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The noise temperature of GaAs nn* two-terminal structures of micrometer and submicrometer lengths is
theoretically analyzed as a function of frequency and applied voltage. Calculations are performed at a kinetic
level, and are based on a mixed Monte Carlo hydrodynamic scheme. Different operation modes of the structure
are considered, namely, when operating as a nonlinear re§istesive deviceas well as when operating as a
Gunn amplifier or generatdiactive devicg Under generating conditions the noise temperature at low fre-
guency is found to go to infinity for voltages above the threshold value for the Gunn effect, as expected in bulk
material. Under amplifying conditions the noise temperature at low frequency is found to remain finite even at
applied voltages well above the threshold value for the Gunn effect. At high frequencies the noise-temperature
spectrum shows structures associated with transit-time effects, carrier energy, and plasma-time effects. In
particular, we calculate the noise figure of merit covering both amplifying and passive conditions. Very good
agreement is found between theory and available experin{&0463-18206)01634-7

[. INTRODUCTION neous electric fields are present in the structure, is still lack-
ing in the literature. Often it is preferred to use this quantity
One of the most used methods to investigate electronito obtain information about the diffusion coefficient whose
noise in semiconductor two-terminal structures at high freinterpretation has a more direct theoretical backgrdund.
guencies {=1 GH2 is the measurement of the noise- The aim of this work is to fill this lack of knowledge by
temperature spectrufiy,(f). This consists of a determination calculating the noise-temperature spectrunmdhn®™ GaAs
of the “black-body” equivalent temperature under the con-structures, eventually operating as Gunn devices, at a kinetic
dition that, within a given frequency bandwiddf centered level. Besides providing a rigorous definition and the intrin-
on f, the thermal noise power generated by the black bodic limitation of this quantity, its properties will be investi-
coincides with the maximum noise powB, .(f) gener-  gated under several operating conditions of the structure. The
ated by the structure and extracted in a matched outpurhysical implications and the possibility to provide useful

circuit! Then, by definition, it is figures of merits for applied purposes will be illustrated. A
direct comparison of the theoretical results with available
Pr mak f) experimental dafawill finally be carried out.
Ta(f)= W, (1) The content is organized as follows. The theoretical back-

ground and the numerical procedures for small-signal re-

wherekg is the Boltzmann constant. The dependencd of sponse_and noise-spectra calculations are described in Sec.
on an app“ed VoltagU’ doping, structure geometry, and so ” Section Il presents the results obtained for the case O.f
on is then investigated, and related to the physical process&icron and.submlcron structures. Some conclusions are fi-
occurring inside the structur@.g., carrier heating, onset of Nally given in Sec. IV.
intervalley transfer, appearance of negative differential con-
ductivity, etc).2™®

Despite being the direct output of a measurement, the
microscopic interpretation df, is a difficult task, especially In the following, we briefly survey the theory underlying
when the presence of sufficiently high electric fields is re-the noise-temperature definition under far-from-equilibrium
sponsible for the onset of hot-carrier conditions. Indeed, thisonditions, whose experimental counterpart is sketched in
guantity describes the cumulative effect of two physical paFigs. Xa) and Xb) for illustrative purposes. Figure(d
rameters, namely, the noise spectral density and the smaliiearly shows the coexistence of two circuits which are used,
signal response of the structure, which cannot be separatedspectively, to supply the device under test and to measure
without an exact knowledge of at least one of them. As ahe small-signal noise whose equivalent circuit is given by
consequence, to our knowledge a detailed theoretical analyrig. 1(b).2~° In general, two modes of operation, voltage
sis of the noise temperature, especially when nonhomogedriven and current driven, can be used to detect electronic
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are equivalent. Under current-driven operation, a stable
steady state is always achievable, contrary to voltage-driven
operation, when the structure behaves as a generator. As a
consequence, the former mode is preferable for a theoretical
| description of electronic noise, even if most noise experi-
. ments are performed under voltage-driven operat@nun-
D.UT. M':;‘:vewr"ve Detector der conditions close to this modeOur analytical analysis
and numerical calculations will be carried out using mainly
o voltage-driven operation. Thus we will be in a position to
perform a direct comparison between theory and experi-
ments. Of course, the difference between the two modes will
(a) be stressed when this is of importance.

Voltage
B supply

A. Small-signal response

Under voltage-driven operation, the small-signal response
7() 7 of the device at frequencyf (or circular frequency
load w=2mf) is described by the small-signal admittance
Y(w). By definition, this quantity relates the linear response
of the total current density at frequeney dj ,, to a harmonic

V perturbation of the applied voltag®J , superimposed on the
n steady value, so that
(b) 8j,=Y(w)dU,. (2

. . ) Following Shockley, the calculation ofY(w) is usually per-
FIG. 1. (a) Schematic of the experimental setup for noise POWerformed using a Fourier decomposition of the transient

measurements including the supplying and small-signal noise Ciréxcitation?‘lo Let a small constant perturbation of the ap-
cgits. The_former consists of a_voltage supplier series connecteBIied voltageAU be superimposed to the steady value at a
with a resistancek; and the d.ewce under te@UT)' The I.atter egiven initial timet=0. Then a transient response of the total
consists of the DUT placed into the waveguide, the microwav . - .

