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ABSTRACT 

In this work we show that by using both deep quantum wells and tall barriers in the active regions of quantum cascade 
(QC)-laser structures and by tapering the conduction-band edge of both injector an extractor regions one can 
significantly reduce the leakage of the injected carriers. Threshold-current, Jth and differential-quantum efficiency, ηd 
characteristic temperatures, T0 and T1, values as high as 278 K and 285 K are obtained to 90 oC heatsink temperature, 
which means that Jth and ηd vary ~ 2.5 slower over the 20-90 oC temperature range than in conventional QC devices. 
Modified equations for Jth and ηd are derived. In particular, the equation for ηd includes, for the first time, its dependence 
on heatsink temperature. A model for the thermal excitation of injected carriers from the upper lasing level to upper 
active-region energy states from where they relax to lower active-region energy states or get scattered to the upper Γ 
miniband is employed to estimate carrier leakage. Good agreement with experiment is obtained for both conventional 
QC lasers and deep-well (DW)-QC lasers.  

Keywords: Quantum-cascade lasers, mid-infrared, strain-compensated, threshold-current characteristic temperature, 
slope-efficiency characteristic temperature, carrier leakage. 
 

1. INTRODUCTION 
The active medium of conventional quantum-cascade (QC) lasers is composed of a superlattice of quantum wells and 
barriers of the fixed composition, respectively. As a result, for state-of-the-art devices emitting in the 4.5-5.5 µm range 
and optimized for high-power CW operation1,2 there is substantial carrier leakage from the upper laser level to the 
continuum, as evidenced by a strong decrease in the differential-quantum efficiency, ηd, above 300 K (i.e., the 
characteristic temperature for ηd, T1, has a low value of ~ 140 K)1 and the threshold-current characteristic temperature, 
To, has values of ~ 140 K above room temperature (RT) (i.e., above 300 K) 1,2. The low values for both To and T1 are 
indirectly due to a relatively small energy differential, δE, value (i.e., ~ 250 meV) between the upper lasing level and the 
top of the exit barrier2. In turn the maximum RT CW wallplug efficiency (for light emitted from the front facet of 
devices with high-reflectivity-coated back facets) has values3,4 of 11-12 %, far short of theoretically predicted limits5 
(e.g., ~ 28% at λ ≈ 4.6µm). A recent study6 attempted to suppress carrier leakage by incorporating very thin (0.2 nm) 
AlAs layers into composite barriers used throughout the active regions of 4.8 µm-emitting QC lasers. While the 
suppression was substantial below 0 oC (T0 ~ 240K), above 0 oC T0 improved only modestly (from 143 K to 154 K) 
while T1 remained basically the same (143 K) as for conventional QC lasers By using the deep-well concept7, made 
possible by the use of QC lasers with injection and extractor regions of different structure8, we obtained devices 9,10 with 
δE values as high as 450 meV. In turn carrier leakage out of the active region is substantially suppressed, which results 
in devices of much less temperature-sensitive electro-optical characteristics9,10 than those of conventional QC devices. 
 
Here we show that by modifying the conventional equations11 for Jth and ηd, to take into account carrier leakage and in 
the case of ηd backfilling as well, one can obtain reasonably good agreement between calculated and experimentally 
obtained values for To and T1. 
                                                 
* botez@engr.wisc.edu ; phone (608) 265-4643; fax: (608) 262-1267. 
 

Novel In-Plane Semiconductor Lasers IX, edited by Alexey A. Belyanin, Peter M. Smowton, 
Proc. of SPIE Vol. 7616, 76160N · © 2010 SPIE · CCC code: 0277-786X/10/$18 · doi: 10.1117/12.842593

Proc. of SPIE Vol. 7616  76160N-1

Downloaded from SPIE Digital Library on 29 Jul 2010 to 18.51.1.125. Terms of Use:  http://spiedl.org/terms



2. THE DEEP-WELL CONCEPT 
 
We initially grew a strain-compensated InP-based, 5.4 μm QC-laser structure of a published design12 from which we 
obtained13 RT lasing results comparable to the best results reported from 5.3 μm devices of same doping level in the 
injector (i.e., 2x1017 cm-3).  
 
