
Abstract. The possibility of efécient generation of difference-
frequency radiation in the far- and mid-IR ranges in a two-
chip laser based on gallium arsenide grown on a germanium
substrate is considered. It is shown that a laser with a
waveguide of width 100 lm emitting 1 W in the near-IR
range can generate � 40 lW at the difference frequency in
the region 5 ë 50 THz at room temperature.
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Although compact radiation sources in the far- and mid-IR
wavelength ranges are required for various applications, the
number of their types is small. By now the most signiécant
results have been achieved in the development of quantum
cascade lasers based on group III ëV semiconductors [1].
However, an extremely intricate energy band diagram of
cascade structures and high requirements on the control of
their parameters prevent wide applications of these lasers.
In addition, they cannot in principle emit in the 7 ë 10-THz
frequency region due to strong phonon absorption in III ëV
semiconductors in this range.

This restriction can be eliminated by generating radia-
tion at the difference frequency o � o2 ÿ o1 in this range
obtained in the nonlinear-optical conversion of two éelds at
frequencies o1 and o2 in the near-IR range due to the
quadratic nonlinearity of the crystal lattice of III ëV semi-
conductors [2]. Note that the highest-power semiconductor
lasers generate radiation at � 1 mm [3].

We propose to generate difference-frequency radiation
by using a two-chip laser with a combined cavity consisting
of two single-frequency quantum-well lasers, which are
mounted adjacent to each other on one heatsink and
generate cw radiation at two near-IR frequencies. Both
lasers should emit the fundamental transverse mode, and
radiation of one laser will be coupled to the waveguide of
another laser (normally to the transverse face of the
waveguide). The generation of radiation at the frequency
equal to the difference of frequencies of these lasers will
occur in the latter laser. Such a design will provide the

coupling of a great part of radiation from one laser to the
other (� 40%) [4].

To obtain efécient lasing at the difference frequency in
an absorbing nonlinear medium, the phase velocities of a
nonlinear polarisation wave, appearing due to nonlinearity
during the interaction of near-IR modes, and of the differ-
ence wave should be equal. In addition, absorption by
optical phonons and free carriers at the difference frequency
should be suppressed.

These conditions cannot be fulélled for lasers on a GaAs
substrate generating fundamental transverse modes in the
near-IR range, because the phase velocity of the nonlinear
polarisation wave proves to be, as a rule, lower than the
phase velocity of the difference wave [5]. As shown in [6],
these conditions can be provided by using the fundamental
transverse mode at frequency o1 and a higher-order trans-
verse mode at frequency o2 > o1. However, a disadvantage
of the scheme proposed in [6] is a low nonlinear polarisation
at the difference frequency, which is proportional to the
product of the intensities of almost orthogonal transverse
near-IR modes of different orders.

To fulél these conditions, we propose to use a pure (or
weakly doped) germanium substrate in an InGaAs/GaAs/
InGaP heterostructure laser which will generate radiation at
the difference frequency. The lattice constants of Ge and
GaAs are close, and therefore the Ge/GaAs heterojunction
can be grown without dislocations. The eféciency of a laser
on a germanium substrate was demonstrated in paper [7].
The greatest part of the difference-frequency wave will
propagate in a germanium substrate, and therefore its phase
velocity will be close to the phase velocity of a plane wave in
germanium (the refractive index is � 4), which is smaller
than the phase velocity in GaAs [the refractive index is � 3:5
for near-IR modes and n(o2) > n(o1)� in which the non-
linear polarisation wave mainly propagates. It can be shown
by direct calculations (Fig. 1) that the effective refractive
index �n(o2)o2 ÿ n(o1)o1�=(o2 ÿ o1) for the difference-
frequency nonlinear polarisation wave in the laser wave-
guide of the GaAs/InGaP heterostructure is smaller than the
refractive index of Ge in the frequency range up to 50 THz
if both near-IR modes are the fundamental TE0 modes.
Therefore, it is possible to select a mode at the difference
frequency in the frequency range up to 50 THz whose phase
velocity coincides with the phase velocity of the nonlinear
polarisation wave and for which the condition of efécient
lasing at the difference frequency is fulélled. An advantage
of this method is that the overlap integral for these
transverse modes is not small (modes are not orthogonal).
In addition, because a germanium substrate plays the role of
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a superdimensional waveguide for the difference-frequency
wave, absorption at the difference frequency can be
eféciently reduced because phonon absorption in germa-
nium is suppressed much stronger than in GaAs, while
undoped germanium virtually does not contain free carriers.

