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The temperature performance of type-ll semiconductor lasers has been analyzed by comparing the
temperature-concentration dependence for a charge-carrier subsystem at the threshold with
steady-state temperature-concentration relationship implied by the carrier heating process. The low
material gain characteristic of type-Il heterostructures and the high resistance of the thermal link to
the heat sink are primarily responsible for limiting the continuous-wave laser operation to low
temperatures. We show also that the number of cascades for type-Il interband cascade lasers can be
optimized with respect to the highest achievable operating temperatl280®&American Institute

of Physics[DOI: 10.1063/1.1814432

In midinfrared (MIR) quantum-well lasers, the optical tron concentration and temperatungandT,. Therefore, the
gaing(ne, Te) is a strong function of both the carrier concen- lasing threshold conditiorng,,of(Ne, Te) = io(Ne, Te), iMplies
tration and the carrier temperature. Any increase of the lasex certain relationship between the threshold carrier concen-
operating temperature is accompanied by a compensatirtgation ny, and temperaturdy,, which is a curveTy,(ny,) in
rise of the carrier concentration in the active region, which inthe n.—T, coordinate plane. In the simplest model considered
electrically injected lasers implies a corresponding increasi this work, we shall assume that the optical loss is not a
of the threshold current. The latter in turn induces additionaktrong function ofn, and T, which is a reasonable approxi-
Joule heating, while the concentration buildup enhances thmation for type-l1l ICLs>® In this case, the dependence
nonradiative(Augen current. At some point, this leads to a T,(ny,) represents the “isogain” curven,.q=constant. An-
lasing failure. For design purposes, it is very important toother relationship in the,—T, plane results from the consid-
understand the main “trigger” mechanism of such a failure—eration of carrier heating. Carrier concentration in the active
whether it is the Joule heating of the crystal lattice or theregion is determined by the injection current, which in turn
Auger-related heating of the electron subsystem. In thistrongly affects the electron temperature. The energy balance
work, we describe a method that allows for a comparison okquation thus defines a curig(n,), which represents all
the physical effects most critical for high-temperature operapossible steady states of the system. This curve must some-
tion of SemiCO”dUCtO{ lasers and apply it to type-Il interbandyhere match the threshold isogain lifig(ny,), so that the
cascade laserdCLs).” Our approach is based on matching jntersection between these two curv@s(ng) and Te(n),
the temperature-concentration relation obtained from the lagetermines the laser operating point. If there is no intersec-
ser threshold condition with an independent relation describjon the device will not lase at any injection current.
ing the laser heating characteristics in the continuous-wave The sheet carrier concentrationin the active quantum
(cw) operating regimé'.3At high injection levels, typical for \yelis determines the injected current densityJg+Jsgy
near-room-temperature operation, the Auger recombinatioq j ' \hich is a combination of both the radiative and non-
is essentially responsible for the threshold current in MIRragiative components. The current componkyai=gAn ac-
lasers and is, therefore, the basic physical mechanism limit:oynts for the Shockley—Read-Hé&8RH) recombination at
ing their cw operation to low temperaturée show, how-  interfaces and impurities. Reported valli®sf the coeffi-
ever, that the high value of the specific thermal resistance igjent A are of the order of & 1. They are characterized by
antimonide-based ICL¢Ref. 1) can equally determine the pegjigible temperature dependence and do not vary with the
ultimate cause of the device failure. This agrees with oulyyantum-well width. The last component &fis the Auger
experimental data for 3.4m type-|l cascade lasers. recombination currenty=Cnd;. We assume that the Auger

