
PHYSICAL REVIEW B VOLUME 42, NUMBER 3 15 JULY 1990-II

Fine structure in the energy dependence of current density and osci&&ations

in the current-voltage characteristics of tunnel junctions
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{Received 11 December 1989)

We present a theoretical model for the current oscillations observed in tunnel heterojunction
diodes. The model is based on the assumption that the only scattering mechanisms operating in the
active region of the diode are due to the electron interaction with optical phonons and charged im-

purities. This allows us to introduce a new transport characteristic, the reduced difterential current,
whose divergence vanishes. This property {similar to that of the total current) gives a constructive
way of determining the mobility in a quasineutral region of the sample, whose modulation by the
applied voltage leads to the observed current oscillations. We argue that the current in the
quasineutral region is space-charge-limited and can be calculated within the virtual-cathode approx-
imation. Existence of a virtual cathode is due to a large thermodiAusive component of the current
at the boundary between the depletion and quasineutral regions, where electrons lose most of their
kinetic energy over a short distance. The calculated current oscillations are in good quantitative
agreement with experiment.

I. INTRODUCTION

Current-voltage characteristics of single-barrier
n +GaAs/(AI, Ga)As/n GaAs/n +GaAs heterostruc-
tures (current direction perpendicular to the barrier)
show an oscillatory structure with a characteristic period
eb, V=fuo in applied voltage V corresponding to the ener-

gy %co=36 meV of the LO phonon in GaAs. This effect
was originally discovered by Hickmott et al. in an exter-
nal magnetic field 8 ~4 T; subsequently, Eaves et al.
have observed a similar structure at B =0. Experimen-
tally, the oscillations in current J itself are weak,
b,J/J-10, but in derivative plots, dJ/dV and, espe-
cially, d J/dV versus V, they are seen very clearly.
Energy-band diagram of a typical experimental sample is
illustrated in Fig. 1. For a detailed discussion of recent
experimental work the reader is referred to Ref. 9.

A number of theoretical models have been proposed to
explain this phenomenon. Most of the proposed mod-
els agree that interaction with optical phonons during the
tunneling process itself is not important. To a good ap-
proximation, the tunneling probability depends only on
the voltage drop across the (A1Ga)As barrier and is not
affected by phonons. Interaction with optical phonons
can tangibly inhuence only the resistance of the lightly
doped n GaAs layer that in turn affects the voltage drop
across the barrier and hence the current. The difference
between various models mainly consists in the specific
mechanism of the resistance modulation —based on
different assumptions about the formation of current in
the n GaAs region of the device.

Several authors' ' assumed that due to a freeze-out of
electrons there is no depletion region in the low-doped
part of the diode. This assumption is untenable. In a
strong electric field of the typical experiment, the freeze-
out state (unstable against various perturbations, such as

impact ionization, hopping conduction, field ionization,
etc. ) will go over into a stable configuration with the de-
pletion region formed. It is unlikely that the unstable
state could persist for the duration of an experiment.

Eaves et al. based their consideration on a more real-
istic model of the field distribution in the n GaAs
layer —with a usual separation of that layer into a deplet-
ed and a quasineutral (QN) region. It has been assumed
that electrons emit all possible LO phonons in the deplet-
ed region and that no other inelastic processes occur
within that region. Consequently, electrons entering the
QN region have a kinetic energy within the interval
(O, A'co). If the initial energy distribution of electrons tun-
neling through an (AlGa)As barrier is sharply peaked,
then this peak is somewhat replicated within the interval
(O, fico) in the QN region. The key idea of Eaves et a/. is
that these hot electrons entering the QN region modulate
its conductivity by impact ionizing the donor centers and
that effectiveness of this process depends on the position
of the energy distribution peak. If the peak is below
donor ionization threshold, then impact ionization is
suppressed. Position of the peak is assumed to be period-
ically modulated as the voltage is applied to the device,
wherein, according to the model, lies the origin of the
current oscillations.