 Since for MOCVD the optimal growth-temperature range (i.e., 630oC-660oC) is much above the growth temperatures 
used in gas-source MBE and MBE (i.e., 500-530oC), it has been difficult to grow by MOCVD the highly strained 
structures required for lasing below 5 μm. Therefore we designed a structure, based on deep quantum wells (QWs) in the 
active region, to lase at ~ 4.7 μm while growing it at the same temperature (i.e., 630oC) that we used for getting RT 
lasing at 5.4 μm. Basically only the QWs in the active region are made deep, as necessary for 4.7 μm emission (Fig. 2). 
For strain compensation, the Al content in the barriers in and around the active region is increased from 56% to 75%, 
thus providing much taller barriers than in conventional 4.6-4.8 μm QC lasers.1-4 

 
Fig. 2.  Conduction-band diagram and relevant wavefunctions for deep-well 4.7 μm QC laser 

 
Another modification made with respect to conventional QC structures is that the relaxation region (i.e., the region just 
beyond the exit barrier) has a tapered conduction-band edge9 which further helps with suppressing carrier leakage, since 
the wavefunctions of the upper miniband in the relaxation region are pushed away from the active region such that their 
wavefunctions have negligible overlap with the wavefunctions of the upper energy states in the active region. More 
recently we further suppressed carrier leakage by also tapering the conduction-band edge of the injector region10. 
 
The advantages of the deep-well (DW) 4.8 μm QC structures over conventional 4.8 μm QC structures1.2 can be 
summarized as such: 1) Much more flexibility in design as highly-strained layers are limited only to the active region ; 
2) Much less carrier leakage from the active QWs since the barrier layers, in and around the active region, are taller (e.g,, 
the energy difference between the exit-barrier top and the upper lasing state is ~ 200 meV larger than in conventional 
devices). In turn that leads to much less temperature sensitivity of the lasers’ electro-optical characteristics. Furthermore, 
active regions with suppressed carrier leakage are quite relevant for the development of highly efficient intersubband 
quantum box (IQB) lasers14 since the longer the upper-laser-level lifetime, the more sensitive the devices are to carrier 
leakage to the continuum. Thus the development of DW-QC devices has been pursued not only for improving the 
performance and reliability of QC lasers, but also as a means to fulfill the promise that IQB devices hold of achieving 
continuous-wave (CW) wallplug efficiencies as high as 50 % at room temperature15. 
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3.   DEVICE STRUCTURES AND RESULTS 
 

We show in Fig. 3, for comparison, the band diagrams and relevant wavefunctions for conventional QC lasers2 and 
optimized DW-QC lasers10 with the double-phonon resonance (DPR) design for depopulation of the lower laser level.  

(a)  

                  (b)   
 
Fig. 3. Conduction-band profile and key wave functions for: a) Conventional QC laser (Ref. 2) emitting at 4.6 μm. b) Deep-well  
QC laser (Ref. 10) under an electric field of 76 kV/cm ( λ =  4.8 μm). The upper lasing level is labeled as 4, while 5 and 6 are 
upper energy states in the active region. The band profile at the top of each figure corresponds to the X valley. 
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First of all, increasing the barriers’ height increases the energy difference between the upper lasing level (state 4) and the 
next highest active-region (AR) energy state (state 5) from 46 meV to 60 meV. As we shall see below, this significantly 
reduces carrier leakage due to thermal excitation to state 5 and subsequent relaxation to the lower AR energy states 3, 2 
and 1. 
 
The second major difference is that the energy difference between state 6 and the bottom state of the upper Γ miniband 
(in the extractor region) increases from 70 meV to 150 meV. This large increase is mostly due to the fact that tapering of 
the injection region causes the lowest state of the upper miniband (not shown in Fig. 3b) to be “drawn away” from the 
extractor region. In turn carrier leakage to continuum via electron thermal excitation from state 6 to the lowest two states 
of the upper Γ miniband is completely suppressed. 
 
Fig. 4 shows the electro-optical characteristics for the DW-QC lasers of conduction-band diagram shown in Fig. 3 b. The 
details of the laser structure are provided in Ref. 10. 

