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Quantum Transmission Line Modelling and
Experimental Investigation of the Output
Characteristics of a Terahertz Quantum Cascade
Laser

Mingjun Xia, Pierluigi Rubino, Lianhe Li, Iman Kundu, Alexander Valavanis, Alexander Giles
Davies EdmundH. Linfield, and Paul Dean

Abstract—We describe a new approach to modelling the
optoelectronic properties of a terahertz-frequency quantum
cascade laser (THz QCL) based on a quantum transmission line
modelling (Q-TLM) method. Paralledl quantum cascade
transmission line modelling units are employed to describe the
dynamic optical processesin anine-well THz QCL in both thetime
and frequency domains. The model is used to simulate the
current—power characteristics of a QCL device and good
agreement isfound with experimental measurements, including an
accur ate prediction of the threshold current and emitted power. It
is also confirmed that the Q-TLM model can accurately predict
the Stark-induced blue shift of the emission spectrum of the THz
QCL with increasing injection current. Furthermore, we establish
the new Q-TLM model to describe the properties of a THz QCL
device incorporating a photonic lattice patterned on the laser
ridge, by linking the transmission line structureto each scattering
module. The predicted effectsof thelatticestructureon the steady-
state emission spectra of the THz QCL, including the side-mode
suppression, arefound to be in good agreement with experimental
results. Our Q-TLM modelling approach is a promising tool for
the future design of THz QCL sand analysis of their temporal and
spectral behaviors.

Index Terms—T erahertz quantum cascade laser, Transmission
line modelling, temporal and spectral analysis, photonic lattice

I. INTRODUCTION
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Terahertz-frequency quantum cascade lasers (THz-RCLs
have established themselves as the one of the most
promising compact sources of high power THz radiation suited
to a range of applications [1-4]. The ability to control the
electronic wavefunctions in these devices via engineering of the
quantum heterostructure offers a high degree of design freedom
for achieving lasing in the frequency rangé&5 THz[4-7].
Knowing the temporal and spectral dynamics of THz QCL
enables us to understand the complex behavior of THz QCL and
optimize the structure design. Furthermore, analysis of the
temporal and spectral output of THz QCL is significantly
important for promoting its applications in spectroscopy [8]
security detection [9]and THz communicatid]|

However, there is a lack of a suitable apparatus for second-
order autocorrelation measurements to provide this information
in the THz range. THz time-domain spectroscopy (TDS) and
Fourier transform infrared spectrometry (FTIR) have been
employed to measure the output of THz QCLs in the time and
frequency domains, respectively. However, the frequency-
resolution of most FTIR systems is insufficient to measure
small wavelength shifts and analyze the precise multimode
behavior of THz QCL. High-resolution spectroscopy in the THz
range is also poorly developed, owing to the lack of integrated,
high-power THz sourcefl1]. Therefore, an effective THz-
QCL model is highly desirable for analyzing the output
properties of THz-QCLs in the time and frequency domains.

Various approaches have been adopted to model the
optoelectronic properties of quantum cascade lasers including
rpte—equation approaches [12], Monte-Carlo simulations [13],

China (ZJU: 2018QNA5008}he Engineering and Physical Sciences Researd€Nsity matrix models [14'1511_ Gresrfunction Cal_CU|ati0n5
Council (EPSRC),UK(HyperTerahertz’ programme EP/P021859/1) and the [16] and pure quantum-mechanical models [17]. Simple models
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based on reduced rate equations are able to qualitatively predict
the output power of THz-QCLs varying with the injection
current but they carot simulate the dynamic output waveforms

of THz-QCL in the time and frequency domaja8-19]. Some
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gain modulation or coupled cavity structure, can lead to spectral
tuning and the variation of electric field mod@§][ While the
spectral variation and multi-mode behaviormatrbe explained
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by conventional rate-equations approaches. other sophisticabesd structure. In Section 3, the model is used to aaéhe
qguantum mechanical models are computationally intensiveutput properties of a THz QCL, including its currgrdwer
Progress has been achieved with respect to modelling Ttlzaracteristics and the variation of the emission spectrum with
QCL. In Ref[21], S. Kohen et al. employed the two- and thregijected current. These predictions are then compared with
dimensional electromagnetic finite-element method to modgkperimental measurement results obtained from an exemplar
and analyze the waveguide and resonators in THz QCL; THz QCL. In Section 42 THz QCL incorporating an integrated
Dupont et al. devel_oped a S|mpI|f|eq denS|tmiatr|x model fo5| is modelled using the Q-TLM method. The effects oRhe
THz QCL by describing the populations of different subbandsating structure on the output spectrum of the QCL are studied

and th dcohtfarence tterdms, .\tNh'Czhz glv_?s the co;rejzt Ic:Jrqutr th theoretically and experimentally. Finally, conclusions are
magnitude of current density [22R. Terazz and J. Fais 8“6%” in Section 5.

