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The time-domain formulation of the transfer-impedance method is developed to calculate the

impedance field of two-terminal semiconductor structures. The voltage noise spectrum associated
with velocity fluctuations is then calculated for overmicron and submioronn® GaAs diodes in

the framework of a closed hydrodynamic approach based on the velocity and energy conservation
equations. Transit-time effects are found to influence substantially the noise spectrum in a wide

frequency range above 10 GHz. The good agreement found with Monte Carlo simulations validates
the proposed theoretical approach. 1©98 American Institute of Physics.
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I. INTRODUCTION promises in producing advanced structures do not necessarily
) o . . . lead to an adequate improvement of the transport and noise
Advances in communication and information process'”%erformances which are of importance for small-signal data

increasingly depend on the improvement of sensitivity andyocessing. Due to these reasons, a theoretical analysis aim-

oper_atlon speed of microwave devices based on varloui?‘]g at predicting the noise characteristics of the device per-
semiconductor homostructures and heterostructures. For t

. ) . _ Srmances is a mandatory issue in the research and develop-
sake, as guide lines of modern solid-state electronics, thﬁ]ent of advanced semiconductor structifres

following trends are emerged in recenF yehfe:dow!jsmmg At present, two basic approaches are used to calculate
towards the submicron and nanometric scale len(jthlay- . S . : :
hot-carrier noise in small semiconductor devices depending

ered structures with complicated geometry and doping pro- . . ;
S oy . on the nature of the simulation procedure, respectively de-
file, (iii) ballistic and quantum transpofiy) new materials

) noted as stochastic and deterministic.
and effects, etc. The common perspective of the above trends . . . .
The stochastic approach concerns with the simulation of

is to increase the operation frequency up to the terahertz . : b tochast d h as the Mont

region when sufficiently high electric fields are applied. In(éarr;erpran'slpol\r/lcg as Or? 333_7'(: |?1r.o;:1e Iuredsug ?Sd € h onte

particular, near- and submicram’nn* GaAs, InP and Si -0 art!ce( ).met od, " which already includes the
-microscopic fluctuations of the velocity and energy of single

structures form the basis for various high-frequency semi-

conductor devices such as transferred electron oscillator§articles. In the framework of this approach widly used in

field-effect transistors, switchers, etc. Due to their small sizeth€ last yeal%“‘oa.multi_particle history is simulated during &
extremely high electric fieldéover 100 kV/cn are locally sufficiently long time mte_rval, the correlation fun_ct|ons of
present even for low applied voltages. As a consequenc&,u”ent or voltage fluctuations are then calculated in a natural
several dynamical effects such as quasi-ballistic transpor¥v@y by using the time averaging over the simulated history
velocity overshoot, nonlocal heating of carriers, etc. play arfnd the appropriate spectral densities are finally calculated
essential role in determining their electrical characteristicsfrom the Wiener—Khitchine theorem. The advantage of the
An inherent difficulty faced by the above trends is that highMCP approach is based on the direct incorporation of any
fields are responsible for excess hot-carrier noise not yedetails of the band structure, scattering mechanisms, device
thoroughly studied in submicrom structures at microwavedesign, etc. into the simulation which gives the exact solu-
frequencies. Moreover, due to the complex geometry ofion of the appropriate kinetic equation self-consistently
these devices and the large variety of physical effects incoupled with a Poisson solver. However, the physical infor-
volved on such short space/time scales, a microscopic analyaation about the processes responsible for the device perfor-
sis of their performances becomes a rather complicated taskiance and electronic noise is obtained from the analysis of
As a consequence, the advantages which high technologhe time and frequency behavior of the correlation functions
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of various fluctuating quantities and their spectral densitiesenergy no longer corresponds directly to the local electric
Since this information is given already in an integrated form field, especially for semiconductors exhibiting a substantial
it is often difficult to separate various processes, to determinevershoot effect of the drift velocity e.g., GaAs>3
their importance, and to perform the decomposition of the  The aim of this work is to apply the impedance field
total noise in terms of the local sources and small-signaethod and its transfer extension to the hydrodynaiid)
coefficients. transport model based on the velocity and energy conserva-
In the framework of a deterministic procedure which tion equations. The HD approach is in fact more realistic for
does not include in itself microscopic fluctuations, the field-the case of submicron devic®e***since it allows to ac-
impedance method and its generalizatfofi® has been rec- count for the velocity overshoot, the nonlocality of hot-
ognized as a powerful method for noise calculations. Thigarrier heating and other effects inherent to the small-space
method connects the local fluctuations of the single-particlgcale. Thus, the main attention will be paid to submicron
velocities inside the device with the fluctuations of the volt-structures even if, to better understand the analogies and the
age drop between two probing terminals. For the simple buimain differences between the features of small- and large-
significative case of a one dimensional geomtry in real spac&pace scales, some results for a long diafeabout 10um

the impedance field method provides the expression length will be reported for comparison.
L The article is organized as follows. In Sec. Il we de-
Su(w)erzj n(x)|VZ(x,)|2S,(x,w)dXx, (1) scribe the closed HD model and present a procedure for the
0

numerical calculation of the impedance-field spectrum

where S, (w) is the spectral density of the voltage fluctua- VZ(Xo; ) and related quantities making use of the transfer-
tions between the terminals as measured under constant cifapedance method. Section Ill presents the relevance of the
rent operationw=27f the circular frequencye the electric ~ procedure which is illustrated by calculating the small-signal
charge A the cross-sectional area of the devicethe length  and various noise characteristics in submicndmn® GaAs

of the device between the probing electrodes taken along th@iodes. The main conclusions are summarized in Sec. IV.

x direction, n(x) the local carrier concentratio’y]Z(X, )

the impedance field, an8,(x,w) the local spectral density

of velocity fluctuations. The impedance field relates the per-

turbation of the total voltage drop between the terminals

with the perturbation of the conduction current-dengjpyn  !l. THEORY

a pointx, through . . _
Usually two main modes of operation are of importance

OU(Xg;@)=VZ(Xg;w) 6] ¢(Xo; ). (2 in two-terminal devices. In the former a constant voltage is