 
 

Fig. 4. Left side : Pulsed L-I curves as the heatsink temperature, T, varies. Inset: spectrum; Right side : Jth and the slope 
efficiency,   ηs, as a function of  T. T0 and T1 are characteristic temperatures for Jth and ηs. Inset: Jth vs. T from 80 K to 333 K. 

 
Ridge-guide devices were mounted epi-side up on Cu blocks and measured in pulsed mode (100 ns, 2 kHz). The 
threshold-current density, Jth at 20 oC is 1.78 kA/cm2. The voltage at threshold is 11.2 V at 20 oC which is comparable to 
those for conventional devices. The characteristic temperature for Jth, as defined by:  Jth(Tin+ΔT) = Jth(Tin) exp(ΔT/T0), 
where Tin+ΔT is the heatsink temperature, T, and Tin is the initial T, is 260 K for 20-60oC, and 243K for 60-90oC. The 
inset in the right side of Fig. 4 shows that T0 ≈ 315 K for the 80-293 K temperature range. For another device, which has 
a somewhat higher Jth (i.e., 1.87 kA/cm2 at 20 oC) T0 = 278 K over the entire 20-90 oC temperature range10. By 
comparison, T0 is only 143 K for high-performance conventional 4.6 µm QC lasers1 over the same temperature range. 
Similarly, for both devices the characteristic temperature for slope efficiency, ηs, defined by : ηs(Tin+ΔT) = ηd(Tin) exp(-
ΔT/T1), is 285 K over 20-90 oC (right side of Fig. 4) as compared to only ~ 140 K for 4.6-4.8 µm QC lasers operating 
over the 20-60 oC [Ref. 1] and 0-50 oC [Ref. 6] temperature ranges. 
 
The high T0 values (260-278 K), together with a high T1 value of 285 K not only indicate a strong suppression of carrier 
leakage, but also provide indirect proof that leakage to the indirect valleys (X or L) is not an issue, in the 4.5-5.0 µm 
range, when heavily-strained (≈ 1%) In0.68Ga0.32As QWs are used. Furthermore, the high T0 and T1 values should 
significantly improve CW operation. On the one hand T0 is directly related to the maximum temperature for CW lasing, 
Tmax, and the maximum CW power at a given heatsink temperature16, Pmax. On the other hand, since both Pmax and the 
maximum wallplug efficiency5, ηwp,max , are proportional to ηs, both quantities depend strongly on T1. Thus high T0 

should result in increased Tmax, while high T0
 and T1 should provide significantly higher Pmax and ηwp,max. For example, 

we estimate that RT CW wallplug efficiency values in excess of  20% at 4.8 µm (front facet only) become possible. 
 

Proc. of SPIE Vol. 7616  76160N-4

Downloaded from SPIE Digital Library on 29 Jul 2010 to 18.51.1.125. Terms of Use:  http://spiedl.org/terms



4.  MODIFIED EQUATIONS FOR THE THRESHOLD CURRENT AND THE DIFFERENTIAL 
QUANTUM EFFICIENCY  

 
The conventional equations11 for Jth and the differential quantum efficiency, ηd, need to be modified to include the effect 
of carrier leakage and in the case of ηd of the backfilling as well 14. It is assumed that the efficiency of tunneling injection 
from the injector to the upper lasing state, ηinj, is unity. Jth is the sum of the threshold-current density in the absence of 
backfilling and carrier leakage, J0,th , the current density due to backfilling, Jbf , and the current density due to carrier 
leakage, Jleak, each of which are defined below : 
 

J0,th =
q

τ up

α tot,nonres

gcN p

                                                                                          (1) 

                                                              Jbf =
q

τ up

ns exp −Δ inj /kT( )                                                                            (2) 

