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METHODS AND APPARATUS FOR 
GENERATING TERAHERTZ RADIATION 

RELATED APPLICATIONS 

[0001] This application is a continuation of US. applica 
tion Ser. No. 12/450,221, ?led Jan. 7, 2010 Which is a 371 of 
PCT/US2008/003431, ?led Mar. 14, 2008 Which claims pri 
ority to US. Provisional Application No. 60/895,258, ?led 
Mar. 16, 2007, Which are all incorporated by reference herein 
in their entireties. 

GOVERNMENT-SPONSORED RESEARCH 

[0002] Some of the research relating to the subject matter 
disclosed herein Was sponsored by the United States National 
Science Foundation, aWard nos. NSF-ECS-0547019 and 
NSF-OISE-0530220, and the United States Air Force O?ice 
of Scienti?c Research, aWard no. FA95 50-05 -1-043 5, and the 
United States government has certain rights to some disclosed 
subject matter. 

BACKGROUND 

[0003] The terahertZ (THZ) spectral range (fz1-10 THZ; 
7W30-300 micrometers; generally betWeen the far-infrared 
and microWave bands) has long been devoid of e?icient, 
narroWband and tunable semiconductor sources and, in par 
ticular, compact electrically-pumped room temperature 
semiconductor sources. For some time, a p-doped Germa 
nium laser Was the only available semiconductor source in the 
THZ region; hoWever, this source can only Work at tempera 
tures beloW that of liquid nitrogen (i.e., it requires cryogenic 
cooling). 
[0004] Recently, semiconductor-based Quantum-Cascade 
Lasers (QCLs) have been developed for the THZ spectral 
range With maximum operating temperatures in pulsed mode 
reported at 178 degrees Kelvin (With emission frequency at 
~3 THZ). Nevertheless, some serious limitations are intrinsic 
to these lasers. First, their tunability is inherently limited due 
to the narroWness of the gain spectrum. Second, their operat 
ing temperature Will likely remain restricted to cryogenic 
temperatures due to the fundamental requirement of popula 
tion inversion across the loW-energy THZ transition; in par 
ticular, due to the narroW energy band transitions character 
istic of THZ radiation, as operating temperature increases 
there is more opportunity for non-radiative depletion of the 
higher energy state as additional channels of electron relax 
ation become available, thereby impeding population inver 
sion. Alternative sources, based on photoconductive sWitches 
or mixer technology, can operate at room temperature but 
have loW e?iciency, large siZe and broad emission band. 
[0005] In other research efforts involving QCLs, QCLs 
have been implemented to simultaneously lase at multiple 
different Wavelengths in the mid-infrared spectral band (e. g., 
~5 to 10 micrometers). In one such example, a single quantum 
cascade active region simultaneously generated up to three 
different Wavelengths, and in another example tWo active 
regions designed for mid-infrared generation at different 
Wavelengths Were integrated in a single QCL Waveguide 
structure, from Which tWo-Wavelength generation Was 
achieved at poWer levels of several hundred milliWatts. 

[0006] Difference-frequency generation (DFG) is a nonlin 
ear optical process in Which tWo beams at frequencies m1 and 
(n2 (often referred to as “pump” beams) interact in a medium 
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With second-order nonlinear susceptibility >62) to produce 
radiation at frequency 00:001-002. The intensity of the Wave at 
frequency u):wl—uu2 is given by the expression 

length, W(u)i), n(u)l-), and It) ,- are the poWer, refractive index, 
and the Wave vector of the beam at frequency 00,-, respectively, 
0t stands for the losses at the difference frequency w, Se?is the 
effective area of interaction, and it is assumed that the 
medium is transparent for both pumps and that the depletion 
of the pump poWers in the DFG process may be neglected. It 
folloWs from Eq. (1) that, for e?icient DFG, one needs to use 
materials With large >62), input beams of high intensity, and 

. _ J J J 

ach1eve loW losses and phase matching, | )c —( )c 1- ); 2)lzO. 
[0007] DFG may be employed to generate THZ radiation by 
employing pump frequencies m1 and 002 in the infrared (IR) or 
visible spectral ranges, Where good laser sources exist. Vari 
ous research efforts have reported narroWband THZ genera 
tion at room temperature by externally pumping nonlinear 
optical crystals such as LiNbO3 or GaAs With tWo continuous 
Wave (CW) or pulsed lasers. One such effort reported CW 
THZ generation based on DFG in LiNbO3 pumped by the 
outputs from tWo laser diodes operating at Wavelengths 
around 1.5 micrometers and poWer levels of approximately 1 
W each, Wherein the THZ output could be tuned betWeen 190 
and 200 micrometers (1 .5-1 .6 THZ). The output poWer of the 
detected THZ signal Was in the sub-nanoWatt level. These 
efforts to generate THZ radiation via DFG generally rely on 
loW loss and phase matching in connection With the nonlinear 
medium to improve the conversion e?iciency. In particular, 
they use focusedbeams from high-intensity pulsed solid-state 
lasers (usually ~1 GW/cm2, often limited by the damage 
threshold of the nonlinear crystal) and achieve large coher 
ence length of tens of millimeters by either true phase match 
ing or quasi-phase matching in transparent nonlinear crystals. 
This approach offers broad spectral tunability and does Work 
at room temperature; hoWever it requires poWerful laser 
pumps and a generally complicated optical setup, ultimately 
resulting in bulky and unWieldy THZ sources. 
[0008] According to Eq. (1), as the intensity of the signal 
produced in DFG is proportional to the square of the second 
order nonlinear susceptibility, output poWer based on DFG 
could be greatly improved if nonlinear materials With higher 
second-order nonlinear susceptibilities are used. In this 
regard, research since the late 1980s has established that 
asymmetric single or coupled quantum Well structures With 
signi?cant optical nonlinearities in the mid- and far-infrared 
spectral regions can be engineered by tailoring respective 
energy levels associated With the quantum Well structures to 
correspond With optical transitions Within the same band, 
knoWn as intersubband transitions. In particular, one study 
measured a second-order nonlinear susceptibility XQ) of 106 
pm/V (i.e., four orders of magnitude larger than that of tradi 
tional nonlinear crystals such as LiNbO3, GaP, GaAs, etc.) for 
DFG at 60 micrometers (5 THZ) in coupled quantum-Well 
structures. 
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[0009] The mechanism for the foregoing process is 
depicted in FIG. 1, Wherein tWo mid-infrared beams from 
CO2 lasers emitting around 10 micrometers (respectively cor 
responding to energy transitions represented by the arroWs 
102 and 104) generate a difference-frequency signal at a 
Wavelength of approximately 62 micrometers (corresponding 
to an energy transition represented by the arroW 106). In 
principle, such >62) Would enable ef?cient THZ generation 
even for relatively loW pump intensities and loW coherence 
lengths. HoWever, high optical nonlinearity in these struc 
tures is achieved because all interacting ?elds are in reso 
nance With the intersubband transitions. This results in strong 
absorption of the pump beams as Well as the THZ DFG beam, 
and thus unavoidably limits THZ DFG e?iciency. 

