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Monte Carlo simulation of the generation of terahertz radiation in GaN
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The conditions for microwave power generation at low temperatures under optical phonon emission
are analyzed by Monte Carlo simulations of both small- and large-signal responses in bulk zinc
blende and wurtzite GaN. As a result of the high optical phonon energy and the strong interaction
of electrons with optical phonons in GaN a general improvement on the transit-time resonance and
a considerable increase in the maximum generation frequency and power can be achieved in
comparison to the widely studied IlI-V materials such as GaAs and InP. A dynamic negative
differential mobility caused by transit-time resonance occurs in a wide frequency range of about
0.05-3 THz and persists in the THz frequency range up to the liquid nitrogen temperature with
doping levels up to about$10'®cm 3. The efficiency of the amplification and generation is found

to depend nonmonotonously on static and microwave electric field amplitudes, generation
frequency, and doping level so that for each generation frequency there exists an optimal range of
parameter values. Under optimal conditions a generation efficiency of about 1% to 2% can be
achieved in the 0.5-1.5 THz frequency range. 2801 American Institute of Physics.

[DOI: 10.1063/1.1334924

I. INTRODUCTION and methods or to find new materials where some known
mechanisms can lead to efficient power generation into the
In the last decade, significant efforts have been devote@Hz frequency range.
to searching for semiconductor sources of tunable THz ra- A lot of work has been done to push high power genera-
diation due to the strong interest in their possible application into the THz frequency range. For example, one way to
tions in broadband communication, high-resolution spectrosapproach THz power generation is to make use of various
copy, and radars, efcindeed, the THz region represents acurrent instabilities in the transport of carriers in modern
border range of frequencies of great interests for both basigubmicron and nanometric structures. The Gunn and
and applied research. However, the intrinsic difficulty ap-IMPATT diodes which already work at frequencies of 100—
pearing here is that the bordering regions make use of quitd00 GHZ*can be considered as prototypes for this class of
different ways for radiation generation. From the low fre-sources. To extend the power generation of these devices
quency side, it is the millimeter wave and microwaiy)  into the submillimeter and THz frequency range different
region (f=30—300 GHz ol =1 cm—1mm) where genera- possibilities_ lhave recently. b.een_ pro_posed, including _fre—
tion is usually obtained by starting from various current in-dUency mixing and multiplication in Schottky barrier

stabilities appearing in Gunn-devices, IMPATT, Schottky-d'Odes' reduction of the transit time in deep submicron

diodes, etc., which are then placed in a waveguide resonaﬁunn-oscillatori, resonant .tunneling _in QOubIe barrier
cavity. From the high frequency side, it is the infrared and eterostructures photon-assisted tunneling in resonant tun-

: . 7 . “nelling diode< ballistic motion of carriers with negative
optical region where generation is usually achieved by opti-

cal methods making use of the stimulated radiation comin effective-mass, and various plasma instabilitieS:* How-
9 g(1-}ver, in these devices an increase in the generation frequency

from lasers. .In _egch of these ways, the generation eﬁ'c'er?‘:?é usually accompanied with both an increase in the required
decreases significantly when trying to extend the generatiop, ..ot densityand a decrease in the absolute value of the
into the THz region. Therefore to develop THz sources it o 4tive differential resistance. The former leads to an unac-
becomes necessary either to exploit some new approachggpiaple increase in the device temperature while the latter
results in a severe limitation on the generation frequency
dElectronic mail: lino.reggiani@unile.it when the intrinsic negative differential resistance of the
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structure becomes comparable to the device contathe associated formation of needle-like distribution functions
resistancé? for charge carriers.

A second way to obtain THz generation is to exploit the At present, the experimentally demonstrated heavy-hole
ideas of quantum optical and lasing systems by making useyclotron resonance NEMAG with a continuous tuning of
of the concept of a population inversion in an active mediunthe generation frequency in the millimeter wave randge (
which can amplify propagating electromagnetic waves in the= 40—330 GHzJ" can be considered as a representative of
corresponding frequency range. In this case, the generation $!ch a kind of generators. Theoretical estimations based on
obtained by the stimulated emission of radiation in the activéhe Monte Carlo(MC) simulation show that similar condi-
semiconductor placed in a resonant system. The populatioi#Pns for MW amplification can be achieved mtype InP
inversion is usually created in complicated energy band§lue to optical phonon transit-time resonarff@PTTR.'**
with carriers heated by external fields. For THz generation/ generation band of = 40—400 GHz with a maximum gain
the peculiarities of the valence band of most semiconductor@f @bout 200 cm* s predicted.”'® Just recently, millimeter
are used. Here, due to degeneracy of the energy spectruif{aveé generation caused by this effect was observed experi-
light- and heavy-hole subbands are known to coincide at th'entally for the first time |m-}39/pe InP° under conditions
center of the Brillouin zone so that direct optical transitions Predicted by MC calculgtlorfo‘: As aresult, we can expect
corresponding to the desired frequency range, are possible {2t the wide-gap semiconductors such as GaN and SiC be
low hole energies of (p)<40—50meV, withp the quasi- very promising materials for the development of high perfor-

momentum. For example, in the casepfype Ge at low mance OPTTR masers because of the high value of the op-

temperatures with carriers heated by crossed electric antffal phonon energy and the strong mteracﬂo_n of electrons
ith polar optical phonons. The expected improvements

magnetic fields, population inversion of the interband an . . . .
. . . . ould include an increase in the working temperature and
intraband transitions can be realized due to the combmeﬁ; )
action of several physical mechanisms including overpopu- € genergtlon fre.quency.. . . .
lation of the light-hole subband, different shift and heating of T_h_e aim of this work is to mvestlggte theoret_lcally the

