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Abstract—We present a comprehensive evaluation of tem- absorption (IVBA) [8], thermionic carrier emission out of the
perature effects on threshold current and slope efficiency of active region [9], lateral carrier spreading [10], passive layer ab-

1.55 um Fabry—Perot ridge-waveguide lasers between 26C ; At e ;
and 120°C. Experimental results are analyzed using the com- sorption [11], spontaneous recombination within passive layers

mercial laser simulator PICS3D. The software self-consistently [12], and optical gain reduct|on§ (13], [14]. Comb'nat'or]s of
combines two-dimensional carrier transport, heat flux, strained Several effects need to be considered to explain experimental
quantum-well gain computation, and optical waveguiding with a results [15]. Different physical mechanisms govern in different
longitudinal mode solver. All relevant physical mechanisms are temperature regions with a critical transition temperature
considered, including their dependence on temperature and local [16] Gain and loss mechanisms depend on the distribution
carrier density. Careful adjustment of material parameters leads .

to an excellent agreement between simulation and measurementsOf eIeptron; and ho'?s [17]. One—§|ded models can qud to
at all temperatures. At lower temperatures, Auger recombination One-sided interpretations of experiments and can contribute
controls the threshold current and the differential internal effi-  to the controversy in this field. In this paper, we present an
ciency. At high temperatures, vertical electron leakage from the analysis of measurements considering all of the above physical
separate confinement layer mainly limits the laser performance. |\,achanisms and their interaction self-consistently.

The increase pf internal absorption is less important. However, Sophisticated ical | dels h b d | d
all these carrier and photon loss enhancements with higher ophisticated numerical [aser models have been develope
temperature are mainly triggered by the reduction of the optical Py several research groups and advanced commercial software
gain due to wider Fermi spreading of electrons. is available to the public. Some of these models have been used
Index Terms—Laser measurements, laser thermal factors, to study_ temperature effects on GaAs-ba_sed lasers [18], [19].
numerical analysis, optical losses, quantum-well devices, semicon-CW lasing of 1.3um InGaAsP-InP buried-heterostructure
ductor device modeling, semiconductor lasers, temperature. lasers was simulated using two-dimensional (2-D) models
which include the internal heat flux [10], [20]. The more
comprehensive these models are, the more material parameters
are involved. Accurate data for material parameters of ternary
HE PERFORMANCE of long-wavelength (1.3 or 1.5%nd quaternary semiconductor compounds are not always
pm) InGaAsP—InP laser diodes is known to be stronglyvailable [21]. The composition of active region materials is
temperature-dependent [1]. Self-heating or ambient tempegften not exactly known [22]. Some parameters may depend
ture elevation cause the threshold current to increase and diethe growth conditions. Thus, careful adjustment of material
slope efficiency to decrease. During the last two decades, myglrameters used in the model is required to find agreement
effort has been devoted to the explanation and the reductiongith measurements. Simultaneous reproduction of several
the temperature sensitivity of long-wavelength lasers [1], [2dxperimental results is often necessary to analyze the relative
CW lasing has been achieved up to T€5(1.55,m) [3] and importance of different mechanisms. For example, agreement
160 °C (1.3 m) [4], respectively. AlGalnAs—InP lasers havewith the measured threshold current is obtained by fitting the
shown CW operation up to 17 as well as a record-high Auger recombination parameter or by fitting the absorption
lasing temperature of 21T in pulsed operation (1.8m) [5].  coefficient. The correct balance between both mechanisms can
The difference between both temperatures reflects the effeetfound by simultaneous reproduction of the measured slope
of self-heating. It is larger for 1.3m AlGalnAs—InGaAs efficiency. The number of uncertain material parameters should
lasers (CW: 155C, pulsed: 210°C), which is mainly due to be kept as small as possible by simplifying the experimental
the smaller thermal conductivity of the InGaAs substrate [63ituation simulated. Pulsed laser operation at different stage
However, the physical mechanisms dominating the temperatigsenperatures, for instance, can be used to avoid self-heating of
sensitivity are still under discussion. In recent years, this digre device and to exclude heat flux from the model. Thermal
cussion includes Auger recombination [7], intervalence baménductivity parameters in heterostructures are often not
exactly known [23], leading to the risk of inaccurate active
Manuscript received May 6, 1999; revised November 4, 1999. Thisworkwé@gion temperatures in CW simulations. Sophisticated laser
supported by the Center for Multidisciplinary Optical Switching Technologgimulation tools are available today but a comprehensive
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Fig. 2. Extraction of internal differential efficienay and internal optical loss
«; from the measured slope efficiencies)(

