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Electric noise, or fluctuation in electric circuits, results from
the discrete nature of charge carriers and their chaotic mo-
tion. Electric noise manifests itself as an acoustic noise in a
telephone or a radio receiver, also as an irregular flickering
on a television screen, known as a “snowfall” flicker, and oth-
erwise. In general, fluctuations are temporary deviations of
variables (current, voltage, resistance, frequency, etc.) either
from their long-term averages or from some regular time-de-
pendent values of information-bearing signals. This article
deals with electronic noise caused by electrons and holes in
semiconductors. For simplicity, the term electrons will be
used, unless mentioning holes is necessary for specific
reasons.

Fluctuations are best understood for electron gas which is
in thermodynamic equilibrium with lattice vibrations. The
universal relations of Nyquist and Einstein, together with
Ohm’s law, interrelate noise, current, and other electronic
transport, including electron diffusion. These relations are
sufficient to estimate the ultimate accuracy for electrical mea-
surements and signal processing under near-equilibrium con-
ditions. However, advances in instrumentation and communi-
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cation technology increasingly depend on progress in
microelectronics, where deviations from equilibrium are es-
sential, and the universal relations fail. High electric field en-
hances chaotic motion of electrons in devices and circuits. The
customary name for this situation is hot electrons. Corre-
spondingly, noise acquires features absent at equilibrium. In-
deed, hot-electron noise differs from equilibrium, like a
stormy sea differs from a mill pond. Measuring noise out of
equilibrium provides new information about kinetic processes
in electron gas—new as compared with that available from
the average values of observables. As a result, investigation of
hot electron noise proves to be a powerful tool for diagnosing
nonequilibrium states in semiconductors subjected to high
electric fields. Moreover, the obtained knowledge of the micro-
scopic origin of hot electron noise helps to control it and sug-
gests how to eliminate some sources of excess noise through
improvement of material technology and circuit design, thus
contributing to development of highly sensitive low-noise de-
vices.

HOT-ELECTRON VELOCITY FLUCTUATIONS

Electric Noise at Equilibrium and in Nonequilibrium State

Fluctuations at Equilibrium. Fluctuations have been under
investigation since 1827, when R. Brown published the re-
sults of his observations on the endless irregular motion of
microscopic particles suspended in a liquid. Numerous sophis-
ticated investigations of this phenomenon, called Brownian
motion, led to the conclusion that the mean kinetic energies of
a Brownian particle and a molecule of the liquid were equal,
provided enough care was taken not to disturb their thermal
equilibrium. Moreover, fluctuations of position of a Brownian
particle were found closely related to the viscosity of the sur-
rounding liquid and the force of friction acting on the particle.
Experiments on Brownian motion and its theory, developed
by A. Einstein and M. Smoluchowski, were important argu-
ments in favor of the molecular-kinetic theory. The theory
provided methodology to treat spreading of a cloud of parti-
cles (diffusion), friction, viscosity, and so on, in terms of veloc-
ity fluctuations. In particular, the Einstein relation associates
the electron diffusion coefficient with electron mobility—the
main electron transport parameter for a semiconductor in
Ohm’s law for current flow. Nyquist (1), in 1928, related the
spectral density of current fluctuations in a resistor to the
dissipative part of its conductance, or resistance. The Nyquist
theorem and Einstein’s relation together led to the fluctua-
tion—diffusion relation, between electronic noise and electron
diffusion.

In Nyquist’s derivation one can also trace ideas of Rayleigh
(1900), who applied the equipartition theorem to the stand-
ing-wave modes of black-body radiation. In some sense, the
available noise power is a special low-frequency case of black-
body radiation. Under proper matching, a resistor emits noise
power into the matched transmission line connected to a radi-
ometer—a sensitive device to measure radiation power.
At thermal equilibrium, noise is white over a wide range of
frequencies, that is, the spectral density of noise power does
not depend on frequency and is the universal function of the
absolute temperature. Thus, the noise radiometer serves as
the absolute thermometer. (Visible and infrared radiation of
a black-body is used to measure the absolute temperature as
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well.) Provided noise power differs from thermal power, the
equivalent noise temperature (or, simply, noise temperature)
is introduced, in order to estimate the deviation from equilib-
rium. The logarithmic ratio, in decibels, of the noise tempera-
ture over the absolute temperature is widely used for the
same purpose.

In 1951, Callen and Welton (2) completed the theory of
fluctuations at equilibrium by formulating the general fluc-
tuation—dissipation theorem, which expresses the spectral
density of fluctuations in a physical system at a given fre-
quency, in terms of the dissipative part of the response of the
system to some external perturbation. Accordingly, calcula-
tion, or measurement, of the system of linear response at a
given frequency provides data on the spectral density of fluc-
tuations of the corresponding variable at the same frequency.
Consequently, measurement of electric noise at equilibrium
gives no complementary information, as compared with that
available from impedance measurements. On the other hand,
measuring electron mobility and electron density in a semi-
conductor is sufficient to determine its noise properties at
equilibrium.

The thermodynamic arguments collapse for an open sys-
tem, subjected to a continuous energy flow, when some energy
is supplied from the external world and then dissipated back
to the external world. No universal relation is valid between
noise and impedance in this case. This statement has funda-
mental and practical consequences. First of all, investigation
of fluctuations from the nonequilibrium state is a valuable
tool for diagnosis of different mechanisms of dissipation: re-
laxation of momentum, energy, intervalley transfer, as well
as free-carrier number relaxation, which are reflected in the
noise spectrum pattern of a biased semiconductor. On the
other hand, the failure of the fluctuation—dissipation theorem
allows, to a certain extent, independent control of the re-
sponse and the noise through variation of the applied field,
frequency, semiconductor doping, ambient temperature, sam-
ple length, and so on. Such a study, aimed at finding the fa-
vorable conditions for coexistence of high drift velocity and
low excess noise, is important for the development of high-
speed, low-noise devices.

Excess Noise at Low Electric Fields. Hot-electron effects are
negligible in low electric fields, where the electrons easily dis-
sipate energy gained from the applied electric field, and the
electron temperature remains approximately equal to that of
the semiconductor lattice. Nevertheless, electric current dis-
turbs equilibrium and changes fluctuation spectra. For exam-
ple, fluctuations of resistance (already present at equilibrium)
cause no noise at zero bias, but they modulate current and
manifest themselves in a biased semiconductor.

Many sources of excess electric noise, such as flicker noise,
generation-recombination noise, and shot noise need current
to appear (3-5). Flicker noise dominates at low frequencies,
whereas generation-recombination noise is usually observed
at intermediate frequencies. Shot noise is white over a wide
range of frequencies. These sources of excess noise are not
observed in directions transverse to the current. On the con-
trary, the noise resulting from electron velocity fluctuations
is observed in all directions. It exceeds the flicker and genera-
tion-recombination noise at high frequencies.

Shot noise is important when the current is controlled by
a barrier: a p—n junction, a Schottky barrier, a heterojunc-
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tion, a tunneling structure, nonuniformities of doping, non-
ohmic contacts, and so on. The universal Schottky formula
(6) say that, for shot noise, the spectral density of current
fluctuations is proportional to the current. Measurement of
noise characteristics as a function of current, frequency, and
lattice temperature helps to distinguish different sources of
excess noise, and suggests how to eliminate those of no inter-
est. In particular, perfect ohmic contacts, uniform doping, and
relatively high density of majority carriers, are prerequisites
for avoiding interference of shot noise during experiments on
hot-electron velocity fluctuations.

Electron Heating by Electric Field. A high electric field accel-
erates mobile electrons, and they accumulate excess energy.
The steady state is reached when energy loss (usually at the
lattice vibrations) compensates energy gain at a certain ele-
vated mean energy of the electrons. The electron mean energy
rising above its thermal equilibrium value—termed hot elec-
trons—is specific to the electron behavior at high electric
fields in semiconductors. The lattice temperature tends to in-
crease as well, due to the Joule effect. However, the heat ca-
pacity of a semiconductor sample is much higher than that of
the electron gas. Moreover, the lattice dissipates excess heat
to the ambient, and the lattice temperature remains the same
as (or only insignificantly higher than) the ambient tempera-
ture, provided a short voltage pulse is applied and the heat
dissipation is efficient. The associated noise resulting from
hot electrons is called hot-electron noise.

Hot-Electron Noise. Electronic processes inside the conduc-
tion band are fast, so the associated spectral features of ex-
cess noise appear at microwave frequencies. Therefore, it is
quite natural that investigation of hot-electron noise at micro-
wave and higher frequencies serves for diagnostics of fast and
ultrafast processes in a semiconductor subjected to high elec-
tric fields. Microwave noise measurements usually deal with
the noise power expressed in terms of the equivalent noise
temperature. Another fluctuation characteristic is the spec-
tral density of current fluctuations available from experimen-
tal data on noise temperature and small-signal microwave
conductivity.

Experiments on hot-electron noise provide information on
the anisotropy of kinetic energies in the longitudinal and
transverse directions, the transverse and longitudinal diffu-
sion coefficients of majority carriers, the energy relaxation
time constant and its dependence on the applied electric field
and lattice temperature, the intervalley transfer time con-
stants for equivalent and nonequivalent valleys, and other
important kinetic parameters of electronic processes inside
the conduction and valence bands.

Kinetic Theory of Fluctuations from Nonequilibrium State

Toward the Price Relation. Kinetic theory of hot-electron
fluctuations in semiconductors is an important part of physi-
cal kinetics (7). The crystal lattice presents an unperturbed
thermal bath for the nonequilibrium electron gas in a semicon-
ductor, allowing detailed treatment of hot-electron interaction
with equilibrium phonons. This situation, and an understand-
ing of the importance of fluctuations for the kinetic theory, im-
mediately led to interesting results on hot electron fluctuations
in semiconductors, reported by Lax (8), Price (9), Gurevich (10),

Price (11), Gurevich and Katilius (12), Kogan and Shul’'man
(13).