In Eq. (2), which pertains to the frequency domain, we retainapplied between the structure terminals and the fluctuating
the variablex, in 6U to emphasize that the origin of the macroscopic quantity is the conduction current flowing
perturbation is ink,. We stress that Eq1) strictly separates through the device. In the latter, a constant total current is
the origin of the fluctuations, represented by the local sourcdorced to flow through the structure and the fluctuating mac-
from their spatio-temporal evolution, represented by the imroscopic quantity is the voltage drop between the terminals
pedance field. Moreover, the spectral density of voltage flucof the device. In both modes the microscopic origin of the
tuations of the whole device is represented as a sum of cofluctuations is the velocity of single particles inside the struc-
tributions belonging to different parts of the structure.ture which, in turn, leads to local fluctuations of the carrier
Therefore, on the one hand, this approach can be consideré@ncentation, the conduction current, and the self-consistent
as the most powerful tool for detailed investigations of theelectric field. Since in the former operation mode the integral
noise spatial distribution throughout the device. On the othe®f the electric field throughout the structure, that is the ap-
hand, in a seminal paper van Vliet al*? proved that the plied voltage, is constant, a local fluctuation of the electric
impedance field can be derived from a more general twofield leads to a redistribution of the electric field inside the
point function called transfer impedance relating the sourcavhole sample. Thus, a single fluctuation of the electric field
of the perturbation with any point in the structure. In turn,under constant voltage operation becomes immediately
the transfer impedance can be connected with the Greegpupled with fluctuations in all other points of the device
function of the linearized voltage response. This gives thend, strictly speaking, the noise becomes non-local. This
additional possibility to investigate directly the spatio- complicates considerably the interpretation of single fluctua-
temporal evolution of single electrical perturbatidflactua-  tions and their decomposition into separate contributions to
tions) induced in any point of the structure, which is a very the total noise. For the constant-current operation mode, such
difficult task in stochastic procedures. an integrated coupling is absent. This offers the possibility to

For velocity fluctuations, the local noise source is givenconsider the spatio-temporal evolution of single fluctuations
by the field dependence of the longitudinal diffusion coeffi-inside the structure, and to relate the local microscopic fluc-
cient used in the framework of a local field approximation,tuations with the macroscopic voltage fluctuations by using
andn(x) and VZ(x,w) are obtained using a drift-diffusion the transfer-impedance and impedance-field approaches. For
(DD) approach for the conduction curréit**-“8However, this purpose, the main system of equations is usually formu-
these approximations are known to fail in submicron spacdated in such a way that the fundamental electrical variable to
scales due to nonlocal heating of carriers when the carriebe represented is the local electric field.
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A. The model the stationary profiles of the electric field, concentration, ve-

To simulate constant-current operation mode, we use thlﬂ?dty’ and energy are calculated for a given value of the total

definition of the total current-density, taken to be constant currentJ. To this purpose, at the initial time moment 0

in time and, for the one-dimensional geometry here consid[(:""’lson"’lble starting values f&i(x,0), n(x,Q), v(x,0), anq
ered, also constant in space: €(x,0) are choseffor example, those obtained by a previous

modeling of the same structure with lower values pbr the
JE(X,1) initial conditionsn=Ny(x), E(x)=0, etc. forJ=0 at the
gt eonst, 3 first modeling of the structuyeThen a direct numerical so-
] ) ] lution of Egs.(4)—(7) implements a self-consistent procedure
wherev(x,t) is the carrier local average velocitg, the ¢, modeling the time evolution oE(x,t), n(x,t), v(xt),
vacuum permittivity,e the relative static dielectric constant ;4 e(x,t) under constant total current flowing through the
of the material, andE(x,t) the instantaneous local electric gy cryre both in time and space. Since under constant cur-
field. Then the Poisson equation writes rent operation mode a stationary stable state of the system
€€p JE(X,1) always exists, after all the relaxation processes are finished
n(X,1)=Na(X)+ = (4)  the stationary profile€¢(x), ny(x), v(x), and e((x) are
achieved. The obtained steady-state profiles are then used for
Ng4(x) being the donor concentration profile. After the sub-further calculations of the appropriate Green and response
stitution of Eq.(4) in Eq. (3) we obtain an equation for the functions as described below.
electric fieldE(x,t) in the form

JE JE e 1
LAl € de=€—60 J. (5) B. Response-function modeling and small-signal
impedance calculations

J=en(x,t)v(x,t)+ eeq

ax '

To close the system of Eq$4) and (5) it is necessary to . ) o

define the average velocity of carriers. It must be stressed, | ° obtain the local differential impedance and the small-
that in the general case this definition can be made by usingj9nal impedance of the whole structure, the response of the
rather different approaches such as the DD, the extendetfViC€ 0 a global perturbation of the total currents of

drift diffusion (EDD), various HD, or even some simplified |mportanc§5. At a given initial timet=0 a spatially homo-
models. For example, by assuming tha a function of the geneous time-impulsive delta-like perturbation pf _the total
local electric field only, one recovers the approach firstiycUrrentli-e., of the r.h.s. of Eq(S5)], 6J=63,4(t), is intro-
used by van Vliett al.in Ref. 42; the implementation of the duced. By supposing thqt thg condu_ctlon Currgtenv is

DD approach gives the time-domain formulation of the MOt perturbed at=0, the tlmg integration of Ed3) Iegds'to .
impedance-field method developed by Ghietal,*6~*®etc. an homogeneous perturbation of the local electric field in

Here we shall describe the carrier transport in the framewor2ch point of the structure in the form
of the conservation equations for the carrier average-velocity

v(x,t) and mean-energy(x,t) written in the forn?>>° OB(X,0)= 0= o/ eco. ®
o ow 19 From a physical point of view such a perturbation corre-
E=eEm*1—vvv—v X 1 Ix (nQ,), (6) sponds to the perturbation of only the displacement compo-
nent of the total current. It means that a step-like change of
Jde de 1 o the voltage drop between the terminals of the structure,
i -eB—(ememve—v o= ——(nQo). (7)  8Uo=LJE, (L being the total length of the devicastan-

taneously appears &t 0 and results only in a homogeneous
Equations(6) and (7) contain five energy parametric depen- perturbation of the electric field which is accompanied by no
dencies, namely, the average of the reciprocal effective masgriations of carrier concentration, velocity and energy.
m~ 1 in the direction of the electric fiel&, the velocity and Then, a numerical solution of Egé4)—(7) with the initial
energy relaxation rates,, andv., the variance of velocity- conditions given by Eq(8) gives the spatio-temporal re-
velocity fluctuations,Q,=(dv?),, and the covariance of sponse of the device to such a perturbation. The response
velocity-energy fluctuationsQ .= (v de)o, where brackets function of the local electric field in each point of the device
mean average over the hot-carrier distribution function in thés then defined as
momentum space, and the subscript 0 indicates steady-state

conditions under constant and homogeneous applied electric SE(x,t) 1 E(xt)—Es(x)

field. All the parameters are assumed to depend only on the ~E XH= 8d;,  ee SEq ' ©
local mean energy, and as such they can be obtained from a

stationary MCP simulation of the bulk semiconductor. where E(x,t) and E4(x) are the solutions of the perturbed