Fig. 1. Energy band diagram of the InGaAsP—InP waveguide region at

threshold T = 20 °C).

p-ridge is etched down to the SCL layer. The lasers are char-

. o acterized as cleaved. Lasers with different cavity lengths from
correctly in the model. Such an analysis is presented here usjng. 269 ;um to 2008,m are manufactured.

the commercial laser diode simulator PICSBI. includes At room temperature, the lasing wavelength is: 1536 nm.

the pon_uniforrr_lity of the multiquantum-well (MQW) CarrierLight power versus currentLI) curves are measured under
distribution which was recently found to strongly affect the, seq conditions (0.05% duty cycle) to avoid self-heating. A
differential internal efficiency of 1.5%m MQW lasers at room i, -achold current of,, = 114 MA, a threshold current density

temperature [17]. _ of ju = 743 Alem?, and a total slope efficiency of; = 0.57
We measure and analyze the high-temperature performaggg measured With, — 269 um. The threshold voltage is

of broad-area Fabry—Perot InGaAsP-InP ridge-waveguide Ia%r — 1.2 V and the current-voltagel<V') characteristic is

diodes emitting at the 1.5pm wavelength. The MQW active “rt]éar above threshold (up to 260 mA) widV/dI = 2.4 Q.
region contains six compressively strained wells. Threshoig,q |5tter number represents the series resistance of the laser,
current, slope efficiency at threshold, lasing wavelengtging a 0.27-v voltage drop at threshold. Other contributions to
internal absorp'u_on' loss, and differential internal efﬁuenq,ﬁe threshold voltage can be extracted from Fig. 1 which shows
are measured W'_th'n the temperature range of’(29120°_c. a 0.84-V Fermi level separation in the MQW and 0.09 V ex-
Section |l describes the device structure and experimenialyg \oitage at the p-side SCL—InP interface. All three numbers
results. Physical models and key material parameters aigy s to the measured threshold voltage. Any significant Zn

discussed in Section Ill. The results of our numerical a”alysdﬁncentration at our p-side SCL-InP interface would strongly

are presented in Section IV. reduce the excess voltage and it would increase the electron
barrier. High excess voltage has been associated with signifi-
Il. DEVICE STRUCTURE AND EXPERIMENTAL RESULTS cant electron leakage in 1,30 lasers [27]. However, at room

The laser structures are grown in a metalorganic vapor phd@@perature, electron leakage in }.8+lasers with an undoped
epitaxy (MOVPE) horizontal reactor at 646 and 350 torr. The INP-SCL interface is negligible near threshold and is significant
MQW energy band diagram is given in Fig. 1. The active ré@nly at very high injection currents [26]. Similarly, we previ-
gion consists of six 6.4-nm-thick compressively strained (198'Sly found high-injection leakage in our 1.8 lasers [17].
INg.76Ga.24ASy 79Po.21 quantum wells (QW’s). The 5.5-nm- In this paper, we investigate laser performance near threshold
thick barriers are made of ¢+, Gay.20ASy.55Po 45 (1.257m and we expect negligiblg elec_tron leakageoom temperature
bandgap wavelength) and exhibit slight tensile strain (0.0498 Suggested by ourV’ Ilngarlty£217]. .

