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We develop an analytical model based on a few generalized parameters of bulk materials and two-
dimensional �2D� structures which enables us to analyze the main features of terahertz �THz� radiation gen-
eration caused by optical-phonon transit-time resonance. In the framework of such a model and direct Monte
Carlo simulations it is shown that for the same material �i� generation conditions are the same in quantum wells
and heterolayers characterized by the same parameter of electron localization in the 2D channel and �ii� a
considerable increase up to 5 times of the high-frequency cutoff for THz radiation generation is predicted in
going from 3D to 2D transport.
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I. INTRODUCTION

It is well known that in most semiconductors at lattice
temperatures considerably lower than the Debye temperature
the occupation of momentum space by hot carriers is subdi-
vided into two regions with respect to optical-phonon emis-
sion processess �see, e.g., Ref. 1 and references therein�. The
former �the so-called passive region� corresponds to carrier
energy � less than the optical phonon energy ��0. The latter
�the so-called active region� corresponds to the opposite case
����0.

In the passive region, only scattering by acoustic phonons
and impurities with combined characteristic time �− �the ef-
fective momentum relaxation� is possible. As a consequence,
because of the presence of a dc electric field E, carriers can
move quasiballistically in this region, the condition for such
a motion being usually formulated in terms of characteristic
times as

�E � �−. �1�

Here �E= p0 /eE is the optical-phonon transit time—i.e., the
time necessary for a carrier to cross the hemisphere with
radius p0=�k0=�2m*m0��0 in momentum space and to
reach the optical-phonon energy, with e being the electron
charge, � the reduced Planck constant, m0 the free electron
mass, and m* the effective mass.

In the active region, spontaneous emission of optical
phonons plays the predominant role. Accordingly, by emit-
ting an optical phonon a carrier returns back into the passive
region. When the penetration into the active region is suffi-
ciently small,

�� = � − ��0 � ��0, �2�

all the carriers move practically along the p �E axis from p
�0 up to p	 p0, periodically repeating this motion with fre-

quency fE=1/�E. In terms of the characteristic times this
condition is usually formulated as

�+ � �E, �3�

where �+ is the characteristic time of the optical-phonon
emission in the active region.

Under stationary conditions, such a situation results in the
Baraff-like distribution function2 elongated in the momen-
tum space along the electric field direction �the so-called
streaming distribution�.1,3,4 These kinds of distributions are
responsible by themselves for various mechanisms of tera-
hertz �THz� radiation generation such as light–to–heavy-hole
lasers in crossed electric and magnetic fields in p-Ge �see,
e.g., the recent review in Ref. 5�, negative effective mass
cyclotron resonance MASER,6 etc.

From a dynamical point of view, in such a situation the
carrier motion in the passive region takes a cyclic character
with transit-time frequency fE=1/�E. Such a carrier dynam-
ics originates a variety of quite important physical phenom-
ena. For example, the transit-time frequency manifests itself
in �i� dumping oscillations during a transient response of the
carrier ensemble under a steplike switching of the dc electric
field,7 �ii� resonant enhancement of the current noise spec-
trum at frequency near to fE,8 �iii� a bunching of carriers in
momentum space,9–11 �iv� noise upconversion effects12 under
ac electric field, etc. Below we shall refer to such a periodic
or resonant behavior as optical-phonon transit-time reso-
nance �OPTTR�.

In a set of pioneering papers,13–16 it was predicted that by
superimposing onto a high dc field a small ac field the oscil-
lating dynamics leads to a carrier bunching in momentum
space with a phase shift that can originate microwave power
generation. In this case, near to the OPTTR frequency, the
real part of the small-signal mobility takes negative values,
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which is usually called “dynamic negative differential mobil-
ity” �DNDM�. Theoretical considerations of the above
predictions13–16 stressed that DNDM at OPTTR can appear
due to �i� the polarity of the optical-phonon emission under a
small penetration into the active region and �ii� a decrease
with electron energy increase of the scattering rate in the
passive region, as takes place for impurity and piezoelectric
phonon scattering �by assuming the validity of the condition
given by Eq. �1��.