Equations(4) and (5) together with the velocity and en- and unperturbed system of Eqgd)—(7). By Fourier trans-
ergy conservation Eq$6) and(7) constitute a closed system forming Eqg. (9), one obtains the differential impedance,
which allows one both: to calculate the steady-state charad¥Z’(x,w) as
teristics and to investigate the spatio-temporal evolution of
various perturbations re_spon_sibl_e for the small-s_ignal re- VZ’(x,w)=meE(x,t)exq—iwt)dt, (10)
sponse and the electronic noise in the structure. First of all, 0
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which relates the linear response of the electric figHg,(x) SE(X,Xg,t)  E(X,Xg,t) —E&(X)

to a small harmonic perturbation of the total currédt,(x) G(X,Xg,t)= A = A , t=0,

at frequencyw and pointx as (18)
OE,(X)=VZ'(X,0)8J,(X). (11)  which describes the spatio-temporal evolution of the electric

For the one-dimensional structure considered here, the totfjf!d Perturbation caused by the local perturbation of the con-

current is constant in space, and the spatial integration of E4UCtioN current at poink,. It should be stressed that the
(11) throughout all the structure gives reen function defined by Eq18) describes the statio-

temporal evolution of a single perturbatidar fluctuation
oU,=Z(w)é8d,,. (12)  appearing at poink, of the structure. Thus, by considering

Here 8U, is the linear response of the terminal voltage dropthe evolution of perturbations placed in various points of the

caused by a harmonic perturbation of the total current angtucture, one can obtaip additional information about the
Z(w) the small-signal impedance of the whole device gednfluence of several physical processes in the structure to the
fined as voltage noise in the whole device.
The Fourier transformation of the Green function gives
Z(w)= fLVZ'(X,w)dX. (13) the transfer impedance
0 oo
Thus the small-signal response of the device is determined 2(XX0,@) = fo G(x.xo, exp(—iwt)dt, (19

by the local response of the electric field to a global pertur- . o )
bation of the total current which relates the linear response of the electric field in point

X to a small harmonic perturbation of the conduction current
i 4.(Xo) Of frequencyw at pointx,.+*

C. Green-function and transfer-impedance modeling D. The impedance field

noise calculations. Sincé is taken to be constant both in points 0 and. caused by a conduction current perturbation at
time and space, only the fluctuations of the conductionygintx, is given by

current-densityj y=env are responsible for the noise. From a )
physwal pomt of view the noise source can pe connected 5U(X01t):f SE(%,Xo,t)dX. (20)
with fluctuations of the electron concentration due to 0
generation-recombination processes, with fluctuations of t
carrier velocity because of the scattering processes, etc.
neglecting the physical nature of these fluctuations, let u
assume that a perturbation of the conduction component o
the total current given by SU(Xg,t) 1 SU(Xg,t)
R(Xg ) =—F7=—— —"——=-.
8 a=A 8(x—Xo) 8(1). (14) A €€o OU(X0,0)
By Fourier transforming Eq21), one obtains the impedance
field, VZ(xq,w) as

réﬁ is worthwhile to characterize this response by the corre-
Q’ponding response function which, in full analogy with Eq.
), can be written as

(21)

A being an appropriate amplitude, appears at poink, and
initial time t=0. As follows from Eqs(4) and(5), this per-

turbation leads to instantaneous variations of the local elec- o .
tric field and carrier concentration in the form VZ(Xp,w)= Jo R(xo,t)exp( —iwt)dt, (22)
SE(X)=—A i S(X—Xg), (15) which, in accordance with Eq2), _relates the linear response
€€o of the voltage drop between points 0 aiod 6U ,(xg), to a

19 small harmonic perturbation of the conduction current
aN(x)==A = — 8(X=Xo), (16)  Sidu(Xo)-

where, in practical calculations, the spatial dependence of the. Spectral density of voltage and current
initial perturbation is taken of Gaussian form: fluctuations

By using the impedance field, the local contribution of

17 point x to the spectral density of voltage fluctuations of the

whole device caused by the local diffusion noise source can
In numerical calculations the value ofis taken equal to a be represented as
few meshes ok space. By assuming that the initial pertur-
bations are smallpenoughyto satisfyglinearization, thg differ- S =AEN)S,(x,0)[VZ(x,0)|% 23
ence between the time-dependent perturbed solutiowhereS,(x,w) is the local spectral density of velocity fluc-
E(Xx,Xg,t), and the steady-state solution of the unperturbeduations. Here it is implicitely assumed that noise sources
system,E¢(x), gives the Green function: located at different points are uncorrelated; the effect of spa-

. ) 1 ;{ (X—Xg)?
X—Xp)= expg — .
O a2 y?
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tial correlation is widely discussed in Refs. 57—-59. With thisMCP for a factor of 10, and Newmann boundary conditions

noise source the impedance field formula becomes are used for carrier concentration, velocity, and energy. To
L compare the behaviors of short and long diodes, some calcu-
Su(w):f s(X, w)dx lations have been performed for a long 1.25-7.5-126
0 n“nn* diode withn*=2x10'® and two different carrier

L concentrations in then region: n=2x10" and n
=Ae2f n(x)|VZ(x,®)|?S,(X,)dx. (24) =10 cm 3. With the lower concentration the diode re-
0 mains stable at high applied voltag@snplifying structurg

It should be underlined that, as shown in Refs. 6062, thdVith the higher concentration the diode exhibits self-

spectral density of velocity fluctuations in bulk materials canCScillations for applied voltages aboug,=3.1V. To sepa-

be determined in terms of the same five parameters of theate Ohmic behavior from hot-electron effects we firslty con-

HD model by linearizing the corresponding balance equaS'der the case of near-equilibrium conditions.

tions [i.e., Egs.(6) and (7) written for homogeneous case A Near-equilibrium conditions