At the lasing threshold, the modal optical g@ifamust  yrocess is controlled by the 2D carrier concentratian the
compensate for the total optical loag,. In semiconductor  4¢tive quantum wells, so that the effective 3D concentration
lasers, both quantities can generally be functions of the elegjseq in the calculation can be estimated with respect to the
combined widths of the adjacent electron and hole quantum
¥Electronic mail: mvk@ece.sunysb.edu wells asngs=n/(d.+d;). The reported Auger recombination
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FIG. 1. Graphical analysis of the temperature performance of type-Il ICLINF|G, 2. Maximum heat-sink temperature vs number of cascadider

the n—T, plane. Solid curved shows the isogain lin@(ny,). Curves1-3  type-Il ICLs. The curve assignment is the same as in Fig. 1. Dashed 2urve
show equilibrium electron temperature-concentration dependefeg; (1) demonstrates the strong depression of the maximum operation temperature
C=5X10?"cmP/s, pr=15 K cnt/kW; (2-3) C=10"¢cm®/s; thermore-  py Auger recombinatioricompare with curvel). Curve 3 illustrates the

sistance valuespr=15 K cnf/kW (curve 2) and pr=3 K ci?/kW (curve  recovering effect of the lower thermal resistance. Room-temperature opera-
3). The dotted line2’ and 3’ show the equilibrium lattice temperature tion becomes feasible at the lowest thermoresistance value

Ti(ne) for high and low thermoresistance values. pr<3 Kcm?/kW even for an Auger coefficient as high a€
=106 cmf/s.

rate in type-Il InAs/GalnSb multiple quantum wells and su-
perlattices is nearly an order of magnitude lower than theobtained using the same high value of the specific thermal
typical values for type-l laser heterostructures in the sameesistance,pr=15 K cn?/kW, which is typical for wide-
spectral region 3—5Lm.8 In type-Il heterostructures at stripe IcL? Auger coefficients in these two calculations dif-
~4 um, the reported valués of 3D Auger coefficienC are  fer by a factor of 2,C=5x 102" cm®/s (curve 1) and C
in the range 107’-102% cm® s71. While there is still a con- =102% cmf/s (curve2). The SRH recombination coefficient
troversy about the temperature dependence of the Auger prevas taken at a typical value @&=1C° s™* (Ref. 8. The in-
cess in type-Il heterostructures designed for MIR las®ts,  tersection of an electron temperature curve with the threshold
we shall assume thresholdless Auger recombin&tiamd isogain line defines the laser threshold operating point. For
use representative room-temperature valod<C. the lower value of the Auger recombination rate, there is a
The Auger recombination is also responsible for carrierobust lasing generation represented by the intersection of
heating. We assume that each act of nonradiative recombin#he curvel and isogain lined. Due to the low value of the
tion transfers back into the carrier subsystem an energy dptical gain in a type-Il ICL, only a two-fold increase of the
the order of the optical quantulhv. The energy balance then Auger coefficient brings the device out of operation, so that
gives a simple estimate of the difference between the carriezurve 2 shows no intersection with isogain lirie Curve 3
and the lattice temperature$,—T, =hv(Jao7,/qn). The en- demonstrates the recovering effect of the lower thermal re-
ergy relaxation timer, is assumed here to be common for sistancepr. Remarkably, as small as a three-fold decrease of
both electrons and holes, and uniform throughout the activéhe thermal resistange; brings the laser back into the oper-
region. The lattice temperatuflg in cw regime is primarily —ating range even for the Auger coefficient as high Gis
determined by Joule heating, =Tys+prJV, whereTygis =102 cmP/s. Calculation shows that laser generation is se-
the heat-sink temperature apg is the specific thermal re- curely recovered(isogain line reappeaysalready at py
sistance of the laser heterostructure. The voltage drop at the5 K cn?/kW. Dotted curve2’ and 3’ illustrate the equi-
threshold, V=pJ+Nhv/q, is determined primarily by the librium lattice overheatind (ne) in the active region at high
cascaded active regions and also by the specific series resed low thermoresistance values. It is readily seen that the
tancepg associated with the injection regions and the wave-electron heating plays only a secondary role in the overall
guide cladding regions. In cascaded structures, the series rdevice overheating, while the lattice temperature increase ap-
sistanceps has two componentss=Npjn+ps, Where the  parently dominates the process at high thermoresistance val-