SUMMARY 

[0010] The present disclosure is directed generally to 
inventive apparatus and methods involving quantum cascade 
lasers (QCL) for generating terahertZ (THZ) radiation based 
on difference frequency generation (DFG). 
[0011] Applicants have recogniZed and appreciated that the 
notably high second-order optical nonlinearity exempli?ed 
by the process illustrated in FIG. 1 provides a potentially 
attractive option for implementing a DFG process. HoWever, 
to practically employ such a process, signi?cant absorption 
problems need to be substantially mitigated or overcome. 
Applicants have also recogniZed and appreciated a solution to 
these absorption problems, hoWever; speci?cally, if a popu 
lation inversion is achieved in a quantum Well structure engi 
neered for high second-order nonlinearity, such that most 
carriers are found in the higher energy level 3 (the uppermost 
level shoWn in FIG. 1) While energy levels 1 and 2 are sig 
ni?cantly depleted, signi?cant absorption is effectively miti 
gated. Stated differently, the absorption problem may be 
addressed by designing an active nonlinear semiconductor 
device in Which the energy states arising from the coupled 
quantum Wells provide both laser gain and signi?cant second 
order nonlinear susceptibility XQ). 
[0012] In some prior research efforts, integration of the 
resonant second-order nonlinear susceptibility With popula 
tion inversion in a QCL structure has been demonstrated for 
second-harmonic generation. HoWever, this approach has not 
previously been adopted for DFG, as the bene?ts of integrat 
ing high >62) and population inversion are accompanied by 
laser design challenges that are particularly severe for THZ 
DFG. HoWever, Applicants also have overcome such design 
challenges so as to effectively implement DFG in a QCL 
structure. 

[0013] Accordingly, the present disclosure is directed to 
various embodiments of inventive methods and apparatus that 
provide THZ radiation based on DFG in a QCL. For example, 
in one embodiment, high second-order nonlinear susceptibil 
ity and population inversion are integrated into a QCL that 
supports generation at tWo separate mid-infrared frequencies. 
The basic physical mechanism for generation of THZ radia 
tion in these embodiments is resonant DFG in a coupled 
quantum-Well nonlinear region, similar to the process shoWn 
in FIG. 1. HoWever, in contrast to prior research based on such 
structures, according to inventive embodiments of the present 
disclosure the integrated nonlinear active region has popula 
tion inversion in energy state 3. Mid-infrared radiation serves 
as an intracavity optical pump for the process, but resonant 
absorption of the pump is suppressed because of the popula 
tion inversion in state 3. Thus, the entire length of the QCL 
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cavity based on such principles can contribute to coherent 
nonlinear optical generation. This results in a compact semi 
conductor source of THZ radiation that contains both pump 
lasers and a nonlinear region for DFG. In various aspects, 
higher operating temperatures and Widely tunable THZ radia 
tion as compared to previous designs for THZ QCLs (not 
based on DFG) are possible according to the inventive con 
cepts disclosed herein. 
[0014] In sum, one embodiment disclosed herein is 
directed to an inventive apparatus, comprising a quantum 
cascade laser (QCL) having a signi?cant second-order non 
linear susceptibility (X(2)) integrated in an active region of the 
QCL, Wherein the QCL is con?gured to generate ?rst radia 
tion at a ?rst frequency 001, second radiation at a second 
frequency 002, and third radiation at a third frequency (1)3:(1) 1 — 
002 based on difference frequency generation (DFG) arising 
from the nonlinear susceptibility. 
[0015] Another embodiment is directed to an inventive 
method, comprising integrating a signi?cant second-order 
nonlinear susceptibility (X(2)) in an active region of a quantum 
cascade laser (QCL) so as to facilitate generation of ?rst 
radiation at a ?rst frequency second radiation at a second 
frequency 002, and third radiation at a third frequency (1)3:(1) 1 — 
002 based on difference frequency generation (DFG) arising 
from the nonlinear susceptibility. 
[0016] It should be appreciated that all combinations of the 
foregoing concepts and additional concepts discussed in 
greater detail beloW (provided such concepts are not mutually 
exclusive) are contemplated as being part of the inventive 
subject matter disclosed herein. In particular, all combina 
tions of claimed subject matter appearing at the end of this 
disclosure are contemplated as being part of the inventive 
subject matter disclosed herein. It should also be appreciated 
that terminology explicitly employed herein that also may 
appear in any disclosure incorporated by reference should be 
accorded a meaning most consistent With the particular con 
cepts disclosed herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 is an energy level diagram that conceptually 
illustrates the concept of difference frequency generation 
(DFG) in asymmetric single or coupled quantum Well struc 
tures With signi?cant optical nonlinearities. 
[0018] FIG. 2 is an energy level diagram that conceptually 
illustrates difference frequency generation (DFG) in a quan 
tum cascade laser (QCL) involving tWo integrated quantum 
cascade structures forming an active region of the QCL, 
according to one inventive embodiment of the present disclo 
sure. 