Since all the parameters of the HD E@6) and (7) depend sis with il tical del

only on the instantaneous local mean energy, it is reasonable € start our analysis with a simple analytical mode

to further suppose that in Eq&3)—(24) the spatial depen- which describes the behavior of both global and local pertur-

dence ofS, is defined by the spatial dependence of the mea'l?ations in homogeneous resistors under thermal equilibrium,

energy Alézcordinglysv(x) is the value ofS, calculated by since the most general features of the electric field response

MCP fér bulk material at the same mearv1 energy. Such a&an be already obtained at this level. By assuming that under

assumption closes the problem of noise calculations in thd'ermal equilibrium —conditionsn(x) =Ng(x), E(x)=0,
v(x)=0, and neglecting energy perturbations, the system of

framework of the HD approach, since all quantities in Eq. be I sed with bati
(24), namely, the carrier concentration, the impedance fieIrFqS'(4)_(6) can be linearized with respect to perturbations

and the noise source are obtained from the same system ;&the form

Egs. (4)—(7). Moreover, the knowledge of the small-signal €€y ISE(X,1)

impedanceZ(w), also obtained in the framework of the n(xt)=-—— (27)
same closed system by using the procedures described in

Sec. Il B, allows us to analyze the noise behavior when the 9SE e

structure is placed into a given external circuit. For example, 51 e SuNg=0, (28)
the spectral density of the total current fluctuatiog,w),

induced by the structure when loaded by an external imped- dév | Q, don

anceZ, @) takes the form oy Tem “oE—dvv,— Ng ox (29)

Sy(w) = Sy(w) (25 Substitution ofén and sv from Eqs.(27) and (28), respec-
N NZ(0) + Zigad @2 tively, into Eq. (29) gives

When the spectral density of conduction-current fluctuations ~ °6E doE 2 55— 2 9°SE 20
of the structure alone is of interest, E(@®5) recovers the ot? Ty ot twpoE=vp Ix2 (30)

well-known relation: 9 12
where w,=(e“Ny/eegm)~< is the plasma frequency and

Sy(w) v%=(5v§ o & square average thermal velocity associated
|Z(w)|? (28 \ith the variance of velocity fluctuations. Let us stress that at
thermal equilibrium this velocity is strictly related to the dif-
IIl. RESULTS AND DISCUSSION fusion process, since far=0, one hagsee Eqs(39)—(41)
from Ref. 56 (Sv?)o=D7,, whereD is the diffusion con-
The theory developed in the previous section is here apstant andr,=1/v, the velocity relaxation time. For a homo-
plied to the case of GaAs™nn* diodes afT,=300 K and  geneous global perturbation, the right-hand side of (8Q)
compared with self-consistent MCP simulations for the purds equal to zero, and the left-hand side of E80) describes
pose of validation. The numerical simulations are performedhe time behavior of the perturbation. By assuming that the
mainly for a submicron diode with the following parameters: solution is proportional to exp{,t), one obtains the square
the doping levels ar@m=5x10" andn™=10" cm™3, the  equation for the relaxation rates. For low doping levels,
cathode,n region, and anode lenghts are respectively 0.3whenv,>2w,, the relaxation process is determined by two
0.6, and 0.4um. Abrupt homojunctions are assumed. For thereal values for the roots giving the relaxation times. For high
MCP simulations, usual values for the spatial mesh and timeloping levels, wherv,<2w,, the roots become complex
step are of 10 nm and 10 fs, respectively, and local boundargnd damped plasma oscillations appear. ReBGaAs, the
conditions are taken. These correspond to Ohmnic contactgansition from real to complex roots takes place for concen-
i.e., neutrality in first and last meshes is achieved by injectirations above about a threshold valuenef 10*> cm™3. Fur-
ing the necessary number of particles at the end of each timthermore, by assuming that similar conditions hold also for
step according to a velocity weighted hemi-Maxwellian atthe homogeneous hot-carrier transport, the critical concentra-
thermal equilibriun® For the HD simulations, values for the tion necessary to observe plasma effects shifts to higher val-
spatial mesh and time step are smaller than in the case oks since the velocity relaxation rate increases considerably

Sj(w)=
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FIG. 1. Time dependence of the response functions=a for the differ- ~ FIG. 2. Time dependence of the response functions of the voltageldirop
ential impedancécurves 1, 2 and the impedance fieldturves 3, 4 calcu- (solid line) and the conduction currerdt (dashed ling of the short diode.

lated for pointsx=0.1 (curves 1, 3 which coincideandx=0.6 (curves 2, 4  Both functions are normalized to unity.
of then* andn regions for the short diode, respectively.

in Fig. 2 by the solid line. One can detect a linear superpo-
with carrier heating. Thus, for carrier concentration belowsition of two plasma oscillations since, due to the integration,

the threshold value one must observe only the relaxatiorfaCh region provides separate contributionsDig(t). For
while above this value the relaxation is accompanied byrompleteness Fig. 2 also shows the conduction-current re-
plasma oscillations. Since at thermal equilibrium noise andPONse functio;(t). Figure 3 presents the real part of the

small-signal characteristics satisfy Nyquist relation, the sam&mall-signal impedance of the whole structure[&8], ob-

time and frequency behavior must be observed also for thiined by Fourier transformation of the voltage response
electronic noise. function presented in Fig. 2. The plasma oscillations inrthe

For local perturbations introduced at a certain point of2Ndn” regions are responsible for two peaks ofK€)] at
the structure, the right-hand side of E80) plays an essen- freque.ncu?s independent of the region lengths anld corre-
tial role. Since the left-hand side remains the same, one caPonding just to the plasma frequencies of these regions. The
expect a similar time behavior also for the local perturba-2MPplitude of each peak is proportional to the length of the

tions. Furthermore, since both time and space derivatives agP"résponding region. By using the standard relati)
present, Eq(30) describes also wave propagation. Due to the™ 1/z(f) one can also calcu_late th_e small-signal admittance
symmetry, one can expect the appearance of two waved the structure. For comparison, Fig. 3 shows alsprkig],
propagating on opposite directions starting from the origin ofVhich exhibits only one peak in the high-frequency region at
the local perturbation. All the above features are illustrated intermediate plasma frequency given by E3).of Ref.

by the results of the numerical HD modeling of the short®4. The inverse Fourier transformation ¥{f) yields the
diode presented below. Though the diode is a nhonhomoge-
neous device consisting of three different regions, the inde-
pent features associated with each region are resembled in
the results corresponding to the whole structure.