In particular, Price (11) extended to hot electrons the fluc-
tuation—diffusion relation between the spectral density of cur-
rent fluctuations caused by electron velocity fluctuations and
the diffusion coefficient associated with fluctuations of posi-
tion of the same electrons. The Price relation was proven to
hold, despite the failure of the Einstein relation, Ohm’s law,
and the Nyquist theorem for hot electrons.

General Theory. Later results, obtained for the case of fre-
quent electron—electron collisions, contradicted the earlier re-
sults, and Gantsevich, Gurevich, and Katilius (14,15) and Ko-
gan and Shulman (16) developed a self-consistent kinetic
theory of fluctuations in a nonequilibrium case, based on the
first principles of quantum mechanics and statistical physics.
The theoretic apparatus of kinetic theory was generalized to
obtain spectral properties of noise from statistical properties
of collisions. The criteria of applicability of the theory were
the same as for Boltzmann’s equations used for response cal-
culations. An important result obtained was (15) that the
Price fluctuation—diffusion relation for hot electrons (11) had
a narrower range of applicability than originally expected,
with a high-density hot-electron gas being outside this range
because of electron—electron collisions. The theory and its nu-
merous applications to analytically tractable models are de-
scribed in monographs (4,7) and review papers (17,18).

Hot-Electron Noise in Lightly Doped Semiconductors

Longitudinal and Transverse Noise. Developed theory and
practical needs stimulated experimental investigation of hot-
electron noise in semiconductors. Erlbach and Gunn (19) mea-
sured hot electron noise temperature for n-type germanium
in the transverse direction to the current. The resultant in-
crease of the transverse noise temperature with the applied
electric field indicated that the electrons were hot. Bryant re-
ported on longitudinal noise temperature for n-type GaAs
(20). Avoiding possible contribution of generation-recombina-
tion noise, Bareikis, Vaitkeviéiate, and PozZela (21) measured
the longitudinal noise temperature of hot carriers in n-type
and p-type germanium (22) at microwave frequencies. Their
study of longitudinal and transverse noise gave the first ex-
perimental evidence that noise temperature and spectral den-
sity of velocity fluctuations of hot carriers were anisotropic
quantities. The experiment was performed on samples con-
taining a relatively low density of hot carriers, and the results
were interpreted in terms of the Price fluctuation—diffusion
relation with the correct conclusion (21) that the diffusion co-
efficient of hot carriers was anisotropic as well. [Some time
later, Wagner, Davis, and Hurst observed the anisotropy of
electron diffusion in ordinary gases at high electric fields; see
(23).] So, microwave noise experiments demonstrated the pos-
sibility to obtain results on field-dependent longitudinal and
transverse diffusion coefficients for majority carriers in uni-
form samples without introducing carrier density gradients,
and this technique (21,22) was applied to investigate hot-elec-
tron diffusion in the principal semiconductors used in elec-
tronics (24,25). The diffusion coefficient results obtained from
microwave noise measurements were confirmed by experi-
ments using other techniques [see (25)].



Fluctuations in One-Valley Semiconductors. The physics of
noise relates the observed fluctuations in macroscopic vari-
ables to the microscopic processes inside a semiconductor. For
hot-electron scattering by acoustic phonons in a one-valley
semiconductor, theory predicted a negative convective contri-
bution to longitudinal current fluctuations resulting from en-
ergy fluctuations (11,12). This phenomenon was experimen-
tally confirmed in p-type germanium (22).

An essentially different contribution to longitudinal noise
comes from inelastic scattering of hot electrons by optical pho-
nons—the main energy loss mechanism at elevated electron
energies. This scattering mechanism leads to resonant-type
spectrum of velocity fluctuations in a narrow range of moder-
ate electric fields at low lattice temperatures, as illustrated
by experiments performed for p-type Ge and n-type InSb at
10 K lattice temperature [(26); see also (18)]. Optical phonon
scattering, dominating over a wide range of electric fields in
n-type GaAs and InP, leads to a broad and relatively weak
noise source resolved at liquid nitrogen and room tempera-
tures [see (24)].

Intervalley Fluctuations in Elementary Semiconductors. The
conduction band of Ge and Si has several equivalent valleys,
containing equal parts of the electron gas in equilibrium. An
applied electric field introduces differences in the drift veloci-
ties and mean energies in the ellipsoidal valleys, oriented at
different angles to the field, and the excess noise—hot-elec-
tron intervalley noise—appears (9). It is anisotropic, with re-
spect to the electric field direction and to the crystallographic
orientation (27). Intervalley noise and generation-recombina-
tion noise are examples of so-called partition noise [see (25)].

Intervalley Fluctuations in Compound Semiconductors. The
conduction band of direct-band-gap compound semiconductors
differs essentially from that of silicon and germanium. Equi-
librium electrons occupy the lowest single valley, where their
mobility is high. The upper low-mobility valleys are usually
empty at equilibrium (except for high lattice temperatures),
and a high electric field is needed for their occupation. Inter-
valley transitions of hot electrons cause longitudinal fluctua-
tions of drift velocity. Intervalley noise of this type dominates
in GaAs (28) and InP (29) at the subthreshold field for the
Gunn effect. Sources of noise due to hot-electron transfer into
satellite valleys located along the (111) and (100) directions
(L- and X-valleys) were resolved in short submicrometer sam-
ples of n-type GaAs (30).

Monte Carlo Simulation of Fluctuations

Experimental studies demonstrate that hot-electron noise
characteristics are sensitive to subtle details of the semicon-
ductor band structure and scattering mechanisms. This stim-
ulates the interpretation of experimental data, in terms of re-
alistic semiconductor models. While analytical models
perfectly illustrate the kinetic theory with deep insight into
the physics of hot-electron noise, numerical techniques are
useful in extracting quantitative information on the dominant
kinetic processes inside the conduction band.

Simulation of Hot-Electron Fluctuations. The Monte Carlo
method—a versatile numerical technique—introduces hot-
electron velocity fluctuations into the simulation procedure in
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a natural way. The first calculation of hot-electron noise spec-
tra by the Monte Carlo technique (31) was immediately fol-
lowed by a paper (32), in which a better estimate of the scat-
tering parameters of holes in the valence band of germanium
was obtained by fitting the Monte Carlo simulation data to the
experimental results. Simulation techniques and calculation of
the spectral properties of hot-electron noise are described in a
monograph (33) on Monte Carlo methods and their application
to semiconductor devices. Recent developments and results
with emphasis on hot-electron noise in semiconductor struc-
tures are discussed in review papers (34—36). This Monte Carlo
approach applies at low electron densities, and modified proce-
dures are needed to treat fluctuations when electron—electron
collisions are essential (37—39).

Simulation of Hot-Electron Diffusion. The Price fluctua-
tion—diffusion relation, valid at low electron densities, provides
another possibility to compare experimental data on hot-
electron velocity fluctuations and numerical results for realis-
tic models. Motion of individual electrons in real space, re-
sulting in diffusive spreading of an electron cloud, was simu-
lated by the Monte Carlo technique, and the diffusion
coefficient available from this simulation was compared with
data on spectral density of current fluctuations available from
microwave noise measurements [see (24,25)].

Effect of Electron—Electron Collisions

Electron—electron collisions are energy and momentum con-
serving; they have no direct effect on energy and drift veloc-
ity, but do influence these averages through other scattering
mechanisms. For example, an electron—electron collision can
assist emission of an optical phonon by one of the electrons
supposing that each electron lacks energy for the emission
before the collision. The associated loss of energy is essential.
It causes a slow increase of hot electron noise temperature at
moderate electric fields and cryogenic temperatures, as illus-
trated by comparing the results of Monte Carlo simulation
with the experimental data for n-type GaAs (39). Moreover,
theory predicts that two-carrier collisions in hot-electron gas
create additional correlation, and the additional term enters
the fluctuation—diffusion relation (15) [see also (37)].

Semiconductor Structures

Short Channel Effects. Modern microelectronics is shaped by
small-size and low-dimension semiconductor structures. In-
vestigation of hot-electron noise in such structures is impor-
tant when one tries to minimize the associated excess noise
at high speed of operation. Hot electrons fail to reach the
steady-state, corresponding to an infinitely long sample, pro-
vided the sample is short and the hot electrons leave the sam-
ple for the electrode early enough. As a result, a higher elec-
tric field is needed for the intervalley noise to appear in short
samples (37). In other words, at a fixed electric field, the in-
tervalley noise is suppressed in short channels. The essential
suppression of hot-electron noise in short channels has been
demonstrated for lightly doped n-type GaAs (40) and InP (41),
and for standard-doped n-type GaAs (42). For a comparison
with the results of Monte Carlo simulation, see Ref. (24).

Two-Dimensional Electron Gas Channels. In two-dimensional
electron gas (2-DEG), the electrons are free to undergo planar
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motion, but their transverse freedom is limited by the hetero-
junction and electrostatic barriers. The degree of transverse
freedom depends on the barrier height and the electron ki-
netic energy, the latter being easily controlled by the electric
field applied in the plane of electron localization. This intro-
duces sources of excess noise specific to low-dimensional chan-
nels (43,44). Dependence of hot-electron noise on channel
length is also important for low-noise operation of 2-DEG
channels at microwave frequencies (44).

THEORETIC BACKGROUND

Hot-electron fluctuations depend on the details of kinetic pro-
cesses taking place in a biased semiconductor. This requires
consideration of the values in the nonequilibrium spectra that
reflect these details. Definitions and relations appropriate for
the nonequilibrium state and converging to the equilibrium
states at zero bias are introduced in this section.

Correlation Function and Spectral Density of Fluctuations

Electric current in a semiconductor sample results from mo-
tion of the mobile electrons present in the sample. Random
motion of individual electrons produces fluctuations of the
current, 8I(¢), around the time-independent mean value I. Let
us consider N electrons in a uniform sample under steady-
state, reached in a uniform static electric field E. The time-
dependent velocity of the all-electron mass center, averaged
over the mobile electrons, or drift velocity, is

1 N
Va®) =32 Val®) ey

where v,(¢) is the instantaneous velocity of the n-th electron
and ¢ is time. Fluctuations of the drift velocity év,(¢) around
the time-independent mean value v,(¢) are present in all di-
rections:

v, (&) =v, () — v, @) (2)

The bar here and in the following designates the average over
time. The fluctuating time-dependent drift velocity for a cho-
sen model can be obtained from Monte Carlo simulation [see
(33)1.