cavity, and the detectofb) The equivalent circuit of the small- current is calculatgd, and the small-signal admltt.ance eva_lu-
signal noise circuit which consists of the voltage-noise generatoiated as the ratio between the CorreSpor.]dl.ng Fourier
V,, connected in series with the noiseless small-signal impedance &Qmponentg. However, ,due to the steplike variation of the
the DUTZ(f) and the load impedanc,,q to be tuned for match- |r1_|t!al volt'ag'e, the' transent response of the'tqtal _currgnt ex-
ing conditions. hibits an initial spike, which creates some difficulties in per-
forming numerical calculations. Since this spike is directly

connected with the response of the displacement component
h8f the total current, this problem can be overcome by con-

fluctuating quantity is the total currehtflowing through the sidering in a separate way the conduction- and displacement-

structure. The latter is realized when the total current ﬂowing‘:Llrrent transients. The displacement-current-density can be

through the structure is kept constant in time, and the flucOPtained analytically, and it makes a contributiow e, /L
o the imaginary part o¥ (w). (Heree, is the relative static

tuating quantity is the voltage drop between the structuré. . .
terminals. The supply circuit is used to choose the operatioff/€/€ctric constant of the semiconducteg, the vacuum per-
mode and to set up a working poirt (1). This consists of a mittivity, and.L_the length of the structureThe Conductlon
constant voltage supply with a noiseless resistaRcseries ~ CUTrent density condt) must be calculated numerically, and
connected to the device under teste Fig. 1a)]. Usually, in |'Fs Imear_—res_ponse functldﬁ_j(t) is then calculated from the
experiment&™ the voltage-driven operation mode is used; iMme derivative of the transient as

that is, Ry is taken to be considerably less than the device 1 d

resistance. In this case, for supercritically doped Gunn de- Kj(t)= m&jcono(t)- (3
vices, the onset of current self-oscillations is possible at in-

creasing applied voltages; then the system goes to generati@fnally, the small-signal admittance is obtained from the

and a stable state is absent. In contrast, wRgrs taken to  Fourier transformation of the linear-response functiolf as
be considerably greater than the device resistdougent-

driven operation mode self-generation cannot appear for o . . €Q€;
any voltage drop between the structure terminals, and the Y(‘*’):fo Ki(hexpd—Tot)dt+io——. (4)
device remains in a stable state.

A theoretical description of noise is usually carried outln Eg. (4) and henceforthY(w) is normalized to the cross-
when linear conditions with respect to fluctuations are ful-section ared of the device assumed to be constant through-
filled, and the structure remains in a stable steady state. But the structure investigated. In the calculation of transient
such a state, characterized by average valued @ind 1,  responses, deterministic procedures, such as hydrodynamic
exists in both operation modes, then the small-signal retHD) approaches, rather than stochastic techniques, such as
sponse and noise features obtained using any of these mod#e Monte CarldMC) method, are favored because of their

noise. The former is realized when the voltage dtbpbe-
tween the structure terminals is kept constant in time, and t
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better accuracy. Therefore, for small-signal calculations we\ccordingly, a multiparticle history is simulated for a time
shall here use a HD approach based on the continuity equénterval T sufficiently long, andC;(t) is calculated from its
tion for the electron concentration, and velocity and energyergodic definition as

conservation equations which are self-consistently coupled :

with the Poisson equation for the electric field. Then the _ . N o , ,

stationary profiles of carrier concentration, velocity, energy, Ci(H= Tfo O condt’) 8 cond ' + )AL, @)
and electric field are calculated for given values of the ap- ) _ ) )

plied voltageU. By superimposing a small constant voltage Where 6jcondt) is the fluctuation of the conduction current
AU on the given value ofJ, the time dependence of the d_ensny over its stationary value. The a;somated speqtral den-
conduction current toward the stationary condition is ob-Sity S(t) is then obtained by the Fourier transformation as
tained. Finally, from Eqs(3) and(4), the response functions .

and small-signal admittance are calculated in a straightfor- Sj(f):4f C;(t)cog 2arft)dt. (8)
ward way. This HD approach has proven to give a rather 0

good agreement with MC simulations for variong nn*

structures up to submicrometer length scale, as reported in ¢ Noise power, noise temperature, and noise measure
Refs. 11-15, where a more detailed description of the HD

model and corresponding procedures can be found. The direct output of any noise experiment is the noise

power which is measured by an external detector. With re-
spect to the noise signal, the electrical properties of the
whole system, which includes both the two-terminal struc-
The high-frequency electronic noise of typical transferredture and the equipment to detect its noigetector, micro-
electron devices originates from velocity fluctuations of par-wave cavity, etg. can be represented by a small-signal
ticles during their motion across the structure. In the frameequivalent circuit[see Fig. 1b)] which contains a noise-
work of a semiclassical description based on the Boltzmannoltage generator loaded by the complex small-signal imped-
transport equation, these fluctuations are caused by carriance of the total circuitZ,,(f)=2Z(f)+Z,,af), given by
interactions with lattice imperfectior(intravalley and inter- the sum of the complex small-signal impedances of the struc-
valley phonons, impurity ions, ejcwhich have a stochastic ture and the external load,(f) and Z,,,f), respectively:
character both in time and space. The most straightforwar&or such a circuit, the noise power within a frequency band-
way to take into account these fluctuations is to simulate thevidth Af centered orf which is dissipated at the detector
carrier transport through the structure with the MC methodP,(f) can be related to the intrinsic characteristics of the
self-consistently coupled with a Poisson solfet®[the so-  structure and the external circuit parameters as follows. The
called Monte Carlo particléMCP) method®]. In accordance amplitudeV,,(f) of the voltage noise is connected with the
with the Ramo theorerf, for a one-dimensional geometry spectral density of voltage fluctuatioBg(f) of the intrinsic
the instantaneous conduction current-density under constadtode by
applied-voltage conditions is given by the sum of velocities