. e . N conditions for OPTTR maser effects in GaN. Since these
t_he light and heavy holed. HH), '”?p“r_'ty scattermg m_the effects are caused by a quasiballistic heating of carriers un-
light-hole subbz?\nd, Landau qugnh;aﬂon, j'é‘tt:.or. this kind . der strongly nonequilibrium conditions, the theoretical analy-
qf THz generation, the hot-carrier mteracﬂqn with the ra\dla.-siS is carried out by using a MC method, which is known to
tion ha}s a pronounced resopant charactgr |n.herent to Car,”ﬁ'?ovide a complete microscopic picture of carrier transport
transitions between energetic states. This yields generatlotgkmg into account details of the band structure, scattering
lines which are sufficiently narrow, and the possibility t0 nechanisms, etc. Moreover, when considering hot-carrier ef-
control the generation frequency through external fields. Thegcts in bulk materials subjected to constant or periodic elec-
energy spectrum of the transitions, and hence of the stimuyic fields, a single-particle procedure is usually sufficient if
lated radiation, can be additionally controlled in different space-charge effects can be neglected. This is the case of
ways through changing the field orientation in warped va+ot-carrier lasers and masers, where the MC method is
lence band, the uniaxial stress, and the Landau quantizatiosdely used and generally found to provide a good agree-
At present, following the aforementioned ideas, the LHHment with experimental daf4-2?
laser with a continuous tuning of the generation frequency in  The article is organized as follows. A qualitative de-
the 1-4 THz range has been realiZ&dt should be under- scription of the physics involved and the conditions neces-
lined that, due to the dispersion of the hole energy spectrunsary for the OPTTR is carried out in Sec. Il. The MC proce-
population inversion of the LHH transitions persists up todure used to calculate the differential mobility spectrum
very low frequencies. However, the so-called Drude absorpunder hot electron conditions is described in Sec. Ill. Section
tion, i.e., radiation absorption by free carriers due to scattertV presents the numerical results of the linear response
ing events, inherent to this kind of devices completely dampanalysis based on the simulations. The results of the nonlin-
ens power generation at frequencies below 1 ¥Hz. ear analysis are presented in Sec. V. Finally, the main con-

The development of THz lasers demonstrates certain adslusions are drawn in Sec. VI.
vantages of the second approach over the first approach. The
idea of realizing a hot-carrier maser can be considered as a
combination of the above two approaches. In the case df- GENERAL CONDITIONS FOR OPTTR
hot-carrier maser, similar to the THz laser, generation is 0b- | et us consider in some detail the physical conditions
tained in the bulk semiconductor when the medium is activgeading to OPTTR. Due to the threshold characteristic of the
and can amplify propagating electromagnetic waves. Howoptical phonon emission in bulk semiconductors at low lat-
ever, the hot-carrier maser amplification, similar to that intice temperatures, the momentum space is conveniently sub-
the Gunn device is caused by a dynamic negative differentiadivided into two regions characterized by Idpassivé and
conductivity (DNDC) appearing in a narrow region of the high (active) intensities of carrier scattering. This situation is
high-frequency spectrur(see, for example, the transit-time illustrated in Fig. 1, where the energy dependence of the
resonance of hot electrons in momentum spac®the cy- main scattering rates in wurtzite GaN calculated at a lattice
clotron resonance of holes with negative effective masstemperature off;=10K and with an ionized impurity con-
etc)?1?? Usually, DNDC is related to the occurrence of bal- centration ofNp=10"*cm~2 is shown. For acoustic and po-
listic carrier motion in some region of momentum space andar optical phonon scatterings the standard expressions are
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FIG. 1. Scattering rates in wurtzite GaNTf=10 K andNp=10*cm 3 as ESIGN 2. Sctz)alttegngGra’zesl c’i\rlth;)Apolflrporggﬁl pho(;](irlll e“."(';s'onl'” wurtzite
a function of carrier energy. Curves 1-4 correspond, respectively, to the aN, zinc blende al, Ini, S, Ik, e an -Gitves 1-Tas

scattering rates of total, impurity, polar optical phonon emission, and acous? function of squared wave vector B§=10 K.
tic phonon.

The condition ofrg> 7" implies that the penetration into the

3 ) ) active region is sufficiently small so that, after an optical
used:” Note that due to the high value of the optical phonong mission, the carrier comes back near the center of the pas-
energy i wo=92meV, Pelng proportlgnal to thg occupation gjye region, creating a sufficiently compact distributidime
factor[exp(iwo/KT)—1]"", the probability of optical phonon g, cajjed sourde The condition ofre<7~ implies that, un-
absorption is practically negligible up to liquid nitrogen tem- jer the action of the electric fiel,, the source crosses the
peratures. The scattering rate by ionized impurity is calcut,omentum space up to the boundary of the active region
lated in the momentum relaxation time approximation of théymost in the absence of scatterings. These conditions are
Conwell-Weiskopf approach, and as is well-known it de-qnyenjently rewritten in terms of lower and upper limits for
creases sharply with increasing electron ener(gesve 2. the electric field magnitude as
Accordingly, impurity scattering at low and intermediate
doping levels occurs essentially at small values of electron &<E< Po @)
momentum. er” er’

In the passive region, where the carrier enesgp) is . e
: . As Ty and/orNp increase, the characteristic time as well
less than that of the optical phondiw,, optical phonon 0 D! ISte i W

emission is absent and only weak elastic scatterings causéal(? the difference betweerr andr" decrease. This leads to
y 9 & deterioration of the streaming conditions. Therefore mate-

by a_coust|c phonons and |mpur|t_y lons are pOS.S'bI.e' The "Nials with shortr* (i.e., with high upper limit for the electric
tensity of the momentum relaxation in this region is conve-.