   Jleak =
q

τ 5,leak

n5 +
q

τ 6,leak

n6 (3) 

 
where τup is the “effective” upper state lifetime5,  αtot,nonres is sum of  the mirror loss, αm, and non-resonant waveguide 
losses17 , gc is the modal gain cross section per period5, Np is number of periods, ns is the electron sheet density in the 
injector, Δinj is the energy difference between the lower laser level and the ground state in the next injector17, T is the 
heatsink temperature, n5 and n6 are the electron sheet densities in the active-region upper states 5 and 6, τ5,leak and τ6,leak  
are the lifetimes corresponding carrier leakage in states 5 and 6, respectively. More specifically τ5,leak = (1/τ53 +1/τ52 
+1/τ51)-1 and τ6,leak = (1/τ6,um +1/τ63 +1/τ62 +1/τ61)-1, where τ6,um is the lifetime corresponding to the electrons being 
scattered from state 6 to states in the upper Γ miniband and the other lifetimes correspond to electron relaxation from 
states 5 and 6 to states 1, 2, and 3, respectively. n5 and n6 are obtained from the following equations : 
 

                                                                  n5 = n4
τ 5,tot

τ 45

+ n6
τ 5,tot

τ 65

                                                                               (4) 

                                                                          n6 = n5
τ 6,tot

τ 56

                                                                                          (5)                           

 
where  τ5,tot and τ6,tot  are the lifetimes corresponding to electron scattering from state 5 to states 1, 2, 3, 4 and 6 and from 
state 6 to state 1, 2, 3, 4, 5 and states in the upper Γ miniband, respectively, and n4 is the electron sheet density in state 4. 
The lifetime corresponding to thermal excitation of electrons from state i to state j, τij , which is predominantly due to 
LO-phonon absorption scattering for large energy separations, is  approximated from the following expression : 
 

     

                                      

  

1
τ ij

=
1

τ ji

exp −
E ji − hωLO

kTei

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1
exp(hωLO /kT) −1

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟                                                     (6)                              

 
where E ji  is the energy difference between states j and i,  hωLO  is the phonon energy, and the rightmost term 
corresponds to the occupation number of phonons (assumed to be in thermal equilibrium with the lattice). Tei is the 
electronic temperature in state i , which under very low duty-cycle operation (i.e., negligible Joule heating) is obtained 
from: Tei - T   = αE-L⋅ J, where T is the heatsink temperature and αE-L is the electron-lattice coupling constant18.   
 
For the (external) differential quantum efficiency, ηd, it has been shown14 that, by imposing the condition that the 
population inversion remains unchanged above threshold, one obtains: ηd = (J0,th/Jth)ηtr(αm/αtot,nonres) Np, where αm is the 
mirrors loss, ηtr  is the differential efficiency of the laser transition5 and Jth includes the backfilling current density, Jbf. 
We modify that equation by including the leakage current density, Jleak, and defining a pumping efficiency term, ηp :  
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                                                           ηp =
J0,th

J0,th + Jbf + Jleak

                                                                                        (7)                          

and then the equation for ηd becomes : 

                                                            ηd = ηpηtr
αm

α tot,nonres

N p                                                                                        (8) 

 
The product of ηp and ηtr  is in effect the laser internal efficiency,ηi. Since ηtr  is virtually temperature independent, 
and assuming that the non-resonant waveguide losses vary negligibly with temperature for wavelengths in the 4.5-5.5 
μm range, it follows that the temperature dependence of ηd (and hence that of the slope efficiency) is determined by the 
temperature dependence of backfilling and carrier leakage. This fact in turn explains to a large extent the experimentally 
observed drop in ηd  with increasing temperature, especially above 300 K (i.e., the T1 parameter). We also note that, at a 
given heatsink temperature, changing the mirrors loss by changing the cavity length, L, or the reflectivity of the front 
facet, Rf , will change the value of the device internal efficiency. That is, ηi is a function of L and Rf, which in turn 
means that deriving values for ηi and αw,nonres from 1/ηd  vs. L plots19 or 1/ηd  vs. 1/αm  plots20, when L or Rf are 
varied over relatively wide ranges, may not be provide correct results.  
 
