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Abstract.  The results of a theoretical study of THz radiation gen-
eration at a difference frequency in a HgTe/HgCdTe quantum-well 
laser are presented. It is shown that in such a laser having a wave-
guide width of 100 mm, at the power 1 W of the near-IR radiation 
modes the radiation power at the difference frequency in the range 
0.5 – 3.5 THz reaches 90 mW at room temperature.
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1. Introduction 

The  development  of  compact  solid-state  radiation  sources 
operating in the THz frequency range (1 – 10 THz) is one of 
the most important goals of modern semiconductor physics. 
Such radiation sources are in demand for many applications, 
primarily  for  the spectroscopy of gases and solids, environ-
mental  monitoring  and  medicine  [1 – 3].  In  the  long-wave-
length part of the THz frequency range (1 – 5 THz), monopo-
lar quantum cascade lasers based on GaAs and InP occupy 
the leading place among semiconductor lasers, but they oper-
ate only at cryogenic temperatures [4]. Thus, the problem of 
fabricating  a  compact  THz  radiation  source  operating  at 
room temperature remains important. 

Promising  sources  of  THz  radiation  at  room  tempera-
ture can be based on  intracavity nonlinear optical  conver-
sion  (difference  frequency  generation)  of  radiation  at  two 
wavelengths  of  the  near  or  middle  IR  range.  Earlier, 
Aleshkin et al. [5] theoretically considered the possibility of 
generating a difference frequency due to the lattice nonlin-
earity  of GaAs  [6]  in  an  interband  two-frequency near-IR 
laser containing two different InGaAs/GaAs quantum wells 
in  the  active  region. The main  difficulty  in  obtaining  effi-
cient difference  frequency generation  is  the need  to  satisfy 
the phase matching condition. For GaAs,  it  is well known 
[7, 8] that if the shortest wavelength in the near-IR range is 
smaller than a certain critical wavelength (l < lc), then it is 
impossible  to satisfy this condition for generating a differ-
ence  frequency  below  3  THz  (where  there  the  phonon 
absorption is small). The fact is that for l < lc, due to the 
normal dispersion of the semiconductor refractive index, the 
phase  velocity  of  the  nonlinear  polarisation wave  is  lower 

than  the  phase  velocity  of  the mode  at  the  difference  fre-
quency. Note that for GaAs lс » 1.35 mm [8].

In GaAs-based waveguides, to ensure the phase-matching 
condition for l < lc, it was proposed to use as a pump a high-
order  mode  for  a  shorter  wavelength  and  a  fundamental 
mode for a longer wavelength. The feasibility of this approach 
was confirmed in laser diodes with a composite resonator, in 
which the generation of the difference frequency in the mid-
IR range with wavelengths of 8, 8.8 and 11.7 mm was obtained 
[9, 10]. However, the use of different-order modes in the near-
IR range to achieve phase-matching conditions is inefficient 
for  generating  a difference  frequency  in  the THz  frequency 
range  due  to  the  small  overlap  integral  of  different-order 
modes  in  the near-IR range  [11]. The problem of  satisfying 
the phase-matching conditions for the two fundamental near-
infrared modes in GaAs-based lasers with InGaAs quantum 
wells  is  related  to  the  impossibility  of  using  In-containing 
quantum wells (due to the strong mismatch of the GaAs and 
InAs  lattice  constants)  to  expand  the  near-IR  wavelength 
range down to the required 1.35 microns.

Several  designs of  interband GaAs-based  lasers with  an 
emission wavelength of ~1 mm were also proposed and theo-
retically investigated, in which the phase matching condition 
can be satisfied for two fundamental near-IR modes [12 – 14]. 
However, the use of a plasma waveguide [12, 13] or a metal 
grating [14] significantly reduces the efficiency of difference-
frequency generation due  to  strong absorption of  radiation 
by free carriers in the range of 1 – 5 THz. 