: . . field strength are preferred.
niently characterized by an average relaxation rafe

_ by th di | S Figure 2 presents the scattering rate of optical phonon
= Vimp't Vac OF DY T € corresponaing average re axation tlmeemission for electronic wurtzite GaN, zinc blende GaN, InN
7~ =1/v". In the active region, where(p)>#f wg, the op- ’ ’ ’

tical phonon emission with a characteristic timé <7~ GaAs, InP, CdTe, and 4H-SiCurves 1-7as a function of

. : . he square of wave vector. It is evident that the conditions for
plays a dominant role in the relaxation of both energy anc} 9

o . : : streaming are superior in GaN than in other mater(aiish
momentum. Within a simple spherical and parabolic bandthe exception of SiC

the bqundary betwe*e n pa?/szlve and act_lve regions is a sphere When conditiong1) and(2) are satisfied, a carrier in the
of radiuspy= (2mgm* i wg) <, wheremy is the free electron . ,
momentum space takes the well-known cyclic motion char-

mass andm* the effective mass of carrier. The threshold . N .
- . o .~ acterized byrg. The smaller the penetration into the active
characteristic of the optical phonon emission rate determines__ . . . . .
. : . . region is the closer the carrier moves to the cyclic trajectory.
most features of carrier heating in applied external

fields 14:24-28 Such a cyclic motion is responsible for a number of effects,
’ - . . including transient velocity oscillations in a nonstationary
When a constant electric field, is applied to a bulk 9 o ) . .
! : T " state?® oscillations of the correlation function of velocity
semiconductor, the formation of a distribution function

. L fluctuations and corresponding sharp peak of the spectral
strongly elongated along the field directigthe so-called density of velocity fluctuations at the transit time frequency,

streaming and the appearance of a cyclic dynamics for thesz 1/7¢, in a stationary stat®°3%tc. In particular, these
single-carrier motion in momentum space are possible. For

. _34 . _
the streaming to be formed, the time of a ballistic free flightCondltlons were fo.urfd to_favpr the onset Of high
. . . frequency NDM which can arise in frequency regions near
for a carrier moving from the centrum of the optical phonon

. - . the resonant frequencies corresponding to the fundamental
sphere up to its boundaryie=po/eEy, must satisfy the and higher harmonics ofg. For this reason, we introduce

following conditions: the dynamic NDM(DNDM) in contrast to the static NDM of
TT<Te<<7. (1 the standard Gunn effect. The DNDM is associated with a
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modulation of the carrier distribution in the neighborhood of steady-state distribution function needed to calculate the lin-
the cyclic trajectory. Such a modulation can result from bothear response function of the longitudinal drift velocity in
carrier penetration into the active region and weak scatteringccordance with Eq4).

in the passive regioft=*In the latter case, the scattering The substitution of Eq(5) into Eq. (4) gives the longi-
mechanisms whose intensity decreases with the increase tfdinal linear response function expression:

carrier energy inside the passive regi@ng., impurity scat-

tering, see curve 2 in Fig.)Jare the most favorable for the K(S)= if (0(p,5))pl @b(P) — @a(p) 1dp. (8)
NDM to appear. ek

To use Eq(8) in the MC method, it is necessary to proceed
IIl. MONTE CARLO CALCULATIONS OF with time averaging along the simulated trajectg(t). In
DIFFERENTIAL MOBILITY SPECTRUM the framework of the single-particle procedure the simulated

trajectory consists of a sequence of carrier free flights inter-

The most comprehensive approach to calculate the difyhted by scattering events. The flights in momentum space
ferential mobility spectrum of hot carriers in bulk semicon-

. ) are described by the motion equatipr eE, and simulate
ductors is based on the linear response formulafidfLet a

) v the field term of the Boltzmann transport equation. Each
constant homogeneous electric fidtg be applied in thex flight starts from some poin, in momentum space where

direction. The differential mobility in the longitudinal direc- ¢ carrier appeared after the last scattering event. Each flight
tion () at cyclic frequency=2f is then obtained by  terminates in some poim,, where the next scattering event
Fourier transforming the linear response function of the 10Ny, es place. The scattering transfers the carrier into another
gitudinal drift velocity Ky(s) as point p.; of momentum space from which the next free-flight
% starts. The whole set gj, points corresponding to all free
Mxx(w):efo Kxx(s)exp(—iws)ds. (3 flights of the random trajectorp(t) simulates the before-
scattering ensembley(p). Accordingly, the whole set g,

In turn, the linear response function can be written in thepoints simulates the after-scattering ensemb|ép).

form of*>3° In the framework of MC simulations, the averaging of
P the probable velocity over a carrier ensemble with a given
Kyux(S)= —f (vx(p,s))pwfo(p)dp. (4)  distribution ¢(p) is equivalent to the transient drift velocity
X

calculation by an ensemble MC method, whichsatO is
Heree is the electron chargd,(p) the hot-electron distri- distributed in accordance with a given functip(p). For the
bution function in steady state, afd,(p,s))p the condi- a-ensemble such an approach is fully consistent with the
tional longitudinal velocity of an electron at time moment single-particle MC simulation, since a set of single-carrier
with the electron at poinp at s=0. subhistories which start immediately after each scattering
The advantage of this formulation is that the gradient inevent can be considered as the necessary set of separate car-

momentum space of the distribution function in Eg), rier histories in the ensemble averaging. Therefore the linear
which is usually unknown for hot electron conditions, can beresponse function term corresponding to #sensemble can
easily represented in terms of before- and after-scatteringe written as