5. ESTIMATE OF THE TEMPERATURE DEPENDENCE OF THE THRESHOLD CURRENT AND 

THE DIFFERENTIAL QUANTUM EFFICIENCY  
 
By using the above equations we estimated the temperature variation of Jth and ηd  over the temperature range 300 K to 
360 K. The structures used are of the conventional type (Fig. 3a) and deep-well type (Fig. 3b) considering 3 mm-long 
devices with uncoated facets. Since lifetimes due to inelastic and elastic scattering are of similar value in the 4.0-5.0 μm 
range21 we halved the lifetimes obtained from a k•p code considering only inelastic scattering and since the elastic- 
scattering lifetimes are basically temperature independent21 we assumed that the lifetimes vary half as fast with 
temperature than when only inelastic scattering is considered (i.e., LO-phonon assisted scattering). Furthermore, the 
presence of elastic scattering (due to interface roughness) causes the electroluminescence linewidth, 2γ43, to vary much 
less than if LO-phonon scattering is considered22. That is, over the 300-360 K temperature range, the characteristic 
temperature coefficient for the 2γ43 parameter (as it increases) is  ~ 410 K if only LO-phonon scattering is considered as 
opposed to  ~ 700 K as observed from experiment22. Since in the J0,th equation the main terms that vary with temperature 
are the upper-state lifetime, τ4 , and 2γ43 we find that its T0 value increases from 250 K when only LO-phonon scattering 
is considered to  450 K when both inelastic and elastic scattering are considered. 
 
We use the backfilling current as a fitting parameter with Δinj values of 100 meV for conventional devices and 120 meV 
for deep-well devices. The former value is consistent with values smaller than the designed ones, which are obtained 
from the V-I characteristics of conventional devices17, 23. The reason for this discrepancy is unknown. For calculating Tei 
we use an αE-L value of 35 K cm2/kA as measured24 for the electronic temperature of the injector ground state, Teg, of 4.8 
µm-emitting, strain-compensated QC lasers. Since state g is strongly coupled to the upper laser level, we feel 
comfortable to assume that, at threshold, Te4 ≈ Teg. We also assume that Te5 ≈ Te6 ≈ Te4, although Te5 and Te6 may have 
different values than Te4. 
 

       Table 1. Estimated parameters for conventional and deep-well QC lasers of the DPR design (λ = 4.6-4.8 μm). 
 

Jleak / Jth Estimated Values Item 
Laser type 

Measured 
T0 

(300-360 K) 300 K 360 K T0 T1 

Conventional 
QC 143 K 0.144 0.210 150 K 228 K 

Deep-Well  
QC 260-278 K 0.087 0.128 240 K 514 K 
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Table 1 shows calculated values for the Jleak/Jth ratio at 300 K and 360 K heatsink temperature, T, and T0 and T1, the 
characteristic temperature for Jth and ηd, respectively, for conventional QC lasers2 and DW-type QC lasers10 of the DPR 
design (for depopulating the lower laser level), 30 stages and emitting in the 4.6-4.8 µm wavelength range. For 
conventional QC lasers the value of Jth at 300 K is taken to be 1.9 kA/cm2, as deduced from experimental data by 
considering uncoated, 3 mm-long chips. For DW-QC lasers Jth at 300 K is the one experimentally obtained from 
uncoated, 3 mm-long chips: 1.87 kA/cm2 (Fig. 4 in Ref. 10). For both device types, the ratio of the values for the 
quantity J0,th+ Jbf at 360 K and at 300 K is used as a scaling factor when calculating Jleak at 360 K. 
 
The primary carrier-leakage path is found to be relaxation from state 5 to the lower AR states 3, 2 and 1 of carriers 
thermally excited from the upper lasing level, state 4, to state 5. The secondary leakage path, which matters only for 
conventional QC lasers, is thermal excitation from state 6 to the upper-Γ-miniband levels, and subsequently to the 
continuum, of carriers thermally excited from state 4 to state 5 and then to state 6. 
 
The main reason why the relative carrier leakage (i.e., Jleak/Jth) is significantly larger for conventional devices that for 
DW devices is that the E54 value is 46 meV in the former compared to 60 meV in the latter. The higher E54 value for DW 
devices is a consequence of much taller barriers than in conventional devices. A higher E54 value impacts Jleak mostly 
through the value of the scattering time τ45. For example, at 360 K τ45 has values of 0.32 ps and 0.84 ps for conventional 
and DW devices, respectively. The difference is due to both the E54 value in the thermal-activation term of Eqn. 6 as well 
as to the difference in τ54 values (i.e., 0.12 ps vs. 0.21 ps) which in turn is a consequence of how much larger the E54 
value is compared to the phonon energy (i.e., a measure of how non-resonant the phonon-assisted scattering is). 
 