The first and the last barriers are 17 nm wide. The MQW stack is The inverse slope efficiency,, - is plotted versus cavity
sandwiched between undoped 100-nm-thick JutbinGaAsP length L to extract the internal optical loss; and the dif-
separate confinement layers (SCL's). On the p-side of the strigrential internal efficiencyy; (Fig. 2). The data points are
ture, the first 140 nm of the 2000-nm InP cladding layer negXxpected to form a straight line [28], but significant scattering is
to the SCL are not intentionally doped. The remainder of tdten observed. This scattering is attributed to microstructural
InP layer is 4107 cm~3 Zn doped. This low doping den- differences as well as to nonuniform current injection with
sity reduces absorption losses and prevents Zn dopants fi@#g cavity lengths. We used up to three probes to make the
diffusing significantly toward the active region [24]. Zn atom§&Urrent injection more homogeneous. The average facet power
from our 3x10*° cm=3 doped 150-nm-thick InGaAs top con-reflectivity is assumed to bé? = 0.28. If all data points
tact layer are also not expected to diffuse into the active regi@f¢ taken into account, the standard deviation of both the
[25]. We keep the Zn concentration at the SCL-InP interfag&tracted parameters is quite large: = 17/cm + 6/cm and
negligibly low since its effect on electron leakage would adt# = 0-81 +0.14. Selecting only the best lasers with the lowest
more uncertainty to our analysis [15], [26]. Broad-area ridg&2reshold current and the highest slope efficiency gives more

waveguide lasers with 5Zm-wide stripes are processed. Th@arrow marginsi; = 10/cm+ 1/cm and; = 0.68 + 0.02.
Besides statistical deviations, thg' (L) method also exhibits

1PICS3D 4.1.2 by Crosslight Software, 1998. an inherent inaccuracy since the length dependence ahd
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Fig. 3. Pulsed laser power versus curreht-[) characteristics at various

temperatures (dots: measurement; lines: simulation). Il. L ASER MODELS AND MATERIAL PARAMETERS

PICS3D self-consistently combines 2-D carrier transport,
o ! ! ! ' heat flux, optical gain computation, and waveguiding within
E" the transversal planez(y) as well as a mode solver in the
‘o 1504 L longitudinal direction £). The laser is separated into many 2-D
% sections along the longitudinal axis, allowing for a quasi-3-D
g siope sfficiency n, simulation. However, longitudinal variations are of minor
£ '] i importance in our device. Further details of the laser model
E are published elsewhere [30We discuss here only those
2 5ol \-\.\_ - aspects that are crucial to our analysis. By measuring pulsed
§ threshold current I, \'§: laser characteristics, we are able to exclude self-heating effects
ki o . . ' . which would add another level of uncertainty to the analysis. In
O 20 40 60 80 100 120 our investigation, the temperature of the active region is equal

Stage Temperature ['C] to the stage temperature.

The drift-diffusion model of carrier transport includes Fermi
Fig. 4. Characteristic temperatures measured as a function of stgjatistics and thermionic emission at heterobarriers [31]. This
temperature. process is mainly controlled by the offset of the conduction
band AE.) and valence bandXF,) at the heterobarrier. We

n; is neglected. For our short lasefs £ 269 um), the inherent find best agreement with the measurements by using a band
error of the differential internal efficiency is only a few percen@ffset ratio of AE./AE, = 0.4/0.6 which is typical for the
whereas the internal optical loss is underestimated by abdgaAsP—InP system [32]. In our steady-state analysis, carrier
30% [29]. For those reasons, we mainly rely on the directffattering between confined and unconfined QW states is not
measured laser parametekg,(7") and n4(T) to investigate considered explicitly. A single quasi—F_er.mi level is assumed
temperature effects. We use a typical short-cavity laser in tBd QW carriers are treated as 3-D within the transport equa-
following. tions. More sophisticated models are required to investigate dy-

The device temperature is increased by heating the copp@ic laser characteristics [33]. Fig. 5 illustrates leakage cur-
stage from room temperature (20C) up to 120 °C. rentsinour device. Vertical leakage is due to electrons leaving