The quantity that yields important physical information on
the size of the fluctuations and how they decay in time is the
drift velocity autocorrelation function (see Ref. 4). In the di-
rection of interest, the autocorrelation function is

® (1) = 8v,(2)dv,(t + 1) (3)

where 7 is the time difference between two observations, and
v4(t) is the drift velocity component in the chosen direction.
The autocorrelation function value 6v%(¢) at 7 = 0 is called
variance. Correlation functions are available from the equa-
tions of fluctuation kinetics or from Monte Carlo simulation
(see Refs. 17,18,33,34).

Fourier transformation of the drift velocity autocorrelation
function [Eq. (3)] gives the spectral density of drift velocity

fluctuations in the direction of interest (Wiener—Khintchine
theorem) (see Ref. 3).

Sy (w) = 4/00 ® (1) cos(wr)dt (4)
0

Electron velocity fluctuations induce voltage fluctuations on
the sample terminals and current fluctuations in the circuit.
It is a convention to deal with the open-circuit voltage fluctu-
ations and the short-circuit current fluctuations unless other-
wise mentioned. The current which is usually measured out-
side the sample can be related to the electron drift velocity
inside the sample. In a similar way, the current fluctuations
can be expressed in terms of the drift velocity and other fluc-
tuations. In general, the relation is complicated, but it ac-
quires a simple form in the case of a uniform electric field in
a uniformly doped sample of constant cross-section at high
frequencies where electron number fluctuations can be ig-
nored. Hence, the spectral density of current fluctuations S;
is proportional to that of drift velocity fluctuations

S;(w) = e?nSy(w) /L (5)

where e is the elementary charge, n is the electron density, @
is the cross-section area, L is the sample length (interelectro-
dal distance), w is the circular frequency, and S; is determined
in A? s. Discussion of more complicated cases can be found
elsewhere (34,36,45).

In general, the spectral density of current fluctuations is a
tensor quantity, consisting of three diagonal and six off-diago-
nal components. A diagonal component results from the auto-
correlation function of the time-dependent drift velocity com-
ponent along the corresponding Cartesian axis [see Eq. (3)].
An off-diagonal component comes from the velocity covaria-
tion function [of a similar form as Eq. (3)], but containing the
product of the time-dependent drift velocity components along
two Cartesian axes. In an isotropic medium, for example, in
an amorphous solid, the tensor of spectral density can be re-
duced to three diagonal non-zero components, the parallel to
the applied electric field component and two transverse com-
ponents, the latter two being equal to each other. In crystals,
for example Si or Ge subjected to electric field, the off-diago-
nal components are also important.

Available Noise Power and Noise Temperature

Hot-electron velocity fluctuations and associated fluctuations
of current dominate over other sources of fluctuations at mi-
crowave frequencies. The fluctuating, that is, time-dependent
current, causes emission of electromagnetic waves into an
open space or into the load (a coaxial cable, a waveguide, a
coplanar line, etc.). Therefore, the semiconductor sample
feeds the power into the load. The emitted noise power is of
special importance in this frequency range, since the current
fluctuation spectra (directly available from the velocity fluc-
tuation spectra, in theory) are not measured at microwave
frequencies directly. It is a convention to consider the
emitted/absorbed noise power for matched impedances of the
sample and the load, unless stated otherwise. Under this con-
dition, the noise power is called the power available at the
noise source or the available noise power.

The available noise power P,(f) emitted by a source of
noise in a fixed frequency band Af around a frequency f = w/



27 can be estimated by comparing it with the power radiated
into the same frequency band by an absolutely black body
kept at a known temperature. In case of equal powers at a
given frequency, one can say that the equivalent noise tem-
perature of the noise source at this frequency equals the abso-
lute temperature of the reference black body. The equivalent
noise temperature, or noise temperature, 7,(f), multiplied by
the Boltzmann constant kg is, by definition, the power, per
unit frequency band around the frequency f, dissipated by the
sample into the matched load (see Ref. 4):

P.(f)

Tn(f)=k Af
B

(6)

Hot-electron noise power depends on frequency, direction,
electric field, and so on. This forces one to introduce fre-
quency-, direction- and field-dependent equivalent noise tem-
perature. In an isotropic medium, the nonequilibrium noise
temperature differs in the directions parallel and transverse
to the current. The hot-electron noise temperature, T,(f), rep-
resents a property of an electron gas differing from its energy
temperature T,, which is defined on the basis of the electron
average energy, T, = (2/3)(€)/kp.

In equilibrium, the noise temperature of the sample in
question is independent of frequency over the wide range of
frequencies, and equals the absolute temperature: T, = T.
The equilibrium noise spectrum is white [until e < k3T, see
Ref. (41)], and the available noise power in this range of fre-
quencies can serve for establishment of the absolute scale of
temperature.

Spectral Density of Current Fluctuations and Noise Temperature

Noise power can be expressed in terms of spectral density of
current fluctuations and impedances of the sample and the
load. For the matched impedances one has:

1
P, (f) = Zsz(f)Re{Z(f)}Af (7

where St is the spectral density of current fluctuations deter-
mined under the short-circuit condition, and Z(f) is the ac im-
pedance of the sample around the dc bias point. (The match-
ing of the sample and the load means that their impedances
are equal.)

From Egs. (6) and (7), the spectral density of short-circuit
current fluctuations for hot electrons in a sample subjected to
electric field E can be related to the noise temperature and
the sample impedance:

4kBTn (fs E)

S1U-E) = Rez 7. B))

(8)

where S;, T, and Z are determined in a chosen direction (e.g.,
longitudinal or transverse to the electric field E for isotropic
semiconductors). Thus, measurement of the impedance and
the noise temperature are sufficient to obtain the experimen-
tal short-circuit value of current fluctuation spectral density
for hot electrons. Since the same quantity is available from
theory [see Eq. (5)], a comparison of the experimental data
with the results of calculation is possible.

Voltage fluctuations are seldom considered at microwave
frequencies. For completeness, note that the spectral density
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of voltage fluctuations on the sample terminals for the open
circuit and the spectral density of current fluctuations under
the short-circuit condition are interrelated, according to Sy(f)

= |Z(f)|2S1(f).

Fluctuation-Dissipation Theorem and Its Extension

The Nyquist Theorem. As discussed above, the noise tem-
perature at equilibrium equals the absolute temperature.
Hence, for equilibrium it follows, from Eq. (8):

Si(f) = 4kgTy/RelZ(f)} 9)

This relation is called the Nyquist theorem in the classical
limit (iw < kgT)). A sophisticated derivation of the Nyquist
theorem can be found elsewhere (4).

The Einstein Relation. At equilibrium, the electron mobility
and the diffusion coefficient are closely related according to
the Einstein relation. For low-density nondegenerate electron
gas, the relation is simplified to:

kpT, (10)

Dy = g

where w, is the low-field low-frequency electron mobility and
D, is the zero-field diffusion coefficient in the expression for
the diffusion current density, j;, = —eD,Vn, resulting from the
electron density gradient Vn.

Lorentz-Type Spectrum. The principle of energy equiparti-
tion means that the equilibrium mean energy contained in
every degree of freedom equals kp7T/2. Applied to the mean
energy of the all-electron mass center at equilibrium, the
principle relates the drift velocity fluctuation variance in the
direction of interest to the temperature:

Nmv(t) = kpT, (11)
where m is the electron effective mass.

For a rectangular sample, the variance of current at equi-
librium can be presented as

2
S ___ N
@) = N2 ()/L2 = =

mL2 kB TO

(12)

This equation relates equilibrium fluctuations of the current
component in a given direction to the absolute temperature.

The electron momentum relaxation time, 7,, in the simple
expression for the low-field electron mobility,

o = (e/m)Ty (13)
determines the decay of corresponding fluctuations
SI)SI(t + 1) = 8I2e~ /™ (14)

Integration [see Eq. (4)] yields the frequency dependence of
the spectral density of current fluctuations at equilibrium

41,

— 15
1—|—w21'3 (15)

S;(w) = 4/ §I2e "/ cos(wt)dt = sI2
0
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A spectral dependence like this is called a Lorentz spectrum.
Equations (12) and (15) lead to the Nyquist relation

S;(w) = 4k5T,eN Re{u(w)}/L? (16)
where the real part of ac mobility w(w) is introduced:
(e/m)7y
= 1
Re{pn(@)} = 7 R amn

The electron mobility u (determined by the momentum relax-
ation time constant 7,) and the electron density n are the most
important parameters of electron transport in semiconduc-
tors. According to the Nyquist relation, in the form of Eq.(16),
the same parameters decide noise at equilibrium.

Fluctuation-Diffusion Relation. Velocity fluctuations of indi-
vidual electrons cause fluctuations of their positions, re-
sulting in diffusive spreading of a cloud of electrons, diffusion
current, and other diffusion phenomena. As a result, an im-
portant relation exists between the diffusion coefficient and
the spectrum of current fluctuations. Using the Einstein rela-
tion [Eq. (10)] and the Nyquist theorem [Eq. (16)] for w7, <1,
one obtains [see Eq. (5)]:

S,(0) =4D, (18)

So, the basic kinetic coefficients (mobility, diffusion coeffi-
cient) and spectral density of velocity fluctuations are interre-
lated through Nyquist [Eq. (16)], Einstein [Eq. (10)], and
fluctuation—diffusion [Eq. (18)] relations at thermal equilib-
rium. Measurements or calculation of velocity fluctuation
characteristics at equilibrium give no additional information
not already available from the mobility.

Beyond the Fluctuation-Dissipation Theorem

Calculation of hot-electron noise is an independent problem
of kinetic theory, which cannot be reduced to the calculation
of the response of an electron system to external deterministic
perturbation. So, in general, knowledge of the sample imped-
ance is not sufficient for determination of excess noise. Never-
theless, under well-defined conditions, some useful relations
can be applied to hot-electrons in a biased semiconductor.