[0019] FIG. 3 illustrates a general layout and scale of an 
exemplary QCL con?gured to generate THZ radiation based 
on DFG in an active region, according to one inventive 
embodiment of the present disclosure. 

[0020] FIGS. 4(a), (b), (c) and (d) illustrate additional 
details of Waveguide structure, refractive index pro?le, and 
Waveguide modes of the QCL shoWn in FIG. 3, according to 
one inventive embodiment of the present disclosure. 

[0021] FIGS. 5(a) and (b) illustrate calculated conduction 
band diagrams for one period of the second QC structure (a) 
and the ?rst QC structure (b), respectively, of the active region 
of the QCL shoWn in FIGS. 3 and 4(a), according to one 
inventive embodiment of the present disclosure. 
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[0022] FIG. 5(c) is an energy level diagram illustrating the 
THZ resonant DFG process based on the conduction band 
diagrams shown in FIGS. 5(a) and 5(b), according to one 
inventive embodiment of the present disclosure. 
[0023] FIG. 6 is a graph illustrating a typical mid-infrared 
emission spectrum from exemplary QCLs similar to those 
shoWn in FIGS. 3 and 4(a), as Well as typical current-voltage 
(I-V) and light output versus current (L-I) characteristics of 
such QCLs, according to one inventive embodiment of the 
present disclosure. 
[0024] FIG. 7a is a graph illustrating THZ spectra collected 
at different temperatures from an exemplary ridge Waveguide 
QCL similar to those shoWn in FIGS. 3 and 4(a), according to 
one inventive embodiment of the present disclosure. 
[0025] FIG. 7b is a graph illustrating the dependence of the 
peak THZ DFG poWer and of the total mid-infrared emission 
poWer on the injection current, as Well as the THZ DFG poWer 
versus the product of the poWers of tWo mid-infrared pumps, 
for an exemplary ridge Waveguide QCL similar to those 
shoWn in FIGS. 3 and 4(a), according to one inventive 
embodiment of the present disclosure. 
[0026] FIGS. 8(a) and (b) illustrate intensity distributions 
of mid-infrared laser mode and the THZ mode, and Waveguide 
structure, respectively, for a QCL according to yet another 
inventive embodiment of the present disclosure. 
[0027] FIGS. 9 and 10 illustrate an energy diagram and 
conduction band diagram, respectively, for a QCL based on 
DFG according to yet another inventive embodiment of the 
present disclosure, comprising a single quantum cascade 
structure integrated With high nonlinear susceptibility to gen 
erate both the pump and DFG frequencies. 
[0028] FIG. 11 illustrates a cross-section of a Waveguide 
structure for a QCL according to another inventive embodi 
ment of the present disclosure. 
[0029] FIG. 12 shoWs a top vieW of the Waveguide structure 
of FIG. 11, according to one inventive embodiment of the 
present disclosure 
[0030] FIG. 13 illustrates a calculated conduction band dia 
gram for one period of the bound-to-continuum QC structure 
of the QCL shoWn in FIG. 11. 
[0031] FIG. 14 illustrates the calculated Waveguide modes 
for mid-IR and THZ Waves, along With the Waveguide refrac 
tive index pro?le, for the QCL shoWn in FIG. 11. 
[0032] FIGS. 15(a), (b), (c), and (d) illustrate various oper 
ating characteristics of an exemplary QCL designed accord 
ing to the Waveguide structure shoWn in FIG. 11. 

DETAILED DESCRIPTION 

[0033] Following beloW are more detailed descriptions of 
various concepts related to, and embodiments of, inventive 
methods and apparatus according to the present disclosure for 
generating terahertZ radiation. It should be appreciated that 
various concepts introduced above and discussed in greater 
detail beloW may be implemented in any of numerous Ways, 
as the disclosed concepts are not limited to any particular 
manner of implementation. Examples of speci?c implemen 
tations and applications are provided primarily for illustrative 
purposes. 
[0034] In various embodiments of methods and apparatus 
according to the present disclosure, exemplary criteria for 
implementing difference frequency generation (DFG) to pro 
vide terahertZ (THZ) radiation in quantum cascade lasers 
(QCL) based on tWo mid-infrared (IR) “pump” sources 
include: 1) integrating a signi?cant second-order nonlinear 
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susceptibility XQ) With population inversion into the active 
region of the QCL; 2) designing a Waveguide that has suitably 
loW losses for both mid-IR pump sources and the THZ radia 
tion resulting from DFG; and 3) providing phase matching for 
DFG. Each of these criteria is discussed in turn beloW. 

