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A B S T R A C T

We propose a scheme for generating and amplifying coupled optical TE and TM waves in the mid-IR range
provided by a grating formed by a space charge wave in a planar waveguide based on GaAs and GaAlAs
semiconductors. An undamped harmonic space charge wave with the frequency 𝛺 = 𝜔𝑚 − 𝜔𝑛 (where 𝜔𝑚 and
𝜔𝑛 are the frequencies of the forward and backward optical eigenwaves) can be formed in a longitudinal
constant electric field in the predomain mode. The coupling coefficients for the optical TE and TM modes of
the perturbed n-GaAs waveguide have been obtained. For pairs of the TE and TM modes of the same indices
(m = n), the reflectance and transmittance dependences on the carrier concentration and pump level have
been found. Generation of the forward and backward waves at a wavelength of 10.6 μm is shown for TE0 and
TM2 modes at the gain factor of 𝛾 ≈ 152 cm−1 and 155 cm−1, respectively. The obtained results can be used to
create semiconductor two-frequency coherently synchronized oscillators based on space charge wave–optical
mode interaction.

1. Introduction

The term ‘‘space charge wave’’ (SCW) originates from the mi-
crowave technology to denote a wave-like propagation of perturbations
of the space charge density and velocity in an electron beam [1–3]. In
semiconductor physics, SCW is associated with spatio-temporal charge
density perturbations arising in semiconductors with the negative dif-
ferential mobility in strong electric fields [4–6]. When SCW propagates
in a semiconductor crystal, deviation of the concentration of free charge
carriers 𝑛1 from the equilibrium concentration 𝑛0 occurs. This leads to
a periodic change in the dielectric constant with a modulation depth
sufficient for an effective interaction between SCW and optical modes.
As a result of inter-valley electron transfer, the differential conductivity
of the sample becomes negative, thereby enabling generation and
amplification of eigenspace charge waves [7]. The generated SCWs
could propagate at the velocity close to that of the carrier drift (of the
order of 107 cm/s).

The effect of SCW amplification in semiconductor films is employed,
in particular, in traveling-wave amplifiers [8–10]. In Ref. [11], SCWs
have been proposed to control the electromagnetic waves in semi-
conductor films. The theory of SCWs and effective method of their
excitation based on illumination of the crystal by a traveling interfer-
ence pattern are considered in [12–14]. SCW could be used to create
photorefractive gratings in electro-optical crystals [15], realize the
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superheterodyne amplification of THz electromagnetic waves [16,17]
and parametric interaction [18,19] in thin-film n-GaAs structures. Note
that the frequency range of the amplified SCW in GaAs films is f ≤
50 GHz. In order to expand this frequency range up to f ≤ 500 GHz, the
n-GaN and n-InN thin film based waveguides have been proposed [20].
However, the III-nitrides suffer from the higher critical fields (𝐸𝑐 ≈
100 kV/cm against the 3 kV/cm in n-GaAs). In a series of works [21–
25], the dispersion properties of SCW propagating in a semiconductor
waveguide have been analyzed. Also, an effective collinear interaction
of optical waveguide modes with SCWs traveling and amplifying in
amplitude has been explored under various boundary conditions.

In contrast to papers [21,23,25], where SCW amplifying in ampli-
tude is studied, this paper considers SCW traveling along a n-GaAs
waveguide without amplification and absorption. Besides, we investi-
gate the amplification and generation regimes of the TE and TM optical
waves with an external optical pumping. SCW forms a periodic grating
in the semiconductor films providing interaction between the forward
and backward waves at 𝜔𝑚 and 𝜔𝑛. The phase mismatching providing
generation of the forward and backward waves without end reflectors
has been analyzed.

2. Statement of the problem

The waveguide structure consists of the substrate (1), semiconduc-
tor n-GaAs film (2) of the thickness 𝑡𝑊𝐺 and coating layer 3. In the
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Fig. 1. 3D geometry of the structure. Interaction of the forward and backward optical
waves and SCW at the frequencies 𝜔𝑚, 𝜔𝑛 and 𝛺, respectively.

absence of perturbations, the dielectric constants of layers are 𝜀1, 𝜀2
and 𝜀3, respectively. The x-axis is perpendicular to the media interface.
A constant electric field 𝐸0 applied to the structure along the z-axis
creates a perturbation of the dielectric constant 𝛥𝜀(z). The electrodes
are spaced by the distance L (the length of the mode interaction region)
and can be made of a transparent material, e.g., InGaBiAs:Si [26,27]
(see Fig. 1).

