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Abstract—We present two different techniques for processing ridge is surrounded by a thin insulating layer (typicalyOgi

InP-based = 9 m quantum cascade lasers which improve or SgN,), and then by a thin metallic contact layer, leading to
the thermal dissipation in the device. The rst process is baed 441 evacuation of the heat generated inside the activenegi
on hydrogen implantation creating an insulating layer to inject h hi hall h b
current selectively in one part of the active region. The seaand The most common answer to this challenge has been

process uses a thick electroplated gold layer on the laserdge the realization of buried heterostructures (BH) [3], [6h I
to efciently remove the heat produced in the active region. these lasers, the active region is surrounded by semictmduc
Each process is designed to improve heat evacuation leading material with high thermal conductivity (unlike the case of
higher performances of the lasers and will be compared 10 a g504ard ridge waveguide) so that heat may be easily dissipa
standard ridge structure from the same wafer. We give evideoe . I di . d back of | h is th
that the process of proton implantation, ef cient in GaAs based [N @ll directions. A drawback of BH lasers, however, is the
structures, is not directly applicable to InP based deviceand we ~€xtra regrowth step that is necessary. Recently, two a@ltes
present a detailed analysis of the thermal properties of deees have been proposed. They combine the simplicity of the
with an electroplated gold thick layer. With theseo lasers, a standard ridge waveguide with the superior heat dissipatio
average power of 174 mW at a duty cycle of 40% has been o5 cteristics of the buried heterostructure. Thesentqabs
measured at 10C. . L .
. ~ are the selective current injection technique [2], [7] ahd t
Index Terms—quantum cascade laser, high power emission, yse of a thick electroplated gold layer [8], [9]. We have
InP based device applied both concepts to the same initial wafer to compare
the performance obtained with the same active region bt wit
. INTRODUCTION different processing designs. In terms of emitted powes, th
; ; de | c best result reported so far at=9 m [10] is an emission of
.HE periormance o _quantum cascade 1asers @ I_') [1150 mW measured at room temperature at 6% of duty cycle.
is continually improving [2], [3]. These unipolar dewceqn this paper, we will see how the two techniques we have

e_m|tt|ng in the mldjlnfrared _have great potential for apph applied lead to equivalent and even higher performance with
tions such as chemical sensing and free-space commumsatiQ.tiar thermal properties

[4], [5]. These. applications W.i” bene t greatly from room The paper is structured as follows. Section Il gives a
temperature, high power, continuous wave (CW) sources, a(ﬁ]éjscription of the structure of the laser. In Section Ill, we

so, much of current QCL research is working towards thlrc'ompare results obtained on standard processed lasers to

goal. S . results obtained on implanted lasers to illustrate thectiet
The_mam dif culty on the ro_ute to high power and CWcurrent injection technique in InP-based lasers. Sectvn |

operation "’.‘t room temperature_|s the Ia_rge amoun_t of heat tB?esents the results obtained on a third set of lasers, wiaioh

must be dissipated in the device. Typical operating voBaggeq, coyered with a thick electroplated gold layer to opémi

for InP-based QCLs are 7-10 V and threshold currents MA¥at evacuation. We discuss in Section V the thermal behavio

be of the order of 1 A at room temperature. If we now considgk {he |asers with the thick gold layer and we describe how

that the best wall-plug ef ciencies reported are of the mrdefo determine the thermal resistance of the device. We then
of a few percents, almost all the injected electrical poveer resent our conclusions

converted into heat in the device. This means that about 10
W of power must be dissipated to prevent the active region
from heating, which would lower the quantum ef ciency and [I. LASER STRUCTURE

could block CW operation. In standard processed lasers, therpe active region of the devices is based on a four quantum
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U U U Fig. 2. Calculated refractive index and mode pro le of thedawaveguide
at =10m . The overlap between the electric eld and the laser actagian
is =62.1 % and the calculated losses are 7.38 cm 1.