first term is theN dependent active region resistance associues(compare the dashed and dotted cure®’ and3-3').
ated mostly with the injectors, and the second term repre- When the threshold isogain lifg,(ny,) is tangent to the
sents the contribution of the waveguide cladding layers anélectron temperature curvé,(n,), the laser operation be-
therefore does not depend &h At the moment, we lack comes marginal, so that this regime corresponds to the high-
detailed information about series resistance in structures witBst operating heat-sink temperatureT,,,,, achievable for a
different numbers of stages, and we assign the total value afiven device. Figure 2 shows the calculated dependence of
the series resistance to theindependent part. the maximum operating temperatufg,, on the number of
Figure 1 illustrates our method of analysis. The boldcascade staged. We assume that both the optical loss and
straight line0 (isogain ling represents the threshold condi- the series resistance in the ICL heterostructure originate in
tion Ty(ng) for a typical value of the internal optical loss the cladding and contact layers, thus keeping those quantities
@ =20 cni! at the lasing wavelength=4 um>® Curves N independent in our illustrative calculations. In this situa-
1-3 show the equilibrium electron temperaturgn,) calcu-  tion, the most important consequence of the increase of the
lated for r,=1 ps. The typical value of the specific series number of stages is the corresponding increase in the con-
resistance taken heregg=3 m() cn? (Ref. 1), and the heat- finement factor and the modal gain which accounts for the
sink temperature i¥,5=175 K. Curvesl and2 have been sharp increase of the temperature performance Witht
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10° = moresistance on the laser temperature performance. To illus-
i(a) = trate experimentally the influence of the thermoresistance de-
23N AP crease on the laser temperature performance, we measured
/' AT the threshold current in two ICL devices processed with dif-
/'/Q’, ferent mesa widths, 3am and 8um [Fig. 3b), curvesA
o /‘/",’ // andB]. Both lasers are of similar design and emit at ara.
§ 10% |- 2% == 1 The different mesa width leads to a different thermal resis-
gt nas 1->2 Cincreases |
2 2->4 pydecreases | tance and, therefore, a_ffects the Iaser_temperature_ perfor-
2 - mance. The thermal resistance and maximum operating tem-
g 2 3 14 perature arepr=13 K cn?/kW and T,,=175 K for the
§ 4 i + 35um mesa device (A), and, correspondingly, pr
§ 100 120 140 160 180 200 =3.5 K cn?/kW andTmaX: 205 K for the 8um mesa deyice
2 40 _ _ _ (B). The observed improvement @f,,, agrees qualitatively
g f(b)==r - 3 FB- with the predictions of our theoretical model thus illustrating
5 - ! SRS Ry R Y its applicability. A more detailed quantitative comparison is
- A r=as o /AW oo Ao complicated by the fact that the decrease of the mesa width
o 2 P =S KA [ A additionally affects the threshold current by increasing the
%_ e part of the surface recombination which is not included in
\ / i our simple theoretical model.
10* i In conclusion, we describe a simple method for analyz-
ol E ing the temperature performance of semiconductor lasers
-__/ i 5 which is based on comparing the temperature-concentration
2 i ‘-- dependence at the laser threshold with a steady-state

temperature-concentration relationship obtained from carrier
heating analysis. We use this method to highlight the physi-

Heat-sink temperature, K cal effects most critical for the high-temperature operation of

) ] ) type-Il ICLs in the 3—4um spectral region. We show that

FIG. 3. Threshold current dens_|% as a function of heat-sink temperature the low material gain and high value of the specific thermal
Ths (a) Calculated dependencies; for cundeand?2, the curve assignment . . . .
is the same as in Fig. 1. Curves 3 and 4 correspongtol0 and  'esistance typical for antimonide-based cascade lasers are
5 K cm?/kW. The maximum achievable operatiigeat-sink temperature  primarily responsible for limiting cw operation of these de-
for each parameter s¢t—4) is indicated by arrows(l) T,,=194 K, (2)  vices to low temperatures. We show also that the number of

Tnax=139 K, (3) Tnay=162 K, and(4) Tpa=204 K. (b) Experimental de-  |c| cascades has an optimum with respect to the highest cw
pendencies measured in cw mode for two devices with different mesa

widths: 35um (curve A) and 8 um (curve B). Dashed—dotted lines show _operatlng t.emperatur.e,. thoth the range of optimum values
data from pulsed operation. is rather wide, comprising 20 to 30 cascades.
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