[0035] According to one embodiment, DFG in a QCL is 
implemented by employing tWo quantum cascade structures 
integrated together to form an active region of the QCL, 
Wherein one QC structure is con?gured to support resonance 
of one of the tWo mid-1R pump sources, the other QC struc 
ture is con?gured to support resonance of the other of the tWo 
mid-JR pump sources, and one or both of the QC structures 
are con?gured to have a signi?cant second-order nonlinear 
susceptibility to support THZ radiation based on DFG. FIG. 2 
conceptually illustrates one example of such an implementa 
tion, via energy diagrams for the respective QC structures. In 
the process shoWn in FIG. 2, a ?rst QC structure is con?gured 
to support lasing at pump frequency 001 (corresponding to 
energy transition 510) While a second QC structure is con?g 
ured to support lasing at pump frequency 002 (corresponding 
to energy transition 512). In one aspect of this embodiment, 
the second QC structure also is con?gured to have a high 
nonlinear susceptibility >62); hence, it simultaneously serves 
as a region that supports population inversion and DFG (cor 
responding to energy transition 514). The dotted arroWs in 
FIG. 2 schematically illustrate the electric current (carrier 
path) through the device. 
[0036] In one embodiment, the QC structures conceptually 
illustrated via energy diagrams in FIG. 2 may be implemented 
by employing a “three-quantum-Well” or “tWo-phonon reso 
nance” structure as the ?rst QC structure for pump frequency 
001, and a “bound-to-continuum” structure as the second QC 
structure for pump frequency 002 With integrated nonlinearity. 
Individually, the respective designs are knoWn to operate at 
room temperature. Whereas tWo-phonon or three-quantum 
Well QC designs do not have high nonlinear susceptibility for 
DFG, Applicants have recogniZed and appreciated that the 
bound-to-continuum QC design can support notably high 
second-order nonlinear susceptibility for DFG, and that the 
bound-to-continuum design can be optimiZed for a number of 
different cases (e.g., different pump frequencies and resulting 
DFG). 
[0037] In vieW of the foregoing, one embodiment of a QCL 
con?gured to generate THZ radiation based on DFG com 
prises an active region having tWo QC structures or “sub 
stacks.” In various aspects of this embodiment, a ?rst QC 
structure includes multiple stages of a “tWo-phonon reso 
nance” structure that supports a ?rst laser emission Wave 
length corresponding to the ?rst pump frequency 001, and a 
second QC structure includes multiple stages of a “bound-to 
continuum” structure that supports a second laser emission 
Wavelength corresponding to the second pump frequency 002 
and at the same time has an appreciable second-order nonlin 
ear susceptibility >62) for THZ DFG. In one exemplary imple 
mentation based on this embodiment, the ?rst QC structure 
may include 20 stages of a tWo-phonon resonance structure 
that supports a laser emission Wavelength of approximately 
7.6 micrometers for the ?rst pump frequency 001 (and has a 
relatively small XQ) for DFG), and the second QC structure 
may include 30 stages of a bound-to-continuum structure that 
supports a laser emission Wavelength of approximately 8.7 
micrometers corresponding to the second pump frequency 
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002. Furthermore, the second QC structure is con?gured to 
have a signi?cantly large XQ) for THZ DFG (e.g., at approxi 
mately 60 micrometers). 
[0038] FIG. 3 illustrates a general layout and scale of an 
exemplary QCL 100 con?gured to generate THZ radiation 
based on DFG in an active region 103, and FIGS. 4(a), (b), (c) 
and (d) illustrate additional details of QCL fabrication, struc 
ture and operating characteristics, including Waveguide struc 
ture, refractive index pro?le, and Waveguide modes for mid 
infrared and terahertZ Wavelengths, according to one 
embodiment of the present disclosure based on the design 
considerations discussed above in connection With FIG. 2 
(tWo QC structures in an active region of a QCL). In one 
implementation, such a QCL may be based on InGaAs/AlI 
nAs hetero structures, groWn by Molecular Beam Epitaxy 
(MBE) and lattice-matched to an InP substrate. 

[0039] More speci?cally, With reference to FIG. 4(a), in 
one embodiment MBE groWth begins on an InP substrate 122, 
n-doped to n:1.3—1.8><10l7 cm_3, With a 1.6-um-thick 
GaInAs layer 116, n-doped to n:5><10l 6 cm“3 (?rst loW doped 
buffer layer) acting as loWer Waveguide core. On top of this 
loWer Waveguide core 116, tWenty stages of the “tWo-phonon 
resonance” structure 112 and thirty stages of the “bound-to 
continuum” structure 114 are groWn and serve as the active 

