVPLE B). 1Ny + G o AS_GAAS 2Py 10
perform length studies here for simplicity. (SAMPLE C) DIODE LASERS FOR1004:m-WIDE X 1-mm-LONG DEVICES
In our analysis, the gain expression for QW lasers is assumed
te follow the s_,eml-l_ogarlthm|c gain expression Wh|c_h is a_func- L-1000um Laser A Laser B Laser C
tion of material gain parameters,{, the fraction of injection W G hs  In oG As TG A
current density in the QWrf;..7), and the transparency cur- gamers 03¢ S0ds g‘;ﬁs;‘zg) I: G";’XSO"':}OTS
rent density in the QW.J;,) [33], [34]. This semi-logarithmic ——— —
threshold-gain expression is tow(A) 79 60 60
A(pm) 1.170 1.170 1.185
_ 2 125 70 130
h — o'ln in"']h ']r . 1 Jth(Alcm)
g = Go - Inlins - S/ Jee) @) I, (Alem?) 35 30 59
Using the threshold conditiofig,;, = «; + (1/L)In(1/R), Mg ("/:) 29 50 53
the threshold current density for a single QW laser can then be "inj("(ﬁ’)l) §7 gO 769
Xpr follows: o e
expressed as follows g,(cm™) 1800 1975 1600
Jix a; + (1/L)In(1/R T, K) 180 120 200
Jon=—"-exp | — /L) In(1/R) ) T, () 800 300 750
Tlinj Fgo 1

wherer;y; is the current injection efficiency (i.e., the fraction of
current density entering the active region), which equals the in- . . . . .
ternal quantum efficiency as measured above laser thresholas."ﬁ'.Ilar with each other for consistency in the comparative ex-
is important to clarify that the;,,; of interest here is the Currempenments described below.

injection efﬁmency, vv_h!ch is cﬁstmct from the |_nternal eff|C|encyB_ Laser Characteristics

(n:). The internal efficiency is a function of internal quantum _

efficiency (,), current injection efficiencyf,;) and the lat-  All the extracted experimental data & 1000.m) for sam-
eral-pumping efficiencyifateral) [56]. Thematerar for the broad ples A, B, and C are all presented in Table I. The low current

area lasers, with a 10@m-wide stripe, and the above thresholdnjection efficiency,ni,;, (~37%) of laser A is the cause of
Mg is expected to be C|ose to unity_ the IOW eXternal dif‘fel’entia| efﬁciency\(Zg%—33%) Of th|S de'

The use ofiim; in (2) enables us to determine tieernal vice structure. The temperature characteristic coefficients of the

transparency current densifyr’ which is a function of nonra- threshold current denSItﬂE) and external differential quantum
diative (defect-induced), radiative, and Auger recombination &fficiency (primary7) for these lasers (A) are found to be
the QW. By taking into account only the fraction of threshol@nomalously high. These high valuesifand7; may be re-
current density that contributes to recombination (includingted to a high defect density, as described below.
nonradiative, radiative, and Auger processes) within the QWBY incorporating GaAgs;Po.1; tensile barriers (sample
(11j - Ju), theinternal transparency current density should b8). significant improvement in the lasing performance of the
unchanged for structures with similar active regions, regardid§§aAs QW lasers is obtained. In sample B, threshold and
of modifications to the device structure which may effect thansparency current density of as low as 65 Afdfior L =
carrier injection efficiency. Equation (2) can be rearranged as-500 um) and 30 A/cril are measured respectively. External
differential quantum efficiencies as high as 56% are measured
@ + (1/L)In(1/R) = g, In(nin; - Jon) — L'go In(J,). (3) for shorter cavity laser diodes (fér = 500.m). The measured
room-temperature peak lasing wavelength for this particular
From the threshold condition expressed in (3), the threshold géasers (sample B) is approximately 1.165. The inclusion
can be plotted against the logarithnvgf; - /, and the slope of of the GaAsP barriers results in a significant improvement of
the resulting line will give us thE - g, value. Also, the intercept the 7i,; (61%) from laser B compared to that of laser A. The
of the plot of (3), with thex axis, will yield the transparency low 7,; (54%—60%) of the highly strained InGaAs QW lasers,
current density. The peak differential gain at transparéhcys at nearly 1.2;m, with InGaP cladding layers has also been
defined a3, = dg/dJ (J = Ji,), which can then be written asreported by Cheret al. [35] and Kondoet al. [36]. Possible
Byw = 9o/ Jt.. Differential gain values at transparency and alscauses for the observed low internal efficiencies are discussed
at threshold are important parameters in determining the max-Section V.
imum modulation frequency of the diode laser. CharacterizationThe material gain parametey,, and the transparency cur-
of the characteristic temperature coefficients for the threshaleht density,/;,, are extracted, from (3) by fitting the measured
current density and external differential quantum efficiency atkreshold current density with various cavity lengths, to be ap-
performed over the temperature range of23-70 °C. In addi- proximately 1975 cm' and 30 A/crd, respectively. From the
tion to the threshold current density and the external differentielues of theg, and J.. derived above, the peak differential
efficiency, the temperature characterization of the current injegain at transparengy,, can be determined to be approximately
tion efficiency, internal loss, transparency current density, aBé cm/A. The observed reduction in the characteristic tempera-
material gain parameters are investigated. The optical field ptare coefficients{y andZ}) of laser B is presumably due to the
files for all the laser structures studied here are designed torkduction in dislocation density in the QW active region. Large
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nonradiative recombination will lead to temperature-insensitive V. TEMPERATUREANALYSIS OF THE INnGaAs QW LASERS
lasers.