The thermal red-shift of the emission wavelength i€ waveguide region in the verticgldirection by thermionic
d\/dT = —0.54 nm/K. This red-shift is governed by emission. We draw the boundary along the SCL-InP interface
the shift of the gain peak and is about twice as strong asifhorder to clearly separate electron leakage from other phys-
GaAs-based Fabry—Perot lasers [19]. Temperature effectsié mechanisms. Vertical hole leakage into n-InP is also part
our pulsedL—I characteristics are shown in Fig. 3 (note th€f the model but it is negligible. Lateral leakage includes all
log scale). The effect of temperature elevation fréinto 7, carriers leaving the waveguide region in the lateradlirec-

on the threshold currenty,(7') is often described by a Char_tic.)n.. Both the_ leakage currents plus all recombination currents
acteristic temperatur@, = (T — 1})/ In[(Le(T2) /In(T1)]. w|th|n the active (QW) anq passive Iaye.rs.of the vyavegu|de re-
Utilizing this concept, we obtain a functioff,(7") which 9ion add up to the injection curretdit Within passive layers,
decreases from 55 K at room temperature to 20 K at 10 @ temperature-independent spontaneous emission parameter of
(Fig. 4). Similarly, the characteristic temperature of the slop@ = 10 *° cn?® - s™* is assumed. The spontaneous recombi-
efficiency 74(7") shows a monotonic change froml80 K nationrate in QW's is much larger than in passive layers and is
to -30 K (Fig. 4). Thus, the temperature sensitivity of botgalculated self-consistently from the energy band structure and
the threshold current and the slope efficiency is strongfyermi distribution including temperature effects. A 2-D profile
increasing with higher temperature. In the following, w&f Spontaneous recombination in the MQW region is shown in
analyze the physical mechanisms behind these temperature

effects. 2p|CS3D User's Manual. [Online]. Available http://www.crosslight.ca
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Fig. 6 as calculated & = 120 °C. QW recombination outside
the ridge region#£ > 28.5 pm) indicates lateral leakage. Using 1000
the total spontaneous recombination rate and the average carrier
densities, an average QW parametet 0.8 x 1071 cm?.s!

is estimated at 128C. It is smaller than the room-temperature
valueB = 1.2 x 10719 cm?® - s, as expected. Our relatively
low room-temperature threshold current density indicates small
nonradiative recombination. The Shockley—Read-Hall (SRH) 4 —
recombination lifetime of electrons and holes is assumed to -200160°C / n=p=2x10"ecm® L
be 20 ns within the MQW stack and 100 ns elsewhere. Pub- 00} L80C oo 7 s20'C :
lished measurements of the QW Auger recombinationGa¥é 150 152 184 186 188 160 162
versus the average QW carrier densifyshow a weak temper- Wavelength {um]

ature depen_dence in stralne.d-layer lﬁ&ﬁ_MQW, lasers [,13]’ Fig. 7. Material gain spectrum for various temperatures (inset: shift of the
[34]. There is some uncertainty about the carrier density meagsing wavelength).

surement [35]; however, the Auger paramefteis found to be

hardly temperature-dependent. By definition, the experimentglin agreement with measurements of the photoluminescence
parametel”' is somewhat different from the theoretical parampeak shift of similar MQW’s [22]. Temperature effects on
etersC,, and €, used in the calculations of the local Augethe calculated gain spectrum are shown in Fig. 7 for a carrier
recombination rate(,n + Cpp)(np — n7) (n—electron den- density ofn = p = 2 x 10'8 cm~3. With higher temperature,
sity, p~hole densityn;—intrinsic carrier density). Sekét al. the peak gain decreases substantially due to the wider spreading
have investigated this difference [36]. Assuming that the cobf the Fermi distribution of carriers. The negative gain below
duction-hole-hole-split-off (CHHS) Auger process dominatee bandgap energy is a deficiency of the Lorentz broadening
(G, = 0), they reproduce the small temperature sensitivitnodel [38], but it hardly affects our analysis. The inset shows
of the experimental results employing an Arrhenius-type funghe good agreement of the calculated lasing wavelength with
tion for the paramete€’, = C, exp(—FE,/kT’) with an acti- measurements. Because of the temperature dependence of the
vation energy ofE,, = 60 meV. We adopt this concept herecarrier densitiesy( > n), it slightly deviates from the gain
using the same activation energy which gives good agreemgehk position shown. Fig. 8 plots the peak gain as a function
with our measurements. Our fit leads to an Auger parametergifthe carrier density at different temperatures. To maintain the
Cp = 1.6 x 107> cm® - s~* at room temperature which risesrequired threshold gain with rising temperature, carrier density
t0 2.9x1072% cm® - s7* at 120°C. and injection current need to be increased. We will show in
In our strained QW's, the conduction bands are assumedgection IV that this is the main trigger mechanism for the
be parabolic and the nonparabolic valence bands are compwgderved temperature sensitivity of the threshold current.
by the 4 x 4 kp method including valence band mixing [37]. Several absorption mechanisms are considered in PICS3D.
The local optical gain is calculated self-consistently from thighe local absorption coefficient is proportional to the density
local Fermi distribution of carriers at each bias point of thef electrons and holesi = «; + k,n + kpp. The constant
L~I curve. A Lorentzian broadening function is used witlhackground loss coefficient;, represents carrier-density-in-
0.1 ps intraband relaxation time. Band gap shrinkage duedependent mechanisms like photon scattering at defects.