To obtain the SCW generation regime in a semiconductor layer, the
Krömer condition [28] has to be satisfied. For GaAs it has the form
1010 ≤ 𝑛0𝐿 ≤ 1012 cm−2, where 𝑛0 is the equilibrium concentration of
charge carriers [29,30]. By choosing the doping concentration of the
waveguide layer and its length, the value of the applied field 𝐸0, which
in n-GaAs should exceed a threshold value of 𝐸𝑡 ≈ 3 kV/cm, an electron
grating induced by SCW (without switching to the Gunn domain mode)
could be created [10,29,31].

3. Space charge waves in n-GaAs film

In order to describe the wave perturbations of the electron flow
in a semiconductor film, the Poisson equation and the equation for
the total current are required. Using the quasistatic approximation
(rot𝐄1 = 0) as well as the electrodynamic boundary conditions, we can
obtain the dispersion equation relating the SCW wave number Q and
the frequency Ω [10]:

𝐷𝑄2 + 𝑖 (𝛺 −𝑄𝑣0) + 𝜇𝑑𝜔𝑀 = 0, (1)

where 𝜇𝑑 = 𝜇−1
0 (𝑑𝑣∕𝑑𝐸) is the negative differential mobility, 𝜇0 is the

mobility of ‘‘unheated’’ electrons, 𝜔𝑀 = 4𝜋𝑒𝑛0𝜇0∕𝜀2 is the Maxwell
relaxation frequency corresponding to the electroneutrality loss time
of the semiconductor, e is the electron charge, 𝜈0 is the speed of ‘‘hot’’
carriers. Two solutions of Eq. (1) correspond to the direct (drift) and
reverse (diffusion) SCW. Further, the direct SCW is considered only
since the reverse wave decays rapidly [5].

Eq. (1) shows that SCW propagates without absorption (or amplifi-
cation) at the frequency

𝛺 = 𝑣0𝑄 = 𝑣0
√

−𝜇𝑑𝜔𝑀∕𝐷, (2)

where D is the diffusion coefficient. In this case, the coordinate de-
pendence of the SCW perturbation of the dielectric constant in a
semiconductor layer can be represented by the function:

𝛥𝜀(𝑧) = 1
2
𝛥𝜀{exp[𝑖(𝛺𝑡 −𝑄𝑧)] + 𝑐.𝑐.}, (3)

where 𝑄 = 2𝜋∕𝛬 and 𝛬 is the period of the grating induced by SCW. As
shown in [22,31], the modulation depth of the dielectric permittivity
in a waveguide film is

𝛥𝜀 ≈ |

|

|

𝑒𝜀2𝐸1𝑄∕𝑚∗𝜔2|
|

|

(4)

where 𝐸1 is the amplitude of the perturbing electric field in a semi-
conductor in the predomain mode, 𝑚∗ is the electron effective mass,
𝜔 is the light frequency. The permittivity modulation depth value of
𝛥𝜀 ≈ 10−5 has been reported (see [31]) for a crystal (n-GaAs) at the
optical wavelength of 𝜆 = 10.6 μm with 𝑚∗ ≈ 0.063𝑚0 (𝑇 = 300 K),
where 𝑚0 is the mass of free electrons, 𝜀2 ≈ 12, 𝐸1 ≈ 300 V/cm
(𝐸1 ≪ 𝐸0).

4. Optical waveguide modes

In the amplification scheme, the forward optical wave can be intro-
duced into the waveguide (from the outside of the interaction region
L) through the prism or grating coupling element providing selective
excitation of the mth waveguide mode. The mode order is selected by
changing the incident angle of the laser beam. Similarly, the backward
optical wave could be extracted from the structure [32,33]. The fre-
quencies of the forward, backward optical waves, and SCW, all moving
along the z-axis, are related as 𝜔𝑚 = 𝜔𝑛 +𝛺.