B. Current-noise spectra

of all carriers inside the structure’8s [Vo(F)|2=Sy()Af. (9)
N The power dissipated at the load impedance which is mea-
cond 1) = & vi(1), (5) sured at the detector is given by
i Pa(f)=Re Ujoad 1)1* ()], (10)

wheree is the electron charge,(t) the instantaneous veloc-

ity of the ith particle along the direction of transport, and where

N the total number of particles used to simulate the carrier V. (f)
transport through the device. For a one-dimensional geom- [(f)= = (1D
etry and a fixed doping profil&ly(x), the simulated cross [Z()+ Zioad )]
sectionA is directly proportional ta\ as is the current induced by the voltage-noise generator in the
small-signal circuit of Fig. (), and Uy ) =1(f)Zjpa )
A= N ©6) is the voltage drop at the load impedance. By a combination
L ' of the above equations, one obtains
Np(x)dx
0
RE Zjpad f
Pn(f) G[ Ioao( )] (12)

In other words, the MCP simulatiofincluding noise calcu- =Su(f) |Z(F)+Z(f)10ad*”
lations with N particles corresponds to the case of the
“real” device with the cross sectio® defined by Eq.(6).

However, the noise magnitude calculated from the simula

Then, by using the standard relation between small-signal
coefficients and spectral densities,

tion depends oM, thus reflecting the fact that it depends on Z(F)=1/Y(f 13
A. Therefore, in order to compare or to use MCP results on () (0, 3
noise together with HD calculations, one must also normal- Sj(f):SU(f)/|Z(f)|zv (14)

ize to the unit cross section the noise features obtained by the
MCP method. For this sake, one must multiply the correla-Eg. (12) can be rewritten in terms of the small-signal admit-
tion function of conduction-current fluctuatioi(t) by A.  tance and the spectral density of current fluctuations as
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RE Yioad F)] the amplification band, one can still use Ef9) for a theo-
Pa(f)=S;(f) N+ Yioud ] Af=kgTedf)Af, (15  retical calculation ofT,(f). Analogously, an experimental
toay investigation ofT,(f) is also possible since, outside the am-
where, for convenience we have introduced an effectivelification band, the impedance matching can be achieved
noise temperatur@.(f) which, according to the right-hand with a proper choice of the output circuit parameters. How-
side of Eq.(19), is defined as ever, inside the amplification band the definition of the noise
temperature given by Eq19) has a drawback. Indeed, nega-
:i : RE Yioad f)] tive values of REY(f)] would imply negative values of
Ted f) SO~ e (16) oo : o
ks " T |Y(F)+ Yioad )] T,(f) which, in turn, can be interpreted as the possibility for
hthe structure to become an active elem@mplifier or gen-
erato) under suitable conditiorfs:?? (In other words, nega-
tive values of REY(f)] do not allow for an impedance
matching) To describe the noise behavior of a stable active
device inside the amplification band, one can introduce the
noise measur®! (f), a dimensionless quantity defineda&

By definition, T¢(f) is always positive, and depends on bot
the intrinsic device characteristi&(f) and Y(f), and the
detecting circuit parametel,.( ). Since the detector takes
power from the structuréand not vice versa Re Y gadf )]

is positive.

Usually P,(f) is compared to a “black-body” radiation
of known thermodynamic temperature, which is used as a
reference noise souréeOf course, in any experiment one is M(f)= Si(f)
primarily interested in the intrinsic characteristics of the 4ksTo{ —ReEY(F)]}'
structure investigated. To eliminate from E6) the param- ) . o
eters of the detecting circuit, let us consider the variation ofVhereTy is the lattice temperature. The above quantity gives

T with R Y o.( ) ]. The effective noise temperature of Eq. the intrinsic noise of an amplifier yvith a shorted input. _As a
(16) is maximum when rule, under voltage-driven operation the above situation is

realized when the value of thel product(heren is the
RE Yioad 1= HREY(H) W2+ {IM[ Yo H)1}2]¥2 (170 doping of then region and its length is sufficiently small
for the self-generation to appear, and the electrical character-
istics of the structure to remain stable in the whole region of
applied voltage. Under current-driven operation, such a

(20

Substituting Eq(17) into Eq. (16), for the maximum value
Tef,ma)(f), we obtain

1 stable state of the active device can always be realized inde-

Tet ma f)= isj(f) pendently of thenl value, since any generation process is_
B damped by the large external resistance of the supply circuit.
1 Thus for this operation mode the noise-temperature and

X 5 175 . noise-measure spectra defined, respectively, outside and in-
HRELY () I+ {Im[ Yoo (1) T4 RE Y ()] side the amplification band, can be numerically calculated or
(18 experimentally measured for any value of the voltage drop
The physical and circuit meaning @ maf) defined by Eq. between the diode terminals, including the case wheis

(18 will differ according to the sign of Re/(f)]. As a higher than the threshold value for Gunn oscillations to ap-
g b ; pear under voltage-driven operation. For numerical calcula-

tions, in this case Eq$19) and(20) are used upon replacing
Sj(f) andY(f) with Sy(f) andZ(f).