Leakage from state 6 to the continuum is basically inexistent in DW devices because of the large energy difference 
between state 6 and the bottom of the upper-Γ-miniband, E6,um (i.e., 150 meV, as seen from Fig. 3 b) which in turn gives 
τ6,um values of the order of 500 ps at 300 K and 200 ps at 360 K. In sharp contrast, for conventional devices E6,um has a 
value of 70 meV (Fig. 3a) which coupled with significant overlap between the wavefunction of state 6 and the 
wavefunctions of the lower states of the upper miniband gives much smaller τ6,um values : 2.4 ps at 300 K and 1.3 ps at 
360 K. Notwithstanding, leakage through the upper miniband at such 360 K is found to account for only 10 % of  Jleak 
due to the relatively high value of E65 (i.e., 80 meV). The carrier leakage to the continuum may actually be higher if the 
electronic temperatures of states 5 and 6 are higher than that of the upper laser level, state 4, which in turn will lower the 
estimated values for T0 and may require adjusting the value of Δinj to get good fit with experiment. Hence, further 
detailed numerical calculations are needed to estimate the carrier leakage more accurately. Another parameter that may 
affect the T0 and T1 values is the temperature dependence of the non-resonant intersubband absorption portion of the 
waveguide loss25. 
 
The estimated T0 values for conventional and DW devices (i.e., 155 K and 240 K) are in close agreement with 
experimentally obtained values (i.e., 143 K and 260-278 K, respectively). For estimating T1 values we assumed in the 
equation for ηd (Eqn.8) that only the pumping efficiency term, ηp, is temperature dependent for the reasons provided in 
section 4. Then the T1 value is obtained from the equation for ηp (Eqn. 7) by taking, as justified above, a T0 value of 450 
K for J0,th and the T0 value for the whole Jth. The T1 value thus calculated for conventional devices (i.e., 228 K) cannot be 
directly compared to experiment, since we could not find in the literature, for DPR-design, 4.6-4.8 µm devices, pulsed L-
I curves beyond a heatsink-temperature value, T, of 298 K. A T1 value of  ~ 153 K can be derived from pulsed L-I 
curves26 over the 280-298 K range in T, which does not necessarily mean that it is maintained over the 298-360 K range 
in T. Pulsed L-I curves for 4.6-4.8 µm-emitting devices of other depopulation designs give T1 values of : 143 K over the 
273-323 K range in T for the bound-to-continuum design6, and ~140 K over the 293-333 K range in T for the non-
resonant-extraction design1, but direct comparisons are not possible. For DW-type devices the evaluated T1 value (i.e., 
514 K) is higher than the experimental value (285 K); that is, a relative decrease in slope efficiency over the 300-360 K 
range in T of 11 % rather than 19 %. 
 
 

4.   CONCLUSIONS 
 
The use of deep quantum wells in the active regions of mid-infrared QC lasers has resulted in the suppression of carrier 
leakage as evidenced by significantly lower temperature sensitivity of both the threshold current and the slope efficiency 
when compared to conventional QC lasers. Basically, both the threshold current and the slope efficiency of DW-QC 
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lasers vary with temperature about 2.5 times slower than those parameters for conventional, high-performance QC lasers. 
This dramatic suppression of carrier leakage indicates that we are approaching temperature dependences determined 
mainly by inelastic and elastic scattering and backfilling. The virtual doubling of T0 and T1 above room temperature 
should lead to significantly improved CW performance as well as greater long-term reliability at watt-range CW powers. 
Furthermore, the demonstration of the suppression of carrier leakage makes the stage(s) of DW-QC devices ideally 
suited for incorporation in IQB-laser structures.  
 
In addition the conventional equations for the threshold current and the external differential quantum efficiency, ηd, have 
been modified to reflect carrier leakage and in the case of ηd backfilling as well. Thus a temperature dependence is 
introduced for ηd which, for the first time, can account for the commonly observed decreases in ηd above room 
temperature. Carrier leakage paths are identified, and estimated values for T0 and T1 are found to be in good agreement 
with experimental values for both conventional QC lasers and deep-well QC lasers. 
 