ensembles by rewriting the steady-state Boltzmann transport . N
equation in the form of K2 (s)= BT v (ti+9), 9)

afo =

3_pX= a[‘Pa(p)_‘Pb(p)]’ ) wheret; corresponds to the time moments of the scattering
where events,T is the total time of the simulated trajectop(t),

andN is the total number of the scattering events occurred in
, L the time intervalO, T].
(Pa(p):f W(p,p")fo(p")dp (6) Direct substitution of Eq(7) into Eq. (8) gives for the

q b-component of the linear response function the expression
an

1
ep(p)=v(p)fo(p) (7) KSX(S):EJ (vx(p,s))pr(p)fo(p)dp. (10)

are the after- and before-scattering ensembles, respective
henceforth shortly denoted & and b-ensembles. Here
W(p,p’) is the probability per unit time for a carrier to be
scattered from stat@’ into statep due to all scattering
mechanisms acting independently, and v(p) 1 T
= [W(p',p)dp’ the corresponding integrated scattering rate. ~ Ki(S)= mf v[p(t—s)]v,[p(t)]dt. (11)
Let us recall, that th@-ensemble gives the carrier distribu- s

tion immediately after scattering, and theensemble corre- This means that the total simulated trajectdoy history)
sponds to the carrier distribution just before scattering. Thup(t) of a trial particle contains the subhistories, which form
in such a form the collision term of the Boltzmann equationthe b-ensemble history, in implicit form. The time depen-
determines completely the longitudinal gradient of thedence of the carrier velocity] p(t)] determined at any time

I

¥his expression coincides in form with the general definition
of the correlation function of dynamic quantities and can be
rewritten in terms of time averaging in the usual form as
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momentt and multiplied by the initial value of the total
scattering rater(p) can be considered as a subhistory of the
b-ensemble. Thus quite different algorithms are required to
calculate thea- and b-components of the linear response
function in this case.

Using the mean time of free flight, Eq®), (9), and(11) g
are conveniently rewritten in the following way where each ‘%
term has a clear physical meaning: -
1 £
Kxx(s):m[(vx(s»b_(l)x(s))a]’ (12 %;‘
where
(n) (T
(M= | vTpit-s) o [p(t)ot 13 0 L Z 30
s s (ps)
and FIG. 3. Time dependences of the longitudinal velocities averaged over the
N before- and after-scattering ensembles(s) ), and(v,(s)). (curves 1 and
_ 2, respectively, calculated by the single-carrier MC procedure for wurtzite
<UX(S)>3_N 21 vx(tits) (14 GaN at Eg=1.2kV/icm, T;=10K, Np=2x10%cm 3. Curve 3 shows

the detailed initial stage of the relaxation @f,(s) ), by using a time scale
are the probable velocities for tHe and a-ensembles, re- 100 times shorter than curves 1 and 2.
spectively(7)=T/N is the mean time of free flight, and the

quantity e Ex{ 7)=(p)o can be considered as the mean free ) ) o )
path in momentum space. consists of electrons which are emitting optical phonons. Ac-

cordingly, the a-ensemble consists primarily of electrons
IV. LINEAR ANALYSIS (SMALL-SIGNAL RESPONSE ) which have just em|tt(_ad optu;al phonons a}nd is located near
the center of the passive region slightly shifted towards posi-

The MC procedure described above is applied to calcutive values along the axis due to the forward characteristic
late the longitudinal differential mobility spectra in bulk zinc of the optical phonon emission.

blende and wurtzite GaN. The parameters of the band mod- Figure 3 shows the time dependences of the electron

els are taken from Refs. 37 and 38. The scattering mechge|ocity averaged over the andb-ensembles(v,(s)), and
nism from ionized impurities has been numerically opti-(y, (s)),, respectively. Starting from a small positive value,
mized to shorten the CPU time associated with the large, (s)), corresponds to the average velocity of electrons just
number of small angle scatterings. Moreover, due to the esgfter scatterings and goes to dampened oscillations around
sential role played by impurity scattering, three models ofihe steady value ofv,),. Starting from a sufficiently high
screening have been checked, namely: Conwell-Weiskop{sg|ue, (vy(s))p corresponds to the main location of the
Brooks—Herring with the lattice temperature, and Brooks—-ensemble at the beginning of the active region. Due to the

Herring with the electron temperature determined by the avyery quick emission of optical phonons in the active region,
erage energy of electrons. At low doping leveldly(

<10"%cm3) all three models give the same result in a wide
range of electric fields where runway from low-energy im- s (102 ps)
purity scattering already takes place. With the increase of
doping level, the most severe restrictions for the onset of
OPTTR conditions are found in the Conwell-Weiskopf ap-
proximation. Therefore we present below only numerical re-
sults obtained under this approximation, since other models
of screening will lead only to improve OPTTR conditions.
For time averaging in accordance with Eq$3) and (14),
usually a time interval off=2X10° ps is used. The main
steps of the procedure are illustrated in Figs. 3—5 for wurtzite
GaN with Np=2x10%cm 2 at T,=10K. To better illus-
trate the features related to the dynamic characteristics of the
carrier motion, this set of figures present the results calcu-
lated at a relatively small value of the electric field, namely,
Eo=1.2kVicm. Here, carrier runaway from the intensive s (ps)
impurity scattering at low energies already takes place, but
penetration into the active region is still small so that most off!G. 4. Linear response function of the longitudinal velodty,(s) (curve
the carrier trajectories in the passive region are close to thgl clculated by using Eq12) and the time-dependent velocifiés,(s))s

. . . . and(v,(s))a presented in Fig. 3. Curve 2 shows the detailed initial stage of
cyclic trajectory. Under these conditions tbheensemble is

! y ] ) ) ! the relaxation ofK,,(s) by using a time scale 100 times shorter than
mainly located in the active region just after its boundary ancturve 1.