Active device: generatonn this case the structure goes
into the self-oscillation regime for applied voltages above a
threshold valugGunn devices This happens when thel
eproduct is higher than some critical value which, for GaAs

Gunn devices of several micrometers length, is of about
5x 102 cm~2. As a matter of fact, under voltage-driven
S(f) operation the unloaded structure cannot achieve a stable state
IkREY(D]' (190 in the whole frequency range, as verified from both numeri-
B ; . )
cal simulations and experimental measurements. As a conse-
According to Eq.(1), T,(f) is the noise temperature of the quence,Y(f) cannot be defined, and E{.9) fails. It should
passive device, and corresponds to the maximum noiske mentioned that an intermediate situation between the am-
power which can be displayed at the output circuit whenplifier and generator case can be realized for applied voltages
impedances are matched at any given applied voltage. Waightly below the threshold for the Gunn effect to occur. In
stress thafl,,(f,U) is determined by the intrinsic parameters this situation, the structure remains stable; however, since it
of the device at the given applied voltage only. is very near to becoming unstable, we can expect the appear-

Active device: amplifierWhen REY(f)] becomes nega- ance of some extra noise source in its spectrum, as confirmed
tive inside a certain range of frequencies, which defines th&y calculations.
amplification band, the two-terminal structure can be used It should be noted that, in terms of the device’s small-
for amplification or generation of electrical power within that signal impedanc&(f,U) [which, while remaining of finite
band. In the case of an amplifier, the unloaded structure remagnitude, is better suited thaf(f,U) for the analysis of
mains stable under constant-voltage operatioif; hence active devicekthe amplifier and generator cases differ in the
Y(f) is a well-defined quantity. As a consequence, outsideign of In{Z(f,U)] inside the amplification band. When

R Y(f)].

Passive deviceln this case Rer(f)]>0 for anyf, and
the right-hand side of Eq(18) exhibits its maximum for
Im[Yi(f)]=0. This condition corresponds to “impedance
matching,” and the value taken by ma« is called Ty,
which now satisfies a generalized Nyquist relation of th
form

To(F)=
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Im[Z(f,U)] is negative, the structure remains stable under 1.0 . . .
voltage-driven operation. When, at some frequency value in- MCP —-
side the amplification band, [#&(f,U)]=0 and 08 i
(d/df){Im[Z(f,U)]}>0, the resonant condition is fulfilled,
and the structure goes into self-oscillations without any ex-

. . 06 {] -
ternal circuit?>??

IIl. RESULTS AND DISCUSSION o4 r i

Gi(t)/C;(0)

We shall first consider the case of a structure operating as 02 - -
a Gunn generator, and sufficiently long to avoid velocity /\
overshoot phenomena inside theegion, with the following 0.0 —
parameters: the length of timeregion is 7.5um, and doping ' v
concentration in the andn™ regions are 18 and 2x 10'®
cm™ 3, respectively. Abrupt homojunctions are assumed. The 021 Y . l ( i
cathode and anode lengths are taken to be #hb each, 0 1 2 3 S 4
which is sufficient to obtain quasi thermal-equilibrium con- (a)
ditions near the structure terminals. The lattice temperature
To is 300 K. A standard three-valley moéefor the GaAs 6 ' ' AL '
conduction band has been used in calculations. 5t MCP —— ﬁ 4
To calculate the noise temperature from E¢k9) and HD ----
(20), we use a mixed MC and HD scheme in the sense that 4+ .
the small-signal admittancémpedancg is obtained from
HD modeling, and the currenvoltage spectral density is
obtained from MCP simulations of sufficiently long histories
of aboutT=1-10 ns by using (1-10* particles. In this
way we could achieve a good accuracy Tgy, because we
estimate the uncertainty to be within 1% for HD calculations
and 10% for MC calculations at worst. Since HD and MCP
approaches correspond to different levels of microscopic de-
scription, to check their mutual consistency we start by con-
sidering the time and frequency behavior of the response and
electrical fluctuations dt) =0. Let us recall that, under ther- 1 o
R . . 1 10 100 1000 -
mal equilibrium, the noise and response obey the Nyquist
relation f(GHz)

Si(f) (10713 AZm—3s)

Si(f)=4kgToRE Y(f)]. (22) FIG. 2. (a) Time dependence of the correlation function of cur-
rent fluctuations calculated with the MCP meth@alid line), and
Thus a comparison between the valuesSpff) obtained of the response function of the conduction current calculated with
directly from MCP calculations and those of [R€f)] ob-  the HD approachdashed ling for a GaAs two-terminah™nn*
tained from HD calculations gives the required check of con-structure afT,=300 K and for the applied voltagg =0. Then-
sistency. andn*-region doping is 18 and 2<10'6 cm~2, respectively; the
Figure Za) shows the time dependence of the correlationiength of then region is 7.5um. Both functions are normalized to