800

6001

40 6 8 100 120
400 4 Temperature ('C}
200

1]

Material Gain [1/cm]

carrier-carrier interaction is considered A#l, = —{N'/®  Free-carrier absorption due to electrons is known to be very
with ¢ = 107% eV cm. The thermal bandgap reductiorsmall in 1.55xm INGaAsP—InP laserskf = 10~'% cm?)
parameterdE, /dT’ = —0.28 meV/K is extracted from the [2]. Absorption within the valence bands can be related to

measured thermal shift of the lasing wavelength. This numbggraband transitions (free-carrier absorption) or to interband
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Fig. 8. Peak material gain versus carrier density & p) at different : ; .
temperatures. Dots give the average QW carrier density at threshold as obtaﬁ]ge' Q.Similr;?ﬁ)cri])threshold current and its components (dots: measurements,

from the simulation§ > ).

transitions (IVBA). Both mechanisms are roughly proportion 4 threshold S sinalyv. it al & he sl ¢
to the hole density and hard to separate in our analysis. IV %te threshold current. Surprisingly, it also affects the slope ef-

is usually considered the dominant absorption mechanism/{H{E"CY (se_e below). The second most CrUCial.ﬁt parameter is
1.554m lasers [2]. Absorption measurements at the J.65- the absorption parameté;,. The band offsetl rat_uzﬁEc/ AE’”.

wavelength givek, = 20- - - 60 x 10~8 cm? for bulk material only controls high-temperaturé—I curves, indicating negli-

(InGaAsP exhibﬁs higher values than InP) [39]-[42]. It iglb!e vertlcgl leakage at Iovyer temperatures. Thg fitin Fig. 3 is
difficult to accurately measure this parameter within Qwd! a|_nly achieved by balancing these three m_aterlal parameters.
and only a few experimental investigationsigfcan be found Fig. 9 plots the threshold current an_d Its components as
in the literature on 1.5%m MQW structures [42], [43]. IVBA a f“.“C“O” of tgmperatpre. Al recombmafuon cqrrentg are
is often believed to be reduced by compressive strain, tained by 3-D integration over the waveguide region (Fig. 5).

some investigations suggest otherwise [44], [45]. QW IVB arriers leaving the waveguide region in the lateral or vertical
is hard to distinguish from IVBA in other ,Iayer;s and w irection constitute leakage currents. At room temperature, the