20 30

K, (s) (myh)

20 30
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FIG. 5. Real part of differential mobility spectrum calculated by Fourier FIG. 6. Real part of the differential mobility at a frequency of 1 THz as a

transform of the linear response function of the longitudinal velocity pre-function of the static electric field strength for wurtzite GaN B

sented in Fig. 4. Negative values of[RRg correspond to the first and second =10k, Np=10%cm3 calculated by usingfi) the average over before-

amplification bands. and after-scattering ensemblesirve 3 and(ii) the direct velocity response
to the MW electric field with an amplitude of 0.2 kV/cieurve 2 and 3
kV/cm (curve 3.

(vy(s)), merges abruptly down to values corresponding to
the a-ensemble. The stage of the initial rapid decrease of
(v4(S))p is shown in Fig. 3 by curve 3 which is plotted using sonably high values. Such a behavior of the amplication and
a time scale 100 times shorter than that of curves 1 and Zbsorption spectra are preferable to achieving a single-mode
After the initial stage{v,(s)), also shows dampened oscil- generation. One can also distinguish the minima dfuRe) |
lations around the stationary velocity. The damping of theat the third and the forth harmonics, however, their magni-
oscillations of thea- and b-ensemble averaged velocities is tude is insufficient to determine negative values of the dif-
connected with the gradual loss of coherence of the cycliéerential mobility.
motion. This loss is caused by both the random scattering From the experimental point of view, it is often easier to
events in the passive region and the random penetrations infix a frequency(e.g., by taking a selective detector with
the active region. The two velocities approach the steadymaximum sensitivity in a very narrow frequency range
state drift velocity(v,), independent of each other. This investigate the absorptiofor amplification) of the MW ra-
guarantees that the linear response function, which in accodiation as a function of the constant electric field applied to
dance with Eq(12) is proportional to the difference between the sample. In this case, the resonant characteristic of the
the above two velocities, tends to zero at lang DNDM also manifests itself as a series of resonant peaks and
The linear response function of the longitudinal drift ve- minima. This behavior is illustrated in Fig. 6, which presents
locity K,,(s) is presented in Fig. 4. This function starts from the field dependence of the real part of the differential mo-
the value of the reciprocal effective massni/ and de- bility at a frequency off =1 THz calculated al ;= 10K for
creases abruptly due to the fall of thecomponent. Again, wurtzite GaN withNp=10cm™2 (curve 1. Again, ampli-
this initial stage is shown more explicitly by curve 2 which is fication is achieved in a narrow range of electric field. To
plotted using a time scale 100 times shorter than the maioheck the accuracy of the differential mobility calculations
one. After the initial fast relaxatiork ,,(s) exhibits damped and to illustrate the change in amplification at large MW
oscillations aroud zero with a periag~4 ps corresponding field amplitudes, curves 2 and 3 show[R¢ calculated di-
to a transit-time frequencyg= 1/7¢ of about 250 GHz. Fig- rectly from the velocity response to a harmonic MW field
ure 4 clearly indicates the presence of some delay time bewith an amplitude o ,=0.2 and 3 kV/cm, respectively. At
fore the starting of the damped oscillations. This implies asmall amplitudes the differential mobility calculated by the
certain phase shift of the oscillations and leads to an anomadwo procedures practically coincidésurve 2. At large am-
lous resonant behavior of the longitudinal differential mobil- plitudes the mobility decreases monotonously in the whole
ity which exhibits a series of minima at the transit-time fre- amplification band and the amplification region becomes nar-
quency and its higher harmoni¢tsee Fig. 5. For the case of rower (see the next section for a more detailed discussion
the relatively small penetration presented in Figs. 3—5, theoncerning nonlinear effegts
DNDM appears in the high-frequency region of the funda-  Figure 7 summarizes the field dependence of the maxi-
mental transit-time resonance and its second harmonic whicmum negative value of Rg] for the first and second ampli-
correspond to the first and second amplification bands. Dufication bands for the zinc blende GaN sample wNR
to the resonant characteristics of the DNDM, each band is= 10™cm™2 (curves 1 and 2 in the lower part of the figure
sufficiently narrow. The maximum values of the DNDM cor- and the amplification range for these bafdsgions limited
respond to the optimal amplification frequencfgs in each by curves 4-7 which show the lowéd,6) and uppen(5,7)
band. Outside the amplification band, the positive differentiaboundaries for the first4,5 and second6,7) bands in the
mobility, and hence the absorption coefficient, exhibit rea-upper part of the figude At low doping levels Np
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FIG. 7. Maximum values of the DNDM in the first and second amplification FIG. 8. Maximum values of the DNDM as a function of the optimal ampli-
bands(curves 1 and Pas well as lowefcurves 4 and and upper(curves fication frequencyf ., for zinc blende(curves 1, 3 and wurtzite(curves 2,

5 and 7 frequency limits of the amplification for the firgturves 4 and b 4) GaN samples witiNp=10cm™2 at T,=10 (curves 1, 2 and 80 K
and secondcurves 6 and Jbands calculated for zinc blende GaN as a (curves 3, 4.

function of the electric fieldE, at Ty=10 K andNp=10'°cm™3. The varia-
tion of the maximum value of the DNDM in the first amplification band with
the increase in the doping level is illustrated by curve 3 calculated dor

=10K andNp=10"cm™>. Analogous results are obtained for the wurtzite GaN.