function of current fluctuations together with the linear- their values at=0. (b) Frequency dependence of the spectral den-
response function of the current calculated from MCP andity of current fluctuations obtained by the Fourier transformation
HD approaches a=0 (solid and dashed lines, respec- of tht_e correlation fu_nctions presented(® (solid line), and by the
tively). Both functions are normalized to their values atFo.urler transformation qfthe response function presentéa) iand
t=0. The correspondent current spectral density calculateSing Ed.(21) (dashed ling
with the MCP method and that obtained from the small-
signal admittance by using E¢21) are presented in Fig. ture, leading to time oscillations of the total current at the
2(b). Both figures clearly demonstrate the existence of arplasma frequency which are observed on the macroscopic
oscillatory process with a period of about 0.8 ps, and a corlevel. The spontaneous formation and destruction in time of
respondent frequency of 1.25 THz. It is the plasma frequencplasma oscillations leads to the appearance of damped
associated with an electron concentration of abouplasma oscillations o€(t), as shown in Fig. @. The os-
n=1x 10" cm~2 which coincides with the value at the ho- cillatory behavior ofC;(t) implies the resonant peak in the
mojunctions. In the case of fluctuations this process leads tepectral density of the current fluctuations shown in Fig.
super-high-frequency oscillations spontaneously appearing(b). From the excellent agreement found between results
in the time dependence of the conduction current. The oscilebtained with MCP and HD calculations, we conclude that
lations are initiated by microscopic fluctuations of the carrierboth approaches give a reliable description of small-signal
velocities and, hence, of the space charge at the homojuncesponse and noise near thermal equilibrium.
tions. Via the Poisson equation, these local fluctuations cause Figure 3 shows the current-voltage characteristic obtained
fluctuations of the internal electric field in the whole struc-with the HD and MCP approaches, and compares theory
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FIG. 3. Current-voltage characteristic for tme' nn* GaAs 20 F -

structure of Fig. 2. Crosses refer to experiments, diamonds to MCP
simulations, and the line to HD calculations.

with experiment€. The excellent agreement found validates 15 |-
the theoretical approach based on the mixed HD-MCP cal-
culations also under far-from-equilibrium conditions. Both
experimental and theoretical results show that the structure
becomes unstable fdf>3.1 V, where Gunn oscillations are
found to appear. Therefore, the following analysis of such a
generating structure is limited to voltages below this thresh-
old value. 05 L |
The electric-field and average-velocity profiles calculated [

1.0 -

v (10° m/s)

ccccc
WW W
W20

with the HD approach at several values of applied voltages
are shown in Figs. @) and 4b), respectively. Inside tha
region, both profiles are quite flat faf<2.8 V. This means 0.0
that practically up to the threshold voltage carrier heating in
the n region is quite homogeneous and, hence, electronic (b z (pm)
transport is quite similar to that occurring in the bulk semi-
conductor. FIG. 4. (a) Electric-field andb) drift velocity profiles calculated

The time dependencies of the response function of conwith the HD approach for the structure of Fig. 2 at several values of
duction current calculated with the HD approach are prethe applied voltageJ.
sented on short- and long-time scales in Figs) and gb),
respectively. On the short-time scale, plasma oscillation8y approaching the threshold voltage, the damping rate de-
similar to those at thermal equilibrium are observed. On thereases, and the oscillations become more pronoujszsl
long-time scale, additional oscillations show up when theFig. 5b)]. At threshold, the gain becomes sufficient to sup-
applied voltage approaches the threshold value. Let us recglort the repeating formation of Gunn domains, and the de-
that, by definition, K;(t) describes the conduction current vice goes to self-oscillations. Above threshold, a stationary
response to an impulsivé.e., & like) perturbation of the state is absent. After some transient processes, we observe
applied voltage. Wheb approaches the threshold value, thestrongly periodic self-oscillations of the current in our HD
initial voltage perturbation leads to the formation of pertur-modeling, and the response function defined by Bploses
bations in carrier concentration which are similar to the usuaits meaning. A similar behavior is observed fGj(t), as
Gunn domains. As soon as the first domain reaches the aneported for short- and long-time scales in Figéa)6and
ode, a redistribution of the electric field takes place, and &(b), respectively. Here the transit-time oscillations of
second domain is formed in threregion, crosses the struc- C;(t) are caused by the spontaneous formation of Gunn do-
ture, reaches the anode, and so on. Therefore, these oscill@ains and their successive displacements through the struc-
tions exhibit a transit-time character, and are connected witkure. Below the threshold voltage, the stochastic character of
the successive formation and propagation of perturbations inarrier velocity fluctuationgboth in time and spagelestroys
carrier concentration through the structure. Below the threshthe coherence of successive transit-time oscillations of the
old voltage, the gain is insufficient to support the formationconduction current, and washes out their correlation on the
of a second domain with the same amplitude as the first ondgng-time scale. By approaching the threshold, the damping
and the process of repeating transit flights is damped in timegate decreasefsee Fig. €)], and for voltages above the

1
e
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2 4 6
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FIG. 5. (a) Short- and(b) long-time behavior of the response |G, 6. (a) Short- and(b) long-time behavior of the correlation
function of the conduction current calculated with the HD approachynction of the current fluctuations calculated with the MCP method
at several values of the applied voltage at several values of the applied voltage