TE modes with the wave field components (𝐻𝑥, 𝐸𝑦,𝐻𝑧) and TM
modes with the components (𝐸𝑥,𝐻𝑦, 𝐸𝑧) are the eigenwaves of the
unperturbed structure. Profile functions for waveguide modes, i.e. dis-
tributions of the y-component over the x-coordinate have the form

𝐹𝑦𝑚(𝑥) =
(

𝐸𝑦𝑚(𝑥)
𝐻𝑦𝑚(𝑥)

)

= 𝐶𝑚 ⋅

⎧

⎪

⎪

⎨

⎪

⎪

⎩

exp(−𝑞𝑥), 𝑥 ≥ 0,

[cos ℎ𝑥 −
𝜁𝑞
ℎ

sin ℎ𝑥], −𝑡𝑊𝐺 ≤ 𝑥 ≤ 0,

[cos ℎ𝑡𝑊𝐺 +
𝜁𝑞
ℎ

sin ℎ𝑡𝑊𝐺] exp[𝑝(𝑥 + 𝑡𝑊𝐺)], 𝑥 ≤ −𝑡𝑊𝐺 ,

(5)

where 𝜁 = 1 and 𝜁 = 𝜀2∕𝜀3 are for the TE and TM modes, respectively.
The transverse components of the wave vector in each layer are 𝑝2 =
𝛽2𝑚−𝑘

2
0𝜀1, ℎ

2 = 𝑘20𝜀2−𝛽
2
𝑚, 𝑞2 = 𝛽2𝑚−𝑘

2
0𝜀3, 𝛽𝑚 is the propagation constant of

the mth mode and 𝑘0 = 𝜔∕𝑐 is the wave number of the electromagnetic
wave. The constant 𝐶𝑚 has units of (erg/cm3)1∕2 and is determined from
the power normalization condition for the mth mode in the structure:

𝑃0 =
𝛽𝑐𝑎𝑦
8𝜋𝑘0𝛤 ∫

∞

−∞

[

𝐹𝑦𝑚(𝑥)
]2 𝑑𝑥 = 1 [erg∕s], (6)

where 𝑎𝑦 = 1 cm is the normalization length along the y-axis, 𝛤 = 1
for TE modes and 𝛤 = 𝜀2 for TM modes. Integrating Eq. (6), we obtain

𝐶𝑚 = 4ℎ

{

𝜋𝑘0𝛤𝑃0

𝛽𝑚 𝑐 𝑎𝑦 [ℎ2 + (𝜁𝑞)2] 𝑡𝑒𝑓𝑓

}1∕2

. (7)

Here, the effective waveguide thickness is introduced for the mth mode

𝑡𝑒𝑓𝑓 = 𝑡𝑊𝐺 +
𝜁
𝑞

(𝑞2 + ℎ2)
(𝜁𝑞)2 + ℎ2

+
𝜂
𝑝

(𝑝2 + ℎ2)
(𝜂𝑝)2 + ℎ2

, (8)

where 𝜂 = 1 and 𝜂 = 𝜀2∕𝜀1 are for TE and TM modes, respectively.
The dispersion equation for a 3-layer unperturbed waveguide has

the form (see [33,34])

ℎ 𝑡𝑊𝐺 − 𝜋𝑚 − arctan
(

𝜁𝑞
ℎ

)

+ arctan
( 𝜂𝑝
ℎ

)

= 0. (9)

When a longitudinal electric field 𝐸0 is switched on, a periodically
modulated inhomogeneity arises in the form of an SCW grating leading
to mode coupling. The total wave field for the TE and TM modes in
such a perturbed waveguide can be written as

𝐹𝑦(𝑥, 𝑧) =
𝑀
∑

𝑚=1
(𝐴𝑚(𝑧) exp[−𝑖 𝛽0𝑧] + 𝐵𝑚(𝑧) exp[𝑖 𝛽0𝑧])𝐹𝑦𝑚(𝑥), (10)

where 𝐴𝑚(𝑧) and 𝐵𝑚(𝑧) are the dimensionless amplitudes of the for-
ward and backward traveling waves, M is the total number of guided
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modes in the structure. In relation (10), the radiation modes forming a
continuum are neglected [35,36]. ‘‘Resonant’’ propagation constant

𝛽𝑚 = 𝛽0 =
𝜋𝑙
𝛬

(11)

provides a coupling between modes with close frequencies and phase-
matching, where l is the Bragg diffraction order.