In order to rule out the possibility that the large value of th&. Temperature Analysis of the Threshold Current and
strain of the InGaAs QW is a factor responsible for the loWifferential Quantum Efficiency

Zi‘g(;/wf rEdE_Ce the stra_ln n the QV\II (sa}[rrr]wefthlckngs@/ at; The primary motivation for the temperature analysis pre-
-5%) to achieve an emission wavelength of .06 From this sented here is to express tiig and7; values in simple and

experiment, the extractegh, is found to be comparable to thaty, o jnyitive expressions, for the purpose of analyzing the

of sample A. Therefore, We can rule out the large strain in t'E(gmperature sensitivity of semiconductor lasers. ThandT}
QW as the major factor leading to the observed igyy.

values are expressed as functions of the physical parameters

The use of GaAsrPo.33 as tensile barriers surrounding theand their temperature dependencies. The simple forms dfithe

INo.35Gah.65AS QW is found to not improve the lasing perfor-, d7; expressions should allow for practical identification and
mance any further. The highly doped p-cladding material is us%%

¢ lectron leak f th fini on int the ight in determining the dominant mechanisms controlling the
0 Suppress electron leakage from the confining region Into perature sensitivity of diode lasers. The laser performance
top cladding. The modification of the Fermi level in the highl

. ; ) . . Yand extracted physical parameters are studied as a function of
doped p-cladding material results in a higher barrier, leadi perature, within the temperature range°ZB-70 °C for
to less electron leakage from the confining region [31], [32 ;
X . - amples B (19.35Ga.65As QW) and C (IR .Gay gAs QW).
[37]. Although the_ highly doped p-claddlng_should h_elp N SUPhe pparame(tergs studGied here)include t(he4thresﬁhmg) (an)d
pressing the carrier leakage from the confining region into ﬂ?%nsparencyltr) current density, the current injection,;)

top p-cladding region, the;,; of the highly-doped p-cladding X . - . ‘
laser is still low @iy; = 57%), which is comparable to that?nnacieer?(;?;g?*%ng?nnglzgﬁi)) efficiency, internal loss«;), and

.. — 6109 ianifi i —
(nmj = 61%) of sample B. A significant increase (from The measurements of the variation of the threshold current

- 1 . .
2 cm _to 12 cm ) in the mternal_loss of the hlgh_ly dOIOEOIdensity and the external differential quantum efficiency with
p-cladding laser is observed. The increase in the internal 19ss o
; L : ; emperature changes over 2€—-70 °C are conducted on
in the sample, with high-doped p-cladding, can be attributed to . : . .
! . . . —C " Proad-area lasers, with a stripe width of 106 and various
the large field-overlap with the highly doped p-cladding in th((:3 ity lengths [ = 500-2000.m). From the measured
narrow waveguide SCH structure [38]. Since the suppression S 9 A

carrier leakage does notimprove g of the lasers, there mustti?reshold current density and the external differential quantum

be an additional channel that leaks or traps out 30%—40% of t%fgC|ency for each ca_wty length at various temperatures, tem-
o . . : ; . perature-dependent internal device parameters are extracted.
injected carriers. Since the quasi-Fermi levels for the carrlq?_rs

in the confinement region are not pinned, even above threshoéﬁ
nonradiative recombination results in the loss of carriers that ifz

teract with interfacial defects between the undoped-GaAs cc?rf—/theﬁ ;;Vae]rczﬁc(:ifoahgf gzt/?tm?el ndfgwtt'ﬁ Ithqeulintu;r;(igff_llf:t:eency
fining region and p-InGaP top cladding layers [32]. 14 y'eng 1 QLS.