threshold we observe nonvanishing self-oscillations of thén the intermediate-frequency range=20-30 GHz. At
current in MCP simulations as well. In this situation the 0os-U=2.8 V (i.e., slightly below the threshold valu@egative
cillating tail of the correlation function becomes too long, values of REY(f)] appear in a narrow frequency range. The
and the calculation o€;(t) very difficult. decrease of R&(f)] and its change of sign is accompanied
The spectra of Re&/(f)] andS;(f), calculated for several by the appearance of a pronounced second peak in the spec-
values of the applied voltages, are shown in Figs. 7 and &um of S;(f) at lower frequency(see Fig. 8, curves for
respectively. At low voltagesU<1.5 V), both REY(f)] U=2.8 V). This second peak is associated with spontaneous
and S;(f) remain nearly flat up to frequencies of about 100oscillations of the current at the transit-time frequency,
GHz, and then begin to decrease towardfZ $lope. For the where the oscillations are caused by the spontaneous forma-
spectrum of current fluctuations this behavior is analogous ttion of Gunn domains and their subsequent drift through the
that of velocity fluctuations in a homogeneous structuren region. It should be stressed that, in this case, the transit-
when carrier heating is accounted for. A plasma peak similatime resonance also leads to a considerable increase of the
to that at thermal equilibrium is observed in the high-low-frequency value of;(f). Moreover, for voltages above
frequency wing of both spectra. Since electron heating in th@.8 V, bothS;(f) and R¢Y(f)] exhibit a significative fre-
n™ regions is negligible, the frequency behavior of bothquency dependence even below 10 GHz.
Re Y(f)] andS;(f) at the resonant peak is practically inde-  To show the difference between an amplifying and gen-
pendent of the applied voltage. When the voltage approachesating structure, Fig. 9 reports [&@(f)] and R¢Z(f)] cal-
the threshold value, an additional resonant behavior o€ulated atU=4 V for the generating structure considered
R Y(f)] andS;(f) caused by the transit-time effect appearsabove(solid and dotted line, respectivejyand Inj Z(f)] for
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FIG. 7. Frequency dependence of the real part of the small- FIG. 9. Frequency dependence of the imaginary part of the
signal admittance for the same structure of Fig. 2 calculated by thgmall-signal impedance Ii(f)] calculated atU=4 V with the
HD approach at several values of the applied voltdge HD approach for the same structure of Fig(g&nerating device,
solid line), and for a similar structure but with a lower value of the
n-region doping:n=2x10" cm~2 (amplifying device, dashed
line). The dotted line refers to the real part of the small-signal
impedance Re&(f)] of the generating device.

an amplifyingn*nn* GaAs structure with a lower doping of
the n region:n=2x10"* cm™~2 (dashed ling [For the am-
plifying structureZ(f) has been calculated froi(f) using
Eq. (13), which holds for a stable deviddg-or the generating
structure, .the spectrl_Jm o(f) .is calcullated directly under structure considered here, the condition[Zff,U)]=0
current-driven operation by using the time response to a S®Riarts to be fulfilled inside the amplification band for
like variation in the total current of the voltage drop between ; _ 31\, and the structure goes to self-oscillation under
the structure terminaFé).(We recall that under current-driven iz épplied voltage in the absence of an external reso-
opgrauon th? structure IS alvyays stable; i.e., it does not Sfant circuit. However, if the external resonant condition is
hibit self-oscillations. The main difference between the gen- satisfied, the structure can start generating everufer.8
erating and amplifying structures is that, inside the amplifi-v when, negative values of Ré(f)] already appear .but
cation band(i.e., in the frequency range where [Ré¢f)] is Irr'1[Z(f U)] is still negative

negative, Im[ Z(f)] of the generator becomes positive, while Figures 10 and 11 show the frequency dependence of
that of the amplifier remains negative. For the generating
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FIG. 8. Frequency dependence of the spectral density of current FIG. 10. Frequency dependence of the real part of the small-
fluctuations for the same structure of Fig. 2 calculated with the MCsignal admittance for the amplifying device of Fig. 9 calculated
method at several values of the applied voltabe with the HD approach at several values of the applied voltdge
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FIG. 12. Frequency dependence offRéf)] and S;(f) calcu-

. lated for th lifying devi f Fig. 9 with =10 V.
FIG. 11. Frequency dependence of the spectral density of cur-ae or the amplifying device of Fig. 9 wi

rent fluctuations for the amplifying device of Fig. 9 calculated with ) ) )
the MCP method at several values of the applied voltdge frequencies below the plasma value. In the intermediate re-
gion 0.4<U<1.5V, the increase of ,(f) is smooth, and
Re Y(f)] and S;(f), respectively, calculated for the ampli- Mostly associated with the decrease of We,U)]. This
fying Gunn device(i.e., for the structure witm=2x 104 behavior is due to carrier heating because of the high electric
cm™). Similar to the generating structure, negative values ofi€ld inside then region[the average value ranges between
REY(f)] appear nea)=3 V. Then, these negative values 0.5-2 k\_//cm; see Fig.@]. For voltages above about 1.5V,
are maxima at) =4—5 V. and tend to decrease with a further N€ating is sufficient for carrier transfer to upper valleys. Ac-
increase olU. The amplification band is shifted to a lower- cordingly, the increase of,(f) with applied voltage be-
frequency range whebl increases. This behavior reflects a €omes more pronounced, and the spectrum exhibits a pecu-
decrease of the transit-time frequency and average velocitglr structure. The plateau at the lowest frequencies is
due to an increase of the electron transfer from the central tfp!lowed by a bump evolving toward an asymptotic behavior
the upper valleys at higher electric fields. However, therd" @ Small frequency region centered around the transit-time
appears an additional amplification band corresponding tff€duencyf=25 GHz. Then, in the high-frequency range
the second harmonic of the transit-time resonance. In accok9-2<f<1 TH2), T (f) flattens, taking values very similar
dance with the admittance spectrum, the pea;{fi) asso- [© those of the electron temperatufg=2(€)/(3kg) in the
ciated with the resonance at the transit time appears nedr 'egion associated with the carrier average enefgy
U=3V, reaches a maximum fdd =4-5 V, and decreases
with a further increase o) by simultaneously shifting to
lower frequencies. Contrary to the case of generation, the