If the laser structure with parameters presented in
Table 1 is grown in the (001) plane and near-IR modes
have the TE polarisation and propagate along the [110]
direction, nonlinear polarisation in GaAs is perpendicular to
the plane of layers and excites the TM mode at the
difference frequency [6]. Indeed, the second-order nonlinear
permittivity tensor e �2�ijk in materials with the zinc blende
structure is symmetric with respect to the permutation of
indices in the coordinate system where the x 0, y 0, z axes are
directed along crystallographic directions [100], [010], and
[001], respectively [8]. In addition, only those components of
the tensor are nonzero in which all the three indices are not
equal to each other. Therefore, this tensor can be described
only by one function of frequency e �2�x 0;y 0 ;z � e �2�(o,o1,o2) [2]
{e �2� and components of the second-order permittivity ten-
sor [8] are related by the expression e �2� � d14 � d25 � d36}.

The vectors of the electric éeld of near-IR modes in this
coordinate system have nonzero x 0 and y 0 components
jEjx 0 j � jEjy 0 j � Ej=

���
2
p

, where j is the number of the near-IR
mode at frequency oj. Therefore, the electric induction
vector caused by the nonlinear interaction of waves is
directed along the z axis:

D �2�z � 2e �2��E1x 0 � E2x 0 ��E1y 0 � E2y 0 �

� e �2��E1 � E2�2. (1)

Thus, the difference harmonic should have the TM
polarisation. We will assume that

Ej�x; z; t� � Aj�z��exp�ikjkxÿ iojt� � exp�ÿikjxx� iojt��, (2)

where kjx is the x component of the wave vector of the jth
near-IR mode (in the coordinate system where the direction
of the x axis coincides with the wave propagation direction
[110] and the direction of the y axis coincides with the [�110]
direction. Hereafter, we consider the waves at the difference
frequency propagating only along the x axis (for which the
wave vector ky 5 kx) because the length of interaction of
these waves with the nonlinear polarisation wave is
maximal and, therefore, it is these waves that have the
maximum intensity. Then, the equation for the y compo-
nent of the magnetic éeld of the difference-frequency wave
has the form

e�z;o�H 1

e�z;o� HH
0
y ÿ

e�z;o�
c 2

q 2H 0y
qt 2

� ÿ2e �2��o� kxo
c

�A1�z�A2�z��exp�ikxxÿ iot� � exp�ÿikxx� iot��, (3)

where e(z,o) is the permittivity and kx � k2x ÿ k1x. It is
obvious that the solution of Eqn (3) can be represented in
the form of the double real part of the solution of an
equation analogous to (3), whose right-hand side contains
only one exponential: H 0y(x, z, t) � 2Re�Hy(x, z, t)�. In the
approximation aL4 1 (a is the absorption coefécient at the
difference frequency, L is the laser length), the solution can
be sought in the form Hy(x, z, t) � Hy(z) exp (ikxxÿ iot).
Indeed, the absorption coefécient in the mid- and far-IR
ranges for the structure with parameters presented in
Table 1 exceeds 10 cmÿ1, while the laser length can achieve
5 mm. Therefore, our approximation is valid for real
structures. Then, the equation for Hy(z) can be written in
the form

e�z;o� d

dz

�
1

e�z;o�
dHy�z�
dz

�
�
�
e�z;o� o

2

c 2
ÿ k 2

x

�
Hy�z�

� ÿ2e �2��o� kxo
c

A1�z�A2�z�. (4)

The values of Hy(z) and eÿ1dHy=dz at the interface of
layers with different permittivities are continuous. To énd
the right-hand side of Eqn (4), it is necessary to solve
equations for Aj(z):

d2Aj�z�
dz 2

�
�
e�z;oj�o 2

j

c 2
ÿ k 2

jx

�
Aj�z� � 0. (5)

The values of Aj(z) and dAj(z)=dz are continuous at the
interface of layers with different permittivities. The
boundary conditions for the guided modes are the require-
ments Aj(z)! 0 for z! �1. The electric éeld component
Ez(z) of the difference-frequency wave and its power are
determined from the equalities

Ez�z� � ÿ
1

e�z;o�
�
ckx
o

Hy�z� � 2e �2��o�A1�z�A2�z�
�
,

P � ÿ cLy

2p

�1
ÿ1

Re�Hy�z�E �z �z��dz.
(6)
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Figure 1. Frequency dependences of the effective refractive index for the
difference-frequency nonlinear polarisation wave (solid curve) in the
laser structure with parameters from Table 1 and of the refractive index
of germanium (dashed curve).

Table 1. Parameters of laser heterostructure layers.