. . . internal loss«;, for each temperature, can be extracted from
In support of our presumption, recent improvementyig

from 54% to 89% by replacing the InGaP cladding layers witﬁlwqe slope of-the plot of the inverse (.)f the external_differential
AlGaAs cladding layers has been demonstrated by Koﬁdoquantum efficiency 1/74) as a function of the cavity length

. . L). Once the internal loss and internal efficiency for various
al. [36]. The improved interface between GaAs _an_d AIGaA§ mperatures have been extracted, the modal material gain
compared to GaAs—InGaP, reduces the nonradiative recom alframeter]( 2.), at each temperature can be extracted from
nation due to a reduction in the interfacial defect density of t)fﬁ on

r each temperature, the inverse of the current injection
iciency (in;) can be extracted from the intercept of the plot

8 slope of the plot of the threshold modal gdinh- (g;1,) as a
nction of logarithm of the internal threshold current density
N(nin; - Jen)] for each temperature, using (3). The intersect

GaAs—AlGaAs interface. The temperature analysis, presente
in Section V, also identifies carrier loss through interfaci

defects, between p-InGaP and u-GaAs, as a possible leak g X o .
of the semi-logarithmic linear regression of - g, versus

channel. In(7inj - Jen) With theln(7;y,; - Jin) axis will allow us to extract

cla?j)(/jirr?ploafcllggetrhg ps-ilnrﬁfi:zx\:litgp;giérizohﬁ':;nfqr;?;:;? the transparency current densit}.(). All these processes are
9 - S19 P & reiterated for each temperature from 20 to 70°C with a

C, ninj = 80%, is observed. The threshold- and transparen?é—
R

. - ; prerature step of BC. After reiterating the process over
current densities of laser C that utilizes a strain-compensa d” ontire temperature ranae. the characteristic temperature
60-A Ing..Gay.¢As QW are 100 A/crh (for L = 1500,m) and " P ge, peral

. . coefficients of the threshold and transparency current density,
59 Alcn¥, respectively. Theséy, and.J;, of laser C are slightly . . . -
; ; the internal and external differential quantum efficiency, the
higher than those of strain-compensatedljGa s;AS QW -1 0se the gain parameters, and the transparency current
lasers (B). This increase i, andJy, in laser C is expected ' gainp ’ P y

. ; density are extracted.
ggi;%gzrfgv teor tc;g;c;l :ﬁg;ésazigzegwhgéfﬁﬁgj g%\{\(] e The temperature dependenge of the thresh.olid current density
lasing performance of ,Ga, ¢As QW is poorer compared (_Tq) and the external dlfferentlal guantum efficiendi ) em-
to that of Iny 35Gay 65As QW, the optical luminescence of the'fJIrICaIIy follow the known equations
Ing.+Gay sAsN QW is stronger than that of ¢n;Gay ¢sASN
QW due to the lower required N, for thegnGa, 6AsN QW, Jn(T) = Jipo - T/T9 (4)
to achieve 1.3:m emission [19]. na(T) =14, - ¢~ T/TY, (5)
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To understand the different contributions to the characteristic = 544
temperature coefficient of the threshold current den4ity, (it 180 | //
is informative to express it in a different form. The threshold 160 - : ™~
current density/;, can be expressed as shown in (2) and the 140 In, ,Ga, (AsQW, T ;=950 K
modal threshold gain can be expressed as a function of intern: < 207 y
loss and mirror loss™ - gy, = «v; + (1/L)1n(1/R). By taking = 100 - //
the derivative of/,, in (2) with respect to temperature changes, " oe0- ’ \
while assuming all the physical parameters to be temperature 60 1

dependent, we can writé/,, /d1" as follows: :g Ing 35Ga, 6sAs QW, T,;= 350K

thh _ 1 thr 1 dninj 0 T T T T
dar — Jw dT M gy dT 0 0.05 0.1 0.15 02 025
L 1 dgw 1 dg, Cavity Length (cm)
S - T A ()
o gth dr go dar

Fig. 3. T} values of structures of 1.2m lasers for laser B (s5Ga s5AS
The internal efficiency #;), extracted from the multi-length QW) and laser C (In4Ga.sAs QW), as functions of cavity length. The
studies, is essentially the above-threshold current injectibifforetical calculated values are shown by the solid line.