Figure 1 shows the time dependence of the local electric ESE\Z(ER} —
field response function®¢(x,t) calculated whed=0 for a
global homogeneous perturbation of the total current in two
points of then* andn regions(curves 1 and 2, respectively
for the short diode. The damped oscillations are caused by
plasma effects in these regions and are characterized by the
corresponding plasma frequencies. Such a dependence is
practically the same for all other points in these regions with
exception of the areas which cover the homojunctions. Fig-
ure 1 also show®(xg,t) calculated for the same points of
then* andn regions(curves 3 and 4, respectivélyOne can \
see that for tha™ region curves 1 and 3 coincide entirely for Ol ittt
both short and long time scales. For theegion R(t) and 0.001 0.0t 0.1 ! 10
Dg(t) practically coincide only for the initial time interval f (THz)
t<1lps. A spatial integration oDg(x,t) over the whole rig 3. spectral dependence of the real part of the small-signal impedance
structure gives the voltage response functibi(t) shown  and admittance of the short diode at thermal equilibrium.

-
~
e,

Re[Y(f)] (10° 2~ 'm™?)

Re[Z(f)] (10~° Qm?)
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FIG. 4. Spatial profiles of the electric field perturbation at successive timg=IG. 5. Spatial profile of the average velocity of the short diode calculated
moments of the short diode for an initial perturbation of Gaussian shapdor U=0.6 V by the HD and MCP approaches.
placed at poink=0.6 um of a 0.3-0.6—0.4 um n*nn* GaAs structure.

ance field and differential impedance, respectively. In Ref.

response function of the conduction currddg(t), shownin 43 it was assumed that at thermal equilibrium they must
Fig. 2 by the dashed line. It should be underlined that due t@oincide at least under nearly homogeneous conditions. In-
Nyquist relation,D(t) and D ;(t) multiplied by 4kgT, (kg deed, our calculations for the long diodes confirm this as-
being the Boltzmann constant aig the bath temperature sumption. When we have compared these quantities in sub-
give the autocorrelation functions of voltage and conductiormicron structures, for the case of tiné region, we have
current fluctuations at thermal equilibrium, respectively.found complete agreement in the whole time range while, for
Similarly, RéZ(f)] and REY(f)] multiplied by 4kgT, give  then region, the agreement is limited to the short time scale
the spectral densities of voltage and current noise. Thereforé<1 ps. By comparing Fig. 1 with Fig. 4 we conclude that
under Ohmic conditions the main result is in the appearancduring the initial time-interval the electric field perturbation
of plasma peaks and plasma oscillations on, respectively, thremains inside the region. Then, when the right and left
spectral densities and correlation functions of fluctuatingpeaks ofSE enter into then™ regions,R(t) andDg(t) differ
guantities. significantly. Thus, in submicron devices when the distance

Figure 4 shows the spatio-temporal evolution of a nar-between the starting and ending points of the perturbation is
row Gaussian perturbation of the electric fidlel induced at comparable with the characteristic lengths of the structure,
the initial timet=0 in the pointx=0.6 um for J=0. During  the differential impedance no longer coincides with the im-
the first 20—30 fs the initial perturbation decreases and thepedance field even at thermal equilibrium.
it splits into two peaks which continue decreasing, while
moving towards opposite sides with the same absolute velo
ity vp=((6v?)0)2 given by the variance of velocity fluc-
tuations. To a major extent, this can be associated with the When the applied voltage or the total current flowing
diffusion process, since at thermal equilibriurg is strictly ~ through the diode increases up to the onset for hot-carrier
related to the diffusion coefficienD through the relation conditions the carrier dynamics becomes strongly inhomoge-
vp=(Dr,)Y2 Furthermore, one can interpret the propaga-neous in a submicron structure. This is illustrated by Fig. 5,
tion of the left and right peaks as a diffusive broadening ofwhere the spatial profile of the average velocity calculated by
the initial Gaussian perturbation in the real space. HoweveilD and MC approaches is presentésblid and dashed
the central part of the perturbation no longer keeps a Gaussurves, respectively Thermal electrons coming from the
ian shape, rather it exhibits a complicate spatio-temporatathoden™ region (left contac} are sharply accelerated in
brhavior. the near-cathode area of theegion xk=0.3—0.5um) lead-

The electric field perturbations inside the structure leadng to a velocity overshoot followed by a monotonous de-
to perturbations of the voltage drdp between the diode crease of the velocity up to the anode contaight contach.
terminals. The time dependence of this perturbation is charbue to the negative slope of the velocity with respect to the
acterized by the impedance-field response funcRgr,,t) spatial coordinate in most of the near-anadeaegion (x
defined by Eqs(20) and (21), which describe the total re- =0.5-0.9um), a given perturbation of carrier concentration
sponse of the voltage to a local perturbation of conductiorcan grow in time while crossing this region so that an am-
current. Let us recall that the differential-impedance responsplification effect can take place: i.e., there exists a spatial
function Dg(x,t) defined by Eq(9) describes the local re- negative differential conductivitySNDO). This is illustrated
sponse of the electric field to a total current perturbation. Thén Fig. 6, where the differential impedance response func-
Fourier transformation of these functions gives the impedition, which by definition is the local electric field response

B. Small-signal, high-field characteristics
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FIG. 6. Time dependence of the local electric field response of the shorgig 7. spatial profiles of the real part of the local differential impedance of

diode at pointx=0.1, 0.5, 0.7, 0.8, 0.um (curves 1-5to a global per- e short diode calculated for frequencies respectively =0, 100, 200,
turbation of the total current)=0.6 V. 300, 400 GHzcurves 1-5

SE(x,t)/ 5E, to a global perturbation of the total current, is ear shape of the current—voltage characteristic. The second
presented. Curves 1 to 5 correspond respectively=t@.1, feature is connected with the appearance of an additional
0.5, 0.7, 0.8, 0.um. For the contacts, where the conditions minimum of R¢Z(f)] at the frequencyf =300 GHz around

are close to thermal equilibrium, the time dependence ofhich the amplification in the active region of the diode
De(x,t) is similar to that already reported in Fig. 1. For the becomes possible. Nevertheless, the whole device still re-
points placed in then region, the initial part oDg(x,t) at  mains passive since R&f)]>0 in the whole frequency
t<0.3-0.5 ps is also similar to that at thermal equilibriumrange.