The Price Relation. Price (10) generalized the fluctuation—
diffusion relation for a semiconductor subjected to a high elec-
tric field under the following conditions: (1) the system is elec-
trically stable, that is, Re{w(,f)} > 0, (2) two-carrier
interaction is neglected, (3) the thermal bath is not perturbed,
(4) the electronic processes in the conduction band are essen-
tially faster than those including energy levels in the gap
(electron trapping) and the valence band (electron-hole recom-
bination). It turns out that, as for the thermal equilibrium,
the fluctuation—diffusion relations are valid for hot electrons:

(Sv)xx = 4Dxx
(Sv)xy = Z(ny +Dyx)

(19)
(20)

where S, stands for the tensor components of drift velocity
fluctuation spectral density in the frequency range, where the
maximum contribution comes from all intraband electronic
processes.

Equations (19) and (8) lead to the equivalent form of the
Price relation:

1

where the hot-electron noise temperature 7', is determined in
the direction x, the electric field E being applied in any direc-
tion. The corresponding diagonal component of the real part
ac mobility tensor, w.,, is determined at frequencies low, com-
pared with the inverse time constants of the momentum re-
laxation and other relaxation processes inside the conduction
band.

The Price relation is valid for hot electrons even when the
Ohm, Einstein, and Nyquist relations do not hold. It is a use-
ful relation for low-density, hot-electron gas, in contact with
an unperturbed thermal bath of a semiconductor. The rela-
tion has suggested a convenient way to measure the compo-
nents of the diffusion coefficient tensor for hot electrons, with-
out introducing electron density gradient (21).

Further on, the diagonal components in the longitudinal
and transverse directions to the applied electric field will be
discussed (let the field be directed along the x-axis): (S,), =
(S))w and (S,); = (Sy)yy-

Additional Correlation Due to Electron—Electron Collisions.
The Price relation has been generalized (15) into:
S, =4D+A) (22)

where A is the tensor resulting from the additional correla-
tion caused by the inter-electron collisions (15) (see also Refs.

17,18,37). The additional correlation arises only at nonequi-
librium conditions, disappearing at equilibrium.

Excess Noise in Electron Temperature Approximation. Fre-
quent electron—electron collisions establish hot-electron dis-
tributions governed by the electron temperature. In the elec-
tron temperature approximation for quasielastic scattering,
the kinetic theory of fluctuations allows one to express the
noise temperature in terms of conductivities, and lattice T
and electron T, temperatures (13):

(Tn)L = T'e (23)

. 2)} 2

where (T,) and (T)), are the longitudinal and transverse
noise temperatures, u; and u, are the longitudinal and trans-
verse ac mobilities. Equations (23) and (24) hold at low micro-
wave frequencies w < 7.1, provided the electron—electron colli-
sions control the electron distribution in energy: 7, < 7, < 7.
(here 7! is the frequency of the interelectron collisions). It is
noteworthy that the longitudinal excess noise depends on the
small-signal mobilities in the longitudinal and transverse di-
rections, this dependence disappearing in absence of hot elec-
tron effects: when either T, = T, or Ohm’s law holds and
@, = w. One can notice a possible simplification at high elec-
tric fields, where T, > T, the resultant expression demonstra-
ting the same complex dependence on the deviations from
Ohm’s law.
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Examples of Hot Electron Fluctuation Spectra

In the previous section the main concepts, definitions, and
important theoretic results on fluctuations near a nonequilib-
rium state were presented in the limit of low microwave fre-
quencies. This section presents some examples of possible
spectra of spatially homogeneous current fluctuations (for
more details, see Ref. 18).

Convective Noise. Energy fluctuations contribute to fluc-
tuations of current in the direction of a steady-current. The
contribution is easy to resolve in one-valley semiconductors in
case of quasielastic scattering. Quasielastic scattering means
that a collision changes the direction of the electron motion
remarkably, with little effect on the absolute value of the elec-
tron velocity. The well-known example is electron scattering
by acoustic phonons at not too low lattice temperatures: many
collisions are needed for energy relaxation, so two time con-
stants decide relaxation of fluctuations. They are the momen-
tum relaxation time, 7,, and the energy relaxation time, 7,
the latter being larger than the first.

The spectral density of longitudinal current fluctuations in
the presence of an external electric field contains the term
due to energy fluctuation, resulting in the so-called convective
contribution to noise (11,12)

4@@, C

25
1+o?t2 1402t &2

S;(w,E) =

where C is the low-frequency (w7, < 1) limit of the convective
term. The latter is important, provided Ohm’s law does not
hold. The sign of deviation from Ohm’s law decides the sign
of C (12,16): C < 0 in case of a sublinear current—voltage
characteristic, and C > 0 for a superlinear one. The mobility
decreases with increasing electron energy in lightly doped
semiconductors. In this case, the convective contribution
causes the partial suppression of current fluctuations in the
longitudinal direction at frequencies wr, ~ 1.

Intervalley and Real-Space Transfer Noise. In many-valley
semiconductors the total number of electrons consists of the
partial numbers corresponding to different valleys. Fluctua-
tions of occupancies modulate the current and cause current
fluctuations. Price (8) introduced the term intervalley noise to
account for the extra contribution arising from the occu-
pancy fluctuations.

Assuming that the intravalley processes are fast, as com-
pared with the intervalley processes, the spectral density of
velocity fluctuations in a chosen direction for a simple two-
valley model can be written as
n

(26)

My
2 (UI_UZ)

Sy(w, E) = ﬂSl+ @SZ+4
n n n

2 2
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where 7; is the intervalley relaxation time constant (inversely
proportional to the squared intervalley coupling constant), n
is the electron density, while ny, vy, S; and n,, v,, S, are the
average electron densities, drift velocities, and spectral densi-
ties of velocity fluctuations in valleys of type 1 and 2, respec-
tively. Consequently, hot electron noise in a many-valley
semiconductor is not equal to the sum of the corresponding
intravalley contributions weighted by the partial numbers of
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electrons. The last term in Eq. (26) is always positive; it van-
ishes in two cases: for equivalent valleys, when v; = v,, and
at thermal equilibrium, when v; = 0 and v, = 0. Thus, current
is necessary for the contribution from intervalley fluctuations,
but electron heating is not necessary, in general. For exam-
ple, at a relatively high lattice temperature, the transitions
between nonequivalent valleys can lead to intervalley noise
at low electric fields, without electron heating.

From Egs. (19) and (26) one obtains a simplified expression
for the intervalley diffusion

niny

AD =17 (27)
n

— =2
(U1 — 097y

Expressions given by Egs. (26) and (27) are also suitable to
describe excess noise and diffusion caused by transverse elec-
tron transitions from one layer to another in semiconductor
structures containing layers with different electron mobilit-
ies. The related noise, appearing in the longitudinal direction,
is called real-space-transfer noise.

EXPERIMENTAL TECHNIQUES

Noise spectroscopy, unlike the usual optical one, deals with
relaxation, that is, aperiodic processes. Different electronic
processes, characterized by relaxation times 7, cause steps at
frequencies around wr, = 1. Each step has a simple Lo-
rentzian form, provided the decay of fluctuations is exponen-
tial. As mentioned, hot-electron noise results from the kinetic
processes taking place inside the conduction band. Their re-
laxation times are in the picosecond and subpicosecond range.
Therefore, microwave and higher frequencies serve best for
experimental investigation of hot-electron fluctuation spectra.
In this range of frequencies, other sources of noise, such as
1/f fluctuations, generation-recombination noise, and the like,
do not mask hot-electron effects.

General Requirements

Samples. A semiconductor sample for hot-electron noise
measurements at microwave frequencies is a nonlinear resis-
tor. A typical shape is a rectangular parallelepiped, with two
ohmic electrodes at its bases. For investigation of epitaxial
conductive channels, coplanar ohmic electrodes are more con-
venient. The epitaxial sample is cut from a transmission-line-
model structure. A standard coplanar configuration with dif-
ferent interelectrodal distances (often exploited to estimate
contact resistance) is quite acceptable. Longitudinal and
transverse noise temperatures can be measured by placing
the sample oriented either normal or parallel to the wide
walls of the waveguide. Fluctuations of current excite the H10
mode in the waveguide, and the ac electric field of the emitted
noise, depending on the sample orientation, is either parallel
or transverse to the bias field.

On-wafer microwave noise measurements can be per-
formed using microprobes. Each microprobe consists of a cen-
tral wire and two side wires attached for screening. Micro-
probes are connected to hard coaxial lines or waveguides, and
are put in contact with the sample electrodes on the wafer.

Pulsed Measurements of Hot-Electron Noise. Spectral ana-
lyzers are now commercially available for a wide range of fre-
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quencies up to and including the V-band of millimeter waves.
They operate in a cw mode and support standard cw measure-
ments of noise in semiconductor devices in many laboratories.
However, investigation of hot-electron effects and other ef-
fects at high electric fields require pulsed rather than cw
modes of operation. Pulsed measurements help to avoid ther-
mal walkout, due to the Joule effect prevailing in a cw mode.
The increase in the lattice temperature masks hot-electron
effects. Unfortunately, spectral analyzers for pulsed measure-
ments are not commercially available yet, and radiometric
techniques operating at fixed frequencies are used to obtain
the data specific to hot electrons. The noise power in the cho-
sen frequency band Af at frequency [ is selected by a filter,
then amplified and fed into a radiometer for noise power mea-
surement.

Waveguide and Coaxial Techniques. Pulsed measurements
of noise power impose several special requirements. The noise
must be measured when the electric field is on, that is, the
radiometer is opened for a short time. One has to deal with a
low and extremely short noise signal in the presence of high
pulsed voltage, the latter penetrating into the noise-measur-
ing circuit and disturbing the sensitive amplifier, unless the
radiometric circuit is safely decoupled from the one which is
used to heat the electrons. The decoupling is easily achieved
at microwave frequencies. This frequency range is also useful
for another reason: Flicker and generation-recombination
noise sources are cut off at microwaves and do not interfere
with hot-electron noise measurements.

Measurement at high electric fields introduces a problem:
the electric field changes the sample impedance and causes a
mismatch of the sample to the load—the transmission line
connecting the sample to the radiometer. The mismatch must
be eliminated by changing the load impedance.