The model of Eaves et al. ' assumes a coexistence in
the QN region of two groups of carriers: hot electrons
entering from the depletion layer and secondary electrons
produced by impact ionization of shallow donors in the
QN layer. ' The model does not offer a constructive way
of estimating either the relative concentration of these
two groups or the total concentration of mobile carriers
in the QN region. " Moreover, there is a fundamental
reason for doubting the validity of this model. Its main
assumption consists in postulating that in the QN region
the electron energy distribution is periodically modulated
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by V. Presumably, this property arises from a replication
of the initial electron energy distribution at the tunneling
barrier. Given that optical-phonon scattering is the only
inelastic interaction, this assumption appears plausible
and, for a very narrow, "5 function, " initial distributions,
it is undoubtedly correct. However, as will be shown
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FIG. 1. (a) Schematic energy-band diagram of a sample un-
der bias. Insets illustrate the formation of the virtual cathode in
the transition regime between the depletion layer and the QN
layer. Left inset shows a hypothetical band diagram in the ab-
sence of hot-electron effects. Inflection point of the electrostatic
potential and the field at that point are shown by dashed lines.
Right inset shows the band diagram in the presence of
thermodiffusion in the transition layer, (b) Redistribution of
differential currents through the device. Evolution of currents
originating in three different energy intervals is traced. Dashed
lines trace the currents which can mix in the process of trans-
port. In passing through the low-field transition layer, all ele-
mentary currents concentrate in a reduced energy interval
within Ace from the conduction-band edge. Also shown is the
phase 4 defined by Eq. {6).

below (in connection with Fig. 2), the energy distribution
of electrons injected by tunneling from a degenerately
doped emitter is not narrow on the scale of Ace. Any ini-
tial distribution of finite width is distorted in transport
through the depletion region. This distortion is brought
about by the difference in the drift of electrons belonging
to different energy intervals. It, moreover, depends on
the total voltage drop in the depletion region, i.e., also on
V. Whether or not there is even an approximate periodi-
city in the electron energy distribution in the QN layer
depends on the form of the initial distribution and re-
quires further assumptions about the elastic scattering
rate r(E). This question can hardly be ascertained
without tracing the electron transport in detail.

What is rigorously conserved in any scattering model
that takes LO-phonon scattering to be the only inelastic
interaction, is the reduced differential current (RDC).
The RDC is defined (Sec. II) as the sum of the differential
currents dJ(E)ldE, over a discrete set of energies E
differing by an integral number of optical-phonon ener-
gies Ace. Here E is the total electron energy, including
both the kinetic energy and the potential energy Ec(x).

This notion of a spatially invariant periodic RDC func-
tion is the key ingredient of our model. Because of the
energy dependence of the elastic scattering rate govern-
ing the mobility p, the nearly periodic variation of the
RDC with the applied voltage translates into a modula-
tion of p, in the QN region. The current in that region is
shown to be of space-charge-limited nature. The periodic
variation in p causes a similar variation in the voltage
drop in the QN layer; despite its smallness, this variation
affects the voltages in other regions of the diode, resulting
in a modulation of the tunnel current. Detailed qualita-
tive description of our model is presented in Sec. II. In
Sec. III, we derive the complete current-voltage charac-
teristics of the diode.

II. QUALITATIVE DESCRIPTION
OF THE MODEL

Let us first compare the characteristic electron scatter-
ing rates with the transit time through the active regions
of the device. Estimates show that at electron kinetic en-
ergies of order %co, the energy relaxation time due to
emission of acoustic phonons is of order 10 ' s. This is
much longer than the electron transit time through the
entire lightly doped layer. Indeed, the slowest transport
occurs in the QN region, where the dominant scattering
mechanism is interaction with ionized impurities. At the
impurity concentrations of order 10' crn, the mobility,
calculated for this process, is p~10 cm /Vs. As we
shall see in Sec. III, the range of interest in IV charac-
teristics corresponds to typical electric fields F ~ 10
V/cm in the QN region. This implies a drift velocity
Ud 10 cm/s and a transit time less than 10 s. Conse-
quently, the energy relaxation on acoustic phonons in the
active region of the device is entirely negligible. Because
of the low carrier concentration in the lightly doped lay-
er, electron-electron scattering can be safely neglected
also. This leaves optical-phonon scattering as the only
inelastic process. Under such conditions, electronic
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transport exhibits unusual features, the most striking of
which is the appearance of a new transport invariant, the
reduced differential current.