In contrast to GaAs, in HgCdTe structures with a low Hg 
content,  the  phase-matching  condition  is  satisfied  at  wave-
lengths of the two fundamental modes of the near-IR range 
greater  than 1 mm [7]. The nonlinear  susceptibility of CdTe 
(~167 pm V–1) is comparable to that of GaAs [15]. In addi-
tion, the lattice constants of HgTe and CdTe are very close, 
which  allows  the  formation  of HgTe/CdTe  quantum wells. 
Solid  cadmium – mercury – tellurium  solutions  (MCT,  or 
CdHgTe) have been studied for more than four decades, and 
over the years much data has been accumulated on the prepa-
ration  technology  and  properties  of  these  compounds,  in 
which  the  bandgap  width  can  be  varied  within  wide  limits 
from 0 to 1.45 eV by changing the composition. This material 
is widely used to make detector and detector matrices of the 
mid-IR  range  (see,  e.g.,  [16]  and  references  therein). Lasers 
based on HgCdTe have also been known for a long time [17]. 
Until recent time they generated radiation with a wavelength 
of  up  to  5.4 mm at  a  cryogenic  temperature  [18]  and up  to 
2.2  mm at room temperature [19]. 

In recent years, due to the qualitative leap in the technol-
ogy of molecular beam epitaxy (MBE) of such structures in a 
number  of  technological  groups,  the  problem of  producing 
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THz  sources  has  a  good  perspective,  as  shown  by  recent 
experimental  results.  In  particular,  in HgCdTe-based  lasers 
with narrow-bandgap HgTe/HgCdTe quantum wells, stimu-
lated emission was first observed under optical pumping up to 
a wavelength of 20 mm (above 15 THz) at a cryogenic  tem-
perature [20, 21]. At higher temperatures, Auger recombina-
tion  prevents  generation  in  such  narrow-bandgap  layers 
[22,  23]. The  latest  results on  the observation of  stimulated 
radiation  in  waveguide  structures  based  on HgTe/CdHgTe 
quantum wells at temperatures increased up to 265 K (13 °C) 
for a wavelength of 2.87 mm [24] show that there are reason-
able prospects for fabricating interband lasers based on such 
structures,  emitting  in  the wavelength  range  1.5 – 3 mm and 
operating at room temperature. 

In this paper, the generation of THz radiation at a differ-
ence frequency in a HgCdTe-based laser with HgTe quantum 
wells  is  theoretically  investigated. It  is shown that  in a such 
laser with a waveguide width of 100 mm and the near-IR radi-
ation power about 1 W, the power of radiation at the differ-
ence frequency in the range of 0.5 – 3.5 THz reaches 90 mW at 
room temperature. 

2. Laser design 

To generate  radiation at  the difference  frequency,  it  is pro-
posed to use a two-chip laser with a composite resonator con-
sisting  of  two  single-frequency  continuous-wave  quantum-
well lasers oscillating at two frequencies in the near-IR range, 
mounted on a single heatsink in close proximity to each other. 
In this scheme, both lasers generate a fundamental transverse 
mode. The radiation of one laser is introduced into the wave-
guide of the other (normal to the transverse edge of the wave-
guide) and the frequency equal to the difference between the 
oscillation  frequencies  of  these  lasers  is  generated.  Such  a 
design  allows  introducing  a  noticeable  part  (~40 %)  of  the 
radiation power of one laser into another [9, 10]. 

For HgCdTe laser emitting a difference frequency, the fol-
lowing design is proposed based on the traditional design of 
laser  structures  [24]. An undoped CdTe buffer  layer with  a 
thickness of 4 mm and then an n-CdTe 1 mm thick layer (car-
rier concentration 1017 cm–3) are grown on a semi-insulating 
GaAs 400 mm thick  substrate  [plane  (0,  1,  3)]. These  layers 
play the role of confinement and injection layers in the laser. 
Then a waveguide undoped Hg0.2Cd0.8Te layer with a thick-
ness  of  1  mm  is  grown  for  modes  with  a  wavelength  of 
~1.55 mm and a thickness of 1.5 mm for modes with a wave-
length  of  3 mm. One  or  a  few HgTe  quantum wells with  a 
thickness determined by the wavelength of the fundamental 
interband  optical  transition,  calculated  in  the  Kane  8 ́  8 
model  [25], should be  located in the waveguide  layer. For a 
wavelength of 1.55 mm at room temperature, the thickness of 
the HgTe/Hg0.2Cd0.8Te quantum well is 0.8 nm (or 10 nm for 
the Hg0.42Cd0.58Te/Hg0.2Cd0.8Te quantum well);  for a wave-
length of 3 mm at a temperature of 250 K, the thickness of the 
HgTe/Hg0.2Cd0.8Te quantum well  is  2 nm. The contact and 
confinement p-CdTe 0.5 mm thick layers (carrier concentra-
tion  1017  cm–3)  should  be  placed  on  top  of  the  waveguide 
layer. Next, a metallic (Au) contact is applied.