These problems have been solved by developing a wave-
guide-type short-time-domain gated modulation radiometer
(47). Low transmission losses in waveguides narrow-band
low-noise, high-gain parametric microwave amplifier avail-
able at microwave frequencies, efficient filtering-out of para-

sitic signals, make a waveguide-type radiometer a valuable
instrument for research of hot-electron fluctuations [see
(18,24)].

Coaxial techniques have also been widely used
(19,20,27,29) (see also Ref. 24). The coaxial technique, using
a wide-band amplifier, appropriate filters, and pulsed bias,
assures measurement of hot-electron noise over a wide range
of frequencies, without changing the sample-holder hardware.

Waveguide-Type Short-Time-Domain Gated Radiometer

Radiometric Setup. Figure 1 presents a schematic view of
the radiometric setup for hot-electron noise measurements at
microwave frequencies. The experimental procedure for de-
termining the noise temperature T, consists of two steps.

The first step is the measurement of the current—voltage
characteristic and matching the waveguide impedance to that
of the sample at each bias. The bias voltage pulses are typi-
cally from 1 us to 5 us duration, fed at a 125 Hz repetition
rate. The master generator 3 drives the pulse voltage genera-
tor 2 and the microwave generator 4. When microwave switch
7 (Fig. 3) is connected to port 7a, the microwave generator 4,
the microwave line 5, and the transformer 8 are used to
match the sample, that is, to reach the minimum standing
microwave ratio. The resistance bridge 9 controls the sample
resistance at each bias level.

The second step is the noise temperature measurement of
the sample at a chosen bias. The switches 7 and 11 are con-
nected to ports 7b and 11la, respectively. The noise signals
from the sample 1 and the reference noise generator 13 are
periodically fed into the input of the gated modulation radi-
ometer, which is opened twice during the period of modula-
tion: first, to connect the biased sample 1 to the radiometer,
and for the second time to connect the reference noise genera-
tor 13. The difference between the signal levels is used to de-
termine the noise temperature of hot electrons. The delay of
the gating pulse ensures the noise power measurements be-
fore, during, and after the voltage pulse, if necessary. This is
sufficient to control the channel overheat. The best matching
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Figure 1. A schematic setup for hot-electron
microwave noise power measurements: 1—
the investigated sample in the waveguide; 2— 8 10
the pulsed voltage generator; 3—the master |:=:| A
generator; 4—the microwave generator; 5—
the microwave line; 6—the SWR indicator, 7, G ~
11—the microwave switches; 8—the imped- 2 I 1 9
ance transformer; 9—the resistance bridge; 7y P
10, 13—the reference noise generators at T

= 293 K; 12—the reference noise generator at

T = (T, + 200) K; 14—the modulator; 15—the
gated modulation radiometer; 16—the indi-
cator.




data (transformer data) obtained for each bias are used. The
standard noise reference sources 10 and 12 are connected to
check the zero level (switch at port 11c) and the gain of the
radiometer amplifiers (port 11b). The limit parameters of the
X-band radiometer with 107 s gating time are as follows: the
power sensitivity 10°* W, the systematic error 0.25 dB, the
noise temperature range up to 100 k7.

Measured and Available Noise Power. The measured noise
power data are sufficient to determine the available noise
power, provided the sample is matched to the waveguide and
the waveguide losses (and the associated waveguide related
noise) are negligible. Since the sample impedance is field-de-
pendent, the optimal conditions are not achieved over the
wide range of electric field values. Losses and mismatch are
corrected by additional microwave measurements.

Small-Signal Response and Current Fluctuations. The spectral
density of current fluctuations S{E) is determined from the
data on noise temperature 7,(E) and small-signal ac conduc-
tance Re{Y(E)} of the sample, according to Eq. (8). Let us give
a brief description of the technique to measure Re{Y(E)}, op-
erating at the pulsed bias and using the same sample mount-
ing, which is compatible with the gated radiometer. First, the
standing wave ratio K(E, B = 0) is measured at a strong elec-
tric field E at zero magnetic field at the ambient temperature.
Then, the electric field is switched off, and the previous value
of the standing wave ratio is reached at zero electric field
K(E = 0, B) = K(E, B = 0), by changing the sample conduc-
tance with external magnetic field B or by changing the lat-
tice temperature. Now, the dc low-field conductance is mea-
sured in the standard way, at a very low dc electric field.
Since a strong inequality holds at microwave frequencies,
(w7,)* <1, one has: Y(w = 0, E = 0, B) = Re{Y(w, E = 0, B)},
where Y(w, E = 0, B) is the zero-field ac admittance at the
microwave frequency in the magnetic field. The equality of
the standing wave ratios means that the small-signal micro-
wave ac impedances are also equal, and Re{Y(w, E, B = 0)},
= Y(w = 0, E = 0, B). Therefore, the required small-signal
conductance at the microwave frequency under strong pulsed
electric field E is available from the zero-field dc conductance,
measured at a low electric field. This technique allows one
to determine the small-signal conductance at the microwave
frequency in the direction parallel and transverse to the bias
field E.

Extremely High Electric Fields in Conductive Channels. Experi-
mental study of hot-electron noise in conductive channels at
extremely high electric fields is hindered by host crystal heat-
ing and thermal breakdown. A technique was developed to
perform the measurements at fields up to the impact ioniza-
tion threshold (30). A nanosecond/microwave sample holder
was designed to perform short-time-domain pulsed measure-
ments of hot-electron noise power at microwave frequencies.
The sample was placed into the coaxial part of the holder,
enabling the application of 100 ns pulses of electric field along
the channel. For coupling the investigated channel to the
waveguide, a T-shaped antenna was used. Matching of the
channel circuit to the waveguide was controlled by the stand-
ing-wave-ratio meter. The noise power emitted by the channel
into the waveguide was compared with that of the “black
body” radiation source kept at known temperature. This
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technique was applied to measure the equivalent noise tem-
perature of hot electrons in the channel in the direction of the
applied electric field. The average fields up to 300 kV/cm were
reached in standard doped ungated GaAs channels for field
effect transistors.

EXPERIMENTAL RESULTS ON HOT-ELECTRON NOISE

Failure of the fluctuation—dissipation relation at nonequilib-
rium conditions means that spectra of noise are rich, contain
many features, and knowledge of electron density and mobil-
ity is not sufficient to predict noise characteristics of a partic-
ular semiconductor subjected to a high electric field. Detailed
information on excess noise is available, either from noise
measurements or from realistic model calculations. This arti-
cle contains the experimental results selected to illustrate the
most specific effects of hot electrons on excess noise.

Anisotropy of Hot Carrier Noise

Longitudinal and Transverse Noise Temperature. Hot-electron
noise temperature 7', is an anisotropic quantity. The direc-
tions parallel and transverse to the steady current are not
equivalent, even in the simplest case of a spherically symmet-
ric band structure and isotropic scattering mechanisms. This
is illustrated in Fig. 2, which presents the noise temperatures
measured for p-type germanium at 9.6 GHz frequency and 80
K lattice temperature (21). The origin of the transverse noise
temperature is similar to that at equilibrium—it is closely
related to the hole kinetic energy. Therefore, the measured
transverse noise temperature gives experimental evidence
that the holes become hot when subjected to a high electric
field. This effect is not masked by contributions from the fluc-
tuations that modulate the steady current flow and appear in
the longitudinal direction.

Transverse Noise Temperature and Energy Relaxation. For a
simple band structure in the carrier temperature approxima-
tion, the transverse noise temperature equals the carrier tem-
perature, the latter being determined by the mean energy of car-
riers [see Eq. (23)]. Monte Carlo simulation shows this to be
approximately true for holes in p-type germanium (31), where
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Figure 2. Equivalent noise temperature of hot holes increases with
applied electric field in different ways when measured in the longitu-
dinal and transverse directions to the steady current. Experimental
data for p-type germanium (22) (p = 1.5-10" em™3, T, = 80 K). Solid
curves are guides to the eye.
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Figure 3. Hot-hole energy relaxation time constant 7. in p-type ger-
manium, deduced from the transverse noise temperature measured
in the (110) direction for electric field applied in (110) direction (48).
The time constant decreases as the electric field increases. Solid curve
is a guide to the eye. p = 1.5-10* em ™3, T, = 80 K.

measurements of the transverse noise temperature can serve
for estimation of the mean energy of hot holes, (¢) = (3/2)kp
(T,),, and of the energy relaxation time constant 7.:

(€) — (60) ~ §k3((Tn)J_ - To) (28)
e(V,;E) 2 e(V,E)

Figure 3 presents the dependence on the applied electric field
of the energy relaxation time constant obtained for p-type Ge,
according to Eq. (28) from the experimental data on the trans-
verse noise temperature and the steady drift velocity v, (48).
Values exceeding 20 ps are obtained at low electric fields. As
is often the case, the energy relaxation time constant de-
creases upon carrier heating.

Tensor of Diffusion Coefficients. The first experimental re-
sults on diffusion coefficient tensor components for hot major-
ity carriers were obtained using the noise technique (20). The
longitudinal and transverse hot-electron noise temperatures
were measured at 9.6 GHz for n-type Ge, and the Price rela-
tion [Eq. (21)] was used to obtain the electric field dependence
of the diffusion coefficient tensor components (see Fig. 4). The
transverse component at nonequilibrium was found to ex-
ceed its value at equilibrium. The longitudinal component
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Figure 4. Hot-electron diffusion coefficients differ in the longitudinal
and transverse directions to the steady current. Experimental data
for n-type germanium (21) (n = 2-10* ecm ™3, T, = 300 K).

decreases as the electric field increases. As mentioned earlier
(see subsection on Convective Noise), the energy fluctuations
contribute to the longitudinal rather than the transverse
fluctuations [see Eq. (25)]. Consequently, Fig. 4 gives experi-
mental evidence of the negative contribution of the convective
noise to the spectral density of longitudinal current fluctua-
tions (11,12).