Monte Carlo �MC� simulations performed for bulk GaAs
and InP confirmed the possibility of microwave generation
with maximum frequency of about 300–400 GHz.17–19 Such
a generation was observed experimentally in InP samples by
the Vorob’jev group of Saint Petersburg20 under conditions
close to those predicted by MC simulations. The success of
this experimental confirmation made finding a way to extend
the generation region up to the THz frequency range a major
issue.

Since the OPTTR frequency fE=eE / p0 is proportional to
the applied dc electric field E, to increase the generation
frequency one needs to increase E. For a given material, an
increase of E leads eventually to a deterioration of the
OPTTR condition given by Eq. �3�. Therefore, an increase of
the OPTTR frequency can be expected in semiconductors
with a carrier-phonon interaction stronger than in standard
III-V compounds, so that the smaller values of �+ could be
achieved. Such a requirement is satisfied by wideband nitride
materials where the electron-phonon interaction is several
times stronger than in standard III-V compounds. Indeed,
recent MC simulations21–23 have predicted that in III-nitride
compounds the maximum generation frequency can reach
values in the range 1–4 THz and that the possibility of gen-
eration can persist up to liquid nitrogen temperatures.

However, nitride materials in the form of bulk samples are
practically not available at the present time. Available
samples are mostly heterostructures �HSs� with two-
dimensional �2D� electron transport such as quantum wells
�QWs� and heterolayers �HLs�. In this context, it is worth-
while to emphasize that transport in 2D exhibits two main
advantages with respect to that in 3D: namely, �i� the possi-
bility to increase the maximum generation frequency because
of a more abrupt threshold of the scattering rate due to
optical-phonon emission and �ii� the possibility to use high
carrier densities but avoiding impurity scattering, since do-
nors are usually remotely placed outside the 2D channel.

In terms of Eqs. �1� and �3�, the former possibility im-
proves the validation of conditions posed by Eq. �3�, while
the latter helps to fulfill the condition posed by Eq. �1�.
These circumstances have stimulated investigation of the
OPTTR for the case of a 2D electron transport as was carried
out in recent theoretical investigations.24–28 For example, by
using MC simulations of electron transport in 2D GaN �Refs.
26–28� and InP �Ref. 28� QWs a considerable increase of the
maximum generation frequency, up to 3 times, was predicted
with respect to the 3D case. Furthermore, the influence of
hot-phonon effects, degeneracy, and electron-electron inter-
actions on the OPTTR in QWs was considered in Ref. 27,
where a critical influence of electron-electron scattering on
the OPTTR was also pointed out. �In our opinion this influ-
ence was rather overestimated since it was based on a ther-

mal Fermi distribution function of carriers, which does not
satisfy OPTTR conditions where strong heating of the elec-
tron system characterized by streaming distributions takes
place.� To summarize the state of the art, Fig. 1 reports and
compares results of MC simulations of the OPTTR genera-
tion frequency band as function of the applied dc field for
various 3D and 2D semiconductor structures. The low-
frequency cutoff of the generation is related to violation of
the quasiballistic motion of electrons in the passive region
�Eq. �1��, while the high-frequency cutoff is related to the
increasing penetration of electrons into the active region �Eq.
�3��.

As evident from Fig. 1 the electric field regions, and
hence the generation bands, cover a rather wide frequency
range, which strongly depends on the semiconductor mate-
rial and the transport type �2D or 3D�. Such a strong depen-
dence on material and transport type as well as on external
conditions such as temperature, etc., complicates the micro-
scopic interpretation of experiments since for each given
case it is necessary to perform MC simulations of the pos-
sible generation bands, to determine the values of the ampli-
fication coefficient in the bands, etc. Additional complica-
tions appear in going from 3D to 2D transport. Primarily,
they are related to the necessity to calculate the wave func-
tions of electron states in a 2D channel in each given case
and then to use them for the determination of the scattering
rates.26,27 Therefore, for a better understanding of the main
tendencies and a further development of the experimental
samples and techniques related to the OPTTR phenomena a
unified approach able to account for the relevant parameters
of the bulk material as well as for the specific parameters of
an heterostructure �square or triangular barriers, quantum
layer width, etc.� would be highly desirable.