 

ACKNOWLEDGMENTS 
 

The authors gratefully acknowledge valuable discussions with Jerome Faist. 
 
 

REFERENCES 
 

[1]    A. Lyakh, C. Pflugl, L. Diehl, Q. J. Wang, F. Capasso, X. J. Wang, J. Y. Fan, T. Tanbuk-Ek, R. Maulini, A. 
Tsekoun, R. Go, and C. K. N. Patel, "1.6W high wallplug efficiency, continuous-wave, room temperature 
quantum cascade laser emitting at 4.6 μm," Appl. Phys. Lett. 92, 111110 (2008). 

[2]    Y. Bai, S. R. Darvish, S. Slivken, W. Zhang, A. Evans, J. Nguyen, and M. Razeghi, "Room temperature 
continuous wave operation of quantum cascade lasers with watt-level optical power," Appl. Phys. Lett. 92, 101105 
(2008). 

[3]    Y. Bai, S. Slivken, S. R. Darvish, and M. Razeghi, "Room temperature continuous wave operation of quantum 
cascade lasers with 12.5% wall plug efficiency," Appl. Phys. Lett. 93, 021103 (2008). 

[4]     A. Lyakh, R. Maulini, A. Tsekoun, R. Go, C. Pflügl, L. Diehl, Q. J. Wang, Federico Capasso, and C. Kumar N. 
Patel, “3 W continuous-wave room temperature single-facet emission from quantum cascade lasers based on 
nonresonant extraction design approach”, Appl. Phys. Lett. 95, 141113 (2009). 

[5]      J. Faist, “Wallplug efficiency of quantum cascade lasers: Critical parametersand fundamental limits” Appl. Phys. 
Lett. 90, 253512 (2007). 

[6]      T. Gresch, J. Faist, and M. Giovannini, “Gain measurements in strain-compensated quantum cascade laser”, Appl. 
Phys. Lett. 94, p.161114 (2009). 

[7]     D. P. Xu, M. D’ Souza, J. C. Shin, L. J. Mawst and D. Botez, “InGaAs/GaAsP/AlGaAs, Deep-Well, Quantum-
Cascade Light-Emitting Structures Grown by Metalorganic Chemical Vapor Deposition “, J. Crystal Growth 310, 
2370-2376 (2008).  

[8]     D. Botez, D. Xu and L.J. Mawst, “ High Efficiency Intersubband Semiconductor Lasers”, U.S. Patent 7,403,552 
B2 (2008) 

[9]    J. C. Shin, M. D’Souza, Z. Liu. J. Kirch, L. J. Mawst, D. Botez, I. Vurgaftman and J. R. Meyer, “Highly 
Temperature Insensitive, Deep-Well 4.8 µm Emitting Quantum Cascade Semiconductor Lasers”, Appl. Phys. Lett. 
94, 201103 (2009). 

[10]   J. C. Shin, L. J. Mawst, D. Botez, I. Vurgaftman and J. R. Meyer, “Ultra-low temperature sensitive, deep-well 
quantum-cascade lasers (λ=4.8 μm) via uptapering the conduction band edge of injector regions”, Electron. Lett. 
45, 741 (2009). 

[11]    J. Faist, F. Capasso, C. Sirtori, D. Sivco, and A. Cho, [Intersubband Transitions in Quantum Wells: Physics and 
Device Applications II], edited by H. Liu and F. Capasso  Academic, New York, 66, 1–83 (2000). 

[12]   L. Diehl, D. Bour, S. Corzine, J. Zhu, G. Hofler, B. G. Lee, C. Y. Wang, M. Troccoli and F. Capasso, "Pulsed- 
and continuous-mode operation at high temperature of strained quantum-cascade lasers grown by metalorganic 
vapor phase epitaxy," Appl. Phys. Lett. 88, 041102 (2006). 

Proc. of SPIE Vol. 7616  76160N-8

Downloaded from SPIE Digital Library on 29 Jul 2010 to 18.51.1.125. Terms of Use:  http://spiedl.org/terms



[13]  J. C. Shin, M. D’Souza, Z. Liu, D. Xu, J. Kirch, L.J. Mawst, D. Botez, I. Vurgaftman and J. R. Meyer, 
“Characteristics of Deep-Well 4.8 μm-emitting Quantum-Cascade Lasers Grown by MOCVD”, Proc. SPIE, 7230, 
723013 (2009). 