In terms of the coupled mode theory [35,37], the coupling coeffi-
cients can be obtained for TE and TM waveguide modes with the same
indices (𝑚 = 𝑛):

𝜅𝑇𝐸
𝑚𝑚 =

𝛥𝜀𝜔𝑎𝑦
32𝜋 𝑃0

𝐶2
𝑚

2𝜀2 ℎ2

[

𝑡𝑊𝐺[ℎ2 + (𝜁𝑞)2] +
(𝜂𝑝 + 𝜁𝑞) (ℎ2 + 𝜁𝜂𝑝𝑞)

ℎ2 + (𝜂𝑝)2

]

, (12a)

𝜅𝑇𝑀
𝑚𝑚 =

𝑎1
4𝛽0

𝛽20 ∫
0
−𝑡𝑊𝐺

[𝐻𝑦𝑚(𝑥)]2𝑑𝑥 − ∫ 0
−𝑡𝑊𝐺

[𝜕𝑥𝐻𝑦𝑚(𝑥)]2𝑑𝑥

∫ ∞
−∞ 𝜀−12 [𝐻𝑦𝑚(𝑥)]2𝑑𝑥

, (12b)

where 𝜕𝑥 ≡ 𝜕∕𝜕𝑥 and the expansion coefficient (𝑙 = 1) in the Fourier se-
ries for a harmonic disturbance Eq. (3) is determined by the expression

𝑎1 =
4
𝛬 ∫

𝛬∕2

0

1
𝜀2 + 𝛥𝜀 cos (𝑄𝑧)

cos (𝑄𝑧) 𝑑𝑧 = 2
𝜋 ∫

𝜋

0

cos 𝑢
𝜀2 + 𝛥𝜀 cos 𝑢

𝑑𝑢.

(13)

5. Mode coupling equations and their solution

Following [35], the coupling equations for guided counterprop-
agating eigenwaves of the perturbed waveguide in the presence of
amplification 𝛾 [cm−1] can be written as:

𝑑𝐴∕𝑑𝑧 = −𝑖 𝜅𝑚𝑛𝐵 exp[2𝑖𝛥𝛽𝑧] + 𝛾𝐴,
𝑑𝐵∕𝑑𝑧 = 𝑖 𝜅∗𝑚𝑛𝐴 exp[−2𝑖𝛥𝛽𝑧] + 𝛾𝐵.

(14)

Here, the detuning of the propagation constants from the resonance
value 2𝛥𝛽 = 𝛽𝑚 + 𝛽𝑛 − 𝑄 is introduced. For simplicity, the amplitudes
are expressed as 𝐴(𝑧) = 𝐴′(𝑧) exp(𝛾𝑧) and 𝐵(𝑧) = 𝐵′(𝑧) exp(−𝛾𝑧). Hence,
Eq. (14) have the following solutions

𝐴′(𝑧) exp[−𝑖(𝛽𝑚 −𝑄 + 𝑖𝛾)𝑧]

= 𝐴(0)
(𝛾 − 𝑖𝛥𝛽) sinh [𝑆 (𝐿 − 𝑧)] − 𝑆 cosh[(𝑆(𝐿 − 𝑧))]

(𝛾 − 𝑖𝛥𝛽) sinh (𝑆𝐿) − 𝑆 cosh(𝑆𝐿)
,

𝐵′(𝑧) exp[𝑖(𝛽𝑚 −𝑄 + 𝑖𝛾)𝑧] = 𝐴(0)𝑓
−𝑖𝜅𝑚𝑚 sinh[(𝑆(𝐿 − 𝑧))]

(𝛾 − 𝑖𝛥𝛽) sinh (𝑆𝐿) − 𝑆 cosh(𝑆𝐿)
.

(15)

Here, an additional parameter 𝑆 =
√

|

|

𝜅𝑛𝑚||
2 + (𝛾 − 𝑖𝛥𝛽)2 has been in-

troduced. The solutions of Eq. (7) gives the energy reflection and trans-
mission coefficients of the modes in a waveguide with an interaction
region of the length L:

𝑅 =
|

|

|

|

𝐹𝑟(0)
𝐹𝑖(0)

|

|

|

|

2
=
|

|

|

|

𝐵′(0)
𝐴(0)

|

|

|

|

2
=
|

|

|

|

𝜅𝑚𝑛 sinh 𝑆𝐿
(𝛾 − 𝑖𝛥𝛽) sinh (𝑆𝐿) − 𝑆 cosh(𝑆𝐿)

|

|

|

|

2
,

𝑇 =
|

|

|

|

𝐹𝑖(𝐿)
𝐹𝑖(0)

|

|

|

|

2
=
|

|

|

|

𝐴′(𝐿)
𝐴(0)

|

|

|

|

2
=
|

|

|

|

𝑆
(𝛾 − 𝑖𝛥𝛽) sinh (𝑆𝐿) − 𝑆 cosh(𝑆𝐿)

|

|

|

|

2
.