Due to the higher value of the effective mass‘(=0.2) with

respect to that of zinc blende Gahnt =0.15) the corre-

sponding curves are slightly shiftédy about 20%to higher

field regions. Nevertheless, the dependence of the maximum

value of the DNDM upon the optimal amplification fre-
uencyf o, is quite similar in both cases as illustrated in Fig.

<10%cm™3) the negative values of Re(f)] appear at suf-
ficiently low electric fieldsEy~200 V/cm and quickly reach
the maximum values of the DNDM & ,~400V/cm. The

appearance and rapid growth of the DNDM s connecte . Here curves 1 and 2 are calculatedTgt= 10K for zinc

with the electron runaway from the low-energy region doml_blende and wurtzite GaN samples witlip = 10%cm 2.

nated_ by |m_pur|_ty scattering and the fo_rmatlon of a needle-CurveS 3 and 4 correspond to the same sampledat
like distribution in momentum space. With a further increase”

. ) . =80K. With the increase off; we observe that(i) the
In B, the maximum value of the DNDM decreases aPProXi o quency range of possible amplifications becomes nar-
mately as 1, and finally the DNDM disappears &, g y 9 P P

~10kV/cm due to a significant penetration of carriers into' " er because of the narrowing of the electric field range

the active region, which destroys the coherence of successi\\/'(vahiCh satisfies the conditions given by E¢8) and(2), and
glon, y (I1) the maximum values of the DNDM decreases. Neverthe-

free flights. Th.e Second ampl_ification bapd e.xists only fpr Jess amplification in the THz frequency range remains even
smgll penetration into the ac'tlve region, 1.€., in the.lc.)W'f.'eldat témperatures as high as around liquid nitrogen tempera-
region (curve 3. Both the first and second amplification ture. This is very important for many potential applications.

bar_lds are very n_arromsee curves 4, 5 and_ 6),7and the : The investigation of the dependence of the amplification
optimal amplification frequency corresponding to the maxi- - : ; : L
coefficient(gain) upon the doping level is of special interest

mum value of the DNDM in the band increases almost lin- . .

. . . : and is presented below. In the region of DNDM the small-
early with Ey, in full agreement with the expectation based . o e - )

. . oo signal gain(i.e., the amplification coefficient in the absence
on the simple expression for the transit-time resonance fre- . 39
. i . of generation processan be calculated &

qguency given byvg=eEy,/py. As evidenced by curves 4
and 5, at low doping levels, the amplification covers practi- e
cally both millimeter and submillimeter wavelength ranges  ao(f,n)=—Re u(f )]n—\/_, (15
due to the appearance of the DNDM over a rather wide range Ceove
of the electric field. With the increase of the doping levelwheren is the free-carrier concentratioathe light velocity
and, hence, the increase of the low-energy impurity scattein vacuum, ey the permittivity of vacuum, and the static
ing intensity, the threshold field for the onset of DNDM is dielectric constant of the material. We notice that DNDM
shifted to higher valuegsee curve 3 which presents the depends crucially on carrier concentration. Therefore in-
maximum value of the DNDM in the first amplification band creasing doping concentration should increase the gain.
calculated foNp=10*cm™3) due to the increase af  in However, increasing doping concentration also decreases the
the right-hand side of Eq.l). After the runaway from the value of —Rd u(f)]. The competition of these two opposite
impurity scattering has taken place, the curves for low andffects implies the existence of an optimum range of doping
high impurity concentrations practically coincide, since fur-level where the gain is maximum. This observation is con-
ther restrictions are primarily related to carrier penetrationfirmed by our simulation results shown in Fig. 9, which pre-
into the active region, and are similar for both low and highsents the gain and the DNDM maximum values in the upper
impurity concentration cases. and lower parts of the figure, respectively, as a function of
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- upon its generalized characteristics. Among the important
"2 parameters are the coupling coefficient of the active medium
o 1 1 with the external free spacE, and the coefficient of internal

= losses inside the resonatdr, The internal losses are actually

8 external losses with respect to the hot-carrier system. For

0 M example, in the case radiation absorption by the crystal lat-
-~ tice, diffractive losses are external with respect to the hot-
—.-: carrier system.
g -1 . Let us suppose, for simplicity, that the only mode with a
5 homogeneous distribution of the radiation energy derlsity

— is excited inside the resonator. Its amplification is described

% 2 . e by the dynamic coefficient of amplificatiofthe dynamic
% o1 1 10 gain:**3°

16 -3
n (10" cm™) \/; P.(U)
FIG. 9. Real part of differential mobilitylower curve$ and gain(upper ag(U)=— ? u (16)

curveg as a function of electron concentration in wurtzite GaNTat
=10K for f=0.25, 0.5, 1, and 1.5 THEurves 1-J and atT,=80 K for

whereP ,(U) is the generated radiation power density. No-
f=1 THz (curve 5.

tice that Eq.(16) is general and holds true for both classical
and quantum descriptions of radiation. In the framework of
at four fixed frequencies of=0.25, 0.5, 1, and 1.5 THz the classical description the radiation energy denisitgan
(curves 1-# at T,=10K. To see the effect of increased be written a§**°

temperature, curve 5 shows the results calculated ffor 1 (T

=1THz atT,=80K. It is seen that both the gain and the szof—f “[E,(1)|2dt, (17)
DNDM persist at temperatures up to liquid nitrogen tempera- Ty Jo

ture although their magnitudes are reduced. As can be see
in Fig. 9, the possible maximum gain remains at about the.
same level around=100-150 cm* over a wide frequency ield. . ) o

range. However, the optimum doping level strongly depends The stability of the generation process implies that all

on frequency and differs by as large as one order of rnagnir_ad|at|on losses dug to power dissipation inside the system
tude. (e.g., power extraction outside the resonator as an output

power, etc). are fully compensated by radiation amplification
V. NONLINEAR ANALYSIS (LARGE-SIGNAL due'to DNDI\'/I'inside the system. Therefore under stable gen-
RESPONSE) eration con_dm(_)ns the dynamic gairy takes a value ofy, _