presented a transport model for quantum cascade laser base
density matrix formalism by incorporating the optical field so
that the model can be used to find the curresitage and
currentoptical power characteristics of quantum cascade las&r Band structure

[23]; P. Tzenov et al. present a theoretical model for THzZ QCL the THz QCL used in this study is based on a nine-well

by er.nploying. a_fuII nur_nerical SOM!O” Of. MaxikeBloch design B4] with GaAs quantum wells and\16Ga sAS
equations, which is effectively used to investigate the frequen%rriers_ This design is based on alternating photon and

comb generation[34 X. Qi et al. analysed the mode selectio L . X .
and frequency tuning capability of coupled-cavity THz QCLrlsongltudmal optical (LO) phoortassisted transitions between

by using a scattering matrix method and multimode reduchaSi'minibands' The active region layer thicknesses of one
rate equationS[ZS]ln Ref. [26], C. Jirauschek and T. KubisperiOd in A are 38/1085/126/0/129/19/113/29/91/29/82/

gave a systematic review of the modeling techniques used &¥68/29/16329/142, where the bold numbers refer to the
the simulation of quantum cascade lasers. barriers and the underlined layer denotes the Si-doped GaAs
Recently, we proposed a new theoretical modellingayer with doping densityd.0x 16°cni®.

technique-quantum transmission line modelling (Q-TLM) The energies and corresponding wave-functions for
method applicable to semiconductor optical devi@8. [Q-  electronic states within the structure were computed using a
TLM is a general modelling method that establishes models,rapolic effective-mass solution to the Schrédinger equation
from describing the basic photon emission process b¥g) sing material parameters froB5§36]. Figure 1 shows
combining time-dependent  perturbation theory and t e conduction band potential and the squared amplitude of the

_transm|SS|on line rr_u_)delllng me_thod. A the_ _theory, bo velope wave functions in two periods of the active region
intersubband transitions and interband transitions can be

modelled by the O-TLM methodThis method adopts unde_r.an external electric fieldf 5.2kV/cm. The_ I.asir]g
topological structures to describe the dynamic pheattettron transition takes place from stgte 3or sta_ttg 2 to the minilband
interaction processes, and has been successfully emp|0yeav|ﬁ§ereas the LO-phonon assisted transition takes place from the
model quantum well devices in the near-infrared wavelengthinibandmn to state 2 or state 1.

range [28]. This approach is adapted from transmission line

matrix (TLM) theory, which was initially used to solve field 250/ ]

Il. THEORETICAL MODEL

equations and describe microwave propagation in microwave
circuits [2930]. The THz QCL operates at the frequencies 200 - |
between microwave and infrared spectral regions and its active «
region consists of a cascade of quantum wells. We show here, %1507 \ N

for the first time, that Q-TLM is also an effective method for ‘
dynamic modelling of THz devices.

Our model describes QCLs using parallel quantum-
cascade transmission line modelling units and is used to predict i 2 A\ ‘
the transients in output power after switch-on, and to simulate %0~ 5 KVl o A’“U 1
both its currentpower characteristics and emission spectrum in '
steady-stateThe predicted lasing-threshold current density and 0r T
variation of emission spectm with changing injection current 0 50 100 150 200 250
are shown to agree well with experimental measuremaris ) Position(nm) _
TLM model is also developed faTHz QCL incorporating a Fig. _1 Band strl_Jcture and_ squared e_nvelope wave functions
photonic lattice (PL) patterned on the laser g, which is OPtained by solving Schrodinger equations.
important for the development of single mode THz QCL
required for local oscillators3P] and THz sensing applications B, Q-TLM Model of THz quantum cascade laser
[33]. The simulated effect of the PL structure on the QCL | yhe following sectionthe Q-TLM method is adopted to
emission spectrum, 'n(;]lUd'ng Fhe suppression of side mOdeSegablisha new model fora THz QCL. The basic structure for
In good agreement with experiments, the Q-TLM model of THz QCLs the Q-TLM unit, which is