(see curve 2 in Fig.)land is caused by the local processes

responsible for a damping of the local electric field perturba-C. Transfer-impedance and impedance-field

tion. However, for the points belonging to the negative slopecharacteristics

of the average velociticurves 3—5%a bell-shape tail appears
with a maximum more pronounced the closer the point is t
the end of then region. The nature of this maximum was
already discussed in detail in Refs. 54,65 for the case of a

o For applied voltages sufficiently high for hot-carrier con-
ditions to prevail, drift and transit-time effects have a signifi-
cant influence on the evolution of local single perturbations.
Rccordingly, for the case of long diodes we assist to the

InP diode. It originates from the formation and further propa- o : . .
. . . ; pearance of transit-time dynamics of fluctuations as illus-
gation across the active region of a secondary perturbation R X )
rated in Fig. 9. Here, the spatio-temporal evolution of an

the electron concentration and, hence, of the electric fiel itial perturbation placed in the poim=4.5um of the
which grows while approaching the anode and then disap- P P POIR=2.o
pears inside the anode contact. The time at which the bell

shape ofDg(x,t) attains its maximum practically corre- 05 , e

sponds to the time when the secondary perturbation reaches Re[Z(f)] —

the pointx. 0.4 - 0} ==
In accordance with Eq(10) the Fourier transformation

of Dg(x,t) provides the local differential impedance in point o3 ’

X. The spatial profiles of the real part of the differential & o2l i

impedance calculated for frequanciés 0, 100, 200, 300, é

400 GHz are presented in Fig.(@urves 1-5 For frequen- ”‘.": 01 .

cies in the rangé =200-400 GHz, R&Z'(f,X)] is negative z

in the near-anode rehion of threregion. Thus, this region g O [rosssssesii

can amplify perturbations which cross it with a correspond- o1l Voo

ing transit time of about 3 ps. In accordance with ELB),

the integration of the differential impedance throughout the 02 F .

structure gives the small-signal impedance of the whole de- )

vice. The real and imaginary parts &ff) are shown in Fig. O T T o000

8. By comparing with Fig. 3 one can conclude that here the
most significant difference appears in the low-frequency
range. First of all, we find an increase for a about a faCtor_ OkIG. 8. Frequency dependence of the real and imaginary parts of the small-
5 of the low-frequency resistance which reflects the nonlinsignal impedance of the short diodelat=0.6 V.

f (GHz)
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FIG. 9. Spatial profiles of the electric field perturbation at successive tim

moments calculated for the long diode with=10" cm™2 for an initial
perturbation placed ak=4.5um, and different voltage dropsa U
=1.88,(b) U=2.6, and(c) U=3.05 V.

structure withn=10'> cm 3 is shown for increasing applied
voltages of:(a) U=1.88, (b) U=2.6, and(c) U=3.05 V.
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FIG. 10. Spatial profiles of the electric field perturbation at successive time
moments calculated witkh=0.6 V for an initial perturbation placed at
=0.4 um of the same short diode of Fig. 1.

low concentrationgsee discussion of Eq30)], the pertur-
bation decreases smoothly down to zero. Therefore, the
negative values usual for oscillating behavior do not appear
at all. In the meantime the right and left peak waves are
separated from the initial perturbation, then start to move in
opposite directiongsee Fig. @a)], and finally, fastly van-
ishes(during the first 3—5 psat all applied voltages. The
further evolution of the central peak strongly depends on the
sign of the local differential impedance in the drift region.
When the structure is locally passive in all points, the central
peak moves towards the anode and vanish after 5—16egs
Fig. Aa@)]. In this case, the time evolution of the perturbation
is practically the same for all possible initial points in the
region. Furthermore, calculations show that in this case the
impedance field coincides with the differential impedance.
With a further increase of the voltage the damping decreases,
so that the perturbation can already reach the anode con-
tact [Fig. 9b)]. By approaching the threshold voltage
Uy,=3.1V, the local amplification appears near the anode
region. Therefore, the perturbation grows while moving
through the active region and finally vanishes at the anode
[Fig. 9c)].

A similar evolution takes place also for submicron struc-
tures. The two main differences are th@j: due to the high
doping levels usual in these devices, the initial evolution of
the central part of the perturbation exhibits a damped-
oscillation scenario(ii) due to the small transit distance the
perturbation usually reaches the anode even in the absence of
amplification, hence, to some extent transit-time effects are

falways present. This is illustrated in Fig. 10 where the

spatio-temporal evolution of an initial perturbation placed at
pointx=0.4 um is shown fold=0.6 V. In the first stage we
observe the splitting of the initial perturbation into two peaks
which move with velocities determined approximately by the
combination of drift and diffusion velocities as=vy*vp
(curves fort<1 p9. Such a behavior is similar to that al-

The primary stage of the evolution is quite similar for all ready observed at thermal equilibrium. During this stage the
voltages. Due to the relaxation character of the evolution focentral part of the perturbation placed between the left and
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t (ps) can observe a sharp decrease at the shortest tirnes (
FIG. 11. Time dependence of the electric field response of the short diode in<0'05 pS) similar to that of tha™ region' The above sharp
points x’=0.2, 0.4, 0.5, 0.7, 0.9m (respectively curves 1-35or initial decrease is also caused by plasma processes and corresponds
perturbations placed in the same pointdJat 0.6 V. to the initial decrease of the primitive spike up to its split-
ting. A further time dependence of the local perturbation is
connected with the spatio-temporal evolution of the left peak
right peak waves oscillates in time and widens in space foldetermined by the competition among diffusion, drift, and
lowing the right peak up to the anode conté&ig. 10, curves  relaxation(see the behavior of the perturbation near the point
fort>1 ps. Then, the perturbation practically vanishes in all x=0.4 xm shown in Fig. 10, which corresponds to curve 2
the points with positive differential impedance, while it of Fig. 11). Figure 12 shows the time responses&(x,x’;t)
grows in the region of local negative differential resistivity in the pointx’=0.9 um i.e., at the end of tha region for
(curve fort=2pg which appears in the active regid® initial perturbations placed at points=0.3, 0.4, 0.6, 0.§:m
=0.8-1.1um for U=0.6 V) at frequencies of about 300 (respectively curves 134 For the points placed in tha
GHz, corresponding to the transit time throughout the activgegion, the time response evidences three time scales. The
region(see Fig. 7. Finally, the perturbation disappears at thenitial time scale is related to the delay time which is neces-
n™ anode regioricurve fort=3 ps. sary for the right peak ofE (see Fig. 1Dto reach the anode

For the short diode, the time dependence of the fieldcontact(during this time the response is equal to 2efthe
responseSE(x,x’;t) in pointx” due to an initial perturbation intermediate time-scale manifests itself as a sharp spike
induced at pointx of is shown in Figs. 11 and 12 for the caused by the propagation of the righ peak through the
diagonal &’=x) and off-diagonal X'>x) parts, respec- pointx’. The final time scale corresponds to the propagation
tively. The diagonal part exhibits plasma oscillations whenof the central part of the perturbation through the poiht
the perturbation is placed at the conta@®gy. 11, curve 1L and is associated with both the amplification of the perturba-
For perturbations placed in the region (curves 2-5% one tion in the active region and the transit-time effect.