region 103 of the QCL, Wherein the tWo QC structures 112 
and 114 are separated by a 200 nm-thick GaInAs spacer (not 
shoWn in FIG. 4(a)), n-doped to n:5><10l6 cm_3. AlO_48InO_ 
52AS and InO_53GaO_47As are the materials used in this 
embodiment for the tWo QC structures, and the layer 
sequences for the tWo structures, in nanometers (starting from 
the injector barrierisee FIGS. 5(a) and (b)), are: 40, 20, 7, 
60, 9, 59, 10, 52, 12, 38, 12, 32, 12, 32, 16, 31, 19, 31, 22, 30, 
22,29 and 40, 18, 9, 54, 11, 53, 11, 48, 22, 34, 14, 33, 13, 32, 
15 31, 19, 30, 23, 29, 25, 29, respectively. The barriers are 
indicated in bold face and the underlined layers are doped to 
n:4><10l7 cm_3. 
[0040] The groWth ends With a 1.5-um-thick GaInAs layer 
118, n-doped to n:5><10l6 cm“3 (second loW doped buffer 
layer) acting as upper Waveguide core. The Wafer is then 
transferred to a MOCVD chamber and a 10-um-thick InP 
layer 120, n-doped to n:10l7 cm_3, is overgroWn to provide 
the top Waveguide cladding for both mid-infrared and THZ 
modes. As shoWn in FIG. 3, the material may be processed 
into deep etched ridge Waveguides approximately 2 mm long 
and 15-25 um Wide, With a 400-nm-thick Si3N4 insulating 
layer 110 on the lateral Walls of the ridge and a Ti/Au (20 
nm/400 nm) top contact 108. A non-alloyed Ge/Au contact 
124 is deposited on the back of the substrate 122. A high 
re?ectivity coating, comprising Al2O3/Au (200 nm/ 50 nm) 
layers (not shoWn in FIG. 4(a)), is evaporated on a rear facet 
of the devices. Furthermore, a grating 105 optionally may be 
disposed on the surface of the Waveguide structure and con 
?gured to extract the DFG radiation along a length of the 
Waveguide. 
[0041] FIGS. 4(b), (0) and (d) illustrate magnetic ?eld 
intensity in TMO0 Waveguide mode for the modes at 7t:7.6 
micrometers (b), 8.7 micrometers (c) and 60 micrometers (d). 
The values of H,C are normaliZed so that f(Hx)2dZ [in um]:1. 
Also shoWn is the refractive index pro?le, Wherein the region 
With large nonlinear susceptibility is shaded. Refractive indi 
ces for theAlO_48InO_52As and InO_53GaO_47As compounds may 
be obtainedusing linear interpolation betWeen the data for the 
binary compounds and the Drude model With the relaxation 
time constant ‘5:10’l3 sec to account for the free-carrier con 
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tribution. This approach is knoWn to Work Well in the mid 
infrared; it should be noted, hoWever, that it is not very accu 
rate for the Wavelength of 60 um, because of the proximity of 
the Reststrahlenband and the strong dependence of the optical 
phonon energies on the material composition. For the TM00 
modes in a 20 um-Wide ridge Waveguide, effective refractive 
indices naf, of 3.266+i><0.00057, 3.248+i><0.00080, and 
2.981+i><0.161 are obtained for the Wavelengths of 7.6 pm, 
8.7 um, and 60 um, respectively. From this data, a phase 
mismatch, k—(kl—k2), of approximately (420+170i) cm'1 is 
estimated, Which corresponds to a coherence length, ICOhII/ 
|k—(k1—k2)|, of approximately 22 pm. 
[0042] FIG. 5(a) illustrates calculated conduction band dia 
grams of one period 520 of the 30-stage stack of a “bound 
to-continuum” second QC structure 114 With integrated sec 
ond order optical nonlinearity shoWn as forming part of the 
active region 103 of the QCL 100 illustrated in FIGS. 3 and 
4(a). Similarly, FIG. 5(b) illustrates calculated conduction 
band diagrams of one period 522 of the 20-stage stack of a 
“tWo-phonon resonance” QC structure 112 constituting part 
of the active region 103 of the QCL 100. In these diagrams, 
the Wavy curves represent the moduli squared of the Wave 
functions of the relevant quantum states. The electron states 
in the “bound-to-continuum” section important for DFG are 
shoWn in bold and labeled 1 to 5 in FIG. 5(a). The injector 
barriers 525 forboth structures (i.e., the barrier through Which 
an electron needs to tunnel to get to the structure) are indi 
cated as the left-most barrier in the draWings. 
[0043] The schematics of the THZ resonant DFG process in 
the active region 103 of the QCL 100 shoWn in FIGS. 3 and 
4(a), based on the conduction band diagrams shoWn in FIGS. 
5(a) and 5(b), are illustrated in the energy level diagram of 
FIG. 5(c), With the relevant energy levels from FIG. 5(a) 
shoWninbold and also labeled in FIG. 5(c). In particular, FIG. 
5(c) illustrates that the QCL 100 is con?gured to generate ?rst 
radiation at a ?rst frequency 001 (524), second radiation at a 
second frequency 002 (526), and third radiation at a third 
frequency u):ml—uu2 (528) based on difference frequency 
generation (DFG) arising from the nonlinear susceptibility. In 
this DFG process, the expression for the second-order non 
linear susceptibility is given by: 

3 

Wu» = m1 — m) z N/— (2) 
U280 

where N, is the electron density in the upper laser level 1, n 
and n' are the levels in the dense manifold of states (FIG. 3a), 
and eZZ-J, mi]- and 17,-]- are the dipole matrix element, frequency, 
and broadening of the transition betWeen states i and j. Here 
it is assumed that most of the electron population is in upper 
laser level 1 and the populations in the loWer laser levels are 
neglected. In this speci?c exemplary implementation, the 
largest contribution to XQ) comes from states 1, 3, and 4 in 
FIGS. 5(a) and (c). Inserting the calculated dipole matrix 
elements and energy spacings into Eq. (2), and assuming 
broadenings rljz1 0 meV, and that most of the electrons are in 
the upper laser state, a second-order nonlinear susceptibility 
X(2)z4><105 pm/V is estimated for a DFGprocess betWeen tWo 
laser pumps at 7.6 and 8.7 micrometer Wavelengths, respec 
tively. In practice, the actual value of >62) for a given imple 
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mentation may be smaller because of the more uniform elec 
tron population distribution in the laser states; additionally, 
the uncertainty in the values of the intersubband transition 
energies and lineWidths may account for smaller actual values 
of >62) . As discussed further beloW in connection With FIG. 1 1 
and paragraph [0058], a more re?ned formalism for more 
accurately estimating >62) may take into consideration the 
laser “gain:loss” condition. 
[0044] Various measurements Were made on exemplary 
QCLs fabricated according to the process discussed above in 
connection With FIGS. 3 and 4(a). A Fourier transform infra 
red spectrometer Was used for spectral measurements of both 
the mid-infrared and the THZ emission. A Mercury Cadmium 
Telluride detector and a helium-cooled silicon bolometer 
Were used for mid-infrared and THZ spectral measurements, 
respectively. PoWer measurements Were done With a cali 
brated thermopile detector and a calibrated bolometer for 
mid-infrared and THZ emission, respectively. The poWer col 
lection ef?ciency Was estimated to be approximately 70% for 
mid-infrared and beloW 10% for THZ measurements. The 
data presented in the various ?gures discussed further beloW 
are not corrected for the collection ef?ciency. Optical ?lters 
Were used in order to discriminate both mid-infrared pumps 
and THZ DFG. 