The aim of this work is to address this issue by develop-
ing an analytical model of the OPTTR able to predict the
main features of THz radiation generation on the basis of
some generalized parameters characterizing the bulk materi-
als and the 2D channels. In order to simplify the model, the
main attention will be paid to the two phonon scattering
mechanisms that, in essence, determine the conditions for the
OPTTR: i.e., deformation acoustic-phonon scattering in the
passive region and polar optical-phonon emission in the ac-
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FIG. 1. Generation bands �frequency regions where the real part
of the differential mobility is negative� as function of applied dc
field calculated by the MC method for bulk materials �Refs. 21–23�
as well as 12-nm InP �Ref. 28� and 5-nm GaN �Refs. 26 and 28�
QW structures at 10 K. Points show the generation frequency ob-
tained experimentally by Vorob’ev et al. �Ref. 20�.
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tive region. The model does not include electron-electron,
ionized impurity, and piezoelectrical scattering mechanisms
since their importance becomes marginal at increasing elec-
tron energies. In any case, their influence can be taken into
account when evaluating the values of �− that are critical for
OPTTR.

II. MODEL

To compare the 2D transport in a QW and single-interface
HL we make use of analytical expressions for the wave func-
tions. To exclude the influence of upper minibands on the
OPTTR, the energy separation between the first and second
minibands is supposed to satisfy the condition


12 �
�2�k�� − �1�k��

��0
	 1, �4�

where �1,2 is the carrier energy of miniband 1 and 2, respec-
tively, and k� the electron wave vector along the 2D layer. In
such a case, under a small penetration of electrons into the
active region �1�k�����0 all the transitions induced by
scattering events occur inside the first miniband only.

For the limiting case of a deep QW and HL �the square
and triangular wells, respectively� the square of the wave
function modulus for the first miniband takes the form29–31

	��z�	2 = 

2

a
sin2��

a
z� , QW,

1

2
b3z2 exp�− bz� , HL,  �5�

where z is the coordinate in the direction normal to the in-
terface, a the width of the QW, and the coefficient b of the
Fang-Howard-Stern wave function is usually related to the
sheet carrier density n as29 �for simplicity we omit the deple-
tion charge in the HL�

b3 =
33m0m*e2

80s�
2 n , �6�

with 0 and s being the vacuum permittivity and the static
dielectric constant of the material, respectively.

To characterize the 2D transport properties of a QW and
HL in terms of unified quantities we define an effective
width of the electron localization in a 2D channel in the
direction of the quantitization d as

d−1 =� 	��z�	4dz . �7�

We note that, by introducing this parameter, Price29–31 in-
cluded an additional factor 1 /2 which is here omitted since
in the case of plane waves �� 1

�L
exp�ikz� the effective width

defined by Eq. �7�, d=L, coincides entirely with the wave-
function localization inside a box. For the wave functions
given in Eq. �5� one obtains

d =
2

3
�a , QW,

8/b , HL.
� �8�

In the following we shall represent the wave functions in
QWs and HLs as functions determined by a value of the
effective width d of 2D channel. By using Eq. �8�, Eq. �5�
can be rewritten as

	��z�	2 = 

4

3d
sin2�2�

3d
z� , QW,

1

2
� 16

3d
�3

z2 exp�−
16

3d
z� , HL.  �9�

Figure 2 reports the square of the wave functions for a QW
and a HL with the same localization width d as function of
the dimensionless variable z /d.

To compare various semiconductors with different values
of the main parameters �carrier effective mass, phonon en-
ergy, etc.� in both 2D and 3D cases it is convenient to use the
momentum q=k /k0 and energy ��q�=��k� /��0 normalized
to the passive area values. This normalization allows us to
represent the usual scattering rates29,30 for deformation
acoustic-phonon �DA� and polar optical-phonon emission
�PO� in the factorized form

� j
i = � jGj

i�q,q�� , �10�

where the subindex j=DA,PO labels the scattering mecha-
nism while superindex i=2D,3D labels the dimensional type
of electron transport. The part of the scattering rate which is
independent of the transport type �2D or 3D� is determined
by the constant � j as