assumek, and &, to be uniform throughout our device, i.e strongest contribution to the total threshold current comes from
P n y ey . .
carrier-density-dependent absorption within barriers and SCLS ' A_uger recombination (61%), followed by spontaneous
is included self-consistently. Our fit td—/ measurements emission (27%), Iat_eral Ieak_age current_(8%), a_m.d SRH recom-
givesk, = 82 x 10718 cm? at room temperature. This numbelb'n,"’mo_n (3%). 'Ve.rt|cal carrier Ieakage is negligible athD )
mainly represents the QW'’s (cf. Section IV). It is smaller thar/h'Ch is also _|nd|cated by _the S”a'ght_ electron quasi-Fermi
measured with unstrained QW's (1400 '® cm?) and larger evel at the p-side SCL—InP interface (Fig. 1). Relevant current
than with more strongly strained QW's (830~8 cm? with flow across this undoped interface would be accompanied by a
1.2% strain) [42]. We find a very weak temperature sensitivi ep in the quasi-Fermi level which is clearly visible in the case
of this parameterk(, = 88 x 10~'% cn?® at 120°C) which is f holes. Hot carriers are not included in our simulation, i.e.,
in agreement with theoretical [46] and experimental [14], [39§arr.|er|s mlstantanel:ouksly assumea Ferrgl dlstrlbutu;n. gt’(l:gO
[41], [47] results of other researchers. The modal internal lo grtl_ca electron cakage |(r)1t0 p-In_P ecomes the omlnar_1t
parameteky; is obtained by 3-D integration, weighted by thearmer loss mechanism (47 /0)’. Iegvmg behind Auger recombi-
local intensity of the fundamental mode (optical confineme tion (45%), spontaneous emission (4%), lateral leakage (3%),
factorI' = 0.074). Temperature effects on;(7") are mainly and SRH recombination (1%). All these calculated contribu-
caused by the temperature-dependent carrier density. For teps add up perfectly to the me"?‘?‘!req threshold currents (dots
lasers, vanishing background loss, (= 0) and R = 0.28 facet in Fig. 9). Its temperature sensitivity is dominated by Auger
power,reﬂectance give the best agreement it measure- recombination at lower temperatures and by vertical leakage at
ments at a different laser length. The mirror loss coefficient gher temperatures. A_ crl_t|cal transition tempera_ttﬂngecan
= 47 e~ for our cavity length off, = 269 ;m. e defined by the beginning dominance of. vgrtlcal leakage
By choosing the highest level of self-consistency in P|c33|59”em (120C) or by the drop of the characteristic temperature

each bias point of ouk—I simulation requires about 10 min ofh€ar 80°C ((_:f' Fig. 4). The seco_nd defmlthn IS Ie_ss precise
ut more suitable from an experimental point of view. Below

computation on a 500-MHz Pentium Il computer, amounting, o e
to about 2 h for eacti—I curve. » = 80 °C, the characteristic temper_atures of Auger current
(44 K) and spontaneous recombination current (217 K) are
close to the numbers found by other authors [7]. At higher
temperatures?, of the spontaneous recombination drops to

The simulated.—I characteristics are given in Fig. 3 (linesB0 K, indicating the increasing contribution from carriers in
for device temperatures from 2@ to 120°C. The excellent passive layers. Characteristic temperatures for vertical leakage,
agreement with the measurements is obtained by careful adjlsteral leakage, and SRH recombination are about 14, 62, and
ment of key material parameters as discussed in Section Ill. Th&7 K, respectively.

liQUger coefficientC), has the strongest influence on the calcu-

IV. ANALYSIS OF EXPERIMENTAL RESULTS
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Fig. 10. Threshold electron density(y) at the laser axis for different gjg 11, Simulated threshold current for different variations of the model
temperatures. (dots—measurement).

Allthese carrier loss mechanisms depend on the carrier disfimperature of 216C [5]. The vertical electron leakage current

bution (Fig. 10). From 20C to 120°C, the average QW carrier can also be reduced by p-doping of the SCL—InP interface [15],
density NV increases from 1610'® cm 2 to 2.8x10 cm—3. [26], [49].

The enhancement of carrier density and carrier losses is mainly-rom 20°C to 120°C, the Auger current rises tenfold which
triggered by the gain reduction with higher temperature. Thi§ mainly related to the 75% increase of the carrier dengity
becomes clear from Fig. 11 which shows a threshold currenl/y, ~ 1.25 in the QW's). The Auger coefficient’, (7)) rises
simulation assuming’ = 20 °C in all gain calculations. Without py |ess than a factor of 2. Fig. 11 gives the threshold current
temperature effects on the gain, the temperature sensitivity &f calculated without Auger recombinatiafi,(= C,, = 0).
the threshold current is very smalll{ = 188 K), despite Auger Thijs result is lower than the simple subtraction of the Auger
recombination. This result confirms experimental investigatiogrrent from the threshold current, especially at high tempera-
by other authors [13], [14] which have been disputed elsewhg{Res (cf. Fig. 9). The corresponding slope efficiency is higher
[71. than with Auger recombination. This phenomenon is due to the
The maximum lasing temperature of our devices is limitegialler threshold voltage which gives reduced vertical leakage
by vertical electron leakage into the InP ridge. From’@Xo  gince MQW carrier nonuniformity and electron overflow into
120°C, the electron density at the p-side SCL—InP interface risgg p-side SCL are reduced [17] and the electron quasi-Fermi
by more than one order of magnitude (Fig. 10). This is accomgvel at the p-side SCL-InP interface is lowered. Caused by
panied by an elevation of the electron quasi-Fermi level on thgs combination of effects, the characteristic temperature of the