A. Conservation of the reduced differential current

Consider a group of electrons tunneling into the semi-
conductor in a small interval hE at an energy E mea-
sured from a fixed level. These electrons carry a current

(bJ(E)]s= J bE,
B

where the subscript B denotes quantities evaluated at the
barrier interface x =0. In the process of acceleration by
the electric field, this group of electrons spreads over
discrete levels

G(E)=g, v=0, +1,+2, . . . .
J

BEv E+ vhco

(4)

Equation (4) defines the RDC function. In a steady state,
G(E) is a conserved quantity.

B. Energy distribution of the current
in the quasineutral region

From the definition of the RDC, Eq. (4), it is clear that
it is a periodic function of energy with the period Ace.

Even though 6 (E) is conserved, we cannot extract from
it the energy distribution of the current in an arbitrary
cross section of the sample. However, if, for some
reason, the kinetic energy of all electrons in a given cross
section does not exceed fr~, then we have

=G(E) .
BJ

This condition would be naturally satisfied at any point, if

E„(E)=E+vRco, v=0, %1,+2, . . . , E„~Ec(x), (2)

which differ from E by an integral number of LO-phonon
energies. It may appear that the sum of the currents car-
ried by electrons in all these discrete levels equals
b,J(E)~s. However, if the initial energy distribution of
the tunneling current was wider than fico, then currents
originating from initial energy intervals, different by an
integral number of optical-phonon energies, may mix to-
gether in the process of drift [see Fig. 1(b)]. Let us,
therefore, extend the initial group to include all electrons
in the initial distribution at energies differing by %co. In
the process of transport, this extended group will also
spread over the levels E„(E). Denote by n,„,(E) the total
carrier concentration in the extended group and by
G(E,x) the total current carried by electrons in this
group. The extended group is a closed system in our
scattering model and, therefore, it must obey the
current-continuity condition

eBn,„,(E)
+V G(E)=0

t

where

the rate LO-phonon emission were very high, i.e., in the
limit ~, ,~0. In that hypothetical limit, electrons do not
acquire energies over fico. It should be clearly understood
that our model assumes no such "coherence" in phonon
emission. The coherence issue was recently investigated
by a Monte Carlo simulation of electron transport in the
depletion region of a lightly doped GaAs diode. It was
found that the average electron energy at the end of that
region was substantially higher than %co. This shows only
that ~,z, is insuSciently short, i.e., that the mean free
path At pt

&'fico/eF and electrons are still spread over the
levels E„[Eq. (2)]. It would be more interesting to study
numerically the energy distributions of currents and elec-
tron concentrations at different spatial locations. Such a
study would show to what extent the proposed conserva-
tion of the RDC is violated by the energy dispersion of
LO phonons, the electron-electron interaction, and the
inelastic acoustic scattering.

Upon entering the QN region, hot electrons rapidly
lose their excess energy in an integral number of optical-
phonon emissions. For electrons whose kinetic energy is
higher than the satellite-valley band edge the LO-phonon
scattering mean free path is about 50-100 A. ' At lower
energies, when intervalley transitions are forbidden, sim-

ple estimates give an LO-phonon mean free path of about
500 A. This means that over a distance k 10 cm all
possible optical phonons are emitted. Further accelera-
tion of electrons by a weak electric field in the QN region
can be neglected, because the total potential drop in that
region is estimated (Sec. III) to be of order 1 mV. There-
fore we can assert that in most of the QN region, whose
thickness L ~ 1 pm, Eq. (5) is satisfied.

Let us introduce a "phase" 4 of the current energy dis-
tribution. It is convenient to first change the reference
point of energy to the edge of the conduction band in the
QN region. We shall designate energies counted this way
by a caret, viz. E, EF, etc. The applied voltage deter-
mines the value of the emitter Fermi level, EF, reduced
modulo iiico into the energy interval (O, fico). This quanti-

ty, in units of %co, defines the "phase" 4, see Fig. 1(b). It
determines the energy of electrons in the QN region,
which arrive there from the emitter Fermi level after hav-

ing emitted all possible LO phonons. Mathematically,
the phase 4 is defined by

EF[mod(Aco)]
(6)

fiG)

i.e., 4 is the remainder of kF /fico.