This paper is organized as follows. Section 2 introduces t _ ) . :
new Q-TLM model foraTHz QCL following calculation of its used to describe the dynamic photon emission process during
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the electronic intersubband transitions at a given wave vector. The weighting coefficient in the Q-TLM unit describes the
As QCLs contain several subbands, photons can be generaiggtron-transition  possibility between two conduction
from the different intersubband transitions. Several parallel ¢4bbands at a certain wave vector, and can be expres8&i as |
TLM units are employed to constitute the quantum cascade K=4”GO|H 'BA|2 (F.—F,) 9)
transmission line modelling unit (QC-TLM unit), which is used . Vh
to model the main lasing transitions at the given vectowhere Hg, is the matrix element for the transitjoR; and F,
Furthermore, QC-TLM units are combined in parallel t&re the FermiDirac distribution function for the higher energy
describe the photon emission over a range of in-plane elect®ate B and lower energy statd , G, is the magnitude
wave vectors. The optical processes, such as the stimulatefficient andV is the crystal volume. In Fig. &, (z t) and

emission and the spontaneous emission are described basecE[%tr(z t) denote the input electric field and the output electric
the parallel QC-TLM units. field, respectively.

Figure 2 shows the structure of one Q-TLM unit. Each Q-
TLM unit includes a resonant two-level RLC system

(consisting of a resistor, capacitor and inductor withEm(th). Vin

characteristic admittances of, Y, and Y, respectively) as

well as a weight coefficientK . At high frequencies, the
capacitors and inductors are described by open-circuit and
short-circuit transmission lines, respectively [37].

Based on the Heisenberg’s uncertainty principle, the finite Fig. 2 Structure of quantum transmission line modelliQgT{M) unit. The
lifetime of an excited state lead to the uncertainty in the enerffgonant RLC system( , Y. and Y, ) describes the photon generation
of electron transition, which results in a finite Lorentziarprocess and the weighting coefficienk | expresses the probability of the

linewidth in frequency. The Lorentzian linewidth in frequency?"°ton generation. L o
iIS g;/\\/"en bly. quency Zlan finewidtn | quency One Q-TLM unit is the basic unit for the model of THz

QCL. The specific voltage propagation process in one Q-TLM

1 yl2 - A
— 1 .3.
o (0= 271t (1 2) (1) unitis shown in Fig T3 ____________ :

wherey is the homogeneous linewidth broadenirgis the
Plank constanh divided by2r , f,, is determined by the
frequency of the generated photon through intersubband ”V‘" 23 s
electron transitions in the QCL, which can be expressed as:
faa =(Ez -Ep/h 2
where E, and E, are the energies for higher energy stite l _Z____
V,

and lower energy state. The frequency response of the two-level
RLC network in the Q-TLM unit can be expressed as:
1) w, ! 2Q
H(w) =2 0 3
= 2w -ay + @, 1207 )
where, Qis the quality factor of the RLC system, = 2z fg, is

the resonant angular frequency. In order to describe the A 2V YA

homogeneous linewidth broadening using the RLC systgm, b
comparing Eq. (1) and Eq. (3), it can be found that:
2 Thevenin Equivalent circuit

H, (@) = % H (@) (4) Fig. 3 The voltage propagation process in one Q-TLMamd its Thevenin

. . .. . equivalent circuit.
The resistance value is 1 and the characteristic admittance The input transmission line with the lengthis used to

expressions of the inductor and capacitor in the Q-TLM unit Afiodel the resistor and the open and short stub transmission

New photon
generation

H, (@) =

[32]: lines with lengtAL/ 2 are used to represent the capacitor and
Y, <Qtan(zAT fg, ) (®) inductor. Based on the transmission line theory, the
Y.=Q / tan(zAT f,) (6) corresponding Thevenin equivalent circuit can be obtained (as
o 27ty @) shown in Fig. 3). The node voltagecan be expressed 8]
y V=4, 4= SV, 2YY YY) (10)
where AT is the optical field propagation time along the link Y Y
transmission line and it is the smallest time interval in the Y=14YC #Y, (11)

modelling and determines the resolution of the electric field iphere, V, is the input voltageV, andV, are the incident

the time domain. Thfe sa;n/pAlilr_]g frequency can be deﬁ?;)d aSyoltages of the capacitive and inductive stub lines, respectively,