SCL side ¢77“"). Both its reduced distance to the InP condughreshold current i§, = 173 K when Auger recombination is
tion band edgeZ!"" and the increased temperature lead to themoved from the model.

escalation of the thermionic emission current density across thisthys far, we have analyzed temperature effects on the

interface [31] threshold current. More information about internal laser
_— _— physics can be extracted from the measured slope efficiency
jleak — A2 [exp <Fn - k. ) n¢(Z") which is reproduced by our simulation (Fig. 12). The
o KT differential quantum efficiencyyy = micm/(am + o) is
F3CL — pal affected by internal optical losses;{ and by the enhance-
- xp <T)} ’ () ment of carrier losses above thresholg)( The differential
internal efficiencyn; = Al /AI is the fraction of the
where total current increment\/ above threshold that results in the
A effective Richardson constant; stimulated emission of photons [38]. It is less than unity if
k Boltzmann constant; parts of AI are consumed by other recombination processes
FI"P  electron quasi-Fermi level on the InP side of théAuger recombination, spontaneous recombination, and SRH
interface. recombination; current incrememt/,.) or by leakage (vertical

Most of the leaking electrons drift toward the contact, and theakage incremeni\ I, lateral leakage incrememt/,) [50].
p-InP minority carrier density rises from ¥0cm~2 at 20°C  The total current increment is the sum of all these contribu-
to 5x 10 cm~2 at 120°C. We have recently reported on thdions: Al = Al + AL 4+ Al 4 Al. The corresponding
introduction of an InGaP layer at the p-side SCL-InP interfackfferential efficiencies are given as

to heighten the energy barrier for electrons [48]. The effect of

this electron stopper layer is illustrated by the dotted line in N =Ms X Ne X Ny

Fig. 11. It has no effect at lower temperatures but it reduces _ Algim + AL+ AT
the threshold current at high temperatures. Consistent with this T AL + AL+ AL + AL
analysis, the introduction of a p-AlinAs electron stopper layer Al + AL Aliim

into 1.3um AlGalnAs—InP lasers led to the record-high lasing X Al + Al + AL X Al + AL @
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Fig. 13. Threshold hole densipfy) and wave intensity at the laser axis with
Fig. 12. Differential efficiencies versus temperature (dots: measuremeiiit¢ stage temperature as the parameter.
lines: simulation). The internal efficiencyy; = n.n.n, is separated
into contributions from vertical leakagend), lateral leakage r(;), and 35 " . L . L
recombination lossegf).
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These efficiencies can also be understood as probabilities. An 251