Due to the various effects and the associated character-
istic times, the spatial and spectral behavior of the transfer-
10 ' : impedance matrixz(x,x’,f) exhibits a rather complicated

2 eeer shape. As an example, Fig. 13 shows the spatial dependence
8 8 reeer of the static(i.e., f =0) transfer impedance. The appearance
of §(x—x")-like spikes, which are more pronounced at the
beginning of then region, is related to the longest relaxation
of the diagonal contribution of the field responsee Fig.
11). The broad peaks daf(x,x’,0) appearing near the end of
the n region are associated with transit-time effects.

The integration of the transfer impedance throughout the
structure with respect to the coordinatewhich labels the
perturbation origin gives the differential impedance already
considered in Sec. Ill B. However, let us underline, that for
the calculation of the differential impedance it is better to use
the direct procedure described in Sec. Il B rather than the

0 1 2 3 transfer-impedance integration.
t {ps) The integration of the transfer impedance throughout the
FIG. 12. Time dependence of the electric field response of the short diode iﬁtrucwre _Wlth respec’g to the coordinate which _Iab_els the
the pointx’ =0.9 um for initial perturbations placed in points=0.3, 0.4, ~ Perturbation observation gives the corresponding impedance
0.6, 0.8um (respectively curves 134t U=0.6 V. field. The time dependence of the perturbation of the voltage

SE (V/cm)
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FIG. 14. Time dependence of the perturbation of the voltage drop betweep|G. 15. Frequency dependence of the absolute value squared of the imped-
the short diode terminals for an initial perturbation of the electric field ance field VZ(x,; w)|2 of the short diode calculated for initial perturbations
placed at pointx=0.475, 0.575, 0.675, 0.775, and 0.8 (respectively  placed at pointx=0.425, 0.475, 0.525, 0.575, 0.625, and 0.G#8 (re-
curves 1-patU=0.6 V. spectively curves 136atU=0.6 V.

drop between the diode terminals for an initial perturbationabsolute value squared of the impedance fl8ld(x;w)|?
of the electric field placed at different points of the structurecalculated at different frequencies.

is shown in Fig. 14. As usual, at initial times one can observe

a monotonous decrease of the voltage perturbation caused by

the initial relaxation of the local electric field perturbation D. Noise source

and the quick damping of the splitted waves. Then, the for-

mation, propqgation, and disappearance of the cerltral part @[qs.(4)—(7) and Eq.(24) the diffusion noise is given by the
the perturbation I_eadg; to the bell-sh_aped evolutlor_1 of thpspectral density of velocity fluctuationS, (), which can
voltage perturbation in the longer time scale. This bell-pe girectly calculated from the same model by linearizing the
shape_d t_a|l is similar tq that observed in the case of the ch alance equatiorf8-%2 The field and energy dependence of
electric field perturbation cause_d by the globgl _perturbatloqhe spectral density of velocity fluctuations obtained in such
of the total cyrrent. Of course, in both cases it is gaused by way are found to be in full qualitative and go6aiith an

the propagation and amplification of the perturbation in the, e\ racy at worst of 20¥quantitative agreement with the
region of the device which exh_|b|ts SNDC. The dlfferencesv(w) directly calculated by the MC approaéhThe spatial
lies in the fact thaDg(x,t) manifests the pronounced bell- qgjje of the spectral density of velocity fluctuations calcu-

shaped behavior at pointsplaced near the anodehere the 540 1y the HD approach for the submicron diode are shown
perturbation is observedwhile the similar shape dR(x,t)

takes place for pointg near the cathodévhere the pertur-
bation is originated When the origin of the initial perturba-
tion is shifted toward the anode contact, the bell-shaped tail
of the voltage perturbation becomes less pronounseg i
Fig. 14, curves 2-4 If the plasma frequency is considerably 107% |
higher than the damping rate of the splitted waves, then the
splitted-wave propagation is accompanied by plasma oscilla-
tions. Such a situation is typical for perturbations placed in
n* regions or nearbysee Fig. 14, curve)5Figure 15 reports
the high-frequency spectrum oV Z(x;w)|? calculated for
initial perturbations placed at different points inside the
region of the short diode. The deviations from a simple
Lorentzian decay in the cut-off region above 200 GHz reflect 107
the effects of the transit time on the perturbation in the
region. As it follows from Fig. 15, such a transit-time effect
has a resonant character leading to minim&Va(x; w)|? at

the corresponding frequencies. Due to this reason, the spatial
profile of |VZ(x; w)|? also manifests a minimum inside the x (pm)

region ir} the_ frequen?y rangfe= 300— 600_ GHz. Thisis evi- FiG. 16. Spatial profiles of the absolute value squared of the impedance
denced in Fig. 16 which shows the spatial dependence of thield |VZ(x,;w)|? of the short diode calculated at different frequencies.

In the framework of the closed HD approach based on

]_0_3 T T T T T T
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FIG. 17. Spatial profiles of the HD noise source of the short diode reprex g 19 ocal contribution to the total voltage spectral density of the short
sented by the spectral density of velocity fluctuations calculated at d'ﬁerenﬁiode at different frequencies ftd=0.6 V/

frequencies.