Fig. 1. Schematic of the conduction band diagram of one geoibthe
4 quantum well active region together with the moduli-sedarelevant
wave functions. The laser transition involves levels 1 andvi@le the .
energy separation between levels 2 and 3 and between levaldd 3 is lasers, both front and back facets were cleaved thus negulti

equal to a optical phonon energy. From the injection barriee layer in a re ectivity of  23% [14], [15], while the back facet of
sequence i s Gold layers A nAVs and INCaAs |yeSmroman) e 1 mim samples was coated with a high re ectivity (HR)
3:1=1:9=3:0=2:3=2:9=2:5=2:0. mirror (100 nm AbO3=2 nm TE100 nm Aw100 nm ALOs)
resulting in a re ectivity of 95 % at =9 m [14]. The
samples were mounted epi-layer up in order to avoid any short
transition involves levels 1 and 2 in Fif] 1. Together witkircuits due to over owing of the In solder on the facets oé th
the bound to continuum [12] active region, this structure hdaser. Throughout this paper, this process design will leelus
proved to be one of today's best mid-infrared active regicas a reference to evaluate the performance of the two other

designs, allowing rapid electron escape from the lowerlleverocess designs that will be presented.

of the optical transition to achieve the population invensi Fig. B b) shows the structure of the second set of lasers,

necessary for laser emission. The 35 period lattice matchggined implanted lasers. Deep etched trenches de ne a stan-

InGaAs/InAlAs well and barrier layers were grown on a dopegdard ridge structure, which, due to the refractive indexngjea

InP substrate (100m ) by molecular beam epitaxy (MBE) con ne the optical mode of the laser (shown as a shaded

while metalorganic vapor-phase epitaxy (MOVPE) was useglipse). Proton i *) implantation was used to produce a

to grow the top 3.3m InP cladding. semi-insulating layer which de nes a narrow injection chah
The calculated one dimensional refractive index and th¢the ridge. Using this method, the width W of the electiigal

optical intensity of this laser structure are presentediin f. pumped area of the device is reduced with respect to the ridge

On both sides of the 35 period active region, the waveguiggdth D. Current is then selectively injected into the cemte

is composed of 300 nm and 240 nm thick GalnAs layers th@de ridge.

enhance the average refractive index difference between thTypicaI implantation energies and doses we@® keV and

core and the cladding regions of the waveguide. This resulfs "1 14 ions/cn? respectively. With these parameters, the
in a calculated overlap factor as high as 62.1 % and optiG{pjanted layer is 6m under the surface with a width of
IOSS?_‘Q‘ of 7.38 cm', ) 1.14 m . The implanted ions then lie mostly in and below the
Initially, QCLs were developed in the GalnAs/AlINAs ma-ycive region. After the implantation process, deep tresch
terial system, grown on an InP substrate [13]. The chOigg. e formed by wet chemical etching, ensuring smooth walls
of InP as a substrate for high power emission is appealing,q thus avoiding optical scattering. As it is demonstrated
Its advantages are numerous and include: 1) a low refractjyeres. [2] for the GaAs/AlGaAs material system, threshold
index ensuring high optical overlap factors, 2) a high eleat ¢ rent optimization occurs when the rate=D of the
conductivity making heavily doped (and thus lossy) layetgectrically pumped width W to the ridge total width D ranges

unnecessary, and 3) a high thermal conductivity ensuring §fym 0:5 to 0:7. We then chose the following parameters for

hanced heat evacuation with respect to other materialmgsteho device. a ridge oD = 14 m, an injection width of

[1]- W = 10 m with a laser length of 1 mm. Samples were
mounted epi-layer down on high quality copper bases that had
[Il. SELECTIVE CURRENT INJECTION been pre-evaporated with 3-8 of indium solder.

In this section, we will present and compare results obthine For all experiments, the emission was collected with a
on two different types of samples. For the rst set of lasergermanium lens (f/0.8) and focused onto the detector using
called standard processed samples, wet chemical etchiag waZnSe lens (f/1). The collection ef ciency of this system is
used to de ne the ridge. A Si©dielectric layer was used estimated to be 6@. At room temperature a calibrated MCT
to electrically insulate the sides of the device from the togetector was used for pulse measurements and a thermopile
contact, as is shown in Fiﬁl 3 a). The ridge width v2d4am  for the average power measurements. All measurements-are re
and the laser cavity lengths were 1 or 2 mm. For the 2 mported without any corrections due to the collection efruig



< > Fig. 4. Pulsed measurements of optical power and voltagefasction of
current for a sample realized using standard processin@08tK, |ty is
0.68 A, JTh, is 2:8 kA/lcm?2, dP/dl is655 mWI/A and maximum peak power
P is 550 mW. The ridge width i24 m , with a cavity length oftmm, and
the rear facet is HR coated.