[0045] A typical mid-infrared emission spectrum from 
exemplary ridge Waveguide devices fabricated as discussed 
above in connection With FIGS. 3 and 4(a) is shoWn in the 
inset of FIG. 6. The pump emission Wavelengths are around 
7W7] um and 7W8] um. The devices operate in dual-Wave 
length mode up to approximately 250 degrees Kelvin and 
provides single Wavelength emission (7»z7.6 um) at room 
temperature. FIG. 6 also illustrates typical current-voltage 
(I-V) and light output versus current (L-I) characteristics of 
the devices obtained at 10 degrees Kelvin in pulsed mode (60 
ns pulses at 200 kHZ) With a 20-um-Wide, 2-mm-long ridge 
device having a back facet high-re?ection coating. The peak 
poWers of the 7.6 pm and 8.7 pm pump lasers are plotted in the 
loWer tWo curves, respectively. The data is not corrected for 
the estimated 70% poWer collection ef?ciency. 
[0046] THZ spectra from a representative ridge Waveguide 
QCL, collected at different temperatures, are shoWn in FIG. 
7a. These spectra Were obtained from a 20-um-Wide, 2-mm 
long ridge device With a back facet high-re?ection coating. 
Again, the device Was operated in pulsed mode, With peak 
current of 3.6 amps in 60 nanosecond pulses at 500 kHZ. The 
spectral position of the THZ signal is in agreement With the 
difference of the frequencies of the mid-infrared pumps. The 
maximum DFG output poWer at 10 degrees Kelvin and 80 
degrees Kelvin Was comparable, and it Was approximately a 
factor of 5 smaller at 150 degrees Kelvin, the maximum 
temperature at Which DFG Was observed in this speci?c 
exemplary device. The decrease With temperature of the DFG 
signal can be attributed to the reduction of the mid-infrared 
pump intensities With temperature. In particular, the product 
of the peak poWers of the tWo mid-infrared pumps at 10 
degrees Kelvin and 80 degrees Kelvin Was similar and that at 
150 degrees Kelvin Was smaller by approximately a factor of 
four. 

[0047] The dependence of the peak THZ DFG poWer and of 
the total mid-infrared emission poWer on the injection current 
at 10 degrees Kelvin for a typical device is shoWn in FIG. 7b. 
The THZ DFG poWer versus the product of the poWers of tWo 
mid-infrared pumps is plotted in the inset of FIG. 7b. A linear 
dependence, expected from Eq. (1), is clearly observable With 
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the slope ef?ciency of 11 nW/W2. The data is not corrected 
for the estimated 70% and 10% poWer collection ef?ciency 
for mid-infrared and THZ measurements, respectively. 
[0048] To estimate the THZ DFG conversion ef?ciency in a 
QCL, the variation of >62) across the QCL Waveguide and a 
non-uniform ?eld intensity distribution in the Waveguide 
should be considered. In the folloWing analysis, it is assumed 
that the poWers of the pump Waves are much larger than that 
of DFG emission and the generic textbook approach is fol 
loWed to derive the expression for DFG conversion ef?ciency 
in the case of coupled TM-polariZed Waveguide modes. 

[0049] The nonlinear polarization Pa) induced at frequency 
u):wl—u)2 by the tWo mid-infrared pumps at frequencies m1 
and (n2 acts as a radiation source of the Wave at frequency (n. 
For coupled quantum Well systems, PO) is polariZed perpen 
dicular to the Waveguide layers and, therefore, contributes to 
TM-polariZed Waveguide modes only. The magnetic ?eld 
amplitude of the mode at frequency w in a Waveguide can be 
Written as 

Where the coordinate system in shoWn in FIG. 4(a), Hw(X,Z)>< 
ei(‘”’_ky) is a mode in the passive Waveguide (i.e. Without P(2)) 
and h(y) is a sloWly varying amplitude that accounts for the 
increase of the mode intensity as it propagates in the 
Waveguide With Pa). Inserting the expression for H(x,y,Z,t) 
into the Wave equation and neglecting the second derivative of 
h(y) (using sloW-varying amplitude approximation) We 
obtain 

Here We utiliZed the fact that Hu,(x,z)><ei(‘”t_ky) is the solution 
of the Wave equation for the passive Waveguide. Using the 
orthogonality of Waveguide modes of different order, We 
obtain for h(y): 

The nonlinear polarization is induced by the electric ?elds of 
the mid-infrared pump modes 

(54) 

Where EwiZ(X,Z) is the Z-component of the electric ?eld ampli 
tude of the mode at frequency 001.. Using the relationship 
betWeen the electric and magnetic ?elds in a TM-polariZed 
mode We have 

Where ne mi and kl- are the effective refractive index and the 
Wave vector of the mode at frequency 00,-. Inserting Eqs. (S4) 
and (S5) into Eq. (S3) and integrating over y, We obtain 
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Where We utilized the fact that that (nIuul —u)2 and assumed 
that (k1—k2)/kz1 . To calculate the power of the DFG emission 
We integrate the time-averaged Poynting vector of the mode at 
frequency w, 

2% (Hm. m2 

Where ( . . . > is the time average and the real ?eld intensities 

are expressed as E(x,Z,t):EmZ(x,Z)e_l"”C +c.c. Inserting the 
expression for h(y) from Eq. (S6) into Eq (S7) and normaliZ 
ing the expression by the tWo intensities of the pump Waves, 
We obtain the expression for the poWer of the DFG Wave, after 
some simpli?cation, 

1 n’: nilntlz (02 (S8) W. % fag X 
0 

H , 2 ( MX 1)) dxdz 
swaz) 

W W x150 
dwmmzdxdzf l 2 h 

(HMl (x. of (HM, (x. m2 MZ 
81,106, z) 802 (X, z) 

Here W, is the poWer of the mode at frequency w,- and ICOhII/ 
|k—(k1—k2)|. This expression can be further simpli?ed by 
assuming E(x,Z)z(nef)2. We then obtain 

2 (2) 2 (S9) 
(0 IX I W1W2 X12 

Where >62) is the peak value of the nonlinear susceptibility in 
a QCL Waveguide and the effective area of interaction, S817, is 
given as 