efficiency (). The above- and below-threshold current
injection efficiencies are in general distinct from one another. 800
A fundamental assumption of this analysis is that the above- 700 -

In, ,Ga, AsQW, T,;= 950 K

and below-threshold current injection efficieney,¢) and their 600 -

temperature dependenck, ;) are similar, which we expect to 500 |

be reasonably accurate for comparing the temperature-behavio € 400

of the carrier loss processes in QW lasers with similar struc- 300 - S . _ .
tures [58]. As long as carrier recombination within the SCH

region does not increase rapidly above threshold, which can be 200 1

confirmed from the linearity of thé&—I curve, this assumption 100 1 Ing 55Gag ¢sAs QW, T,;= 350 K

is expected to be accurate. The validation of this assumption is 0
confirmed by experimental verification, in which tlg and

17 expressions are shown to be accurate representations fo.
dewce; with both large and reduced recomblnfatlon in SC_H. }é. 4. T, values of structures of 12m lasers for laser B (inssGa osAS
assuming the transparency current density)( internal effi-  Qw) and laser C (In.:Ga, cAs QW), as functions of cavity length. The
ciency ), material gain parametey ), and modal threshold theoretical calculated values are shown by the solid line.

gain (" - g1,) also vary exponentially with temperature (note

that this assumption is validated by the experimental datg formulation come in the modal threshold galn (g1, (L))

0 0.05 0.1 0.15 0.2 0.25
Cavity Length (cm)

shown in Figs. 3 and 4), we have and theT,,, terms. Just by using (12), we can observe that the
1 1 dJy Ty values for shorter cavity devices are lower due to the higher

T, = T dT (7)  modal th.reshold gairI} Gin) in shortercavitervjces compared
1 1 i to those in longer cavity devices. As shownin Fig. 3, the t'heoret-

T, = —mnj AT (8) ically calculatedr} values, based on (11), agree well with the

experimentally measuréet}, values. The structures shown are

L _i . dgo (9) both for the optimized (I, Ga ¢As QW—Iaser C) and unopti-

1, go dT mized (Iny 35 Gay 65AS QW—Iaser B) structures with emission
1 _ 1 doi (10) Wwavelengths of 1.17-1,2m, in which the optimized structure

Toi « dT exhibits strong suppression of recombination within the SCH.

The only temperature-dependent term in the modal threshdlble un-optimized structure has a large defect-induced recombi-
gain Ly = gin/(dgi/dT)) is assumed to be that of the in-nation in the interface between the cladding and the confinement
ternal loss, since the mirror loss is assumed to be constant wiggion. Although the recombination in SCH is increased for the
temperature changes. The te]'yYTgth(L) can also be expressedunoptimized structure, the calculated and meas(iedalues
as(1/Tw;) - o /(e + (L)), with 1/T; = (dev; /dT)/ ;. also compare very well with each other, with an error less than
From the relationship of the threshold current density with%. Further verification of the analysis presented has been per-
temperature changes in (4) and (6), we can reexpress the invéesaed on optimized InGaAs QW\(= 980-nm) lasers, with
of the characteristic temperature coefficient as follows: strong carrier confinement in the QW’s, also demonstrating er-
1 1 1 it an(l) 1 w1 rors of less than 5%. Several computational [39], [40], analytical
— = My ‘.. (11) [33], [41], and experimental [42], [43] results have also demon-
L) Tu Ty, g0 Tgo LI'-go T strated similar behavior of an increase in fevalue for longer
A similar expression relating tHg, values to the internal pa- cavity devices, in agreement with (11).
rameters has also been proposed by DeTemple and Herzingédn order to characterize the temperature dependence of the ex-
[33]. From (11), the cavity length-dependeiif) (terms in the ternal differential efficiency, one can go back to the fundamental
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equation to express the external differential efficiency as a furmnsidered to be functions of temperature. The /dT term is
tion of current injection efficiency, mirror, and internal loss aa positive value function, since the transparency carrier density

follows: of any given material will increase with increasing temperature
(L) due to thesmearingof the Fermi—Dirac distribution function
Td = Tinj - #(L) (12) as the temperature increases [44], [45], [47]. Experimentally,

the transparency carrier density has also been shown to have a
As shown in (5), the temperature dependence of the external difrong dependence on temperature changes, in InP-based lasers,
ferential efficiency {}) can be expressed as a derivative of thiey Zouet al.[46]. To illustrate the dependenceof. quantita-
external differential efficiency with respect to temperature. Byvely, one can express the simplified peak ggin.as a function
taking into account the temperature dependence of the currefithe quasi-Fermi levels [47], with the assumption of zero scat-
injection efficiency and the internal loss, we can express the irering linewidth and only one occupied conduction and valence
verse of thel; value as follows: subband, as follows:

11 a1 13)  BE) =g LF(E=E}) - f(E=E})]. (15

Tl(L) Tmnj + oy + arn(L) Tai '

The Ex1 term in (15) is defined as the energy level separation
In (13), the cavity-length-dependent term of ieexpression  petween the first conduction and the first valence subbands in

came from the modal threshold galit §;,) and the temperature the QW active region. The,, value represents the gain coeffi-

dependence of the internal losk.(). As discussed above, thecient determined by the transition matrix element and the 2-D

I'-gin termincreases as the cavity length decreases, which leagiguced density of states. For an undoped QW active region,

to a decrease in tHE, values for the longer cavity, as shown inthe electron carrier density) is assumed to equal the hole car-

Fig. 4. The reduction in th&; value for longer cavity devices rier density ). Taking the approximation used by Vahateal.

has also been observed experimentally in the 980-nm emittifag], the quasi-Fermi level of the conduction barfd)(and the

InGaAs-active QW lasers [55]. The cavity length dependengglence bandj,) can be approximated as

of the 77 values will be stronger for diode lasers with a low els —njne

temperature sensitivity of the current injection efficiency (i.e., J(BE=Ep)=l-c (16a)

strong carrier confinement), which corresponds to very high fo(E = Ej})=ep/m (16Db)

Thin; values. As shown in Fig. 4, th&, values are expressed

as a function of cavity length, for both laser C {lifGa, ¢AS)

and laser B (1g.35G&y.¢5AS) devices at = 1.17-1.2um. The

theoretically predicted; values are shown to accurately repre- ~mek-T-m — (Bor—Eon)/(KT) (17a)

sent the experimentally observed trend of decredgingalues fle = h2L, z_: ©

with increasing cavity length [55]. The relationships between . ";1

the 77,in; andT,; will determine how significant is the depen- Ny =2 my k- T-m Z ¢(Bun—Eny)/(FT) (17b)

dence of thel’ values on the cavity length. h2L. oy

{:or the case of an undoped QW (with the conditioa: p), the

ﬁ/eak gain [see (15)] can then be expressed as a function of the
By analyzing the temperature behavior of the physical pgarrier density: as follows:

rameters in thd, and7; expressions in (11) and (13), further Cnn Cnjn
physical insight can be achieved by identifying the dominant gp = gm-(1—c e ") (18)
controlling mechanisms of tH&, andZ; values. By identifying The transparency carrier density is defined as the carrier den-
the mechanisms that lead to poor temperature characteristicgigf at which the peak gaip, is equal to zero. The condition
any given diode lasers, further improvement or changes in tg;: 0 occurs where="/"e + ¢~"/"» = 1. The transparency
device design can be pursued. In this analysis, the temperatlifrent density and its temperature dependence, based on (18)
dependencies of the transparency current deri$jty,(current  for various ratios ofns, /m., are shown in Fig. 5. From Fig. 5,
injection efficiency {7in;), internal loss’(7,;), and the material it is clear that the transparency carrier density of the laser is ap-
gain parametersi{,,) will be analyzed. proximately linearly proportional to the temperature. By taking
In order to further understand the characteristic temperatyf derivative of the transparency carrier density with respect to
coefficient of the transparency carrier densify,§, some ad- temperature, and dividing the result by the transparency carrier
ditional analysis is needed. The transparency current den@'tynsity (1), the values of 1/ny,.)dn,, /dT (i.e.,1/Ty.) can
Ji: can be expressed as a function of the various recombifgr extracted. The temperature dependende of., )dn.. /dT,
tion mechanisms as follows: also shown in Fig. 5, is found to be proportional to the inverse of
_ 2 3 the temperaturé’, independent of the ratio of the;, /m. ratio.
Ju=(Aene+ By + Comip) g L (14) From the argument given here, the valuék}fmr)dn/tr/dT (or
where 4, B, C, andn,, in (14) are the monomolecular, radia-1/7;,,) can be approximated with a high degree of accuracy by
tive, and Auger recombination coefficients and the transparentcyZ’, whereT is the temperature of the measurement.
carrier density, respectively. Both the nonradiative 4) and the radiative B) recombi-
In the analysis, all pf the recombination coefficiemts B, nation coefficients have a weak dependence on temperature
andC, as well as the transparency carrier density), are all changes [46]. Unlike thed and B coefficients, the Auger

and the effective density of states for the conduction and valence
band can be expressed as [47]