Fig. 3. Schematic of the device. a) Standard processing @s8i0 » layer
(vertical hatched layer) for electrical isolation, the irontal hatched region
represents the active region. The metallic contact layeepsesented by the
dark grey layer. b) The laser ridge of width D is de ned by twertches
etched through the active layer. The injection window of twitlV is de ned
by semi-insulating layers created via* implantation. The shaded region
represents the laser mode.

or to the transmission of the lenses. . . .
. Fig. 5. Pulsed measurements of optical power and voltagefasction of
The results for the rst set of samples, processed with aarrent for a proton implanted sample. 200 K, |1y, is 0:34 A, Jty, is 3:4

Sio, insulating |ayer, with cavity of 1 mm and with a HRk_A/cmZ,_ dP/dI is620 mW/A and max_imum pe_ak power is 235 mW. The

. . . ridge width is14m , W = 10 m with a cavity length oflmm, and the
mirror, are shown in Fig[]4. These reference samples quér facet is HR coated.
not optimized in terms of heat dissipation, and therefote, a
high temperature, only pulsed measurements at a low duty
cycle were possible. The pulse width used vidlsns with density with temperature, yielding a value of 180 K. Wall-
a 1 kHz repetition rate, yielding a duty cycle 6f005% plug ef ciency, de ned as the ratio of the peak optical power
This low duty cycle value insures that the thermal propsrti¢o instantaneous electrical power, is3f6 at 300 K.
(material and mounting) of the device do not in uence the The advantages of the reduction of electrically pumped
measured characteristics. In particular, it is possiblgéhis region W=D < 1) are threefold. Compared to a ridge device,
regime to compare devices with different ridge width beeauthe pumped region is decreased and this causes a slight
optical losses are not increased as the width is bigger thdecrease in the optical mode overlap with the electrically
the wavelength. The interaction between the optical mogemped region< 20% and a comparable increase in the
and the walls of the ridge, covered with an insulator (SiCthreshold current densityt,. However, because of the area
or SikN4) which is very lossy at these frequencies, is thereduction, the threshold curreht;, decreases by an amount
minimized [16]. The active volume increases with the widtproportional to the ratioN=D. The rst advantage is thus
of the ridge as does the injected power. This parameter wilear: by strongly decreasing the threshold current, thet he
then in uence the characteristic of the laser when thermdissipated in the devices is similarly reduced. The second
effects are considered. Fif]. 4 shows peak optical power aadvantage is that there is now semiconductor material with a
voltage as a function of current fo=1240 320K. At 300 high heat transfer coef cient surrounding the pumped secti
K, the threshold currentl{y) is 0:68 A, corresponding to of the active region, thus improving heat evacuation. Tlie th
a threshold current densityl{,) of 2:8 kA/cm?, the slope advantage is that, by decoupling the electrical and thecalpti
ef ciency dP/dl is 655 mW/A and the maximum peak powecon nement, the fundamental optical mode is preferentiall
is  550mW. The characteristic temperatufg is de ned by pumped, insuring single mode emission [16].
the empirical relation between the current threshold dgnsi Pulsed measurements of optical power vs current and of
and temperature a¥rp = Joe'~'°. To was determined by voltage vs current of these devices at the same duty cycle
tting an exponential to the evolution of the threshold @nt as for the reference lasers, are shown in lElg. 5. At 300 K,



device realized in the same material [6]. This is signi cant
as it means that the simplied process of selective current
) injection produces devices with performances similar to BH
r 1 devices. There is, however, a considerable discrepandyein t
I 2 | measured values of characteristic temperatyré80 K for the
. ) B ] proton implanted sample and 187 K for the standard processed
- ' § sample) as can be seen from the temperature dependance
I - ] in pulsed mode of the threshold current for both processing
Lo -+ S ] presented in Fid] 7. As one can see, threshold current éensit
o g in the case of the implanted laser and for all temperatures
i s 1 below 240 K, are similar to those measured on standard
processed lasers. At room temperature, the thresholdnturre
+ Fk densities suddenly increase for the implanted samplejrigad
to a small value of the characteristigy parameter. This is