Y. andY, are the characteristic admittance of the inductor and



capacitor in the Q-TLM unit, which are given in Egs.(5)and(6module (Fig. 5b) consists @f spontaneous emission source,
The output electric field can be obtained by parallel QC-TLM units (describing spontaneous emission at a
E, =KV, =KV +V,) 1) range of electron wave-vectors) aagpontaneous emission

where K is the weight coefficient (as shown in Eq. (9)) and th(=3’3'*'p_"”g factors . The gain co-efficienB can be derived frgm
input voltage/, can be expressed in terms of the electric fielthe time-dependent perturbation theory and can be defined as

in the link transmission line &4 =E_ AL . During the time

interval AT , the input voltage propagates along the link G- rg?
transmission line and arrives at the scattering node and at the - zhn cs,nf Ly
. . . 0
same period, the reflected voltages of the capacitor and inductor i , , i )
propagate to the end of the stub transmission lines and bé{@p@re,r is the opncgl confinement factor for the entire active
again at the scattering node. After one iteration, the reflecté®@ion dis the magnitude of the electron charggand £0 are
voltage will return and become the new incident voltage [37]the refractive index and the permittivity in free space,
Since QCLs contain several subbands, photons can fegpectively, ¢ is the speed of light in free spagg,is the

generated through a number of different transitions. Several Q'ectron mass in free spade,is the width of the quantum well
TLM units are therefore used, in parallel, to describe the photon '

emission due to each intersubband transition. Here we referigvhich the main lasing transition occuased on Eg. (9), the
the parallel Q-TLM units as quantum cascade transmission li§€1ghting coefficient of the Q-TLM wunit in the scattering
modelling (QC-TLM) units. Figure 4 shows the structure of on@0dule can be expressed as:

such unit, taking into account three electron transition processes Ky =1, |Pij |2[|i: E)-F (E)] (14)
from state 3 to state 23(— 2), from state 3 to staten (

3—mn) and from state 2 to staten (2— mn). The number ¢ o c c ) ]

of Q-TLM units ina QC-TLM unit is determined by the main Where fj =(E"~F")/h, B and Ejare the discrete confined
lasing transitions in the THz QCL under consideration.

13

energies in thé™ and j™ conduction subband E° > E’),

E.(z1 |Pij |2is the momentum matrix element af(E) and F; (E)

Ein(z' t). Vin

are the Fermi-Dirac distribution functions for tif&and jth
conduction subband. The spontaneous emission s@jcks
given by [27:

5 fort=nT,, n=0,1,2..
Se=) OAL (15)

0 for (-1 T, <t<nT,,n=12..
where E, is the average energy of a spontaneously-emitted
photon, T, is the excited state lifetime in the spontaneous

emission, andAL is the length of the link transmission line (

AL/ 2is the length of each stub transmission line representing
the capacitor and inductor). The weighting coefficient of the
QC-TLM unit in the spontaneous emission module is given as:

Fig. 4 Structure of quantum cascade transmissionntiogelling (QC-TLM)
unit. Here three Q-TLM units constitute the QC-TLMtumihich corresponds

to the photon emissions from the electron transitions ftate 3 to state 2, 5 exp[E— (EC_ EC )]
state 3 to staten and state 2 to staten between the conduction subband K =pf2 |p_ | F (E)[l— = (E)} = RA R
ij ij ") i j KBT
Next, QC-TLM units are combined in parallel to describe (16)

the photon emissions over a rangeireplane electron Wave_whereﬂ is the spontaneous emission coefficient. The weight
vectors. These parallel units are then used to form topological

modules that describe the optical process either stimulate@gfficients of the QC-TLM units in the scattering module and
emission or spontaneous emission processes in the THz Qéﬂ(_)ntaneous module are derived from the optical transitions

Fig. 5a and 5b show the structures of the scattering mod{fing Fermi’s Golden rule. Quasi-fermi levels were employed

(SM) and spontaneous emission module (SEM), respective r the higher energy state and the lower energy state ahd bot
them are dependent on carrier densitpecBically, the

The SM (as seen in Fig. 5a) consists of parallel QC-TLM units : X ! , )
(describing stimulated emission at a range of electron wa isection method is used to calculate the quasi-fermi lemels i

vectors) and gain coefficie® . The spontaneous emissionthe simulation, respectively.
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where, n, (j=1,2,3) is the carrier density in levell, 7, is the

E.(zt L - : , o :
(29 injection efficiency in levej , J is the injection current density,
. D is the thickness of the active regiob/z, is the total
Scattering ]
module scattering rate for electrons leaving levielwhich is calculated

by Fermi Golden RuleAV is the volume of each section in the
cavity model,Z, is the transverse wave impedance, which is
given as(u/g)l/z, where 1 and ¢ are the permeability and

permittivity of the bulk material, respectiveland V, is the
input voltage of the QC-TLM unit in the scattering module.