Comparison to Time-of-Flight Experiment. It would be inter-
esting to compare the results on hot carrier diffusion obtained
by the noise technique with those available from other experi-
ments. Time-of-flight technique (see Ref. 33) provides direct
observation of longitudinal diffusion. In this technique, a
sheet of electrons (or holes) drifts in an electric field in a semi-
insulating plate placed into a charged condenser. The shape
of the pulse of the condenser discharge current contains infor-
mation on the average time of flight and its dispersion, the
latter being dependent on the sheet spreading, hot-electron
diffusion being among other possible causes. Noise and time-
of-flight experiments are difficult to perform on exactly the
same material, because of almost incompatible requirements
inherent in these techniques. Insulating or semi-insulating
samples with rectifying contacts are preferable in the time-of-
flight experiment, while the noise experiment must be per-
formed on doped (better on lightly doped) samples with ohmic
electrodes. As already mentioned, the latter requirements are
important for matching the sample to the input circuit of the
microwave radiometer, and in order to avoid contribution
from shot noise. In spite of these difficulties, a few successful
experiments have provided some valuable comparisons. Fig-
ure 5 compares the longitudinal tensor components of hot-
hole diffusion coefficient available from noise (closed circles)
and spreading (open circles) experiments, performed on sili-
con at 300 K (25). The agreement is good throughout the
range of electric fields, where the results are available from
both experiments.

Excess Noise Spectra

As a rule, several kinetic processes contribute to longitudinal
fluctuations. This leads to rich noise spectra, Lorentz-type
contributions appearing as steps at w < 1/7,,. So, spectral in-
vestigation of excess noise in the current direction deserves
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Figure 5. Longitudinal diffusion coefficient of hot holes in silicon at
T, = 300 K: the results obtained from noise experiments (closed cir-
cles) match those available from spreading experiments (open cir-
cles) (25).



more attention than that in the transverse direction. Herein-
after the focus will be on the longitudinal fluctuations, longi-
tudinal noise, and other longitudinal quantities. For simplic-
ity, the subscript indicating the direction of measurements
is omitted.

Generation-Recombination and Intervalley Noise in Silicon.
Measurements of noise spectra at low frequencies necessitate
application of long pulses of voltage, and the Joule effect lim-
its the range of electric fields where hot electron effects can
be investigated experimentally. Figure 6 shows the spectral
density of longitudinal current fluctuations measured in (100)
direction for n-type silicon at 200 V/em at 78 K temperature
(Fig. 6, symbols, see Ref. 24). In addition to 1/f noise at low
frequencies, two plateaus of the excess noise are resolved in
the frequency range below 10 GHz. The fluctuations of elec-
tron number in the conduction band dominate at frequencies
below 50 MHz, while the hot-electron fluctuations prevail at
microwave frequencies. The solid curve is the fitted approxi-
mation, assuming 20 ns and 50 ps time constants for two
Lorentz-type contributions [see Eq. (15)]. The hot-electron
contribution (dashed curve) dominates in the frequency
range wtz > 1, where 7 = 20 ns is the time constant of the
generation-recombination process.

Intervalley Noise, Comparison to Monte Carlo Data. Impor-
tant information on the origin of hot-electron fluctuations in
n-type Si at oz > 1 (Fig. 6) follows from comparison (44) of
the longitudinal fluctuations measured in two directions of
applied electric fields, E || (100) and E || (111) (see the open and
closed circles in Fig. 7). Due to the conduction band structure of
silicon, all valleys are oriented at the same angle to the electric
field when the latter is applied along the (111) axis. Conse-
quently, there is no intervalley noise in this configuration, but
the intervalley noise is activated when the valleys are made
nonequivalent, for example, for E || (100) [see Eq. (26)].

The results of Monte Carlo simulation of longitudinal ve-
locity fluctuations (49) (Fig. 7, solid lines) give a satisfactory
description of the experimental data (Fig. 7, symbols). In the
configuration E || (111) (curve 3 of Fig. 7), corresponding to no
intervalley noise, the convective noise leads to a negative con-
tribution due to energy fluctuations at frequencies below o ~
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Figure 6. Experimental results on spectral density of longitudinal
current fluctuations in n-type Si [squares (24)] in the frequency range
from 1 MHz to 10 GHz can be described by two Lorentz-type contribu-
tions (curves) with the time constants 7z = 20 ns and 7, = 50 ps.
S| E|{100), Ty = 78 K, n = 3:10" ¢cm™, E = 200 V/cm.
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Figure 7. Experimental and simulated spectra of longitudinal veloc-
ity fluctuations of hot electrons in n-type Si at T, = 78 K, E = 200 V/
cm (44) to illustrate the intervalley noise observed at frequencies be-
low 10 GHz for the field E applied along (100) axis, and the negative
convective-type contribution prevailing at frequencies below 20 GHz
for E|(111). Experimental results: E|(100) (open circles), E|[(111)
(closed circles). Results of Monte Carlo simulation 1—E || (100), inter-
valley transitions neglected; 2—E || (100), intervalley transitions in-
cluded; 3—E | (111) the intervalley transitions are included, but they
do not contribute because v, = v,; see Eq. (26).

1/7.(11,12) [see Eq. (25)]. The results of Monte Carlo simula-
tion allow one to estimate the energy relaxation time constant
for this configuration: 7. = 15 ps at E = 200 V/em, T, = 78 K
(curve 3 in Fig. 7).

There is a competition of the convective and intervalley
noise in the configuration E || (100). For the energy relaxation
time constant in this configuration at E = 200 V/cm, T, = 78
K, one obtains 7, =~ 5 ps. The energy relaxation time constant
appears to be shorter than the intervalley time constant 7, =
50 ps, and the local minimum is resolved at frequencies 7! <
w = 27 f < 7.1, as evidenced by the Monte Carlo simulation
data (curve 2 in Fig. 7).

As discussed in relation to Fig. 3, the energy relaxation
time constant decreases as the electric field increases. The
experimental data and the results of Monte Carlo simulation
show (18) that the intervalley time constant 7; in n-type Si
becomes shorter at a higher electric field as well.

Hot Carrier Effect on Generation-Recombination Noise. The
Lorentz-type step at o ~ 7;! due to generation-recombination
fluctuations shifts toward higher frequencies at higher elec-
tric fields, as shown experimentally for p-type silicon at 77 K
(see Ref. 25). This behavior is caused by the hot-hole effect
on generation-recombination noise. Indeed, hole trapping and
release probabilities (entering the time constant of the gener-
ation-recombination process) depend on the electric field and
the hot-hole energy, in particular. For spectral analysis of the
noise in p-type silicon, including hot-hole velocity fluctuations
and the hot-hole effect on generation-recombination fluctua-
tions, see review papers (25,34).

High Electric Fields. The hot-electron noise spectra at mod-
erate fields in the frequency range down to 50 kHz (see Fig.
6) were obtained using long pulses of voltage. However, at
high electric fields, the short-time-domain pulsed technique
must be used in order to avoid lattice heating. This technique
puts the limit on the frequency range: f > 1/A¢, where At is
the voltage pulse duration. As a result, the experimental
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noise spectra over the wide range of electric fields are avail-
able at high frequencies, usually exceeding 100 MHz (see
Refs. 25,29,50).

The experimental results on frequency-dependent longitu-
dinal noise temperature in n-type InP (29) (Fig. 8, symbols)
can be interpreted in terms of sources of noise caused by gen-
eration-recombination and velocity fluctuations (Fig. 8, solid
lines). At X-band microwave frequencies, where the contribu-
tion of generation-recombination noise is negligible, the ki-
netic processes inside the conduction band of InP contribute
to the longitudinal noise. Again, 10 GHz frequency proves to
be convenient to investigate details of hot-electron noise, its
dependence on electric field, sample length, lattice tempera-
ture, and semiconductor parameters.

Intervalley Noise in n-Type GaAs and InP

Dependence on Intervalley Separation Energy. As is well
known, the intervalley separation energy in InP is wider as
compared with that of GaAs. Therefore, higher electric fields
are required for hot-electron intervalley transfer, and the re-
sultant noise to appear in InP (24,25). The intervalley noise
dominates at electric fields over 2 kV/ecm in GaAs and over
6 kV/cm in InP (Fig. 9), which are below the threshold field
for negative differential mobility due to the intervalley trans-
fer, respectively, around 3.5 kV/em and 12 kV/ecm at 300 K.
This is a good illustration that even a small number of high-
energy electrons (available, e.g., at E ~ 6 kV/cm in InP) is
essential for hot-electron noise.

Intervalley Coupling Constants. The intervalley contribution
to the spectral density of velocity fluctuations is inversely pro-
portional to the squared intervalley coupling constant [see Eq.
(26) and the text following it]. This important parameter of
hot-electron intervalley transfer can be estimated by compar-
ing the experimental results with those obtained by model
calculations. Monte Carlo simulation (31,51) predicted the in-
tervalley-related maximum of the spectral density of longitu-
dinal velocity fluctuations in n-type InP, to appear at around
8 kV/cm fields. Figure 10 compares the results of simulation
with the experimental ones. The experimental results ob-
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Figure 8. Lorentz-type contributions due to generation-recombina-
tion noise (curves) are important at f < 1 GHz and are not important
at 10 GHz frequency, where the longitudinal excess noise tempera-
ture (T,); — T\, results from hot electrons noise. Experimental data on
lightly doped n-type InP (n = 2.7-10% ecm™3) at T, = 300 K (29) (sym-
bols): 1—10 kV/ecm, 2—9 kV/em, 3—8 kV/em, 4—7 kV/ecm, 5—6 kV/
cm, 6—5 kV/em, 7—4 kV/em, 8—3 kV/em, 9—2 kV/em.
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Figure 9. A higher intervalley separation energy causes the inter-
valley noise to appear at higher fields (24), as illustrated by experi-
mental results on longitudinal noise temperature for n-type GaAs
[squares, w, = 7500 cm?/(V s), n = 0.9-10® ¢cm™] and n-type InP
[crosses, wy = 4600 cm?/(V s), n = 3.2-10% cm™3].

tained on long samples (crosses 1 in Fig. 10, see Ref. 24) are
in a reasonable agreement with those of simulation when the
coupling constant 1-10° eV/cm is assumed [Fig. 10, solid line,
(51)]. A lower value of the coupling constant would be respon-
sible for a longer intervalley time constant and the higher
values of the intervalley contribution to S,(E) [see Eq. (26)],
as illustrated by dashed curve 6 in Fig. 10.