Fig. 6.  Continuous wave optical power as a function of curfem an  contrary to expectation, as the two devices should show the
e e i el s 8 ey ainan S3M temperature dependaice as they e processed from the
power is 20 mW, current threshold density, = 3:3kA=cm?2 and slope Sa@me material. This difference was not found in GaAs-based
efciency dP=dl = 110mW=A at 20 C. Insert: Emission spectrum near devices [2], and may be explained as follows.
threshold at room temperature. While the process of proton implantation is very ef cient fo

GaAs-based lasers [2], it breaks down at high temperatores f
[ ' ' ' ' ' InP-based devices. Proton implantation in GaAs createp dee
L 1 level centers which trap carriers, rendering the layer semi
- g insulating [17]. Since the defect states are near the middle
L ] of the band gap, the charge carriers remain trapped, even at
I elevated device operating temperatures, and the layemimem

M non-conducting. On the other hand, in n-InP, the created
- / defects lead to the pinning of the Fermi level in the upper

% & 0*

half of the band gap, thus allowing thermal activation of
trapped carriers in the conduction band [18]. We explain the
7 difference between the threshold values for implanted and
g non-implanted samples at room temperature by the thermally
activated breakdown of the implantation layer. This cawses
leakage current and a strong temperature dependance.
The breakdown of the insulating properties of the proton
Fig. 7. Threshold current in pulsed operation as a functibtemperature implanted layers at high temperatures in the ridge of therlas

for a standard processed laser of 1 mm HR coated (open sjjumrdsa ; ; ; ;
proton implanted laser of 1 mm HR coated (black dots). Theadteristic and also outside of the trenches (as shown in the inset in

To parameters are indicated. Inset: Schematic of the laset fhastrating  Fig- @), can be clearly seen by comparing the I-V character-
the parasitic current channel (black arrows) at high temtpees owing to the jstics of the non-implanted and implanted samples shown in
breakdown of the implanted layer. Fig. B and Fig[p. For the implanted lasers, three effects are
apparent while the temperature is varied: a attening of the
voltage knee, a general drop of the voltage and a shift toward
Ith = 0:34A, It = 3:4 kAlen?, dP=dl = 620 mW/A and higher currents of the negative differential resistanciapén
maximum peak power is 235 mW. this speci ¢ case, the electrical leaks are due to currentingy
Samples processed using implantation operated continuéiésn the top contact to the substrate outside of the ridge of
wave from liquid nitrogen to room temperature. Fﬂ; 6 showge laser.
the optical power as a function of current for a typical To clarify this breakdown of the insulating properties
implanted sample in CW operation on a Peltier cooler f@f the implanted layer, we show in Fig.]lll the evolution
T =0, 10 and 20C. Maximum power at 20C was 20 of In(Resistance) as a function of the inverse temperature
mW, with values of 3.3 kA/cth and 110 mWI/A for 9 measured in the region between two different lasers that is
and dP/dI respectively. The inset of Fig. 6 shows the roosntirely implanted (see inset in Fig.]Ill). Up to 200K, the
temperature emission spectrum of this device measured wiglsistance of the implanted layer decreases slightly whbile
a high resolution (0.125 cnt) FTIR Nicolet spectrometer. higher temperatures, we observe an important decrease of th
The emission spectrum is centered at 8.9f. At 77 K, a resistance with an activation energy of 75 meV. This means
similar device but with cleaved facets in CW operation shibwehat it is not possible with proton implantation to insul&@
a threshold current density of 0.8 kA/éma slope ef ciency based structures properly, and thus, for temperatureseabov
of 475 mW/A with a maximum CW output power of 350 mW.T=200K, leakage currents appear.
The results presented in Fiﬂ. 6 for the implanted samplesThis section proves that room temperature CW operation of
are comparable to those obtained from a buried heterosteict = 9 m emitting QCLs is possible even without having to




Fig. 8. Microscope image of the facet of a laser with a thickcebplated
gold heat spreader. Electrical isolation is provided by@,Sayer (black solid
line). Note that the gold layer also lls the semicircularuide trenches.