�DA =
kBT0D2m0m*

��s2�4 �k0, �11�

�PO =
e2���02m0m*�1/2

4��20
� 1

�

−
1

s
� , �12�

which depends on the usual parameters of DA and PO
scattering:29,30 namely, the Boltzmann constant kB, the lattice
temperature T0, the deformation potential D, the material
density �, the sound velocity s, the optical dielectric constant
�, and other parameters defined above.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 0.2 0.4 0.6 0.8 1 1.2 1.4

|ψ
|2

z/d

QW
HS

FIG. 2. Square of the wave function ��z� for the normal-
direction quantitization of the lowest electron state in a QW and a
HL �solid and dashed lines, respectively� as a function of the di-
mensionless length z /d with d being the effective width of the
electron localization in a 2D channel defined by Eq. �7�.
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The dimensionless factor Gi�q ,q�� in Eq. �10� contains
the matrix-element-induced dependence of the transition rate
per unit time on electron momentum before and after the
scattering event, q and q�, respectively, and on the transport
type �2D or 3D�, which comes mainly from the energy de-
pendence of the density of state. The DA- and PO-scattering
factor G takes, respectively, the form

GDA
i �q,q�� = ��� , i = 3D,

�/k0d , i = 2D,
� �13�

and

GPO
i �q,q�� =


1
��

ln	�� + ���	 � �� − 1, i = 3D,

�
0

�

d�H�u�/2Q , i = 2D,
�14�

where

u =
3

2
Qk0d �15�

is a dimensionless variable,

Q = 	q − q�	 = �� + �� − 2���� cos � �16�

is the normalized phonon wave vector between the initial q
and final q� states for a scattering event, � is the scattering
angle. The function H�u� is given by usual expression29,30

H�u� =� � 	��z�	2	��z��	2 exp�− k0Q	z − z�	�dzdz�.

�17�

By substituting Eq. �9� into Eq. �17� one obtains29,30 analyti-
cal expressions for H�u� in QWs and HLs, respectively:

HQW�u� =
1

u2 + 4�2�3u +
8�2

u
+

32�4

u2�u2 + 4�2�
�e−u − 1�� ,

�18�

HHL�u� =
512 + 72u + 3u2

�8 + u�3 . �19�

Figure 3 shows H�u� as a function of the dimensionless vari-
able u. Here, the behavior of the factor H�u� in QWs and
HLs is found to be practically the same. Since the forward
directionality of optical-phonon scattering �i.e., the prefer-
ence to keep the same direction for the momentum before
and after a scattering event� is determined by the angular
dependence H�u����,32 we conclude that it is practically the
same for the QW and HL with the same localization param-
eter d.

As follows from Eqs. �13� and �14� the intensities of pho-
non scatterings in 3D and 2D cases differ in two main
aspects.

First, in the 2D cases for both QWs and HLs the DA- and
PO-phonon-scattering rates are determined by an effective

width of the quantum structure described by the same dimen-
sionless parameter k0d. For the DA-phonon scattering, the
intensity grows with the decrease of k0d as GDA

2D �1/ �k0d�.
By contrast, for the PO scattering the intensity tends to satu-
rate GPO

2D→� /2. With the decrease of the effective width k0d,
there appears a significant increase of the DA-scattering rate
inside the passive region, which leads to the deterioration of
the OPTTR realization conditions in weak electric fields �see
Eq. �4��. Therefore, the use of wide QWs or HLs is restricted
by Eq. �4�, which allows us to estimate the maximum width
of quantum structures when the upper miniband has no in-
fluence on the OPTTR. For example, in the case of QWs the
energy separation is given by


12
QW =

4

3

�2

�k0d�2 . �20�

By using Eq. �4� this gives us an optimum value k0d
=2� /�3, when the DA-phonon scattering in the passive re-
gion is minimum under the constraint that the upper mini-
band still has no effect on OPTTR. Figure 4 shows the maxi-
mum values of DA- and PO-phonon-scattering rates
�GDA

2D ��=0� and GPO
2D��=1�, respectively� as functions of 
12

related to the effective width as k0d=2� /�3
12 in the QW
case.