Figure 2 shows the energy dependence of BJ/BE, cal-
culated (as discussed below, Sec. III B) for three different

applied voltages. It is convenient to plot BJ/BE in units
proportional to the total current Jtpf e.g., as is done in

Fig. 2, in units of [BJ(EF ) /BE ]s, which is the
differential density of the tunneling current at the Fermi
level. The dimensionless function

BJ/BE
[BJ(EF ) /BE ]ii

is truly periodic in the applied voltage because the trivial
variation of BJ/BE with J„, is eliminated. Due to their
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FIG. 2. Dependence of the dimensionless differential current
density, BJ/BP (in units of [BJ(EF)/BE]s), on the energy P
counted (in units of %co) from the edge of the conduction band in
the QN region. The three displayed curves, evaluated according
to Eq. (20), correspond to applied voltages at which the phase 4
equals 0 (or 1), 0.3, and 0.5. Assumed parameters of the struc-
ture are as in Table I.

Just like BJ/BE, the mobility p in the QN region is a
periodic function' of the phase 4 [provided that 7.(E)
does depend on energy]. Figure 3 shows the dependence
p(4&) for the cases when r(E) is determined by charged-
impurity and acoustic-phonon scattering mechanisms.
The mobility behavior for these two mechanisms is "op-
posite" because r(E ) is an increasing function for impuri-
ty scattering and a decreasing function for acoustic pho-
nons. We see that at 1V& —10'" cm and T=4.2 K the
total mobility is determined mostly by the impurity
scattering and is modulated by a factor of =3. The
minimum in p occurs when a large fraction of the current
Rows at low energies, where the impurity scattering is
highest. Even at the minimum, the mobility is much
larger than the equilibrium bulk mobility (po=-6X10
cm /V s) at the same impurity concentration and temper-
ature. This mobility enhancement occurs because the
average electron velocity in our ensemble is much higher
than thermal.

D. Current formation in the quasineutral region

As far as the equilibrium band conductivity is con-
cerned, the QN region is practically an insulator at
liquid-helium temperatures. ' Estimates (Sec. III) show
that the nonequilibrium carrier concentration associated
with the current in the "interesting" regime of the diode
operation is of order 10' cm, which exceeds the equi-
librium electron concentration in the QN region by
several orders of magnitude. Consequently, the current
in that region is space-charge limited (SCL).

The current-voltage characteristic of the QN region
would, therefore, have the usual form of the Mott-
Gurney law, ' provided we could use the virtual-cathode
approximation, ' ' corresponding to a boundary condi-
tion of F=O. The variation of electrostatic potential
V(x) in the QN region under applied bias is illustrated in

Fig. 1(a). Between the depleted region and the region of
SCL current How there is an inflection point in V(x), be-
cause the net charge in these two regions is of oppositeC. Dependence of the average mobility on the phase

of the current energy distribution

periodicity, the curves in Fig. 2, corresponding to three
values of 4, can be obtained from one another by a hor-
izontal shift. The maximum of BJ/BE occurs when
E=(v+4)fico. Electrons, originating from the Fermi
level in the emitter, arrive at this energy. The value at
the peak exceeds the initial value of [BJ(EF)/BE]s at the
barrier interface approximately by 4%. This increase is
due to the contributions from currents at E=EF Rro-
and E =E,—Za~.

Note that the curves in Fig. 2 give a representation of
the energy distribution of the current near the interface.
As is evident, e.g. , from the curve labeled 1(0), the distri-
bution is by no means narrow on the scale of fico. There-
fore its representation by a 5 function would not be a
good approximation.

Elastic scattering in the QN region is mainly owing to
charged-impurity centers, whose concentration approxi-
mately equals twice the acceptor concentration. The
differential current density in the QN region can be ex-
pressed in terms of the differential electron concentration
Bn/BE and the momentum relaxation time ~(E) as fol-
lows:

BJ(E) e r(E) Bn(E) F
BE ~ BE

7x 1Q5

6x 105

5x105

&- 4x10

CD
D 3x1Q
X

2x105

26x 10~

2.2 x 10

2.0 x 10

18 x10

1.6 x 10

eJ f 1 BJ(E)
r(E) dE

whence the total concentration n is given by

Bn(E) d~ m & 1 BJ(E) En= dA .
BE e F o r(E) BE

Defining the average mobility by the usual relation
J=enpF, we have

105 I I I I I I I I I
1 4 x 1p7

0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
PHASE C»

FICJ. 3. Dependence of the mobility p in the QN region on
the phase 4 of the differential current density. The two curves
correspond to mobilities calculated with the momentum relaxa-
tion due to charged-impurity and acoustic-phonon scattering
mechanisms. Assumed parameters of the structure are as in
Table I.
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s BT, s &E)J =—pn =—pn
k Bx k A.