(16)

The amplitudes of electric (for TE polarization) and magnetic (for
TM polarization) fields 𝐹𝑟(0), 𝐹𝑖(0) and 𝐹𝑖(𝐿) correspond to the back-
ward wave at the beginning of a perturbed region, the forward wave
at the beginning and at the end of an interaction region, respectively.
When the waveguide film is pumped, the waveguide segment L works
as an amplifier for the reflected and transmitted waves. Importantly,
relations (16) describe the reflection and transmission coefficients of
waves in the corrugated-waveguide laser [35] and fundamentally are
different from the case of parametric amplification [38–40]. Also, Eq.
(16) can be employed to study the conditions for generation of the
optical waves through SCW–optical interaction.

Table 1
Sellmeier coefficients for the guiding layer material.
𝑓𝑗 , units 𝑓 (1)

1 = 5.372514 𝑓 (1)
2 = 0.0242996 𝑓 (1)

3 = 1.957522

𝜆𝑗 , μm 𝜆(1)1 = 0.1567 𝜆(1)2 = 0.01375 𝜆(1)3 = 0.22715

6. Numerical analysis and discussion

Let us numerically analyze the SCW–optical interaction for a n-GaAs
guiding film with the refractive index dispersion [41]

𝜀2(𝜆) = 5.372514 +
3
∑

𝑗=1

𝑓𝑗 𝜆2

𝜆2 − 𝜆2𝑗
. (17)

The empirical coefficients in Eq. (17) are listed in Table 1.
For the substrate and coating, Al𝑥Ga1−𝑥As with the refractive index

of 𝑛1 ≈ 3demonstrating relatively low losses within the operating wave-
length range of 1–11 μm has been taken [42]. In fact, the carrier drift
velocity depends on the external field 𝐸0. Therefore, to simulate the
experimental dependence 𝑣0(𝐸0), the function and fitting parameters
for GaAs have been borrowed from [10]. Let us estimate the SCW
frequency for typical values of the parameters: mobility of ‘‘unheated’’
electrons 𝜇0 = 8500 cm2/(V s), static electric field strength 𝐸0 =
4.9 kV/cm, diffusion coefficient 𝐷 = 207 cm2/s [6], and equilibrium
concentration 𝑛0 = 1013 cm−3. For these parameters, the electron drift
velocity is 𝜈0 ≈ 1.88 ⋅107 cm/s, differential mobility is 𝜇𝑑 = −0.254, the
SCW wave number at a wavelength of 𝜆 = 10.6 μm is 𝑄 ≈ 4200 μm−1,
and according to relation (2) the frequency is 𝛺 ≈ 3.6 ⋅ 1011 s−1.
Noteworthy, in a real experiment, in order to avoid the domain-type
instabilities in a sample the additional measures, like the load resistance
matching, may be needed [10,30].

Fig. 2(a) shows the wavelength dependences of the effective refrac-
tive indices 𝑛∗𝑚 = 𝛽𝑚∕𝑘0 of TE and TM modes. The region of existence
of the effective mode refractive indices is quite wide and is limited by
the difference in the values of asymptotes n1 = 3 and 𝑛2(𝜆). Due to the
waveguide structure symmetry, the values 𝑛∗𝑚 for TE and TM modes of
the same order are slightly different, while the zero-order modes, in
accordance with Eq. (9), do not have a cutoff. The first three modes
with indices m = 0, 1, 2 exist in the whole considered wavelength
region. With the wavelength increase, the eigenwaves experience a
cutoff (violation of total internal reflection). At shorter wavelengths,
the number of propagating modes increases and the total number of
modes is defined as

𝑚max =
{(

𝑡𝑊𝐺𝑘0
√

𝑛22 − 𝑛21 − arctan
√

(𝑛21 − 𝑛23)∕(𝑛
2
2 − 𝑛21)

)

∕𝜋
}

𝑖𝑛𝑡
+ 1,

(18)

where ‘‘int’’ is an integer part of the expression. At the selected param-
eters at the minimum wavelength of 1 μm, the maximum number of TE
and TM modes reaches 37.