The spectral density of intervalley fluctuations in lightly
doped n-type GaAs (28) is essentially higher as compared
with InP. This comparison suggests a low value of the inter-
valley coupling constant. The problem was considered in the
framework of a three-valley (I'-L.—X) model, and a rather low
I'-L coupling constant, 1.8-10% eV/cm, (562) was proposed.
The model predicted a strong frequency dependence of S, at
around 10 GHz, which was not confirmed by the experimental

S\(E)/S(0)

o 5 10 15 20
Average electric field (kV/cm)

Figure 10. Normalized longitudinal spectral density of current fluc-
tuations depends on sample length in the field range where the inter-
valley noise dominates in n-type InP. The experimental data on long
samples (symbols 1) compared with the results of Monte Carlo simu-
lation (curves 5 and 6) provide an estimate of the intervalley coupling
constant. Experimental results for samples of different length L (sym-
bols): 1—L = 10 um, n = 3.2-10% cm™3, uy = 4600 cm?/(V s) (24),
2—L =5 pum,n = 2.7-10% em ™3, u, = 4500 cm?/(V s) (28), 3—L = 5
pum, n = 2.3-10% em™3, u, = 4600 cm?/(V s) (24),4—L = 1.7 um, n =
5.4-10% em ™2, uy = 4600 cm?/(V s) (23). Results of Monte Carlo simu-
lation for long samples (46) assuming different intervalley coupling
constant (curves): 5—1-10° eV/em; 6—3 - 10% eV/cm.
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Figure 11. Four sources of hot-electron noise (activated at different
threshold energies) are resolved in n-type GaAs channel of submicro-
meter length (n = 3:107 em™3, L = 0.2 um) at T, = 293 K (30).
Voltage pulse duration: 2 us (dots), 100 ns (squares). Solid curve
stands for the sum of the contributions given by the thin curves.

data (50), and an intermediate value of the I'-L coupling con-
stant, 3-10°% eV/cm, was assumed to avoid contradictions of
the three-valley model with the experimental data (see Ref.
24) and references therein].

Intervalley Noise Due to L- and X-Valleys in GaAs. Sources of
hot-electron noise with threshold energies corresponding to
the L- and X-valleys in n-type GaAs are resolved using nano-
second pulses of voltage applied to short channels. Figure 11
shows the excess noise temperature AT, = T, — T\, plotted as
a function of voltage V at T, = 293 K ambient temperature
(30). The channel length being 0.2 um, the average fields up
to 300 kV/cm are reached in standard-doped GaAs channels
(3-10' cm™®). The steep increase in current accompanies the
increase in noise temperature at the highest fields—an exper-
imental evidence for the impact ionization noise of hot elec-
trons resolved in a conduction channel.

The AT,(V) dependence can be decomposed into four
sources of hot-electron noise: thin lines in Fig. 11 indicate
possible contributions of each source. The lowest threshold
appears at around 0.2 V; it results from the resonant scatter-
ing of hot-electrons by the impurity levels located inside the
conduction band (53) (see also Ref. 54). The thresholds at 0.3
V and 0.5 V result from scattering of almost ballistically ac-
celerated electrons into the L- and X-valleys of the conduction
band (the L- and X-valley energies are close to 0.3 eV and 0.5
eV, respectively). The extrapolation of the experimental data
on AT,(V) obtained at the highest average fields yields the
threshold energy for the impact ionization noise; the thresh-
old energy, as expected, exceeds the forbidden gap.

The quasi-saturation of hot-electron noise temperature
takes place at the average electric fields, ranging from 50 kV/
cm to 200 kV/em. This very specific noise behavior has been
used to estimate the time constant for the I'-X transfer expe-
rienced by the high-energy electrons present in the I'-valley
at the energy € > ey = 0.5 eV: 30 fs < 7y < 60 fs (30). This
estimate, based on the hot-electron noise data, provides an
independent confirmation of the results available from femto-
second and cw luminescence data.
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Suppression of Hot-Electron Noise in Short Samples

Time and space are needed for the complete development of
fluctuations, and hot-electron noise depends on sample di-
mensions. Indeed, a hot electron spends limited time in a
short sample and cannot acquire the energy accessible in a
longer sample. Since the tail of the autocorrelation function
[see Eq. (3)] is cut off, Eq. (4) leads to lower values of the
spectral density. Hence, sources of noise caused by relatively
slow kinetic processes and/or appearing at high threshold en-
ergies are suppressed in short samples. In other words,
threshold-type sources of noise appear at higher electric fields
in short samples.

Suppression of Intervalley Noise. Figure 12 illustrates the
length-dependent behavior of hot-electron noise in lightly
doped n-type GaAs (40). There is no dependence of the noise
temperature 7, on sample length L in long samples (symbols
1 and 2 of Fig. 12). However, the same noise temperature
requires essentially higher electric fields in short samples (see
symbols 2 and 3, 4 in Fig. 12). For a fixed average electric
field, say V/L = 3 kV/cm, the noise suppression exceeds 10
dB as the sample length L is reduced from 7.5 um (symbols
2) to 1.5 um (symbols 3).

A detailed interpretation of suppression is reached by com-
paring the experimental results with those obtained by Monte
Carlo simulation. Figure 13 presents the spectral density of
current fluctuations S;(E) normalized to its value at zero bias
S1(0). The experimental data for n-type GaAs are presented
by open symbols from 1 to 4. As noted earlier, the main source
of current fluctuations in long samples at fields over 2 kV/cm
results from hot-electron intervalley transfer. This source of
fluctuations is heavily suppressed in a 1 um sample (Fig. 13,
points 4): the monotonously increasing dependence on electric
field changes into a monotonously decreasing one, typical
for one-valley semiconductors. Closed symbols in Fig. 13 cor-
respond to Monte Carlo simulation of hot-electron fluctua-
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Figure 12. Suppression of the intervalley noise in short samples as
illustrated by experimental results on longitudinal noise temperature
of hot electrons in n-type GaAs at room temperature (28,40). Samples
length and other data: 1—L = 1000 um, u, = 6000 cm?/(V s), 2—L
=175 um, n = 10® em™3, wy, = 7500 ecm?/(V 8). 3—L = 1.5 um, n =
10% em™3, wo = 7500 cm?/(V 8). 4—L = 1 um, n = 10% ecm™®, w, =
7500 cm?/(V s).
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Figure 13. Transition from the monotonously increasing (diamonds
1) to the monotonously decreasing (open triangles 4) dependence on
electric field of the normalized longitudinal spectral density of current
fluctuations, illustrating suppression of the intervalley fluctuations in
short (micrometer) samples. Experimental results correspond to
lightly doped n-type GaAs (open symbols, curves are to guide the
eye): 1—L = 1000 um, p, = 6000 cm?/(V s) (28); 2—L = 11 um, uy =
5200 ecm?/(V s) (45); 3—L = 7.5 um, po = 7500 cm?/(V s) (37), 4—L
=1 um, uy = 7500 cm?/(V s) (37). Monte Carlo simulation data (closed
symbols) correspond to different values of sample length and I'-L in-
tervalley coupling constant (50): 5—L = 7.5 um, 1.8-10° eV/cm,
6—L =1 um, 1.8-10% eV/em, 7—L = 1 um, 1-10° eV/cm.

tions (55) (nonuniformity of the electric field and space charge
fluctuations are taken into account). There is a reasonable
agreement between the results of experiment and simulation.

In a similar way, the hot-electron intervalley fluctuations
observed in long samples of n-type InP at fields over 6 kV/cm
are suppressed in short samples (Fig. 10). Indeed, the maxi-
mum of spectral density in 10 um samples (Fig. 10, crosses 1)
diminishes and disappears as the sample length L is reduced
down to 1.7 um (symbols 4).

Critical Length for Noise Suppression. Under steady flow of
current, hot electrons are constantly leaving the sample, and
equilibrium electrons are entering at the cathode. This “ex-
change” opens an additional (external) energy loss mecha-
nism by the hot electrons present in the sample. The external
loss is negligible, as compared with the internal loss in long
samples, but its relative weight increases when the sample
length L is reduced. At a certain critical length the external
loss assumes primary importance. It is evident that the criti-
cal length is shorter, provided the internal loss is greater.

Figure 14 compares the hot-electron noise temperature at
a fixed average electric field, V/L = 4 kV/cm, for GaAs sam-
ples of different length and doping (53). The results can be
interpreted in terms of the critical lengths required for the
electrons to gain the threshold energy of the dominant source
of noise. The curves in Fig. 14 assume two critical lengths
used as fitting parameters: L, stands for the lucky electrons,
which do not undergo scattering events before they reach the
threshold energy, and L, takes into account energy loss dur-
ing electron acceleration to the same threshold energy. The
curves correspond to L; = 1.3 um, L, = 3 um for lightly doped
(curve 1, Fig. 14) and to L; = 0.3 um, L, = 0.2 um for stan-
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Figure 14. Suppression of hot-electron noise in short channels: es-
sentially shorter lengths are needed for the suppression in the stan-
dard-doped n-type GaAs, as compared with the lightly doped samples,
provided the same average electric field V/L. = 4 kV/cm is applied
(53). Open squares—n = 3-10" em™®, w, = 4000 ecm?/(V s), closed
squares—n = 3-10% cm™3, uy = 7500 cm?/(V s); solid curves are fitted
approximations based on concepts of ballistic and dissipative critical

lengths.

dard-doped GaAs (curve 2). The critical lengths are shorter
and the threshold energies are lower in the standard-doped
GaAs channels.