; U-0.4V —
appearance of the resonant peak does not lead to an increase 5 3:;%
of §j(f) in the low-frequency range, where it remains prac- } ‘. '.! ng.w
tically independent of the applied voltage, or even slightly 10000 F e i U=3.0V =n.e E

decreases above the threshold value. It should be emphasized
that each local minimum of R¥(f)] leads to a separate
local maximum ofS;(f). This behavior is shown in Fig. 12,
which presents the spectra §f(f) and R¢Y(f)] calculated

for the amplifying structure at) =10 V.

The noise-temperature spectrum, calculated in accordance
with Eqg. (19) using the results of the generating structure
presented in Figs. 7 and 8, is shown in Fig. 13. At low
voltages, below 0.4 VT, (f) is practically independent of
the frequency, and equals the lattice temperature, thus fulfill- 100 Lot i
ing the Nyquist theorem. Then a systematic increase of 1 10 100
T,(f) with U is observed. We remark that for frequencies f (GHz)
near and above the plasma valieé about 1.3 THz within

the numerical uncertainty, we have foulig=T, at all ap- FIG. 13. Frequency dependence of the noise temperature for the
plied voltages. This means that this part of figf) spec-  generating device calculated from the admittance and noise spectra

trum is caused mainly by thermal electrons placedhin  reported in Figs. 7 and 8 at several values of the applied voltage
regions. Thus in the following we will focus our attention on U.

Taw(f, U) (K)

1000

1000 10000
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From the analysis of Figs. 7, 8, and 13, we conclude that the 100000 ¢ — .
fast increase with applied voltage of the noise temperature at ]
the lowest frequencies is associated with both a decrease of i o ]
Re Y(f)] and an increase @;(f). For voltages up to 2.6 V,

the increase of5;(U) plays a minor role when compared

with the decrease of R¥(U)], while above 2.6 V the in- g 10000 £ E
crease of5;(U) also becomes quite significant. Then, due to =
the resonant behavior of both [R€f) ] andS;(f), there ap- E

pears the bump off ,(f) near the transit-time frequency.
This bump quickly goes to infinity and, according to what is 1000 |
discussed in Sec. Il C, the noise temperature becomes nega- i
tive (thus it cannot be measunethside the amplification
bandf=15-35 GHz. At frequencies above the amplification
band the noise-temperature spectrum again becomes positive .

100 — e
(and thus measurable=or example, one can detect the sec- 0.1 1
ond peak of the noise temperature appearing near the fre- (@) U (v)
guency value of 50 GHzsee curve fotd =3.0 V) that cor-
responds to the second harmonic of the transit-time [ ' LI ' '
frequency(see the additional minimum d&t=50 GHz of Re I /
[Z(f)] for the generating device shown in Fig. Near the /
threshold valueJ =3.1 V (which corresponds to an average 100000 ¢
electric field of 4.2 kV/cm, the value ofT,(f) at the lowest b
frequencies becomes practically infinity. This corresponds to
the onset of electrical power self-generated at the frequency =
of about 25 GHz. Above this threshold voltage a noise tem- S 10000 |
perature cannot be defined in the whole frequency range. * i
Since the device exhibits self-oscillations, the only meaning-
ful quantities remair(i) the power spectrunidirectly mea-
surable asPy(f)=0Uj RdYiedf)], 8Uy,_, being the

voltage fluctuations at the load admittance and bar denoting
average over a cycle at the associated frequendy the
efficiency, andiiii) the linewidth of the generatdr:*’-#122:26
It should be emphasized that, below the threshold voltage, (b)
the above spectral behavior at the lowest frequencies is very
similar to the usual noise temperature dependence on the FIG. 14. Voltage dependence of the noise temperature at low
electric field of the bulk materidl’ frequency for(a) unstable, andb) stable electrical behavio(a)
Figure 14a) reports the noise temperature at low frequen-Symbols refer to experiments, and curve 1 to theoretical calcula-
cies as a function of the applied voltage for the generatingions performed under voltage-driven operation within MCP and
device, which goes to self-oscillations under voltage-driverHD schemes at=10 GHz in the same structure of Fig. 2. Curve 3
operation. Here curve 1 refers to the results of Fig. 13 at 1@efers to calculations performed with the balance-equation approach
GHz, which are compared with the available experimentafor bulk n-GaAs atf=0 (Ref. 27. (b) Curves 1 and 2 correspond
datd presented by symbols. The correspondent dependené‘éthe case of current-driven operation for the same structure of Fig.
calculated’ for a bulk material by using the HD approach 2 respectively, af=0 and =10 GHz. Curves 3 and 4 report
developed in Refs. 13 and 28 is shown by curve 3. We hav&?iculations performed within a MCP and HD scheme for the am-
found excellent agreement between different theoretical ap2i¥ing device of Fig. 9, aff =0 andf =10 GHz, respectively.
proaches and experiments that proves the soundness of the
theory developed here, and the reliability of the experimentsunder current-driven operation is presented in FigbLéy
Furthermore, since curves 1 and 3 refer to the generatingurves 1 and 2 at frequencies of 0 and 10 GHz, respectively.
structure of Fig. 2, we conclude that the dependence on th€urves 3 and 4 refer to the amplifying structure of Fig. 9,
applied voltage is caused mainly by hot-electron effectsand are calculated under voltage-driven operation at frequen-
(similarly to what happens in the bulk matejiahther than cies of 0 and 10 GHz, respectively. In both cases, the voltage
by transit-time effects. This conclusion is quantitatively sup-dependence of the noise temperature differs significantly
ported by the calculations reported in Fig.(84 which cor-  from that of bulk material. Af=0, T,(U) tends to saturate,
respond to the case of a stable steady state of an active dehile, atf =10 GHz,T,(U) increases due to the decrease of
vice. Let us recall that such a stable state, corresponding B¢ Y(f)] since this frequency value is very close to the am-
negative values of R&(f)], is achieved in a wide voltage plification band.
range undefi) current-driven operation for any value of the  The noise-temperature spectrum for the amplifying device
nl product, andii) voltage-driven operation for values of the is rather complicated, especially at high voltages when sev-
nl product less than the critical one. The voltage dependenceral amplification bands appear. Inside the amplification
of the noise temperature for the structure of Fig. 2 calculatedbands the noise measure defined by &4) can be used to
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FIG. 15. Frequency dependence of the noise figure of merit. The FIG. 16. Voltage dependence of the noise temperature in a sub-
solid line refers to the relative noise temperattif¢f)/T,, and the  micrometern™nn® GaAs structure with the following parameters:
dashed line to the noise measwif) defined for the amplifying n- and n*-region doping of 1& and 13® cm™3, respectively; a