Fig. 2(b) shows the wavelength dependences of the coupling coef-
ficients (overlap integrals) for TE and TM modes of the same order
(𝑚 = 𝑛). For both TE and TM polarizations, the coupling coefficients
grow with increasing wavelength and, reaching a maximum value, tend
to zero when approaching the cutoff. In the case of TM polarization,
however, for 𝑚 = 𝑛 = 0 the coupling coefficient crosses zero at 𝜆 ≈
10.6 μm and becomes negative with the increasing wavelength.

Unlike TE polarization, for which the maximum value of the overlap
integral decreases with increasing mode index, the opposite relation-
ship is observed for TM-polarized modes: the maximum value of the
coupling coefficient increases with an increasing mode index.

The coupling coefficient dependences on the waveguide layer thick-
ness 𝑡𝑊𝐺 are shown for the TE and TM pairs of modes with the same
order (𝑚 = 𝑛) in Fig. 3(a) and Fig. 3(b), respectively. The modes
of different orders demonstrating lower coupling effectiveness than
those of the same order are neglected [24]. In general, the coupling
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Fig. 2. Dispersion of effective refractive indices (a) and coupling coefficients (b) for TE and TM modes in an unperturbed n-GaAs waveguide with a film thickness of 𝑡𝑊𝐺 = 10 μm.
The numbers correspond to the mode orders 𝑚 = 𝑛 = 0, 1, 2, 3, 4, 10 and 20.

Fig. 3. The coupling coefficients of pairs of TE and TM modes of the same order in
an n-GaAs waveguide with 𝑛0 = 1013 cm−3. Fig. (a) and (b) – TE and TM modes at 𝜆 =
10.6 μm, external field 𝐸0 = 4.9 kV/cm. The numbers correspond to the mode orders
𝑚 = 𝑛 = 0, 1, 2, 10 and 100 (curves 1, 2, 3, 10 and 100).

coefficients of both TE and TM modes change rapidly near the cutoff
(at small thicknesses) and have maxima that are higher for higher order
modes. Far from the cutoff, the coupling coefficients for TE modes
grow and tend to a constant value. As Fig. 2(b) shows, the coupling
coefficients 𝜅𝑇𝑀

𝑚𝑚 for TM modes cross zero and asymptotically tend to a
small negative value of the order of 10−3 cm−1. This value corresponds
to the coupling coefficient of TM modes in the approximation of a
waveguide with infinite thickness (𝑡𝑊𝐺→∞). Importantly, the coupling
coefficient for the zeroth TM mode crosses zero twice (near 𝑡𝑊𝐺 = 1.5
and 10 μm). Mathematically, this is due to the annihilation of terms
with different signs in relation (12b), and physically this means that
due to the resonance condition a situation of ‘‘uncoupling’’ is possible
when co- and counter propagating TM modes of the zero order are not
coupled anymore.

Fig. 4 demonstrates the dependence of the coupling coefficients on
the equilibrium concentration 𝑛0 and external field 𝐸0 in the structure
with a fixed thickness of the guiding film for TE0 and TM2-modes at
𝜆 = 10.6 μm. In this case, the coupling coefficients reach the higher
values in comparison with modes of other orders.

The coupling coefficients for the TE0 mode grow with increasing
carrier concentration and reach the maximum value at 𝐸0 ≈ 5.5 kV/cm
in the considered range of parameters [Fig. 4(a)]. One can see the 𝜅𝑇𝐸

00

Fig. 4. Dependences of the coupling coefficients on the electron concentration in the
n-GaAs film and on the external field for TE [𝑚 = 𝑛 = 0, (a)] and TM [𝑚 = 𝑛 = 2, (b)]
modes; 𝜆 = 10.6 μm, film thickness 𝑡𝑊𝐺 = 10 μm.

domain where the coupling coefficient is small and almost independent
of the electron concentration (a dark horizontal band in vicinity of
𝐸0 ≈ 3.1 kV/cm). For TM2 modes [Fig. 4(b)], the coupling coefficient
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Fig. 5. Reflection gain R(0) in the 𝑛0 − 𝛾 plane for the inverse [(a), (b)] and transmission gain T (L) for the direct [(c), (d)] TE0 mode at a wavelength 𝜆 = 10.6 μm. (b, d) are
the top view; film thickness 𝑡𝑊𝐺 = 10 μm, L = 0.1 cm.

is in strong dependence on the external field but slightly depends on
the concentration. With the concentration increase, higher values of the
external field are required to maintain a constant value of the coupling
coefficient.