B. Temperature Analysis of the Transparency Current Densi
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5 400 sured to be approximately 141 K [52], which falls into the range
45 of the theoretically predicted;, values in (20).
: my,/m, =20 1 380 For the case in which Auger recombination is dominant, we
41 need to take into account the contributionddf/dT". From [3]
3.5 - T 360 and [49], it has been shown that the Auger recombination coef-
T 3. ficient can be approximated 8% = C, exp(—E, /kT), where
RS ~ . T340 o, is a temperature-independent coefficient dngdis the ac-
E 25 my/m=10 - - | E tivation energy for the Auger recombination process. Thus, the
E 2 - Auger recomb|r;at|on coefficientC/ dT) can be approxmgted
15 L - | 200 asC, - (Eq/kT )exp(—Ea/kT_), which is alwaysa positive
o e— function with a value decreasing toward zeroZas— ~c. By
1 e Tosr 280 taking into account that the Auger recombination coefficient can
05, ~ - | be approximated as an exponential function of the activation en-
0 ‘ . ’ 260 ergy and temperaturd;, for the case in which the Auger re-
270 290 310 330 350 combination is dominant can be expressed as

Temperature (K)

T

T.(C-ni.>> A, B-ny) = (21)

(3+77)
The quantity{ £, /(kT?)} - ny, - {1/(dni:/dT)} always has a
positive value and is a decreasing function with increasing tem-
recombination coefficient(®) is a strong function of tempera- peraturel’. For the case of a laser withC /T approximately to
ture, especially in InP-based lasers [46], [3], [49]. For a limitezkero, the predicted;, values are approximately less than three
temperature range, tha coefficient can be approximated agimes smaller than th#&:, values for the nonradiative recom-
constant, since thd coefficient depends mostly on the dislo-bination dominated lasers. The activation enefjyhas been
cation density, in QWs and the SCH, that are constant oveslaown to range from 20 to 60 meV depending on the type of
limited temperature range. If th& coefficient is assumed to bethe active regions and the barriers surrounding the active re-
a weak function of temperature, théd /dT can be neglected. gions [3], [51]. By assuming a room-temperature measurement
In laser structures for which the nonradiative recombinatiqfi’ = 300 K), and the activation energy,, to range from 20 to
term is dominant/;, can then be approximated asymptoticallp0 meV, thepredicted;, values for the Auger recombination

Fig. 5. The transparency carrier density:() and its temperature
characteristicsT,..) as functions of temperature fo,, /. = 10 and 20.

as dominated lasers should range from 55 to 79 K, which is also in
1 agreement with theneasuredr;, (64 K) of InP-based 1.3:m
Tu(A> B -ny, C-nf) =nu-5—=T.  (19) lasers [52].
dT From (19), we can now understand that the anomalously high

As expressed in (19), tHE, values, at room temperatur® ¢~  Values ofl; are possibly a result of a strong nonradiative com-
300-350 K), for the case at which the nonradiative recombingonent in the transparency current. A high defect density results
tion term, is dominant will be close to 300350 K. in a strong nonradiative recombination term in the characteristic
There have been studies [50] where the temperature dep@fperature coefficient for the transparency current density. By
dence of the bimolecular recombination coefficient, fheo- contrast, the values & for Auger-recombination dominated
efficient, is neglected. By contrast, there have also been sevé?gers, such as InP-based 1.3-1,58-emitting lasers, can be
predictions [3], [51] that the expression for ti& coefficient less (for the caséC'/dT” — zero) than one-third the values for
should be proportional to the inverse of the temperatuf@, the nonradiative recombination dominated lasers. The typical
For our purposes, the model of tt# coefficients can be ex- Zt: values for InGaAs QW on GaAs at 980 nm and InGaAsP
pressed as/B ~ T, in whichz varies from 0 to 1. For the QW on InP at 1.3um, are 141 K and 66 K, respectively [52].
value ofz = 0, this represents the model atwhiBh~ 1/7". For ~As expected from (20), the value @, for an InGaAs QW
the case at whiclB is a weakly temperature-dependent fundaser structure emitting at = 980 nm [52], which does not
tion, the values of: will approach 1. By utilizing the expres- Suffer from Auger recombination or major nonradiative recom-
sions(1/n Ydny, /dT = 1/T and1/B ~ T'~*, T, can also bination, has a much high&t. compared to InP-based lasers at
be approximated asymptotically, for the case in which the radi-3 #m.
tive recombination term is dominant, as From this simple model of the temperature dependence of the
transparency current density;(), one can determine whether
- (20) Auger recombination is a major recombination mechanism in
1tz the active region of the semiconductor laser. For the lasers that
By looking at (20), for measurements taken at room temperatuwaffer only minimal Auger recombination, tHe, value should
(T ~ 300 K), then theZ:, values, for the case in which radia-have values in the range of 150-350 K for measurements
tive recombination is dominant, will be ranging from 150 K tmear room temperature, regardless of whether nonradiative or
300 K depending on the dependencevélues) of theB coef- radiative mechanisms dominates the recombination. Only if the
ficient on temperature changes. The valueggffor the case Auger recombination mechanism dominates will the values of
of radiative recombination dominated lasers at 980 nm is me&; be less than 80 K, as shown in Fig. 6.