additional electron injected above threshold has the probability
7 t0 remain within the ridge region:(< 28.5 pm). It has the
probabilityn,7. to recombine within the waveguide region. The
efficiencyn, gives the ratio of the stimulated recombination in-
crement to the total recombination increment within the wave-
guide region (including MQW). The difference between both £ { "~ . oc-----o77T
the recombination rates is considered recombination loss. The °0 - - p = o 180
recombination loss within SCL's and barriers is more than one .
order of magnitude smaller than within the QW’s (cf. Fig. 6). Temperature [C]
We have recently shown that QW recombination |0$S@%. 14. Internal optical loss of the fundamental mode. Dashed lines give
dominate the differential internal efficiency of our MQW lasersontributions of different device regions. Dots give as extracted frond.—I
at room temperature [17]. Their commonly neglected influenégves (ctFig. 2.
is based on the increasing nonuniformity of the QW carrier
population with higher current. The separation of quasi-FermiFinally, we analyze temperature effects on the modal optical
levels in neighboring QW's increases with higher current due toss «;(7"). Absorption is governed by the density of holes
the electrical resistance of the barrier. This causes an increm@hich is the highest in the QW’s (Fig. 13). At room tempera-
of Auger recombination within the more populated p-sidtire, 64% of the internal optical loss occurs within the QW'’s
QW's that is larger than the decrement in the less populatadd 10% within barriers and SCL's (Fig. 14). The remaining
n-side QW’s. The net increase of Auger recombination abo2€% originate in the p-InP cladding layer which is occupied
threshold dominates); at room temperature [17]. Lateralby a considerable part of the guided wave (Fig. 13). At 120
leakage has a much smaller influence and vertical leakage€@ the QW'’s cause 60% of the internal absorption whereas
negligible at lower temperatures (Fig. 12). the contribution of barriers and SCL'’s rises to 24%. The total
Again, this ranking changes dramatically at high temperabsorption doubles within this temperature range. As suggested
tures. Above 80C, electron leakage causes the highest diffeby other authors [11], [16], absorption by unconfined carriers
ential carrier loss. The recombination loss increm&iiit rises rises strongly with temperature elevation. However, passive
little with higher temperature. This is related to the more uniayer absorption does not dominate internal optical losses in our
form hole distribution (Fig. 13) which compensates for risintasers. Fig. 14 also gives experimental resultsdpobtained
Auger recombination. Due to a lower carrier mobility, the latby thengl(L) method which show some scattering and which
eral leakage incremenrit/, decreases slightly, thereby reducingre all smaller than calculated. This disagreement is an inherent
the temperature sensitivity of the slope efficiency [51]. The criproblem of they; ' (L) method with short lasers and it does not
ical temperaturd,. = 80 °C of n4(T') is identical to the one ex- invalidate our simulation [29].
tracted from the temperature sensitivity of the threshold current.Photon losses have less effect on the slope efficiepdiian
However, T, is difficult to identify from the measured changecarrier losses. From 20C to 120°C, the optical efficiency
of the characteristic temperaturemgf(T'), as proposed by other «,,, / (v, + ;) decreases from 0.74 to 0.56 while the differen-
authors [16]. In fact, the strongest change in Fig. 4 occurs nei@l internal efficiencyn; drops from 0.66 to 0.19, mainly due
40 °C, when the efficiency),(T") starts to drop (Fig. 12). The to vertical leakage (Fig. 12). Below the critical temperature
open circles in Fig. 12 give experimental results for the internaf 80 °C, the effect of absorption on the threshold current’s
efficiency; as obtained by thed_l(L) method, which confirm temperature sensitivity is also small. When we exclude ab-
our simulation (cf. Section II). sorption from the simulation, the constant mirror loss gives a

modal internal loss o

204 within quantum wells

154 e o

104 .--- - 2

internal Absorption [1/cm]
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constant threshold gain and a smaller increase of the threshatoh]
carrier density with temperature (cf. Fig. 8). The characteristic
temperature of the threshold current is slightly increased to 58
K (Fig. 11). However, the threshold current at I2Dis almost  [11]
three times smaller without absorption, mainly due to reduced
vertical leakage.

[12]

V. SUMMARY

Based on various light versus current measurements dndl
1.55+:m Fabry—Perot laser diodes, we have investigated the
relative importance and the interaction of key physical mecha-
nisms which are known to affect the temperature sensitivity 0[1 4
long-wavelength lasers. In our MQW laser, threshold curren
and slope efficiency are mainly governed by Auger recombina-
tion at low temperatures and by vertical electron leakage at higHS]
temperatures. The critical transition temperature is abof€80
The enhancement of carrier losses and internal absorption with
rising temperature is mainly controlled by the increasing carrier
density in active and passive layers. This increase is caused by
optical gain reductions with higher temperature. Thus, only thé¢l6]
self-consistent consideration of temperature effects on gain,
carrier density, recombination, leakage, and absorption leads
to a full explanation of the measured temperature sensitivity17]
Other types of laser diodes may exhibit a different balance
of these mechanisms. A larger variety of experiments allowg; g
for the fine-tuning of more material parameters in the model.
However, we have given an example of how advanced nume ig
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