[Wow znmxdz (S10) 

Sejf = |)( 
lflmx. @1101 (x. 911M206. who. mm? 
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Note that, for plane Waves, the beam intensity is IIW/ S and, 
With constant XQ), We recover the DFG intensity expression 
Which is given in the plane Wave approximation. 
[0050] To estimate the THZ DFG conversion ef?ciency in a 
QCL Waveguide, We evaluate the integral in Eq. (S10) using 
the mode pro?les shoWn in FIGS. 4(b), (0), and (d) and 
neglecting the dependence of the ?eld intensity in x-direction, 
see FIG. 4(a). Assuming that the mid-infrared pumps are 
TMO0 modes and verifying that the DFG is most ef?cient for 
TMO0 mode, We obtain for a 20-um-Wide ridge device 
8817x1800 umz. With 160,522 um, this results in an internal 
conversion ef?ciency nZ-MtIW/(WIW2) of ~700 uW/W2, 
Where the poWers W, are measured inside the QCL 
Waveguide. To evaluate the external conversion e?iciency, 
11EXtIW/(WIWZ), Where the poWers W, are measured outside 
the QCL Waveguide, We may use the Fresnel formulas and 
calculated nefto estimate the laser front facet transmittivity. 
We obtain poWer transmission coe?icient of ~0.7 for all three 
Wavelengths and obtain 11m~1 mW/W2. Note that, for 7»:60 
um and a ridge Waveguide cross-section of ~1 5x20 umz, the 
actual front facet transmission coe?icient may be signi? 
cantly smaller than that given by the Fresnel formulas. This 
Would result in a smaller value of 11m. 

[0051] In sum, in the example discussed above in connec 
tion With the embodiment of FIG. 4(a), there Was no attempt 
to achieve phase matching and the coherence length Was not 
maximiZed. The phase mismatch betWeen the TM00 pump 
and THZ DFG modes, k—(kl—k2), is estimated to be approxi 
mately 420 cm-1 and the losses for THZ DFG, (x, to be ~340 
cm_l, Which translates into a coherence length of ~22 um, see 
Eq. (1). Theoretical estimates using 160,522 um, X(2)z4><105 
pm/V, and assuming mid-infrared lasing only in TMO0 modes 
predict DFG conversion ef?ciency to be of the order of 1 
mW/W2 in a Waveguide geometry. The measured value of the 
conversion ef?ciency, corrected for the mid-infrared and THZ 
DFG signal collection e?iciencies, is approximately 50 
nW/W2. The discrepancy may result from a number of fac 
tors, including mid-infrared lasing in many higher order lat 
eral modes, the actual value of >62) being signi?cantly 
smaller, poor THZ Wave out-coupling, etc. 

[0052] While a 10 um-thick InP top Waveguide cladding 
120, groWn by Metalorganic Chemical Vapor Deposition 
(MOCVD), Was employed in the embodiment of FIG. 4(a) to 
provide dielectric mode con?nement for the mid-infrared and 
THZ modes, according to another embodiment a combined 
dielectric/metal-surface-plasmon Waveguide structure may 
be employed, in Which mid-infrared pumps are con?ned in 
the dielectric Waveguide core and the THZ mode is guided by 
the metal layer(s)/Wall(s), similarly to that of previously stud 
ied THZ QCLs (not based on DFG). Although the metal layers 
are good for the THZ mode, they introduce high losses for the 
mid-infrared ?eld. Therefore, the mid-infrared mode should 
have a loW overlap With the metalliZed Walls. This can be 
achieved in a design Where the mid-infrared mode is posi 
tioned in the center of the thick THZ Waveguide and naturally 
dies out to the Walls, so that there is very little overlap With the 
metal. 

[0053] FIG. 8(b) illustrates an example of such a QCL 
100A including a surface-plasmon Waveguide structure 180, 
according to another inventive embodiment of the present 
disclosure, Whereas FIG. 8(a) illustrates the intensity distri 
butions of the mid-infrared laser mode (center thinner plot) 
and the THZ mode (Wider plot) for the QCL 100A. In particu 
lar, the intensity distribution shoWn in FIG. 8(a) is indicated 
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in the growth direction (distance counted from the top of the 
Waveguide) for the mid-infrared laser mode and THZ mode, in 
an exemplary Waveguide of approximately 10.5 um thickness 
formed by tWo metal Walls 170 and 172 that serve simulta 
neously as contacts for the current injection. As shoWn in FIG. 
8(b), the integrated active region 103 occupies the central 
region (e. g., 4-5 um) of the Waveguide. The remaining part of 
the Waveguide includes a loW-doped buffer material (e.g., the 
layers 116 and 118, similar to those shoWn in FIG. 4(a)). In 
one aspect, because of the narroW pro?le of the mid-infrared 
pump mode, in some implementations it is not necessary to 
?ll the Whole Waveguide With the active regions as it is done 
in THZ QC lasers. In another aspect, a grating 182 optionally 
may be disposed on the surface of the surface-plasmon 
Waveguide structure 180 and con?gured to extract the DFG 
radiation along a length of the Waveguide. 

[0054] According to yet another embodiment, A QCL 
based on DFG may comprise a single quantum cascade struc 
ture integrated With high nonlinear susceptibility to generate 
both the pump and DFG frequencies. FIGS. 9 and 10 shoW an 
energy diagram and conduction band diagram, respectively, 
for such a device. The design is based on a modi?cation of the 
tWo-phonon resonance structure. In FIGS. 9 and 10, the 
energy levels responsible for laser action and high second 
order nonlinearity are shoWn in bold and labeled 1,2,3. The 
laser transitions 1 to 3 and 2 to 3 are designed to have the same 
oscillator strength, and the frequency difference corresponds 
to THZ radiation at 60 um. Taking an average doping ~5><l0l 6 
cm-3 and assuming the electron population is shared evenly 
by states 1 and 2, the nonlinear susceptibility for DFG at 60 
um may be as large as 8><105 pm/V. 