,‘Ttr(B SNy 2 A7 C- nth) =
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085

Mono-molecular-dominated T, =950 K, In, ,Ga, As QW

4 Auger-dominated . 08
4 Radiative-dominated
] ~ 075 |
4 M 07 |
] & 065
i 06 |

- 0.55 1
a 50 100 150 200 250 300 350 400 450 05 | /

T (K) 045 Ty =350‘K’ I“o.sscéo.asAs QW‘
10 25 40 55 70
Fig. 6. The different regime of th&;, values corresponding to different Temperature (°c)

dominant recombination mechanisms. For the Auger dominated casg, the
value ranges from 50-80 K, which is very distinct from the radiative an

d.
nonradiative dominated case. F

ig. 8. The measured current injection efficiengy as a function of
temperature for Ins;Ga ¢5AS—GaAs 5Py 15 QW active (sample B), and

for Ing.4Gay s As—GaAs s5Py.15 QW active (sample C).

T,=287 K, In, ,Ga, ;As QW

tion (which effectsy), and the temperature dependence of
the material gain parametéf,(,). The suppression of Auger re-
combination within the QW active will improve tHE, value,
however, thel, value may still be affected by the other mecha-
nisms described above.

.- C. Current Injection Efficiency, Internal Loss, and Material
\ Gain Parameters

T,=302 K, In,,;Ga, ;As QW The temperature dependence of the current injection ef-
' ‘ ficiency (Z},in;) iS an important parameter for characterizing
carrier leakage from the InGaAs QW. Carrier leakage occurs
through three kinds of mechanisms. The first mechanism is
Fig. 7. The transparency current density as a function of temperature Carrier leakage out of the QW into the confining region. The
for Ing.s;Gan.csAs—GaAs s5P.15 QW active (sample B), and for second mechanism is carrier leakage out of the confining region
Ino.4Gay cAS-GaAs s5Po.15 QW active (sample C). into the cladding region. The third mechanism is the “leakage”
or loss of carriers through recombination in the SCH region,
The transparency current density of the InGaAs QW=f since the quasi-Fermi levels outside the QW are not pinned
1.17-1.2ym) lasers are analyzed as functions of temperabove the laser threshold [32]. If interfacial defects exist at
ture, as shown in Fig. 7 for lasers B {lgsGay¢5As) and C the interface between the confining regions and the cladding
(Ing.4Gay cAs). The temperature dependences of both InGaAsgions, the carrier leakage path may occur through the carrier
QW structures are found to be similar, wifli. values of sinks created by the interfacial defects. A low valuelf,;
287-300 K. This highT;,. value, indicates that Auger re-will indicate severe carrier leakage occurs through one of three
combination is not the dominant recombination processes, mechanisms. The typical values ®%;,; for GalnAlAs QW
expected abh = 1.2 um. Thes€l;, values may indicate therelasers on InP at 1.56m and for InGaAsP QW lasers on InP at
exists large monomolecular processes in the QW, presumablgm are 106 K [53] and 64 K, [52] respectively. By contrast,
due to the use of the high strain values of the QW. The highfer InGaAs QW lasers on GaAs substrates emitting at 980 nm,
transparency current density of the UGa, sAs QW devices, the values off;; (in the 20°C—60 °C range) can be extremely
compared to that of the §i; Gay ¢5As QW, may reflect higher high [54]. Further studies are still required to understand further
defect density in the §LGa ¢As QW. Thel;, values, for the controlling mechanisms in achieving a high,; design.
sample A, are found to be as high as 360-400 K, which areThe temperature analysis of the current injection efficiency
attributed to the large monomolecular recombinations in tlie carried out on the experiments involving InGaAs QW de-
SCH, enhanced by the low,; in laser A. vices (lasers B and C), as shown in Fig. 8. In InGaAs QW
The same temperature analysis of the transparency currasers, the thermionic emission of the QW-confining and con-
density can be carried out in InGaAsN QW [60] or InP-basdihing-cladding is expected to be minimal due to the large band-
lasers to determine the role of Auger recombination in theséfset of the structures. The laser B structure has larger recom-
laser structures. It is crucial to note that the temperature depbmation in the SCH, due to the increase in the recombination
dence of the threshold current densify ) is not solely a func- due to the interfacial-defect in the confining-cladding interface,
tion of the recombination mechanisms reflected in the tranhereby resulting in a lowef, ;,,; of 350 K. By replacing the top
parency current density. As shown in (12), the values can cladding from p-InGaP to p-AlGaAs, the improved interface has
be affected by several factors: the recombination mechanisnrasulted in a significant increase in tiig;,,; up to 950 K from
the QW (f3,), carrier leakage€l(,i,;), intervalence band absorp-350 K, evidenced in laser C. The hi@,; values in laser C are