The second significant difference between 3D and 2D
cases comes from the difference in the energy dependence of
the final density of states. This is illustrated in Fig. 5, which
compares DA- and PO-scattering rates for a 2D GaN QW
with a=5 nm and for a homogeneous 3D GaN. In the 3D
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FIG. 3. Factor H�u� calculated by using Eqs. �18� and �19� in
QW and HL, respectively, as function of the dimensionless momen-
tum transfer u defined by Eq. �15�.
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case the density of final states yields the square-root depen-
dence of the scattering intensity on the carrier energy for
both the DA- and PO-scattering mechanisms, �� and ��−1,
respectively. By contrast, for the 2D transport, the density of
final states exhibits a steplike dependence on the carrier en-
ergy. Such a difference for the scattering rate of 3D and 2D
transport influences essentially the scattering intensity in
both the passive and active regions. This, in turn, will act on
the satisfaction of the conditions for both low- and high-
frequency cutoff of the OPTTR given by Eqs. �1� and �3�,
respectively.

The low-frequency cutoff. MC calculations show that the
low-frequency cutoff of the DNDM at OPTTR takes place
when the average momentum relaxation rate in the passive
region 1/�−, which includes all the scatterings, increases up
to critical values comparable with the transit-time frequency
fE:

1

�−
i � fE�1/2, i = 3D,

1, i = 2D.
� �21�

We stress that Eq. �21� details numerically the qualitative
condition formulated by Eq. �1�. As follows from Eq. �21�,
the condition for the low-frequency cutoff in the 2D case is
weaker than that in 3D case at least for a factor of 2. This
result is connected with the fact that the probability to lose
entirely the longitudinal momentum during a single-
scattering event—i.e., the probability for an electron to be
scattered with a change of the momentum direction by an
angle � /2—in the 3D case is two times higher than that in
the 2D case. Such a change represents the worst transition
for the achievement of a streaming dynamics and effectively
destroys the periodicity of the optical-phonon emission nec-
essary for the OPTTR.

Let us compare the critical values of �−
i obtained by MC

simulations �see Eq. �21�� with analytical predictions based
on Eqs. �10� and �13�. For simplicity we shall assume that in
the passive region all the electrons move in the neighborhood
of the so-called main trajectory, which starts at �=0 and ends
at the optical-phonon sphere �=1. In this case, the evaluation
of the average intensity of DA scattering, ��DA�, is obtained
in accordance with

��DA
i � =

1

�E
�

0

�E

�DA
i ���t���dt�, �22�

where the time dependence of the electron energy on the
main trajectory takes the form

��t� = � t

�E
�2

. �23�

By substituting into Eq. �22� the energy dependence of the
DA-scattering intensity given by Eqs. �10� and �13� one ob-
tains

��DA
i � = �DA�1/2, i = 3D,

�/k0d , i = 2D.
� �24�

By assuming that �−
i = ��DA

i �−1 and combining Eqs. �21� and
�24� one obtains the ratio between the low-frequency cutoff
in 2D and 3D cases:

fcut
2D

fcut
3D =

�

k0d
. �25�

As follows from Eq. �25�, with the decrease of the effective
width k0d the low-frequency cutoff in the 2D case will shift
to the region of higher frequencies with respect to the 3D
case. However, at the optimum value k0d=2� /�3 for QWs,
when 
12=1, the low-frequency cutoff caused by DA-
scattering in 2D practically coincides with that in 3D, indeed
fcut

2D / fcut
3D�0.9.

The high-frequency cutoff. The presence of the steplike
onset of the PO-scattering in the 2D case leads to a signifi-
cant decrease of the electron penetration into the active re-
gion under the same electric field E as in the 3D case. In
essence, such a decrease of penetration means an extension
to higher values of the electric field range for the OPTTR
DNDM realization, thus increasing the high-frequency cutoff
of THz generation.

MC calculations show that the upper cutoff frequency for
generation by OPTTR is related to a critical depth of carrier
penetration into the active region ��q��1. Independently of
3D or 2D transport type, the cutoff appears at the same value
of the average penetration depth:

����cut � 0.14 – 0.15. �26�

Again, analogously with Eq. �21�, the condition given by Eq.
�26� can be treated as the quantitative evaluation of the quali-
tative restrictions given by Eqs. �2� and �3�. This allows us to
estimate the maximum generation frequency caused by the
OPTTR by comparing the above value with analytical pre-
dictions.