Spontaneous

|
! ! emission module
|

——— -

|
|
----»q) lIl.  THEORETICAL AND EXPERIMENTAL ANALYSIS OFTHZ
| QUANTUM CASCADE LASER
|
. . . () A Theoretical simulation based on the Q-TLM model
Fig. 5 Modelling optical processes in THz QCL base®@efLM (a) structure
of scattering module for describing stimulated emission pranesslz QCL When Q-TLM is used to model the THz QCL, it is

b) structure of spontaneous emission module for desgrispontaneous .
ér%ission processiﬂTHzQCL grispo important for us to calculate the band structure and

The compled Q-TLM model for a THz QCL is wavefunctions for obtaining the parameters related to the basic

constructed using the modules described aboveidmtbdel, Q-TLM unit. As mentioned above, the frequeriyyin the

the laser cavity is divided intmsmall sections (fron§ to S, characteristic admittance expressions for the capacitor and

) along the longitudinal directioras shown in Fig. 6a. The j,q,ctor in one Q-TLM unit is determined by the generated
number of sectionsnis determined byL /AL , wherelL is the . e

ity | h. SectioB. in Fia. 6a is the f del. which i photon through intersubband electron transitioihscan be
cavity length. Sectiof, in Fig. 6a is the facet model, whic 'S obtained by calculating the band structure of the cascade

used to describe the Fresnel reflection and transmission at bgtyntum wells. In the simulation, the band structure is varied
of the laser facets [39]. Figure 6b shows the internal structure

of each section, which includes the forward and backviivi with the bias current [40] and the sampling frequerfcy,
and SEMmodules (as shown in Fig. 5. is the transmission needs to satisfy the Nyquist-Shannon sampling thepiiéra
coefficient, which is used to describe the THz wave propagatioptical confinement factor and the spontaneous emission
loss. coefficient are chosen based on the empirical values.

In Fig. 6a,C, denotes the carrier density of the main states In the following, the proposed Q-TLM model is used to
in the ith section of the Q-TLM modelncluding the carrier analyze the output properties of an exem@ans/ AlGaAs

densities for the upper lasing level, the lower lasing level arldiz QCL in the time and frequency domains. The active region
the minband state. The variation @If is given as []_5] of the THz QCL consists of nlr@a%quantum wells in one
period with 115 periods being repeated along the growth

d_rg 3 on TV direction. Section 2.1 has shown the composition of wells and

ny——-—2————1 (17) barriers in one period as well as the calculated conduction band
dt ab z; GAV Z, and wave functions. Other parameters used in the simulation are
d r v given in Tab. 1 and Ref. [35].
a, _, s N, 1 Ve (18) . -
at 2 T vz Flgure 7_s_hows the output optical power calculgted as a

2 72 P function of injected current at a temperature 30K using the Q-

d_rll _ &Jr&_ﬂ (19) TLM model for a THz QCL device with cavity length 1.8 mm.
at "k Ty Ty T In the Q-TLM model, the temperature and carrier density

influence the weight coefficient K of each QC-TLM unit
(referring to the above Egs. (14) and (16)). The output optical



power is obtained by converting from the output electric fieldxperimentally measured THz QCL field shown in Redd- [
E..(z,t) (shown in Fig. 6(a)). Also, it should be noted that ir2].

this case the output power value at each injected current isJSing our model it is also possible to obtain the output power
obtained when the output reaches the steady state. It canSBectral density of the THz QCL, by applyiag-ast Fourier
found that the maximum calculated output power is 18.6mW Fransform (FFT) to the steady state output electric field in the
the injected current 1200mA. The simulation results indicaténe-domain This is shown inFig. 8b, which predicts the
the threshold current of th&.8mm-long THz QCL is = central frequency of the output power spectral density to be

. 3.44THz. It is also predicted that the THz QCL exhibits multi-
350mA, which corresponds to a current derfs2§.6A/cnt . mode lasing behavior for this injected current of 1000mA

which is much larger than the threshold current (=2:§6 |
TABLE 1 SMULATION PARAMETERS OFTHZ QCL Such behavior is typical of that observed experimentally in THz
Symbol Description Value .
fsam Sampling frequency 4.27x 16" Hz QCL devices.
Length of link