. . .
in Fig. 17 at different frequencies. The complicated behavioﬁ]syrrrf':etry of(;'?fm reg|o.ns(th.e nght cont'act IS Ionglgrr;[r;an
of S,(X,w) is determined by the frequency and field depen-t 1€ 1e one, . e_rent points in t e region give Sig ty
; iaf® different contributions to the total noise. This is reflected by
dence ofS,(w) in the bulk material. S i X
the systematic increase sfx) while approaching the end of
) ) then region. ForU=0.6 V, s(x,0) exhibits a maximum near
E. Spectral density of voltage fluctuations the beginning of then region and monotonously decreases
The local contribution of each point of the submicron by approaching the anode where a penetration effect associ-

structure,s(x,f), to the spectral density of voltage fluctua- ated with the energy relaxation length of hot carriers takes
place. In the thermal regions of the structynear cathode

tions between the structure termina%;(f), calculated in
and anodg the curves forU=0 and 0.6 V coincide. We

accordance with Eq23) is shown in Fig. 18 fof =0 atU
=0 and 0.6 V. For both voltages the main contributionconclude that in the presence of increasing voltages the most

comes from then region. ForU =0, as expected, this quan- significant contribution to the total noise comes from the
tity is more or less homogeneously distributed alongthe near-cathode area of theregion and this is mostly due to
region, and exhibits spikes near the homojunctions due to thansit-time effects. Figure 19 shows the local contributions
space charge at the interface. It should be stressed that @ different points of the diode to the total noise at different
submicron structures, even Et=0, the typical dimensions frequencies of interest. Again, in the frequency range corre-

of the perturbation propagation are comparable with thesponding to pronounced transit-time effects one can observe

length of the structurdsee Fig. 4 Therefore, due to the the occurrence of a minimum due to the resonant behavior of
the local contributions to the noise. By comparing Figs. 16,

17, and 19 we conclude that both the general shape of the
i T profiles and the details of the local contribution are caused
N . E mainly by the impedance field behavior. Indeed, the spatial
) .. ] variations of|VZ(x;w)|? under hot-electron conditions are
N much strongefabout one to two orders in magnitydian
° | the variations of the spectral density of velocity fluctuations.

100 |

h It should be underlined that, in the framework of the
MCP approach, one can also obtain some kind of spatial map
of the noise distribution throughout the structure. Usually
this is represented by the spectral density of voltage fluctua-
tions between the points 0 and Sy(x,f).1"*® The same
characteristic can also be calculated by the HD approach. For
this sake, the voltage response at pon{®<x<L) of the
device is calculated in parallel with the voltage response be-
tween the structure terminals and the impedance field
VZy(xo,f) corresponding to the voltage response between
the points 0 andk due to a perturbation in point, is ob-

FIG. 18. Local contribution to the total voltage spectral density of the shorttalned in the u,sual way from Fourier tranSformatlo,n qf the
diode at frequency =0 for U=0 and 0.6 V(solid and dashed lines, re- response functions of the local voltage. The substitution of
spectively. VZy,(Xg,f) in place ofVZ(x,f) in Eq. (24) gives the spatial

s(x) (10722 V2ms)

x (um)
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FIG. 20. Spatial dependence of the spectral density of voltage fluctuations
Sy(x,f) in the short diode of Fig. 1.
dependence o8, (x,f). Figure 20 presents the spatial de- 7?
pendence of5,(x,f) calculated by both MCP and HD ap- £
proaches in the case of the short diode fer0. The most =
significant increase db,(x,0) takes place in the near-anode T
area of then region. Therefore, in spite of the fact that the <
noise is originated in the near-cathode region, it manifests \;%.
itself near the near-anode region which is characterized by
the higher resistance originated by hot-carrier effects.
Finally, Fig. 21 shows the spectral density of voltage

fluctuations between the terminals of the short di&géf) 0.5 ! ! !
calculated forU=0 (curves 1-3 and U=0.6 V (curves ° 25 50 78 100
4-6) in several ways(i) at thermal equilibrium by using the f (GHz)
small-signal impedance calculated by the HD approach anQIG. 22. Frequency dependence of the spectral densiti¢a)ofoltage and
(b) conduction current fluctuations in the long diode with=2
X 10 cm2 calculated atU =8V by the HD and MCP approachésolid
0.1 — . ey —— line and dots, respectively

Nyquist theorem(curve 1), (ii) by using the impedance field
method according to Eq24) with the local spectral density
of velocity fluctuations calculated by the H@urves 2 and
4) and the MCR(curve 5 approaches, angii) by using the
direct MCP techniquécurves 3 and 6 By naturally includ-
ing all the processes responsible for the fluctuations and their
correlations, the MCP technique is used here to validate the
calculations performed with the impedance-field and
transfer-impedance methods. The high-frequency region of
the spectrum exhibits the plasma peak associated with the
electrons in then™ contacts which remain thermal at any
reasonable applied voltage. Therefore, hgyéf) is practi-
cally the same for both Ohmic and hot-electron conditions in
then region. By focusing on the low-frequency region of the
FIG. 21. Frequency dependence of the spectral density of voltage ﬂuctuas-pe(_:trum_’ we can observe a ConSIdera,'ble increase of the el,ec_
tions in the short diode of Fig. 1 calculated 4t=0 (curves 1-BandU  tronic noise under hot-electron conditions caused by transit-
=0.6 V (curves 4—§ by using different techniquesi) at thermal equilib-  time effects. A similar behavior of the voltage noise spectra
rium by using the small signal impedance calculated by HD approach angs observed for the long diodes as illustrated in Figia22n
Nyquist theorentcurve J, (ii) by using the IF method according to B34)  1yq1h cases, the cutoff of the low-frequency plateau corre-
with the noise source calculated by the HEurves 2 and ¥and MCP .

sponds to to the transit-time frequency equal to 20 and 300

(curve 9 approaches(iii) by using the direct MCP techniqugurves 3 g
and 8. GHz for the long and short structures, respectively. Let us

0.01

0.001 -

Su(f) (10-28 Vzmzs)

0.0001
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recall, that in accordance with Eq25) and(26), the voltage (v) Calculations of the local and global electrical re-
noise spectra obtained by the HD approach can be used gponse of the device under test allows one to obtain various
calculate the spectral density of conduction current fluctualocal characteristics such as the transfer impedance, the local
tions, S;(f), as well as to analyze the noise in various cir-contribution to the noise, the spatial distribution of the noise
cuits. As an example, Fig. # showsS;(f) (solid line) spectrum, etc. thus providing a comprehensive spatial map of
obtained fromS(f) [presented in Fig. 23)] by using Eq. the device noise sources and their propagation.
(26). For comparison, the results of the direct simulation of  (vi) For the structures here analyzed transit-time effects
S;(f) with the MCP method are shown by dots. The presencare found to influence substantially the noise spectra in a
of the two resonant peaks is connected with two amplificawide frequency range which extends above 10 GHz at de-
tion bands appearing in the long structures under high apereasing length of the active region.
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