In this case, the condition of the SCW existence is determined by the
length of the interaction region. For example, for the interaction length
𝐿 = 0.1 cm the concentration of free carriers 𝑛0 in the film below 1013

allows us to satisfy the limiting Krömer condition 𝑛0𝐿 = 1012 cm−2

and avoid establishment of the domain regime. Noteworthy, a multi-
domain mode could be used to increase the modulation depth of the
dielectric constant, though it is beyond the scope of this paper. In this
case, the main difficulty is to find the appropriate boundary conditions
and stabilization of the Gunn oscillations shape [6].

Figs. 2–4 show that due to the low depth of dielectric permittivity
modulation (𝛥𝜀 ≈ 10−5), the coupling coefficients of the TE and TM
modes of the same order do not exceed ∼10−2 cm−1 that is 3 orders
of magnitude lower than those in the corrugated waveguide structures
(e.g., [37,43]). Below, we will show that the generation can be obtained
even at such low values of the overlap integrals.

To analyze the amplification and generation modes, isolines (i.e.
contours of equal reflection and transmission gain) are constructed
using Eq. (16) for the backward and forward TE0 and TM2 modes
(coupled via the first diffraction order with the counter propagating

modes of the same index) as functions of the free carrier concentration
and gain factor in the proximity of the region the Krömer criterion is
fulfilled for the given parameters (Figs. 5 and 6).

Fig. 5 demonstrates that the singularity points, where the coef-
ficients R and T values are above 1014, correspond to a series of
generated modes. Each subsequent laser mode arises with an increase
in the carrier concentration 𝑛0 by approximately 6 ⋅ 1011 cm−3. In
this case, the required gain factor is about 152 cm−1. With a further
increase in the optical pumping level, the backward wave maintains
a high reflection gain of about ∼1013, whereas for the forward wave,
a decrease of the transmission gain down to ∼1011 is observed. Thus,
in the considered structure, the laser modes can be generated by
SCW–optical mode interaction without the use of end reflectors.

Periodicity of the generation peaks governs the waveguide struc-
ture. Therefore, it can be tuned by changing the external parameters,
such as external field, temperature, etc. The characteristics of the
waveguide resonator providing an effective generation at 10.6 μm are
listed in Table 2.

When the tunable CO2 laser is used for pumping, [44–46], the
Raman shift is about several THz [47]. Following [48,49], we can
assign the 3rd order nonlinearity coefficient Re[𝜒 (3)] ≈ 10∧(−5) esu for
GaAs that gives [50] the value of nonlinear refractive index �̃�2 ≈ 10−8

cm2/W for 𝜆 ≈ 10.6 μm. Therefore, to obtain the gain 𝛾 ≈ 150 cm−1,
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Fig. 6. Reflection gain R(0) in the 𝑛0 − 𝛾 plane for the inverse [(a), (b)] and transmission gain T (L) for the direct [(c), (d)] TM2 mode at a wavelength 𝜆 = 10.6 μm. (b, d) are
the top view; film thickness 𝑡𝑊𝐺 = 10 μm, L = 0.1 cm.

Table 2
The optimal parameters of the waveguide and radiation for the SCW–optical coupling and laser generation of the forward and backward waves.

Wavelength
𝜆, μm

Mode Doping concentration of
the n-GaAs film 𝑛0, cm−3

Film thickness
𝑡𝑊𝐺 , μm

Interaction length
L, μm

Gain factor
𝛾 cm−1

Propagation
constant detuning
𝛥𝛽, μm−1

Intermode coupling
coefficient
𝜅𝑚𝑚, cm−1

10.6 TE0 1013 10 1000 152 1.73 0.0087
TM2 155 1.61 0.0057

the pumping intensity I ≈ 106 W/cm2 is required that is below the
intensities applied in [51] for supercontinuum generation in the mid-IR.

Stability of laser feedback can be ensured by controlling the electric
field 𝐸0, which, in turn, affects the period of the dynamic SCW grating.
Importantly, in our case of the continuous-wave generation in a planar
waveguide, the wave diffraction is compensated (at least partially) by
reflections from the waveguide walls [52].