=I"+ A which is equal to the coefficient of the net losses in

In the previous section we have proved that GaNa resonator, i.eqq(U)=ca, . The simulation of the nonlin-

samples can be an active medium for THz frequency ampliear response allows us to obtain the functigp(U) and to
fication under OPTTR conditions. To achieve THz generacalculateay(U) in accordance with Eq16). Then, by elimi-
tion it is necessary to put the active medium into a resonatofiatingU from P_,(U) anday4(U), that is, by expressing,,
system which must satisfy some conditions. The general situgs a function ofxy, one obtains the dependence of the out-

ation can be qualitatively described as follows. In the presput power for the OPTTR maser on the generalized param-
ence of DNDM, an external resonant system will lead to thesters of the resonator:

onset and increase of MW oscillations accompanied with an
increase in the field amplitude &f, inside the sample. In the
initial stage this increase will be accompanied with an in-
crease in the MW powelP, which, under small-signal con-
ditions, is proportional to F{ﬂw]Ef,- However, a consider- 10 calculateP ,(U) from the MC simulation, it is necessary
able increase i, will result in a decrease in the differential t0 take into account the action of the resonant radiation ac-
mobility and the associated dynamical gain. Finally, thecumulated in the crystal volume on the dynamic motion and
complete disappearance of the amplification effect will takelhe heating of electrons. Hence it is sufficient to introduce
place when both the gain and the generated power will gghe MW electric field of the amplified modeE,(t)
down to zero. Therefore it becomes mandatory to choose the REE. exp(et)] directly into the equation of motion
resonator characteristics and the output of the power genebx(t) =€Eq+eE; cosft), which describes the free flight of
ated by the sample in such a way so as to provide the max@ trial particle in momentum space. During the simulation of
mum generated power inside the sample. The investigatiof random trajectory for the single-partigtg the time sam-

of the conditions needed to obtain the maximum generateBling of the average drift velocity is determined by averaging
power and/or the maximum efficiency of THz power genera-Over a large numbe of MW electric field periods

tion is one of the main tasks of nonlinear response analysis. L M-t

To undertake this task, it is necessary to know the depen- _ _

dence of the generated power at the output of a resonator (v () M i=20 Ox(Prosimi) 19

r]”lere T,=2mlw=1/f is the period of the MW electric

Pout= P (18

WA
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<v(s)> (10° m/s)
E, () (arb. units)
f(k,) (arb. units)

s (ps) k.. (106 cm'l)

FIG. 10. Velocity response within a period of the MW electric field at a FIG. 11. Instantaneous profiles of the hot-carrier distribution function cal-
frequency off = 0.5 THz calculated in wurtzite GaN for different amplitudes culated in wurtzite GaN at different time moments within a period of the
of the MW field E: 0.5, 1, 1.5, 2, 2.5, and 2.7 kV/cKeurves 1§ with MW field. Curves 1-8 correspond to the phaser/4(m=1,2,...,8) of a
Np=1X10"cm 3 at T,= 10 K. Variations of the MW field are schemati- sinusoidal MW field. Other parameters amp,=1x10%cm™3 T,
cally shown by curve 7. =10K, E,=2.25kV/cm, E2=1.8kV/cm, andf=0.5 THz.

where s belongs to the time interval ©s<T,. The total center of the passive region, its further motion across the
power density generated by all carriers is then calculate@assive region, and disappearance in the active region.
from its definition as the product of conduction current and  Figure 12 summarizes the results of the field dependence

applied MW field averaged over the period of oscillation: ~of the power generated by a single carrier in a wurtzite GaN
sample withNp=1x10%cm 2 at T,=10K as calculated at

frequencies off =0.25, 0.5, 1, and 1.5 THz with, respec-
tively, the static electric fields dy=1.2, 2.25, 4.3, and 6.35

) ) o ] ) kV/cm. Each field corresponds to the maximum value of the
According to its definitionP,, takes negative values in the oqaive differential mobility at the given frequency. At low
region of generation and, therefore, the power generated ifgy field amplitudes, the generated power increases first as
side the active semiconductor can be giverPgg=—P,,. IE|2, then reaches the maximum values Whﬁf,

The procedure described above is used to simulate the 8.7—0.%0 and finally decreases to zero whEﬂ reaches
nonlinear behawor_ of a THz maser based on QPTTR. TCl—l.ZEO at each given frequency. Correspondingly, the dy-
calculate the velocity response in accordance with (E@), 5 mica| gain is first aimost constant and then monotonously
averages of the MW field over 25810° periods are typi-  jecreases to zero. The high values of the optimum amplitude

cally used. As an example, Fig. 10 %hQWS the velocity rew the Mw field lead, in turn, to reasonably high values of
sponse to the electric field(t) =Eq+E,, sin(wt) calculated