Layer
number

Layer
composition

Conduction
type

Carrier concen-
tration

�
cmÿ3

Layer thic-
kness

�
mm

1 Ge ë ë 130

2 GaAs n 1018 0.1

3 InGaP n 1018 0.8

4 GaAs ë 0.6

5 InGaP p 2� 1018 0.8

6 GaAs p 1019 0.2

7 Au ë ë 0.2
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Here, Ly is the width of the active region of the laser.
We used in the calculation the frequency and wavelength

dependences of the refractive indices of GaAs and InGaP
[5], respectively, for near-IR modes:

nGaAs��ho� �
�
7:1� 3:78

1ÿ 0:18��ho�2
�1=2

,

(7)

nInGaP�l� � 9:236� 0:795l 2

l 2 ÿ 0:37
,

where �ho is measured in electronvolts and l ë in nano-
metres. The permittivities of the GaAs and InGaP layers in
the mid- and far-IR ranges were calculated by the
expression from [9] by using data [5, 10]:

e�o� � e1 �
o 2

TO�e0 ÿ e1�
o 2

TO ÿ o 2 ÿ iGo
ÿ o 2

p e1
o 2 � igpo

, (8)

where e0 and e1 are the low-frequency and high-frequency
permittivities of a pure semiconductor; oTO is the frequency
of a transverse optical phonon; G is the attenuation coefé-
cient of optical vibrations of the lattice; gp � q=(m �m);
o 2

p � 4pncq
2=(m �e1) is the square of the plasma frequency;

and nc, m
�, and m are the concentration, effective mass, and

mobility of charge carriers.
The permittivities of Ge and Au were calculated by the

interpolation of data from handbook [11]. The dependence
of the component of the second-order nonlinear permittivity
tensor for GaAs was described by expression (3.47) from [2]
and is shown in Fig. 2. The égure also presents the spectral
dependence of the power of the difference-frequency wave
calculated for the proposed structure for the power of near-
IR modes equal to 1 W. The maximum wavelength l1 of the
near-IR range modes was éxed in calculations and the
difference frequency was changed by varying the wavelength
of another near-IR mode. The dependence of the power on
the difference frequency exhibits closely spaced resonance
peaks. Each of them corresponds to a transverse mode of a
superdimensional waveguide in the far- and mid-IR ranges
whose phase velocity is equal to the phase velocity of the
nonlinear polarisation wave. Indeed, the difference-fre-
quency wave will mainly propagate in the germanium

substrate, while the interaction of near-IR modes will
take place in the GaAs laser grown on this substrate.

One can see from Fig. 2 that the mid-IR radiation power
will be of the same order of magnitude as the power that can
be obtained by generating difference-frequency radiation
with the help of lasers with transverse modes of different
orders [6], although the overlap integral for these modes in
the transverse direction is small. This is explained by the fact
that the refractive index of Ge considerably exceeds the
refractive indices of GaAs and InGaP. As a result, the
difference-frequency wave weakly penetrates into the laser
structure from the Ge substrate, which leads to a small
overlap integral for the difference-frequency wave and the
nonlinear polarisation wave (Fig. 3).

Note the speciéc features of radiation generation in the
7 ë 10-THz range. Absorption in GaAs and InGaP and the
quadratic nonlinearity of GaAs drastically increase in this
region because they have the common phonon nature [2]
(Fig. 2). In addition, the refractive index of these materials
strongly changes. Because of this, there exists the frequency
region [between the frequencies of transverse phonons in
GaAs (8.02 THz) and InGaP (9.2 THz)] where phonon
absorption in GaAs drastically decreases, but has no
time to increase drastically in InGaP. As a result, non-
linearity in this region is considerably higher than that in the
mid-IR frequency range and the refractive index of InGaP
exceeds that of Ge. In this case, the difference-frequency
wave quite easily penetrated into the laser structure from the
substrate, resulting in a considerable increase in the lasing
power in this frequency range (Fig. 4).

Our calculations showed that a planar laser with a
waveguide of width 100 mm on the Ge substrate emitting
1 W in the near-IR range can generate � 40 mW at the
difference frequency in the frequency region 5 ë 50 THz at
room temperature.
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Figure 2. Spectral dependences of the radiation power at the difference
frequency for the structure with a 130-mm-thick Ge substrate (solid
curve) and of the modulus of the component of the nonlinear permitti-
vity tensor e �2� of GaAs (dashed curve); l1 � 1:13 mm.
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Figure 3. Dependences of the magnetic éeld strength of the difference-
frequency wave (solid curve) and the refractive index n (dashed curve) at
a frequency of 36.5 THz on the transverse coordinate for the structure
grown on a germanium substrate. The dotted curve shows the amplitude
of a near-IR mode, the inset shows the distribution of the magnetic éeld
strength of the difference-frequency wave in the entire laser (layers are
numbered as in Table 1).
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Figure 4. Dependences of the magnetic éeld strength of the difference-
frequency wave (solid curve) and the refractive index n (dashed curve) at
the frequency 8.6 THz on the transverse coordinate for the structure
grown on a germanium substrate. The dotted curve shows the amplitude
of a near-IR mode, the inset shows the distribution of the magnetic éeld
strength of the difference-frequency wave in the entire laser (layers are
numbered as in Table 1).
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