AL P 180nm \
transmission line _*1000mA 30K
Optical confinement 03 50 [Fiotons, 3]
factor '
B Spontaneous emissior 0.01 40
coefficient g
Linewidth broadening
of photon emission 2.37 10" rad/: \530
Transmission g
a coefficient in each 0.9999/m P
section o
n Refractive index 3.9 \
AF Transform resolution 427MHz 10
AT Time step 2.34fs T T2
L Length of THz-QCL 1.8mm 0
D Thickness of active 14um 0 05 1 & 2 ,2'5 3 35448 g
region Time(ns)
Width of active region 150um Fig. 8a Turn-on transient of THz QCL obtained basethe Q-TLM model.
Current density (A/cmz) 1
" ‘ 74 148 222 296 370 444
0.8
15 5
~ 206
g s
13 iz
= c
010 004~ 1
g £
o
0.2
5 dL;
0

0 ] 32 33 34 35 36 3.7
’ 20 o Cu?r%%t(mA) 0 0% 20 Fig. 8b Output power spectral der,l:;?g; Gg]fcyl'(ltll-ZIZ)QCIh«ats!;teady stage obtained

Fig. 7 Output power versus injected current of a 1.8omg THz QCL. The  oqe on the proposed Q-TLM model for an injectionestirof 1000 mA.
S|mulgt|on rgsults are obtained based on the proposedMQriadel of THz In order to further explore the spectral emission predicted by
QCL in Section 2. N

Figure 8a shows the turn-on transient (output power plott&4r Q-TLM model, the output spectra were similarly calculated
in the time-domain) of the THz QCL obtained from the Q-TLMOr & range of injection currents from 400mA to 1200mA, as
model ata temperature of 30K. In th simulation, we have Shown in Fig. 9At an injection current of 400mA (=1.14)I
assumed an injected current of 1000mA (current densitye Predicted output spectrum is dominated by a single lasing

370.4kA/cnt ) at the initial timet = 0. It can be seen that the mode at 3.291THz, which corresponds to the energy bandgap

L . . I from state 3 to the mini-band. Multi-mode emission appears
turn-on transient is characterized by a period of oscillation for P

t= 0~1ns before attaining steady state, after which t hen the injected current exceeds 600naRZ.2kA/cnt). It

calculated average output power Ig.1mW. These initial can be found that the frequency interval between the adjacent

oscillations can be explained by the dynamic carrier transp%)des 's 0.021THz, which agrees with the Fabry-Perot mode

o . . acing determined by the length of QCL cavity and the
ProCESSES oceurring in the active region. Furthermore, for t ractive index of the active region. Furthermore it is found
output in the steady stage, th_ere exists ?‘mp"t“de psc'llat'%t as the injected current increases, the output spectrum shifts
which is due to the beating in the multi-mode lasing. Th%

. . : . : higher frequency, a behavior that is typical in QCLs due to
simulation result is similar with the phase-resolved the Stark shift of the intersubband gain curve. The side mode



suppression ratios (SMSR) for each of the injection currents in Current density(Alcm?)
the rangel00-1200mA shown in Fig9 are calculated to be 0.1, 20 74 148 22 296 370 444 518
0.784, 0.970, 0.840 and 0.741, respectively.
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05 JL Fig. 10 Experimental measured emitted power versus the injeateght at the
[ ” o PP " FYP Py R o5 sink temperature 30K in the continuous wave mode
Spectrum(THz)
Fig. 9 The output spectra of THz QCL at a rangeias$ currents (from 400mA The emission spectra measu_red 'for Injection currents !n the
to 1200mA) obtained by the Q-TLM simulation. range400-1200mA are shown in Fig. 1As can be seen, with

an injection current of 400mA the device is found to lase

B. Experimental analysis and comparison predom_inantly ata frequenw 3.295THz, which is very close

' to the simulated emission frequency of 3.291THz. Furthermore,

To validate the predictions of our model, a comparative QCs the injection current increases the emission spectrum is seen
device was fabricated with the same structure and materjglshift to higher frequencies and also broaden, with lasing on
composition as the above simulated THz QCL. THemthick  multiple longitudinal modes being observed when the injection
active region stack, comprising 115 periods of the nine wetlrrent is greater than ~600mA. These experimental results are
structure shown in Section 2.1, wgrewn by molecular beam in very good agreement with the theoretical predictions shown
epitaxy onasemi-insulating GaAs substrate. The active regioin Fig. 9. Also, it can be observed that the peaks of the measured
is embedded between a top (50nm thick) and bottom (700remission spectrum are broader than those in the simulation

thick) n*-GaAslayer, withSi doping levels of5x10° cm*and ~ because its’s limited by the FITR resolution.
2x10°% cni®, respectively. Following growth, the structure was 1