To estimate the dependence on the applied electric field
strength E of the average penetration depth in 3D and 2D
cases, we shall apply the procedure to determine the free-
flight time �̃ in the active region used in the framework of the
MC approach33:
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�
0

�̃

�PO
i �k+�t���dt� = − ln�r� . �27�

Here at t�=0 the electron is placed at the boundary of the
active region—i.e., k+�t��=k0+eEt� /�, where r is a random
number uniformly distributed in the interval �0,1�. Under a
small depth of carrier penetration into the active region, the
following approximation of the PO-phonon emission can be
used for 3D and 2D cases, respectively:

�PO
i = �PO��� − 1, i = 3D,

GPO
2D�� = 1� , i = 2D.

� �28�

By substituting Eq. �28� into Eq. �27�, taking into account
that the penetration depth into the active region ��=��k�t��
−1 is related to the free-flight time �̃ by the simple relation

�� �
2eE

�k0
�̃ = 2

�̃

�E
, �29�

after averaging over the random number r one obtains the
characteristic time of optical-phonon emission in the active
region:

�+
i = ��̃� = ���k0/2eEPO

3D��9EPO
3D/E�1/3��5/3� , 3D,

�k0/eEPO
2D, 2D,

�
�30�

where

EPO
i = ��k0�PO/e , i = 3D,

EPO
3DGPO

2D�� = 1� , i = 2D,
� �31�

is the effective electric field characterizing the intensity of
optical-phonon scattering in the 3D and 2D cases, respec-
tively, and ��z�=�0

�tz−1e−tdt is the � function. As follows
from Eq. �30�, in the 2D case �+ is independent of the applied
field E, while in the 3D case it decreases with an increase of
E. The average depth of the electron penetration into the
active region is obtained by substituting Eq. �30� into Eq.
�29�:

����i = ���5/3��3E/EPO
3D�2/3, i = 3D,

2E/EPO
2D, i = 2D.

� �32�

Since the high-frequency cutoff of the DNDM, in both the
2D and 3D cases, takes place at the same value of electron
penetration into the active region, ����i= ����cut, from Eq.
�32� we obtain the maximum dc electric field that is neces-
sary for the DNDM existence, Ecut

i . This, in turn, allows us to
write a universal estimate of the ratio between the high-
frequency cutoff of generation in the 2D and 3D cases as

fcut
2D

fcut
3D �

Ecut
2D

Ecut
3D =

3

2
��5/3�3/2�GPO

2D�� = 1�
�����cut

� 5�
k0d→0

. �33�

From Eq. �33� we conclude that the transition from 3D to 2D
transport in QWs allows one to extend the upper generation
frequency of the OPTTR effect up to a factor of 5. Such a
gain of the maximum generation frequency in the 2D case is
caused mainly by the transition from a square-root to a step-

like dependence of the density of states upon carrier energy.
The latter dependence reduces considerably the carrier pen-
etration into the active region at a given E.

The universal representation of the generation band asso-
ciated with OPTTR obtained for different semiconductor ma-
terials and geometry is illustrated in Fig. 6. Here the results
of available calculations and experiments for various bulk
materials and 2D structures already shown in Fig. 1 are pre-
sented as universal material-independent generation bands
when the electric field E and the generation frequency fgen
are normalized, respectively, to the effective electric field
EPO

i defind by Eq. �31� and the effective scattering rate

�PO
i = eEPO

i /�k0 �34�

for the PO scattering.
In the 2D case the calculations presented in Figs. 1 and 6

were performed for a value k0d�3.5 which is an optimum
value for the minimization of acoustic scattering in the pas-
sive region when the low-frequency cutoff is practically the
same as in the 3D case. Under these conditions, GPO

2D �0.8
which from Fig. 6 gives an about 3 times increase of the
high-frequency cutoff of the generation band caused by the
OPTTR DNDM when going from the 3D to 2D case. By
decreasing k0d we slightly increase the high-frequency cutoff
up to a factor of 5 times. However, in so doing, the low-
frequency cutoff is shifted significantly to a higher-frequency
region.