[14]    Chia-Fu Hsu, Jeong-Seok O, Peter Zory and Dan Botez, “Intersubband quantum-box semiconductor lasers,” IEEE   
J. Sel. Top. Quantum Electron. 6, 491-503 (2000). 

[15]     D. Botez, G. Tsvid, M. D’Souza, M. Rathi, J. C. Shin, J. Kirch, L. J. Mawst,  T. Kuech,  I. Vurgaftman, J. Meyer,  
J.Plant and G. Turner, “ Progress towards intersubband quantum-box lasers for highly efficient CW operation in 
the mid-infrared”, SPIE Journal of Nanophotonics, Special Section on Quantum Dots 3, 031606 (2009). 

[16]   S. S. Howard, Z. Liu, Z. and C. F. Gmachl, ” Thermal and Stark-Effect Roll-Over of Quantum-Cascade Lasers”, 
IEEE J. Quantum. Electron., 44, 319-323 (2008). 

[17]    A. Wittmann, A. Hugi, E. Gini, N. Hoyler, and J. Faist. ,” Heterogeneous High-Performance Quantum-Cascade 
Laser Sources for Broad-Band Tuning”, IEEE J. Quantum. Electron., 44, 1083-1088 (2008). 

[18]  Vincenzo Spagnolo, Gaetano Scamarcio, Hideaki Page and Carlo Sirtori, “Simultaneous measurement of the 
electronic and lattice temperatures in GaAs/Al0.45Ga0.55As quantum-cascade lasers: Influence on the optical 
performance”, Appl. Phys. Lett. 84, 3690 (2004). 

[19]   Jae Su Yu, Steven Slivken, Allan J. Evans, and Manijeh Razeghi, “High-Performance Continuous-Wave Operation 
          of  λ ∼ 4.6 μm Quantum-Cascade Lasers Above Room Temperature”, IEEE J. Quantum. Electron., 44, 747-754 

(2008). 
[20]    Richard Maulini, Arkadiy Lyakh, Alexei Tsekoun, Rowel Go, Christian Pflügl, Laurent Diehl, Federico Capasso, 

and C. Kumar N. Patel, “High power thermoelectrically cooled and uncooled quantum cascade lasers with 
optimized reflectivity facet coatings”, Appl. Phys. Lett. 95, 151112 (2009).  

[21]    J. Faist, private communication. 
[22]    A. Wittmann, Y. Bonetti, J. Faist, E. Gini, and M. Giovannini, “Intersubband linewidths in quantum cascade laser 

designs”, Appl. Phys. Lett. 93, 141103 (2008). 
[23]    I. Vurgaftman, unpublished work. 
[24]  Miriam S. Vitiello, Tobias Gresch, Antonia Lops, Vincenzo Spagnolo, Gaetano Scamarcio, Nicolas Hoyler, 

Marcella Giovannini, and Jérôme Faist, “Influence of InAs, AlAs  δ layers on the optical, electronic, and thermal 
           characteristics of strain-compensated GaInAs/AlInAs quantum-cascade lasers”, Appl. Phys. Lett. 91, 161111  

(2007). 
[25]  Andreas Wittmann, Tobias Gresch, Emilio Gini, Lubos Hvozdara, Nicolas Hoyler, Marcella Giovannini, and 

Jérôme Faist, “High-Performance Bound-to-Continuum Quantum-Cascade Lasers for Broad-Gain Applications”,  
IEEE J. Quantum. Electron., 44, 36-40 (2008).  

[26]   Manijeh Razeghi, “ High-power high-wallplug efficiency mid-infrared quantum cascade lasers based on the InP/ 
GaInAs/AlInAs  material system” Proc. SPIE, 7230, 723011 (2009). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Proc. of SPIE Vol. 7616  76160N-9

Downloaded from SPIE Digital Library on 29 Jul 2010 to 18.51.1.125. Terms of Use:  http://spiedl.org/terms