= . ] _ ' L™ .
- T Ny W)

Semi-logarithm plot of the resistance of the structure
measured between 2 different non separated devices as a -
function of the inverse temperature. The deduced actwatio
energy is 75 meV. Inset: Schematic of the sample. The
implanted layer is shown in black and the active region in

gray. The surface is 2mnm320 m.

regrow an InP planarisation layer necessary for the reiiza
of BH [6]. CW operation was observed up to ZD with an
output power of 20 mW. At even higher temperatures, the
electrical isolation induced by the implanted ions breadsm, Fig. 9. Optical power as a function of the current for tempes between
leading to a poor electrical characteristic of the devidgsTs 240 and 300 K for 2 mm (solid lines) and 1 mm (dashed lines) lasgrs.

. . . \oltage as a function of the current measured at 300 K for a 2lomg laser.
due to the type of defects created by proton implantation in Both lasers have the rear facet HR coated
InP. Thus, this technique is not directly applicable to dsed
devices and cannot be exploited, in this material systeranas
alternative to buried heterostructures. A solution to owere a gold coated copper mount, pre-evaporated with 3¥b of
this problem could be the use Fe doped InP for which thisdium solder.
isolation breakdown should not occur as the defect indUCEdFig. E shows the optical power as a function of the current
by Fe in this material is known to be in the middle of théor different temperatures and for 1 (dashed lines) and 2
semiconductor band gap. However, as Fe ions cannot be deephy (solid lines) long lasers, as well as a typical V-I curve
implanted in InP-based devices, it should be incorporated measured at 300 K for a 2 mm device. The pulse width used

a dopant during a growth procedure. was 100 ns with 5 kHz repetition rate, yielding a duty cycle of
0.05%. The maximum output power measured for the 2 mm
IV. ELECTROPLATED GOLD (1 mm) lasers was 1.40 (0.96) W 3T K, with still more than

In this section, we will present results obtained on lase®)0 mW (580 mW) at 300 K. The wall-plug ef ciency for the
processed from the same initial wafer. As for the referen@emm devices was 3.7% at 200 K and 2.4% at 300 K. The
lasers, the laser ridge of width 24n is de ned by wet threshold current density in pulsed mode at 300 K was 2.5
chemical etching. Instead of proton implantation, eleafri kA/cm? (3.65 kA/cn?) for the 2 mm (1 mm) long lasers. The
isolation is ensured by a 500 nm thick Si@yer on the top corresponding slope ef ciency is 440 mW/A (530 mW/A).
surface represented as a black solid line in Bg. 8. A window Figure shows the evolution of the threshold current
is open in this insulating layer above the ridge for elealfricdensity and of the slope ef ciency measured for two 2 mm
contact. An initial Ge/Au contact is then deposited. A B0 long lasers, with HR coating (open and black circles) and
layer of electroplated gold is then deposited on top of ttet rwith untreated cleaved facets (open and black squaresjagim
metallic contact to ef ciently remove the heat generated bgxperiments (not shown here) have also been performed on
the power dissipation in the active layer [3], [8], [19]. 1 mm lasers. The characteristic temperaturgsafie 160 K

As can be seen in Figﬂ 8, the thick electroplated gold layand 180 K for the 2 and 1 mm long lasers. These values
also lIs the trenches. Heat generated inside the activeoreg are in agreement with previous measurements on the standard
can thus be evacuated in all directions and because of firecessed lasers of section Ill. The threshold value for the
high thermal conductivity of gold, spreads ef ciently ingh HR coated device, in this range of temperature, is reduced of
whole metal layer. After growth and processing, the laseasfactor 20%, while the d parameter remains unchanged. At
were cleaved into 1 and 2 mm long cavities and the rear fac8B0 K, the slope ef ciency is increased by a factor of 24%
of the lasers were gold coated to realize a high re ectivitior a HR coated device. We have also deduced from these
mirror. The lasers were then soldered epi-layer down or up erperiments the parametey @escribing the temperature evo-
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Fig. 10. Threshold current densifr, and slope ef ciency as a function of
temperature for  mm long laser with rear facet HR coated (open and black
dots), and for & mm long laser with cleaved facets (open and black squares).
In both cases, th& parameter isl65 K. Ty is 247 K for the cleaved facet ) ) )
laser and376 K for HR coated laser. Fig. 11. Maximum average optical power as a function of thiy dycle for
5 different lasers al = 283 K. L1 (open dots) 2 mm long laser mounted
TABLE | epi-layer up with cleaved facets; L2 (open stars) 2 mm losgranounted epi-

layer up with electroplated gold layer and cleaved face&(dpen triangles)
2 mm long laser mounted epi-layer down with electroplatett dayer and
cleaved facets; L4 (black stars) 1 mm long laser mountedagpir down with