device of Fig. 9 atU=8 V outside and inside the amplification length of then region of 0.2um; andT,=300 K. Symbols refer to
band, respectively. The dotted line repoitg(f)/T, calculated at experimentgRefs. 2, 4, and § and the solid curve to theoretical
u=2V.

calculations performed with a MCP methodfat 10 GHz.

characterize the noise properties of the amplifier. It should b@erformed for a vertical rather than a planar structure as used
stressed that Eq20) is quite similar to Eq(19), when this i experiments. We remark that the absence of Gunn oscil-
latter is normalized toT,. Therefore, bothT,(f)/T, and lations, typical of longer structures, makes it possible to mea-

M(f) are suitable quantities to characterize the noise of th&UreT, up to voltages b6 V under voltage-driven operation.
same device. The advantage is that their spectra can be plot-

ted on the same figure, thus providing a noise figure of merit

of the device operating in both the passive and aqtlve regions IV. CONCLUSIONS

of the spectrum. The result of such a calculation for the

amplifying structure atJ=8 V is reported in Fig. 15. Solid

and dashed curves correspondTig(f)/T, and M(f), re-  temperature fon*nn* GaAs structures under the applica-
spectively. For comparison, the dotted curve showdion of an external voltage. A detailed analysis of the limits
T.(f)/T, for the same device calculated at a voltage wellof validity for a consistent definition of this physical param-
below the threshold value. eter in terms of current spectral densy(f) and small-
As reported above, for the case of long structures theignal admittancey(f) is given. Calculations at a kinetic
noise temperature at a low frequency of the stable devictevel have been performed, making use of an ensemble
does not go to infinity, but even exhibits a tendency to satuMonte Carlo simulator self-consistently coupled with a Pois-
rate at high voltage$see Fig. 14b), curves 1 and B By  son solver for the determination &(f), and a hydrody-
scaling the length of the structure down to the submicromamic approach for the determination ¥6{f). This mixed
region, the low-frequency plateau of botBj(f) and scheme combines the advantages of consistency and numeri-
R Y(f)] widens to higher frequencié.This opens the cal precision for the determination of different quantities,
possibility to investigate the noise temperature in submiwhich are obtained within an accuracy of 10% &(f) and
crometer structures, which remain stable up to sufficientlyof 1% for Y(f). When, under voltage-driven operation, the
high values of then-region doping even at applied voltages value of thenl product is sufficiently high to observe the
which correspond to average electric fields of several hunenset of current self-oscillations, the noise temperature at
dred kV/cm?*® In this case, due to the wide low-frequency low frequency goes to infinity near a threshold voltage, as
plateau, the noise temperature at 10 GHz is calculated frorpredicted by the steady-state characteristics of bulk material.
the MCP simulation directly by using, for Ré(f)], the  For values of the voltage below threshold, the noise-
value obtained from the current-voltage characteristics. Théemperature spectrum at high frequency shows structures
results obtained for a length of timeregion of 0.2um and a  which can be ascribed respectively(ip transit-time effects
dopingn=10 cm 2 andn*=10'" cm™2 are reported in (f=25 GH2), (ii) carrier mean energy (0s2f <1 THz), and
Fig. 16, together with available experimental dat&.Even (i) plasma-time effectsf(1 THz). A noise figure of merit
if we could not extend the simulations over 4 V, the quali-displaying the behaviors of both the amplifying and generat-
tative agreement between theory and experiments is consithg structures has been provided. The electrical behavior of
ered to be satisfactory, keeping in mind that calculations aréhe generating structure remains stable under current-driven

We have developed a microscopic theory of the noise
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operation. For this operation-mode case, and for the amplitransport properties of semiconductor two-terminal structures
fying structure under voltage-driven operation, the noiseunder far-from-equilibrium conditions.

temperature at low frequency remains finite in magnitude at
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