3. Computational model

In materials with a zinc blende structure (Td crystal symme-
try),  the second-order nonlinear dielectric susceptibility ten-
sor  cijk

(2) is symmetric with respect to the permutation of indi-

ces  in  the  coordinate  system,  where  the  axes  x', y', z'  are 
directed  along  the  crystallographic  axes  [1,  0,  0],  [0,  1,  0], 
[0,  0,  1],  respectively  [6].  In  addition,  only  the  components 
with  all  three  indices  unequal  to  each  other  are  nonzero. 
Therefore, this tensor can be described by a single function of 
frequency:  ( ) ( )

x y z
2 2c c=l l l .

In  the  general  case,  the  components  of  the  nonlinear 
polarisation in the coordinate system x', y', z' can be presented 
as follows: 

( )P E E E E( )
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2
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2
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2
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where Eji is the ith component of the electric field of the near-
IR mode, and j is the number of the near-IR mode with the 
frequency wj, respectively.

In the case when the laser structure is grown in the plane 
(0, 1, 3),  let  us  choose  a  new  coordinate  system  with  axes 
x, y, z, which is rotated by an arbitrary angle j around the 
axis  z  ||  (0, 1, 3). When j =  0,  the x  axis  coincides with  the 
direction [1, 0, 0]. Let the near-IR modes have TE polarisa-
tion and propagate along the x axis. Then, only one y-compo-
nent of the electric field of the near-IR modes will be nonzero:

t[ ( )( , , ) ( ) exp i iE x z t A z k xj j jx j= - w  

  t( )]exp i ik xjx j+ - + w ,  (2)

where kjx  is  the x-component  of  the wave  vector  of  the  jth 
near-IR mode.

It follows that 
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and the nonlinear polarisation components in the new coordi-
nate system will take the form 
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Therefore,  a  wave  at  the  difference  frequency  can  have 
both TE and TM polarisation. However, due to the fact that 
in this laser the separation between the metal contact and the 
waveguide for near-IR modes is much smaller than the wave-
length of difference-frequency radiation, the overlap between 
the near-IR modes and the difference-frequency TE mode will 
be small, since the TE mode has only the tangential electric 
field component, which is very small in the metal. Conversely, 
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the TM-mode component of the electric field normal to the 
surface of the metal contact has a maximum near the metal 
surface. Therefore, below we consider only the TM mode at 
the difference frequency. Then the equation for the y-compo-
nent of  the magnetic  field of  the difference-frequency wave 
has the form

y y y( , , ) ( , , ) ( , , )x z t x z t x z t
¶
¶

¶
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¶
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P
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P4 zxp e
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where  e(z)  is  the  dielectric  constant. With Eqns  (2)  and  (4) 
taken  into  account,  the  first  term  in  the  right-hand  side  of 
Eqn (5) is odd with respect to z and close to zero when inte-
grated  within  symmetric  limits  (we  will  neglect  this  term 
below). Then the value of |Pz| should be maximal for the angle  
j = p/4 and Pz = – 0.8c(2)E1(x, z, t)E2(x, z, t). Thus, from the 
point of view of the amplitude of the electromagnetic field at 
the difference frequency, the most optimal will be the propa-
gation of the near-IR modes at an angle of 45° between the 
coordinate axes [1,0,0] and [ , ,0 3 1r ]. 