CHARACTERISTICS OF THE DIFFERENT LASERS

1 L2 3 L2 5 electroplated gold layer and rear facet HR coated; L5 (btimtk) 2 mm long
laser mounted epi-layer down with electroplated gold laymd rear facet HR
Length (mm) 2 2 2 1 2 coated
Mounting up | up | down | down | down
HR coating no | no no yes yes
Gold layer no | yes| yes | yes | yes devices epi-layer down is thus crucial and has a big effect
Maximum Average power (mW) 49 | 78 | 102 | 100 | 174 on the thermal characteristics as it increases the optinigl d
Optimal Duty Cycle %) 12| 25 | 37 35 40 cycle up to 40%. Dissipation is more efcient in the case

of epi-layer down mounted devices and the maximal optical
intensity is also increased of 30%.
lution of the slope ef ciency dened as (T)= oe T=T:. We now compare lasers L3 and L5. The difference between
For 2 mm long lasersT; is 247K for the cleaved facet laser these devices is that L3 has cleaved facets and L5 has a facet
and376 K for the HR coated laser. The use of a HR coatinfR coated. The effect of the HR mirror is an increase of
increases the value of this parameter by 50%. the output power of 75% while no effect is observed on the
In order to estimate the improvement obtained with the thi@Ptimal duty cycle. The maximum average power is 175mW at
electroplated gold layer, we have tested the behavior of gufluty cycle of 4@6. Finally, L4 and L5 illustrate the effect of
lasers at room temperature and high duty cycles. We halxe size of the laser cavity. These two lasers are mounted epi
measured the evolution of the average power for differel@yer down, have the rear facet HR coated and have a thick
duty cycles. The lasers were mounted on a thermoelectpi€ctroplated gold layer on the ridge. Both device present a
cooler to maintain a constant background temperature. TR@ximum average power for a duty cycle 0#0% with 175
pulse duration used for this experiment w88 ns and the MW for the 2 mm long device anthOmW for the 1 mm long
repetition rate was varied frorh00 kHz to 3:2 MHz. Fig. device. To our knowledge, these values are the best values
shows the average output power as a function of the duty cyégPorted so far fora =9 m QCL.
at a temperature 0293 K for a series of lasers of different This experiment shows in an unambiguous way, the effect
cavity con gurations. This experiment shows the behavibr ®f different fabrication processings on the lasing perfance
5 different processings summarized in Tame l. of the devices. Similar experiments have been performel wit
First we compare lasers L1 and L2. These device hadedifferent 3 mm long lasers, showing no improvement of the
a 2mm cavity length, are mounted epi-layer up and haperformance in terms of both emitted power and threshold val
no HR coatings. However L1 does not have a thick goles, with respect to 2 mm long devices. The best performance
heat spreading layer whereas L2 does have a gold layer. Théhus obtained for a 2 mm long laser, with the rear facet HR
maximum average power of L2 (78mW) is higher than that ¢ated, with an electroplated gold layer and mounted eygirla
L1 (48mW). Furthermore, the maximum average power of Lgdown.
occurs at a duty cycle of 25 twice as high as L1. With such a large ridge (24 m), these lasers are not
Next we compare lasers L2 and L3. The only differencaptimized for room temperature CW operation. Nevertheless
between these devices is that L3 is mounted epi-layer dowhe excellent performance obtained at high values of dutiecy
In all other aspects the devices are nominally identicatwiare encouraging for room temperature applications. Eb 12
gold heat spreaders and cleaved facets). The maximum &verstgows the CW optical power as a function of the injected
power of L3 is 100mW at a duty cycle of 40 Mounting current for various temperatures for a laser with the same



temperature of the active region in CW operation apd Tis

the heat sink temperature. We can then determine, knowing th
power dissipated at threshold in the device, a value of taerm
- - resistance Ry de ned as:

Tar = Rty Urhlth + Ths 1)

where Uy and k, are the DC voltage and intensity at
threshold.
Because of the anisotropy of thermal diffusion in semi-
; ] conductor superlattices, the width of a laser ridge has an
— —_— effect on the measured thermal resistance which will not be
studied in this work. We will normalize the measured thermal
resistance by the area of the lasers. On our reference sample

Fig. 12. Optical power as a function of current for a 2 mm loager @ 2 mm long laser with a ridge width of 24m mounted up,
with rear facet HR coated and a thick electroplated gold bpetader in CW this measure yields a thermal resistance value of 30.0 K/W

operation at various temperatures. (144 10 2K.Cm Z:W)
. . . . . . The same measurements performed on a laser similar to the
° ° reference laser, epi-layer up, and with a thick electrepglat
- om ] gold layer on the laser ridge brings a thermal resistanageval

of 14.5 K/IW 6:96 10 3K:cm?=W), a factor 2 lower that

the one measured on the reference laser.

= . The thermal resistance measured on a 2 mm long laser

with a thick electroplated gold layer on the laser ridge and

i / / ] mounted epi layer down is 9.0 K/WB2 10 3K:cm?2=W),

_ which represents a reduction of 40% with respect to a similar
sample mounted up. The 3 mm long lasers with the same
process design show a thermal resistance of 6.8 KM (

. . . . . . 10 3K:cm?2=W). Finally, a 1 mm long laser with electroplated
gold layer mounted epi layer down shows a thermal resistance
twice as high, R,=17 K/W (4:08 10 3K:cm?=W), which
scales correctly with a 2 or 3 mm long laser.

Fig. 13. Threshold current density as a function of tempeeafor a 2 mm We will now compare our devices with the buried het-

long laser, HR coated with electroplated gold layer, epetadown mounted, erostructure design. The 0.75 mm long and 12 wide

in pulsed (black squares) and CW (black dots) operation. . . .

buried heterostructure laser described in Ref. [6] had artak

resistanceRtp = 19:4K=W = 1:75 10 3K:cm?2=W. For
characteristics as L5 in Tabje I. A7 K, the optical power is our epi-layer up mounted reference, the normalized thermal
417mW. CW operation is observed up 878K with 38 mw  resistivity is 8 times higher while lasers with an electadptl

of optical power a260K. gold layer have a much lower thermal resistivity but stilbab
2.3 times higher than the buried heterostructure one.
V. THERMAL RESISTANCE OF THE LASERS WITH This precise determination of the thermal resistivity eslu
ELECTROPLATED GOLD LAYER conrms the trend already observed in Fif).] 11 with the

ty cycle values at which the maximum average power for

As mentioned above, the limiting factor for CW operatior:\_ll:E i i desi d Thi i
is the ability of a device to evacuate the heat produced by t Se difierent process designs was measurec. 1his section

current injected in the active region. This ability depeods tsr?ows how Iovx(/j ther:r;]al [;es_lsgwﬁets (bl:t S?" h|g]t1eRr) ;haré
the thermal properties of the materials constituting thivac ose measured on the buried heterostructure of Ref. [6])

region itself, the surrounding material and also on thegiesican be achieved with the addition of a heat_ spreader (thick
process. electroplated gold layer) on top of the laser ridge.

We have determined, for every process design used in
this paper, the thermal resistance by comparing the thigsho V1. CONCLUSION
current densities measured at different temperaturesigegu  Different ways of producing high power InP based QCL
and CW operation. The low values of duty cycle used iy improving the heat dissipation have been studied: ion
pulsed measurements ensure that no self-heating occursniplantation and the use of an electroplated gold layer pn to
the active region. The large amount of heat dissipated af the ridge. Proton implanted samples showed CW operation
CW operation increases the active region temperature amg to 293 K with 20 mW of output power. However, the
thus the current threshold density. As shown in F@ 13, wesulating properties of the implanted layer breaks down at
can deduce from these measurements an equivalent achiigh temperature a gives rise to poor electrical charatiesi
region temperature increaseT=Tar -Tys WhereTar is the This technique, efcient in GaAs based structures, fails at



high temperatures in InP based devices. Lasers with a thick
electroplated gold layer showed CW operation up to 278
and 1 W of optical power at 280 K in pulsed operation. Wit
such a process, the thermal characteristics of the lasers
improved with an output average power of 174 mW at a du
cycle of 40% measured at 10 for a 2 mm long laser.
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