[0055] In various embodiments of QCLs according to the 
present disclosure for generating THZ radiation, QCLs may 
be operated to generate continuous-Wave (CW) or pulsed 
radiation, and may further be con?gured to variably tune the 
?rst, second and third frequencies based on controlled varia 
tions of operating temperature. To this end, apparatus accord 
ing to various embodiments may further comprise a thermo 
electric (TE) cooler 190 coupled to the QCL (e. g., see FIGS. 
4(a) and 8(b)) to control (stabiliZe at a ?xed point or vary) the 
operating temperature of the QCL. In one aspect, the TE 
cooler may be a single or multiple stage cooler, and may be 
con?gured to provide a QCL operating temperature over a 
range from approximately 195 to 295 degrees Kelvin. 
[0056] In yet other exemplary implementations pursuant to 
the inventive concepts discussed above, various modi?ca 
tions are contemplated to the general Waveguide structure 
illustrated in FIG. 4(a) to realiZe THZ QCLs that may be 
tailored for different operating Wavelengths and/ or operating 
performance metrics. FIG. 11 illustrates one such example of 
a Waveguide structure for a QCL generally similar to that 
shoWn in FIG. 4(a), but With some variations, according to 
another inventive embodiment of the present disclosure. In 
one exemplary implementation based on the Waveguide 
structure shoWn in FIG. 11, a THZ QCL based on DFG 
according to the concepts discussed above may be designed to 
operate in the mid-infrared at Wavelengths K589 um and 
k2:10.5 um and produce terahertZ output at 7~z60 pm, with 7 
[1W output poWer at 80 degrees K, approximately 1 [1W output 
poWer at 250 degrees K, and approximately 300 nW output 
poWer at 300 degrees K (i.e., approximately room tempera 
ture and above). 
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[0057] More speci?cally, the QCL 100B shoWn in FIG. 11 
is based on a InO_53GaO_47As/InO_52AlO_48As heterostructure 
groWn by molecularbeam epitaxy (MBE). Inparticular, MBE 
groWth starts on an InP substrate 122B, n-doped to 9><10l6 
cm_3, With 30 stages of the tWo-phonon resonance QC struc 
ture 112B, designed to emit at 10.5 um, folloWed by 100-nm 
thick GaInAs spacer, n-doped to 3><10l6 cm“3 (not shoWn in 
FIG. 11) and 30 stages of the bound-to-continuum QC struc 
ture 114B, designed to emit at 8.9 pm. For this exemplary 
apparatus, the layer sequence for one period of the bound-to 
continuum structure 114B (in A), starting from the injection 
barrier, is 40/2417/65/8/64/8/58/22/40/13/38/14/37/15/36/ 
19/ 36/ 25/3 6/25/35, Whereas the layer sequence for one 
period of the tWo-phonon resonance structure 112B is 40/20/ 
7/60/9/59/10/52/14/38/12/32/12/32/16/31/19/31/22/30/22/ 
29. The barriers are indicated in bold face and the underlined 
layers are doped to n:3><10l7 cm_3. The calculated conduc 
tion-band diagram of one period of the bound-to-continuum 
structure at applied bias of 37 kV/cm is shoWn in FIG. 13. As 
above, the Wavy curves represent the moduli squared of the 
Wavefunctions. The electron states important for DFG are 
shoWn in bold and labeled 1 to 3. 

[0058] In the QCL 100B ofFIG. 11, the MBE groWth ends 
With a 50-nm-thick GaInAs layer, n-doped to 3><10l6 cm“3 
(not shoWn in FIG. 11). An upper Waveguide cladding com 
prising a 3.5-um-thick layer 120Bl and a 0.2-um-thick InP 
layer 120B2, n-doped to 5><10l6 cm“3 and 5><10l8 cm_3, 
respectively, is then overgroWn by MOCVD. As With the QCL 
shoWn in FIG. 4(a), in some implementations the material 
may be processed into deep etched ridge Waveguides approxi 
mately 2 mm long and 15-25 pm Wide (e.g., see FIG. 3), With 
a 400-nm-thick Si3N4 insulating layer 110B on the lateral 
Walls of the ridge and a Ti/Au (20 nm/400 nm) top contact 
108B. A non-alloyed Ge/Au contact 124B may be deposited 
on the back of the substrate 122B. Also, a high-re?ectivity 
coating (e.g., comprising Al2O3/Au (200 nm/ 50 nm) layers), 
may be evaporated on a rear facet of the devices. Furthermore, 
a grating 105B optionally may be disposed on the surface of 
the Waveguide structure and con?gured to extract the DFG 
radiation along a length of the Waveguide. 
[0059] With reference again to the discussion above in con 
nection With Eq. (2), in the QCL 100B of FIG. 11, the bound 
to-continuum structure 114B has an appreciable >62) for DFG. 
The electron density in the upper laser state can be determined 
from a “gain:loss” condition. The laser gain in a medium 
With population inversion is given by an expression: 

Where ne17(u)l) is the effective refractive index of the laser 
mode and it refers to loWer laser levels. A “gain:loss” con 
dition for a QCL is given by: 

Where gmax is peak of the laser gain in Eq. (3), F is a modal 
overlap factor With an active region, (XWg and otm are 
Waveguide and mirror losses, respectively. Taking the param 
eters Fz0.4, otW m8 cm_l, and otmz3 cm“1 for the QCL 100B, 
a gmaxz28 cmjis obtained. Taking Fljz75 meV, from Eqs. 
(2), (3) and (4) it may be found that ANez2><l0l5 cm-3 and 
|X(2)|z4><104 pm/V for the DFG process in our devices. 