*

Ju(Alem?)
o [3,]
o (3]

S
o
.

40

10 25 40 55 70
Temperature (0 C)
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significant because they demonstrate that the use of a p-AlGaAs
top cladding layer in laser C helps in suppressing the carrier los
mechanism as compared to that of laser B, and are reflecte(iihm
the improvedy;,; andZ,;,; of laser C.
The temperature behavior of the internal loss should allg
further understanding whether intervalence band absorptigin
(IVBA) and free carrier absorption are the main controlling
mechanisma in the behavior @ andZ; of semiconductor
lasers. From the experiments of our 1.17-1;48 InGaAs
QW lasers, the measuréefi,; values ranging from 500 to
1000 K (doy;/dT ~ 6 x 1072 cm~!/K) are very high com-
pared to that{,,; = 90-100 K,do;/dT ~ 0.2 cm~1/K) [3]
of the InP-based 1.am lasers. The larg&,,; of our InGaAs
QW lasers, ah = 1.2 um, indicates that IVBA or free carrier [1]
absorption are minimal in our lasers, as would be expected for
A= 1.2 um. 2]
The material gain parametey,, decreases as a function
of increasing temperature [44], [46]. The temperature depen-
dence of the gain parametéi,,, plays a role in the difference 3]
between thely values for different cavity length devices as
shown in (11). Both the material gain parametetg 6f lasers
B and C have relatively weak temperature sensitivity, in ex- (4]
cess ofl,, > 350 K. 1}, values for InP-based lasers have
not been reported, although they can be estimated from the
temperature dependence of the differential gain to be approxfs]

imately 7, = 200 K [25]. T}, is an important parameter for g
the investigation of the maximum modulation speed with tem-
perature changes.

(7]

VI. CONCLUSION

We have demonstrated low threshold- and transparency-curs]
rent density diode lasers and high external quantum efficiency
with an emission wavelength of 1.165-1.18m, with

9
strain-compensated Jn;Ga¢;As QW and In 4Ga gAs ©]
QW. Low-threshold-{;;, = 100 Alcn?, L = 2000 ;:m)
and low-transparency-current-density,,( = 59 Alcn?) [10]

strain-compensated JnGa ¢As QW lasers, with an emission
wavelength of 1.18%+m, are achieved with high current injec- [11]
tion efficiency ¢; = 80%) utilizing AlGaAs as both cladding
layers. The increase in current injection efficiency, in laser C,
is attributed to the use of p-AlGaAs instead of p-InGaP for[12]
the choice of the p-cladding layer, which is consistent with
the hypothesis of increased carrier leakage through interfaciﬂgl
defects in lasers A and B.

A simple expansion of, [see (11)] andl; [see (13)] into
the characteristic temperature coefficients for the fundament?h]
device parametersi{;, 1,,, 13-, and1,;) has been derived.
These simpléy and?} expressions allow practical identifica-
tion of dominant controlling mechanisms useful for further un-
derstanding of the temperature behavior of the semiconductét®
lasers. The length dependencelgfand; are accurately pre-
dicted, as confirmed by measurements on InGaAs-active lasers.
The studies of the temperature behavior of the physical paranﬂlﬁ]
eters should allow further insight into optimizing the device de-
sign for high7y and7; values.
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