——1200mA|
processed into a surface plasmon ridge waveguide with a width ~ *° AAA/\ "
15Qum . A 1.8mm long cavity was formed by mechanical ?{ u 32 B w 3 3 7 i
cleaving, which was then solderedatoopper submount using 05 M/\/\/\/\
indium. The device was cooled using a continuous-flow helium 5 °ﬁ’7"/\ ” Q“Wa
cryostat and operated in continuous wave mode at a heat sink < 't f Cooom]|
temperatre of 30K. The output power of the QCL was 'EGZFM_W L
measured using a helium-cooled Ge:Ga bolometric detector £ ° o % ¥ o
which was calibrated usinga ThomasKeating THz s
photoacoustic absolute-power meter. Emission spectra of the o v pp pe 7
THz QCL were obtained using a Bruker Fourier Transform * =]
Infrared (FTIR) spectrometer with spectral resolution of 7.5 °Z /\,\ A L |
GHZ. 3 3.1 32 33 34 35 36 37 38

Figure10 shows the experimenbalmeasured output power Frequency(THz)

versus the injected current at an operating temperature of 3%;?&5@?&0&‘ ST%iCt;%pﬂLJ%izasQS&rrggtz s of m‘;femjo%tnfze

As can be seen, the expgrlmemaﬂrent—power rel?.tlpnshlp 600mA, 800mA, 1000mA and 1200mA, respectively. The tesue measured

agrees remarkably well with the theoretical predictions of ouging FTIR with the minimum resolution 7.5GHz

model shown in Fig. 7. Specifically, the measured threshold

current is found to KE35.2A/cnt, which is very close to the

129.6A/cnt threshold current predicted by the Q-TLM model. V. THEORET'CCAI'_‘ AND EXPERIMENTAL ANALYSIS OFTHZ

Furthermore, the maximum output poweas measured to be QCL WITH PHOTONIC LATTICE

18.7mW which is close to the predicted value of 17.1mW. A Modelling THz QCI with the photonic lattice structure
based on QALM

In recent years there has been growing interest in the
incorporation of photonic lattice (PL) structures in QCL
waveguides for spectral contr8ll, 42]. In particular, single
mode emission is highly desirable for a range of applications



including trace gas sensing, heterodyne mixing and laser Photonic lattice grating structure

feedback interferometry. In this section, the proposed Q-TLM —— Hoooon onoooo——— Active
method is further used to analyse the output performanee of —— region
THz-QCL incorporating a PL patterned on the laser ridge. The \ ~— Substrate
structure of the PL-QCL consists of waveguide sections of

length L, with cladding metal (metallised) interleaved with A “I,Eq [
| —
sections of length, without cladding metal (unmetallised). 1 riri

The PL grating comprises a finite number of such periods, with |

grating pitchA = Lrn +L_, which are located in the center of theFlg. 12 Scheme of a' THz. QCL de\{lce |ncorpor§tlng|atpn!c Iatt!ce structure
9 (PL-QCL). One grating pitch consists o metallised section with length,

laser ri icted in Fig. 12
ase dge as dep cted 9 and an unmetallized section with Ienggl

Metalised sectiorl, Unmetalised sectioh,

y = — = = — — — = = T T e T T e T = — —
AAooo | Cau F==1 r:--* ----- :
= I | __—-E (2t
1 (2l AL B TN e T )
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One period\

(a)

where AT is the optical field propagation time along the link
transmission line, the frequendy, is determined by the Bragg

frequencyfg, of the PL , which is given as:

cl
2n, A @

fPL - 'BR

Q C
The internal structure of PL
(b wheren; is the effective refractive index alhgl is the PL

Figure13 Q-TLM model for the THz PL-QCL (a) the modglcture for PL  Order d pl =1for the first order). The quality faCt@m is
THz QCL with one period length (b) the internalisture of PL determined by

o = 27 fan
Figure 13 shows the Q-TLM model for the THz PL-QCL P Af,

with one-period (A ) length. The different transmISSIOnWhereAfBR is the bandwidth of the PL. The input port of the PL

coefficientsae and ¢, are used to describe the THz wave ~ o ]
transmission loss in the metallised section and the unmetallisStr cture in Fig.13D is linked to the output port of the scattering
iHodule (shown in Fig. 5a of Section 2).