at f=05THz for a wurtzite GaN sample withNp
=10*cm 3 andT,=10K. In accordance with the results of
the linear analysis, we choose a constant electric figjd
=2.25kV/cm which corresponds to an optimal amplification
frequency of about 0.5 THz. Curves 1-6 correspond, respec-
tively, to E=0.5, 1, 1.5, 2, 2.5, and 2.7 kV/cm. The varia-
tion of the electric field is shown schematically by curve 7. It
is evident that, at least for small amplitudes of the MW field,
the main variation of velocity during the MW period is in
guadrature with the variation of the electric field. With the
increase of the MW field amplitude, the velocity response
also increases, but its phase shift with respect to the MW
field decreases. This is because of a carrier dynamic bunch-
ing in momentum space under resonant interaction at low
and intermediate MW field amplitud®s(similar to that ob-
served in Refs. 26—28and its destruction at high ampli- EO(D (kV/cm)
tudes. This is illustrated by the time evolution of the hot-
carrier distribution functionf(kx,t) during a period of the FIG. 12. Power generated gt the fundgmental freque_nciésOfZS: 0.5,1,
. . . and 1.5 THz(curves 1-4 with, respectively, the static electric fieldEgf
MW field presented in Fig. 11. The order numbewof each =1.2,2.25, 4.3, and 6.35 kV/gnas a function of the amplitude of the MW
curve corresponds to a field phasenofr/4. Quite evident in  fieid calculated in wurtzite GaN with a doping level N =1x 101 cm™3
Fig. 11 are the formation of the electron bunching in theatT,=10K.

_en To
P‘”_T_wfo (v(s))E,(s)ds. (20)

7T T

i
!
!
!
!
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-

P (10® eV/s)
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time resonance and carrier bunching. For this reason, the
generated power decreases and finally vanisheg &t0.

Figure 14 presents the generation efficiency for the same
sample and frequencies of Figs. 12 and 13. During the gen-
eration, the average velocity is practically unchanged and
merely exhibits a slight increagep to 1% to 2% with the
increase oE?u (see Fig. 1D Therefore the maximum values
of the efficiency are reached together with the optimum val-
ues of the dynamical gain corresponding to the maximum
generated power. For the doping level f=10*%cm™3,
see Figs. 12 to 14, the efficiency decreases with the increase
in frequency above about 0.5 THgee curves 2—4 in Fig.
14). This result is associated primarily with the increase of
the Joule losses due to the increase in the static electric field
Ey. As follows from Figs. 12—14, the chosen impurity con-
centrationNp=10"®cm™2 is optimal for power generation at
around 0.5 THz, in good agreement with the estimates made
by the linear analysi¢see Fig. 9. Notice that for the same
sample the generation can be achieved in a rather wide fre-
quency range of =0.25—-1.5THz, which is also in a good

. - agreement with the data shown in Fig. 9. For generation
Fhe generated power and the generation efficiency, as Sho"‘fquuencies less than 0.5 THz, doping levels less tNgn
in Figs. 13 and 14 where data are recalculated from that 45163 gre preferable. Correspondingly, for generation

presented in Fig. 12. ) at 1 THz and above the optimum impurity concentration is
Figure 13 shows the generated power denBiy, as a aboutNp=(2-4)x 10%cm 3, as is also predicted by the
function of the net loss coefficient in the resonant systenyinaar analysis.

a . Let us recall that for a stable generation the dynamical

gain must exactly compensate all losses due to power extrac-

tion, parasitic, etc., i.e.¢q=« . Thus if @, exceeds the VI. CONCLUSIONS

static gain given by the linear theory then any stable genera- . ) ) .

tion is absent. Therefore with the decreaseagf at each Both linear and nonlinear studies of the optical phonon
given frequency the generation starts from the values of thfansittime resonanc€OPTTR have been carried out at
static gain given in Fig. 9. With a further decrease of the nefémperatures up to 80 K in bulk zinc blende and wurtzite

losses, the power increases and reaches a maximum value@@N- Results show that GaN is a promising material for THz
the optimum amplitude of the MW field. As follows from POWer generation. It should be underlined that the instability

Fig. 13, this optimum value is achieved when the dynamicaponsidered above is not reI_ateq with any spa_ce—charge effects
gain is less than its static value by about a factor of 2. with@nd corresponds to amplification or generation of the trans-
a further decrease of, , the amplitude of the MW field verse electromagnetic waves propagating in a homogeneous

increases so considerably that it would destroy the transi@Ctive medium. In such a case, generation is usually achieved
experimentally in bulk samples whose dimensions in the di-

rection of wave propagation are greater than the wavelength
of generated radiation. In so doing, the role of a resonant
system is often played by the sample surfaces perpendicular
s « 2 to the direction of wave propagatidf>?%?Since the fre-
"""""""" quency range of the GaN OPTTR maser amplification is
similar to that of the inter-valence-band germanium Faser
15+ i, 5 . one can expect that in the THz region the optimal sizes of a
sample and the kind of the resonant system can be similar to
those of thep-Ge THz laser working at the same frequency.
Moreover, due to a high value of the amplification coeffi-

oy, (cm‘l)

FIG. 13. Power density generated at the fundamental frequencids of
=0.25, 0.5, 1, and 1.5 TH@urves 1-4inside a resonator as a function of
the coefficient of total losses inside the resonaigr, calculated in wurtzite
GaN with a doping level oNp=1x10"cm 2 at T,=10K.

2.5 T T

FIG. 14. Efficiency of the power generation at the fundamental frequencies
of f=0.25, 0.5, 1, and 1.5 THEurves 1-4inside a resonator as a function
of the coefficient of total losses inside the resonater, calculated in

0.5

efficiency (percents)

o (cm'l)

wurtzite GaN with a doping level dilp=1Xx10cm™3 at T,=10K.

cient, the sample sizes of the GaN OPTTR maser can be
additionally decreased. By comparing the characteristics of
power generation identified in this investigation with those
of similar devices experimentally realized up-to-date,
namely, the 0.04-0.33 THz negative mass cyclotron reso-
nance masét and the 1-4 THz inter-valence-band germa-
nium lasert**°the OPTTR GaN maser offers the following
advantagedi) a wider tuning range of working temperatures
also including the liquid nitrogen temperatu@) a much
higher value of the maximum amplification coeffici€d00
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