Such an increase of the high-frequency cutoff in 2D case
means, in essence, a possibility to soften considerably the
OPTTR realization critical factors related with the lattice
temperature, impurity concentration, etc., by increasing the
dc electric field. This is very important for the OPTTR-
assisted generation mechanisms in micron and submicron
n+nn+ 3D structures34,35 where due to OPTTR interaction
with plasma oscillations the conditions for THz generation
are more soft than those in 3D homogeneous situation. For
example, in InN n+nn+ structures the THz generation can
persist up to temperatures of about 100–140 K.34,35 For such
structures the transition to 2D transport could lead to an ad-
ditional extenstion of the temperature range up to room tem-
perature.
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FIG. 6. Contour plot of the dynamic negative differential mobil-
ity in the E-f plane for bulk materials including experimental data
�Ref. 20� for InP and 2D GaN �5-nm� and InP �12-nm� QWs. Both
electric field and generation frequency values are normalized to
characteristic Po-scattering fields EPo

i and frequency �Po
i defined by

Eqs. �31� and �34�, respectively.
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III. CONCLUSIONS

A universal description of the OPTTR-assisted generation
band of THz radiation is developed in the framework of a 3D
transport in bulk materials and 2D transport in QWs and
HLs. On the one hand, in the framework of an ideal stream-
ing motion we have carried out an analytical investigation
based on phonon scattering rates: namely, elastic deforma-
tion acoustic phonons in the passive energy region below the
optical-phonon energy ��0 and emission of polar optical
phonons in the active energy region, ����0. On the another
hand, quantitative estimations of the qualitative constraints
given by Eqs. �1� and �2� for the streaming conditions are
obtained on the basis of numerical calculations of the
OPTTR DNDM by the Monte Carlo method. It is found that
�i� for Eq. �1� the average momentum relaxation time in the
passive region must satisfy the condition �−� �1–2��E and
�ii� for Eq. �2� carrier penetration into the active region must
occurr at a level less than 14%–15%.

In the framework of such a model we have provided
simple analytical expressions that estimate the low- and
high-frequency limits of the generation band determined by,
respectively, the average relaxation time �− �see Eq. �25��
and the carrier penetration into the active region �see Eq.
�33��.

Having in mind that for THz radiation generation the
high-frequency limit is of the most interest, for the high-
frequency cutoff of the DNDM we have found that �i� for 3D
bulk materials the relevant physical quantities are the carrier
effective mass, the optical-phonon energy, and the polar-
optical coupling strength; �ii� in passing from 3D to 2D ver-
tical transport, for the same material the influence of 2D

transport on the OPTTR is characterized entirely by the di-
mensionless parameter k0d related to both the radius of the
optical-phonon sphere in wave-vector space k0 and the effec-
tive width of the electron localization d associated with the
lowest miniband of the QW/HL structure; �iii� in going from
3D to 2D transport, the change of the energy dependence of
the density of states is responsible for an extension of the
maximum generation frequency for up to a factor of 5 times.

In essence, such a model gives the “upper” estimation of
the generation band limits determined primarily by the pa-
rameters of a bulk material and a 2D structure. Any other
scatterings not incorporated directly into our model—
namely, impurity, electron-electron, interface roughness,
etc.—act mainly on the low-frequency limit �since one can
speak about the upper limit only in the case when an electron
runaway from the regime of low-energy scatterings in the
passive region takes place�. Of course, the presence of addi-
tional low-energy scatterings will increase the low-frequency
limit and eventually destroy the generation �see, e.g., Refs.
27 and 36�. Nevertheless, additional scattering mechanisms
can be simply incorporated into the model by taking into
account their contribution to the average momentum relax-
ation time in the passive region �− as 1 /�−=1/�DA+1/�imp
+1/�ee. For example, such a procedure was used to estimate
�− in the experimental observation of the OPTTR generation
in bulk InP.20 These estimations give �−��E, which is rea-
sonably close to the values estimated above.
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