(10)

sign. There is no a priori reason why F should vanish in
the vicinity of this point. A nonvanishing F would give a
contribution to the voltage drop in the QN region —in
addition to that obtained from the Mott-Gurney law.
Nevertheless, we believe that the virtual-cathode approxi-
mation is valid here. This can be seen from the following
argument.

Formation of the virtual cathode in a usual n+-n
junction is due to a large carrier concentration gradient
that forces the diffusion current component to be larger
than the total net current and requires an oppositely
directed drift component to balance the books. In the
present case, instead of the diffusion current, we have a
large thermodiffusion current. To estimate the latter, we
can use the Monte Carlo data which indicate that, in the
voltage regime of interest, the avera e electron energy at
the end of the depletion layer is ( ) ~0. 1 eV. In the
QN region, this energy is dissipated in optical-phonon
emission within a transition layer of order X~10 cm.
This gives the following estimate for the thermodiffusion
current JTD in the transition layer.

J„,= A f dE f D(E„)dE„

D E„EF—E„dE„,
0

where

em

2m. A
(12)

25/2 1/2
D(E„)=exp

3eAF~

X [(Es E„)3~—

—(Ez E„ed—Fs—) ~ ] (13}

where E is referenced to the conduction-band edge in the
emitter. As seen from Eq. (11), the differential current
(BJ/BE)z at the interface is of the form

is the effective Richardson constant and D(E„) is the
tunneling probability dependent on the transverse (to the
barrier) part E„of the incident-electron kinetic energy,
calculated in the WKB approximation:

where S/e is the entropy transport parameter for non-
degenerate semiconductors one has = A f D (E„)dE„.

BE s 0
(14)

(2mkT, )
~

3/2 3

Since the effective driving force (E)/A, -~10 eV/cm of
thermodiffusion is much larger than that due to an es-
timated electric field ( ~ 100 V/cm) in the QN region, the

JTD component is much larger than the net current. This
results in the formation of a virtual cathode in the transi-
tion region.

where

BJ B (Er) y'(i EzE~~— —

BE ~ BE
(15)

Numerical evaluation of (BJ/BE )s has shown that in the
bias range of interest, this quantity is exponential over
more than 2 orders of magnitude. This allows us to ob-
tain an accurate close-form approximation of the current
by expanding the logarithm of (BJ/BE)s near E =E~
and retaining linear terms only. This gives

III. EVALUATION
OF THE CURRENT-VOLTAGE CHARACTERISTICS

The current-voltage characteristics of the diode can be
calculated in a parametric form. It is convenient to take
as a parameter the electric field F~ in the tunnel barrier.
This field uniquely determines the tunneling current as
well as its energy distribution near the barrier. The se-
quence of steps in the evaluation of the total voltage
across the device is described below in detail.

y=EqD(E~} f D(E„)dE„
0

and the total current is given by

BJ(Ep) 1 —e r-Jt.t =E~-
BE y

B. Current density in the quasineutral region

(17)

A. Current density at the tunnel junction
and its energy distribution

For the sake of simplicity, we assume that the alumi-
num fraction in the (AlGa)As barrier is constant, so that
at flat bands the barrier is rectangular. Denote the bar-
rier height by Ea (see Fig. 1). Estimates show that in the
entire bias range of interest, e Vz & E~ —E~, where
Vz =Fzd is the voltage drop in the barrier of thickness d.
This means that the Fowler-Nordheim tunneling regime
is never reached. At low temperatures, when the electron
gas is degenerate, the tunneling current is given by

As discussed above, the differential current density in
the QN region equals the RDC, Eq. (4). To evaluate the
RDC, we use the approximate expression (15) for the en-
ergy distribution of the tunneling current. It should be
noted that the reference point of E in Eq. (15) is the edge
of the emitter conduction band, which is related to E,
referenced to the band edge in the QN layer, by

E =E+edFB+eVD,

where VL, denotes the voltage drop in the depletion layer.
Expressing the RDC in terms of E, we have
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dJ(E)
(

dJ(EF )

dE

E /Ace —4F
exp —y 1—P +vfico —edF& —e VD

(19)

We have extended the lower limit of summation in Eq. (19) to —ac, because contributions to the tunneling current from
electrons at energies near the bottom of the Fermi sea are negligible compared to that from electrons at the Fermi level.
The result of summation is

dJ(EF)
dEdJ(P)

dg dJ(EF)

B

exp[@(E ficoC—)/EF ]
for 0 «fico@

exp[y�
(E—fico%+ Ace ) /EF ]

for %roan «i(leo .
1 —exp —yt(tc0 EF

gOa)

(20b)

The differential current density, evaluated according to
Eq. (20), has been plotted in Fig. 2.