Obviously, the solution of Eqn (5) can be represented as 
twice  the real part of  the solution of an equation similar  to 
Eqn (5), which has only one exponent in the right-hand side:  
H'y (x, z, t) = 2Re[Hy(x, z, t)]. In the approximation aL >> 1 
(a  is  the  absorption  coefficient  at  the  difference  frequency, 
and L is the laser length), which will be validated below, one 
can  search  for  a  solution  in  the  form Hy(x,  z,  t)  = Hy(z) ́  
exp(ikxx – iwt), where kx = k2x – k1x. Then the equation for  
Hy(z) can be written as 

( )
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At  the  interface  between  layers  with  different  dielectric 
constants, Hy(z) and e–1(z)(dHy /dz) are continuous. To find 
the  right-hand  side  of  Eqn  (6),  it  is  necessary  to  solve  the 
equations for the TE modes of the near-IR range: 
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z
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2

2
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At  the  boundary  of  layers with  different  dielectric  con-
stants,  Aj(z)  and  dAj(z)/dz  are  continuous.  The  boundary 
conditions  for  waveguide  modes  are  given  by  the  require-
ments Aj(z) ® 0 when z ® ±¥.

The electric  field component of  the difference-frequency 
mode Ez(z) and its power are determined from the expressions 
(in which Ly is the width of the laser waveguide)

,( )
( )

( ) ( ) ( )E z
z

A z A z ck H z1
5
16 ( )

z
x

y
2

1 2
p

e
c w= -; E

e
3

( ) ( ))R dP
cL

H z E z z
2

*y
y zp=-

3-
(y . 

(8)

In the calculation, we used frequency dependences of the 
refractive index of GaAs and HgxCd1 – xTe layers for near-IR 

modes from [26] and [27], respectively. The complex dielectric 
constants  of GaAs  and HgxCd1 – xTe  layers  in  the THz  fre-
quency range were calculated taking into account the contri-
butions of carriers (within the Drude model) and polar-opti-
cal  phonons  [12,  28]  using  data  from Refs  [26,  29,  30].  To 
calculate  the  complex  dielectric  constant  of  gold,  the  data 
from the reference book [31] were interpolated.

4. Results and conclusions

The calculated power and distribution of  the difference-fre-
quency mode  electric  field  in  the  structure  under  consider-
ation (at the power 1 W of the near-IR mode) are shown in 
Figs 1 – 3. In  the calculations,  the  longest wavelength ((l1 = 
1.55 and 3 mm) for the modes of the near- and mid-IR range 
was fixed, while the variation in the difference frequency was 
achieved by changing the wavelength of another mode of the 
near- or mid-IR range. The dependence of power on the dif-
ference  frequency  has  the  form  of  multiple  densely  spaced 
resonant  peaks.  Each  of  them  corresponds  to  a  transverse 
THz waveguide mode (see Figs 1 and 2), for which the condi-
tion of equality of its phase velocity and the phase velocity of 
the nonlinear polarisation wave is satisfied (the role of THz 
waveguide is played by the entire structure). 

The difference in the resonant peak positions (see Fig. 3) 
for two values of l1 is due to the wavelength dependence of 
the  refractive  index  in  the  laser  structure.  The  decrease  in 
power at the maximum peaks of the difference wave for the 
structure with  l1 = 3 mm is associated with a decrease in the 
pump power density at a fixed total power and is determined 
by the required increase in the effective thickness of the wave-
guide for radiation with a wavelength of 3 mm. According to 
the calculations, in the HgCdTe-based laser with a waveguide 
width  of  100  mm  and  1W  of  power  in  near-IR  radiation 
modes, the power of the difference-frequency mode can reach 
90 mW in the frequency range 0.5 – 3.5 THz at room tempera-
ture. 
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Figure 1. Moduli of the transverse electric field components of (dashed 
curve) the near-IR TE modes, (grey curve) the difference-frequency TM 
wave, and (black curve) the refractive index vs. the z coordinate for the 
frequency 1.48 THz (l1 = 1.55 mm). Layers: 1 – Au, 2 – p-CdTe, 3 – 
Hg0.2Cd0.8Te, 4 – n-CdTe, 5 – CdTe, 6 – GaAs.
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Figure 2. Modulus of (grey curve) the TM-wave electric field transverse 
component and (black curve) refractive index vs. the z coordinate for a 
frequency of 1.48 THz (l1 = 1.55 mm). 
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Figure 3. Frequency dependence of  the radiation power at  the differ-
ence frequency for two values of l1.