section, respectively. The internal structure for each setion
and the variation of carrier densi@have been shown in Fig.
6 and Eqgs. 17-19. Ehtransmission line structure of PL in B. Q-TLM and experimental analysis Bt-QCL
Fig.13a are shown in Fig.13b. In the following, the Q-TLM method is used to simulate
The Q-TLM model for THz QCL describes the varyingthe effect of the integrate®l on the emission spectra@THz
temporal THz field along the cavity by modelling the electronCL device These predications are then compared to
photon interaction process and the optical field propagati@xperimental measurements obtained from an exemplar PL-
process. Both the two processes have been modelled by €L device. ThePL structure analysed here consists of 12
varying impedances (capacitor and inductor). In order to modsériods of grating pitch, which is situated in the center of the
the effects induced by the photonic lattice structure, thgaveguide along the longitudinal direction. One period with the

transmission line structure of PL (shown in Fidlds |ength A=13um includes the unmetallized section with the
connected in series in each period of the photonic Iatn?ee

structure. The transmission line structuféb has brought the ngth L =4um and the metallized section with the length
periodic changes in the equivalent impedance. In Fig. 13b, the =9um; a single centraiphase shift’ section with the length
resistor value is 1 and the expressions for the inductor agfmis also included in the PL structure.

(23

capacitor are defined as: Figure 14 shows the steady-state output spectrum &fthe
QCL obtained by the Q-TLM method for an injection current
Y =Q, an@ATfy, ) (20 of 1000mA and an operating temperature of 30K. The
Y.=Q, [ tan@AT f,, ) 20) propagation coefficient for the unmetallized section used in the

simulation was 0.9998. In this case it is found that the emissio



spectrum is dominated by a single lasing mode at 3.501THz,
which represents a blue shift compared with the output T Eparmaas |
spectrum predicted for the case without the PL structure (Fig.
8b). Further comparison of Fig. 14 and Fig. 8b shows that the 08" 1
PL structure can effectively suppress the side modes and
contribute to single mode emission. From the simulation

o)
06, 4
results, the SMSR of the THz QCL output spectra with and <;
without the PL structure are 0.05 and 0.840, respectively. @
004- |
=
1
_ Q-TLM simulation results of 0.2- 7
PL THz QCL at 1000mA, 30K
0.8
0 J
5 3 3.1 32 33 34 35 36 37 38
206 Frequency(THz)
z Fig. 16 Experimental measured output spectrum of theQ@L- device
2047 | obtained with an injection current of 1000mA andwtoperating temperature
2% 30K.
02 V. CONCLUSIONS
JL In this paper, we have established a new theoretical
% 31 32 33 34 35 36 37 38 approach for modelling the optoelectronic properties of a THz
Frequency(THz) QCL based on a Q-TLM method. In this model, topological

Fig. 14 Steady output spectrum of PL-QCL obtaineskdzon Q-TLM model

arallel QC-TLM units are used to describe the optical
at the injected current 1000mA and temperature 30K. P Q P

processes in the THz QCL. We have used the newly proposed

A THz QCL device with the sanfeL structure as described model to simulate the current-power characteristics of a QCL
above wa then fabricated by focused-ion beam milling théjevicg as well as its emission spectrum. By com_parison with
plasmonic cladding metallic layer of the THz QCL dg expgrlmental measurements of a THz QCL device we have
mentioned in Section 3. Figures 15a and 15b show the SEa@Nfirmed that the Q-TLM model can accurately predict the
pictures of the waveguide before and afterRhavas defined IaS|.ng_ threshold cur'rer}t density, emltt_ed power_and_ glsol the
Figure 16 shows the measured emission spectrum dPlthe Variation of the emission spectrum with changing injection
QCL obtained with an injection current of 1000mA and at apurrent. We have furthermore adopted the Q-TLM method to
operating temperature 30K. Lasing on a single longitudingiodel @ THz QCL device incorporating a photonic lattice
mode at 3.514THz is observed, in good agreement with tRatterned on the laser ridgehe effects oPL structure on the
frequency predicted from the Q-TLM model. Indeed; bo_utput _spectrum of the THz QCL _have been studied a_nd
comparing Fig. 4 with Fig. 16, it can be seen that the simulate§imulation results are found to be in good agreement with
output spectrum of thBL-QCL is in good agreement with the Xperimental measurements. The proposed Q-TLM method
experimentdy measured spectrum. The results confirm that tHfOvides a promising tool for the design and dynamic analysis
Q-TLM model can effectively simulate the effects of the PIOf THZ QCLs in the time and frequency domains.
structure on the o%)ut spectrumaofHz QCL.
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