It is important to note that with a wavelength decrease the permit-
tivity 𝜀2 increases leading to an increase in detuning value 𝛥𝛽. Hence,
Figs. 5 and 6 show that lasing peaks for the TM2 mode arise at higher
gain levels than for the TE0 mode.

Besides, the small modulation depth of the permittivity (in this
case, 𝛥𝜀 ≈ 10−5) and significant mismatch of the propagation constants
2𝛥𝛽 = 2𝛽𝑚−𝑄 also require sufficiently high level of pumping. Although
the required value of 𝛾 is comparable with the threshold gain factor

(𝛾 ≈ 100 cm−1) in corrugated waveguide lasers [35,43], the advantage
of the proposed waveguide generation scheme is the ability to control
the parameters of the SCW grating.

Fig. 7 shows the dependences of the amplitude moduli of the
forward and backward waves on the z-coordinate [Eq. (15)] inside
the structure with the parameters enabling generation of the TE0-TE0
and TM2-TM2 pairs of modes at 𝜆 = 10.6 μm. Wave directions are
indicated by filled arrows. In general, at A(0) = 0, Eq. (15) gives
zero values for the amplitudes of the forward and backward waves.
However, generation can occur without an input signal from the noise.
In this case, we have to assign A(0) = 1.

As can be seen from insets on Fig. 7, the amplitudes of the forward
and backward waves of both polarizations oscillate near the initial
boundaries (|𝐴(0)| and |𝐵(𝐿)|). Mathematically, these oscillations arise
due to the appearance of periodic functions (sines and cosines) in
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Fig. 7. Distributions of amplitude moduli along the waveguide length for the forward
and backward waves (|𝐴(𝑧)| and |𝐵(𝑧)|, respectively) of different polarizations at
𝜆 = 10.6 μm, 𝑡𝑊𝐺 = 10 μm, 𝐸0 = 5.5 kV/cm2, 𝐿 = 0.1 cm. TE-polarization (solid lines):
mode numbers 𝑚 = 𝑛 = 0, 𝛾 = 152 cm−1; TM-polarization (dotted lines): 𝑚 = 𝑛 = 2,
𝛾 = 155 cm−1.

the real and imaginary parts of complex amplitudes. Physically, these
oscillations reflect both the amplification process as a result of the in-
teraction between the forward and backward waves and the process of
generation from noise. The amplitude and frequency of the oscillations
depends on the polarization and proximity to the generation peak.

In the proposed scheme, the dominant noise in the laser amplifier
is the beat noise between the components of spontaneous emission and
the beat noise between the signal and spontaneous emission at the level
below −40 dBm and above −40 dBm from the input signal, respectively
(commonly, the beat noise is dominating over the shot noise [53]).
In addition, shot noise can appear at the contacts of the electrodes
when generating an SCW. In our case, at the proper pump level (and
corresponding gain factor), the generation arises from noise (see Figs. 5,
6, 7), so there is no need to introduce a weak signal beam from an
external source. It is worth noting that the pulsed pumping can be used
for the considered waveguide structure. However, it is beyond the scope
of this paper.

7. Conclusions

The conditions for amplification and two-frequency generation of
difference-frequency synchronized optical radiation in a semiconductor
waveguide based on n-GaAs are found. We have determined the solid-
state parameters satisfying the Krömer criterion 𝑛0𝐿 = 1012 cm−2, thus
avoiding the domain regime in the n-GaAs film. The reflection and
transmission gain have been studied for pairs of counterpropagating TE
and TM modes of the same order with the highest coupling coefficients
in the middle infrared region (for TE0- and TM2-modes at a wavelength
of 10.6 μm). The conditions for lasing at the gain factor of 𝛾 ≈ 152 cm−1

for TE modes and 𝛾 ≈ 155 cm−1 for TM modes and corresponding
detuning from phase synchronism are found. The presence of a con-
trolled SCW grating in the proposed scheme makes it advantageous
over a corrugated waveguide laser or orientation-patterned-GaAs el-
ements [54–56]. One should note that the SCW difference-frequency
tuning can be achieved by an optimal balancing between the doping
concentration in semiconductor, amplitude and polarity of the external
electric field 𝐸0, and temperature. In order to ensure a stability of
the SCW in the experiment, additional measures could be required,
such as matching of load resistance and maintaining the temperature
regime. The results can be used to create two-frequency semiconductor
laser emitters in the middle infrared region based on space charge
wave–optical mode interaction.
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