VQN

32~J...I 3
1/2

9' (22)

N e
in[1+(eX'/e NI' ) ] .

i(E) 2e m' E
(21)

Equation (21), substituted in Eq. (9), gives the dependence
(M(4) shown in Fig. 3. This dependence of the mobility
on the phase 4 gives rise to an oscillatory variation of the
voltage drop V&N in the QN layer —calculated in accor-
dance with the Mott-Gurney law,

C. Current-Voltage Characteristics: Numerical Example

In the numerical calculations, we have used the param-
eters listed in Table I. Based on these parameters, the
elastic scattering is dominated by interaction with
charged-impurity centers. The total concentration N, of
charged scattering centers equals twice the acceptor con-
centration, NI =2N„. Since the free-electron concentra-
tion in the QN is much less than NI, we use the Conwell-
Weisskopf approximation' for the momentum relaxation
time:

The current-voltage characteristic is determined in a
parametric form J„,(Fa ), V(Fa ). It is evaluated in the
following sequence: (a) For a given barrier field Fs, the
current is determined by Eq. (11};(b) the voltage drop in

the depleted layer and length 8'of the latter are given by
their form in the depletion approximation:

~F2
VD= (23)

Sire(ND N„)—
eFB

4ire(ND Nq )— (24)

(c) with the obtained values of VD and Vz =de, we

determine EF=EF+eVD+eVB and then the phase 4
from Eq. (6}; (d) with the calculated 4, the mobility p is
determined by (9), using Eqs. (20}; (e} with both J„,and p
known, the voltage drop in the QN region is given by
(22); (I}the total applied voltage is given by

TABLE I. Parameters used in the numerical calculations.

Assumed parameters
Electron effective mass in GaAs {m)
Electron effective mass in (Al, Ga)As (m)
Optical-phonon energy (Ace)

Barrier height (E&)
Barrier thickness (d)
Electron concentration in the emitter
Donor concentration in n layer (ND)
Acceptor concentration in n layer (N& )
Thickness of the n layer (I.+ fV)

Dielectric constant (e)
Temperature ( T)
Effective Richardson constant (A)

Calculated parameters
Fermi energy in the emitter (EF)
Fermi energy in the QN layer (EPN)
Equilibrium mobility in the QN layer (pol
Equilibrium electron concentration in QN region (no)

0.067m p

0.09m o
36 meV
0.2 eV
170 A
2X10' cm
2X10" cm '
0.1ND
1 pm
12.9
4.2 K
1.1X10' A/cm eV

87 meV
—4.9 meV
5X10 cm /Vs
10 cm
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we can estimate b J/J„, = ( BJ„,/tl Vjb, V&N =0. 6 X 10
The calculated resistance of the space-charge-limited

current in the range of V=0.3 V corresponds to a resis-
tivity p—:V&N/J„, L =200 0cm. This is lower than the
resistivity associated with the hopping conduction quoted
in Refs. 2 and 3, which gives us ground to believe that
hopping conductivity does not play an important role.

IV. CONCLUSION

The Hickmott experiment has attracted a considerable
theoretical attention. Its importance lies in the fact that
the observed current oscillations reveal certain peculiari-
ties of the electronic transport in strong fields and over

short distances —a situation common to modern semi-
conductor devices. The commonly known peculiar
features of such transport are the velocity overshoot and
the ballistic effects. The characteristic distances of those
effects are determined by the fast processes of energy and
momentum relaxation, respectively. In the present work,
the experimentally observed current oscillations have
been related to the conservation of another quantity, the
reduced current density, which persists over much longer
distances, determined by the relatively slow process of in-
elastic scattering by acoustic phonons. We believe, there-
fore, that this transport characteristic may prove useful
for a wide variety of problems.
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