Transition from Shot Noise to Hot-Electron Noise

So far uniformly doped samples with ohmic electrodes have
been considered. These conditions favoring hot-electron noise
rather than shot noise. However, most electronic devices con-
tain barriers formed by nonuniform doping, surface charges,
and heterojunctions. According to the Schottky formula (5)
the spectral density of longitudinal current fluctuations due
to shot noise increases proportionally to the constant current,
while the corresponding dependence is steeper for hot elec-
trons. In a diode, the shot noise prevails at low currents, but
a transition to hot-electron noise can occur at high currents,
unless the thermal breakdown takes place before the critical
current is reached. The thermal breakdown has been avoided
and the transition in question is observed in GaAs Schottky
and planar-doped barrier diodes at high forward currents, by
using short-time-domain radiometry of the noise power (56).
Figure 15 presents the spectral density of current fluctua-
tions, S;, measured (56) at 10 GHz frequency for the forward-
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Figure 15. Spectral density of longitudinal current fluctuations of
GaAs diodes demonstrates transition from shot noise to hot-electron
noise at high forward currents (56). Schottky diode (dashed line) and
planar-doped barrier diode (PDBD, closed circles). Solid line is the
Schottky formula for shot noise S; = 2el.



biased GaAs Schottky diode and planar-doped barrier diode
(PDBD). The measured spectral density is almost propor-
tional to the current at very low current levels (Fig. 15), when
the barrier controls the current and the shot noise dominates.
The experimental points are close to the solid line (Fig. 15)
standing for the Schottky formula S; = 2el. The sublinear de-
pendence of Sy(I) indicates onset of the screening effect of
space charge of drifting electrons. Eventually, at high cur-
rents, the sublinear dependence becomes superlinear. This
change of the dominant source of fluctuations is accompanied
by an onset of a different electron transport mechanism: the
barrier diminishes and fails to control the current flow. These
results give experimental evidence for transition to hot-elec-
tron dominated noise in GaAs Schottky and planar-doped bar-
rier diodes.

Noise in 2-DEG Channels

Modern heterostructure growth technology provides a great
variety of AlGaAs/GaAs, InAlAs/InGaAs, InP/InGaAs chan-
nels for lattice-matched and pseudomorphic high electron mo-
bility transistors (HEMT and PHEMT), containing two-di-
mensional electron gas (2-DEG) confined in the quantum well
(QW). High mobility of confined electrons is advantageous for
fast operation of 2-DEG channels. However, electron heating
by an electric field applied along the channel is accompanied
by enhanced chaotic motion of hot electrons in the plane of
electron confinement, occupation of upper subbands, hot-elec-
tron deconfinement (real-space transfer) and other kinetic
processes specific to a hot two-dimensional electron gas. The
associated longitudinal fluctuations appear in QW channels
[see Ref. (44)]. Hot-electron velocity fluctuations due to real
space transfer have been resolved first in selectively doped
AlGaAs/GaAs channels (40). The experimental results are in
reasonable agreement with the results of Monte Carlo simula-
tion (57). Moreover, the threshold field for this noise source
increases as the heterobarrier height increases (58,59). This
supports the idea of transverse real-space transfer being re-
sponsible, among other factors, for the longitudinal fluctua-
tions of current. A special case of real-space transfer is trans-
verse tunneling of hot electrons across a thin barrier of AlAs,
separating the 2-DEG channel and the ionized donors in
AlGaAs/GaAs/AlAs/GaAs structure. The associated longitudi-
nal fluctuations are heavily suppressed in short channels (60).
The intersubband noise appears in 5-doped GaAs channels,
where the upper subbands support higher electron mobilities
as compared with more confined electronic states of the lower
subbands. Dependence of hot-electron noise on the quantum
well shape (61) is important in quasi-triangular and quasi-
rectangular quantum wells in InAlAs/InGaAs/InAlAs chan-
nels. These heterostructures can be heavily doped, in order to
obtain high-density 2-DEG useful for high-power applica-
tions. Heavy doping of the structures is accompanied by the
excess fluctuations (62) absent in the low-density 2-DEG.

Real-Space Transfer Noise. Figure 16 compares (59) the
spectral density of longitudinal current fluctuations in GaAs
samples and AlGaAs/GaAs single-heterojunction 2-DEG
channels. The local maximum of the spectral density appears
(Fig. 16, squares and circles) at the intermediate fields
100 V/em < E < 2 kV/cm, which are low, as compared with
the intervalley transfer field in GaAs. The height and position
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Figure 16. Spectral density of longitudinal velocity fluctuations in
AlGaAs/GaAs quantum well channels gives an experimental evidence
for sources of fluctuations specific to two-dimensional electron gas
(symbols) absent in GaAs samples (dashed curve) (58). Al mole ratio
in the spacer: 1—25% Al, n = 6-10" ecm™2, u, = 75000 cm?/(V s),
2—33% Al, n = 2-10" cm™2, w, = 103000 cm?/(V s). Dashed line is
for n-type GaAs [n = 9- 10" cm ™2, uy = 77000 cm?/(V s)]. Solid curves
are guides to the eye.

of the maximum depend on the Al mole ratio in the selectively
doped AlGaAs layer: the source of fluctuations in question ap-
pears at a higher field (circles 2 in Fig. 16), when the hetero-
barrier is higher. This is strong experimental evidence for
hot-electron jumps from the QW into the AlGaAs layer and
backwards. The experimental data also show that this real-
space transfer suppresses the intervalley fluctuations of hot
electrons dominating in GaAs at fields over 2 kV/cm (see sym-
bols and solid line in Fig. 16). The shape of the maximum is
similar to that obtained by Monte Carlo simulation of the
real-space transfer fluctuations (57), as illustrated by Fig. 17.

Interpret the maximum observed at 1 kV/cm field (Fig. 17,
circles) in terms of Eq. (26). Since electron mobility is high in
the quantum well channel and low in the adjacent doped
layer of AlGaAs, the electron drift velocities v, and v, differ.
The increase in electric field causes the monotonous decrease
of electron density in the QW (the ratio n,/n, decreases), and
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Figure 17. Real-space transfer in AlGaAs/GaAs channel causes the
maximum of spectral density of longitudinal velocity fluctuations ap-
pearing at electric fields well below those for the intervalley transfer.
Open circles stand for the experimental results (59): AlGaAs/GaAs,
33% Al, n = 2-10" ecm™2, uy = 103000 cm?/(V s), Ty = 80 K. Stars
stand for the results of Monte Carlo simulation for a simplified model
of a quantum well channel (52). Solid lines are guides to the eye.
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Figure 18. Contribution of transverse tunneling through a thin bar-
rier of AlAs to the spectral density of hot-electron longitudinal veloc-
ity fluctuations, appearing in AlGaAs/5-GaAs/AlAs/GaAs quantum
well (QW) channel at electric fields well below those for the inter-
valley transfer (60). Experimental data for the QW channel [closed
circles, n = 1.3-10* em™2, w, = 35000 cm?/(V s), T, = 80K] are com-
pared with those for bulk n-type GaAs (see Fig. 16).

the maximum of spectral density forms at around 7, = n, [see
Eq. (26)]. Under assumption that v; — v, ~ 107 cm/s and
n, = n,, the real-space transfer time constant is estimated
from the maximum value of the spectral density: 7 ~ 5 ps
(59). The obtained time constant is short; this enables obser-
vation of the real-space transfer at 10 GHz frequency and
supports the idea of reversible real-space transfer.

Longitudinal Fluctuations Due to Transverse Tunneling. A tri-
ple-heterojunction AlGaAs/5-GaAs/AlAs/GaAs structure has
been designed (60) to separate the 2-DEG channel from the
doped layer by the thin layer of AlAs. Strong excess noise
appears (60) at electric fields well below those for the inter-
valley transfer (Fig. 18, symbols). The barrier of AlAs is high
and thin; therefore, electron jumps over the barrier are ex-
cluded, but the high-energy electrons can penetrate it by tun-
neling. It has been concluded (60) that transverse tunneling
is responsible for the steep increase in the longitudinal hot-
electron noise temperature (Fig 19, open circles) and the
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Figure 19. Experimental evidence for suppression (up to 15 dB at
1.1 kV/em) of the longitudinal noise due to transverse tunneling of
hot electrons in short AlGaAs/5-GaAs/AlAs/GaAs QW channels at 80
K (60). Channel length: 1 to 18 um, 2 to 3 um. For the Hall effect
data, see Fig. 18.

maximum of spectral density of longitudinal velocity fluctua-
tions (Fig. 18, closed circles) resolved at a field around 1 kV/
cm at 80 K lattice temperature. In the framework of Eq. (26)
under assumption v; — v, ~ 2107 cm/s, the time constant for
the transverse tunneling is estimated to be 7 ~ 10 ps (60).
The transverse-tunneling-related noise source observed in
a 18 um channel at a 1 kV/cm field (open circles 1 in Fig. 19)
is very weak in the 3 um channel (closed circles 2). This
strong dependence on channel length, being an illustration of
suppression of hot-electron noise in short channels, suggests
a way for an independent estimate of the transverse tunnel-
ing time constant using the electron transit time. The values
for tunneling time constant estimated from these two inde-
pendent experiments are in reasonably good agreement (60).
Similar results on the tunneling time constant are available
from luminescence data for resonant tunneling, while the
nonresonant tunneling time constants are essentially longer.

SUMMARY

Hot carrier noise in semiconductors, being a special case of
nonequilibrium noise, does not obey the fluctuation—dissi-
pation theorem and other relations valid for electron gas at
thermal equilibrium. Characteristics of hot-electron noise
cannot be predicted from data on electron density and mobil-
ity measured at low electric fields: the noise spectra at high
electric fields display features resulting from subtle details
of semiconductor band structure and scattering mechanisms.
Experimental investigation of these features at microwave
frequencies, together with Monte Carlo simulation, provide
the possibility to determine parameters (time constants, cou-
pling constants, etc.) of fast kinetic processes in the conduc-
tion (or valence) band of a semiconductor subjected to a high
electric field. Suppression of hot-electron noise, favoring low-
noise operation of short channels at microwave frequencies,
is shown experimentally and through Monte Carlo simula-
tion. A great variety of diverse sources of noise being resolved
in low-dimensional channels demonstrates diagnostic possi-
bilities of short-time-domain radiometry of hot-electron noise
and high potentials of nanometric technology for development
of high-speed, low-noise devices for electronics.
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