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We present the results on low temperature current-voltage characteristics of noncompensated Si
doped by Sb. In the temperature range 1.9-2.25K and at electrical fields smaller than 1 V/cm, the
negative differential resistance (NDR) was observed. The external magnetic field enhances the region
of the NDR. We attribute this effect to the delocalization of the D™ states in the upper Hubbard band
due to the accumulation of the charge injected by current. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4968825]

Interest in the studies on the effect of a negative differ-
ential resistance (NDR) in various materials and structures
does not subside currently. This is primarily due to the
importance of the NDR effect in developing the elements of
solid-state electronics, like generators, switches, sensors,
memory, etc. These studies are characterized by a very wide
range of materials and structures, including graphene,' topo-
logical insulators,2 structures of molecular electronics,3 and
semiconductor nano- and heterostructures.*~® Physical mech-
anisms, determining the NDR, are very diverse. Thus, if the
known effects of NDR in bulk semiconductors are mainly
associated with the heating of the charge carriers and the
emergence of various kinds of instabilities like drift, concen-
tration, etc.* in the nano- and heterostructures, except the
field mechanisms, mechanisms associated with a discrete
spectrum also appear.” A common feature of the NDR effect
in semiconductor materials and structures based on them is
its dependence on the physical properties and processes in
semiconductors. This imposes certain requirements for their
production technology and makes it difficult to fabricate
identical devices and their further applications. In particular,
mechanisms of the NDR, related to the heating of the elec-
tron gas, are characterized by increased noises and power
consumption, premature degradation and thermal losses.
Structures exhibiting NDR, in which there is no heating of
the charge carriers, are often poorly compatible with the sili-
con technology. The latter is especially important for the for-
mation of various functional elements on a single chip.
Therefore, search for the NDR effect in silicon and silicon
based structures, which are not related to the heating of the
charge carriers, should be regarded as highly relevant.

This paper presents the results of the study of current-
voltage characteristics (CVC) of noncompensated common-
place commercial n-type silicon with a Sb dopant density
Ny;=(1.0*+0.1) x 10" cm > (Ref. 8) (insulating side of the
metal-insulator transition—MIT®) in the temperature range
T=1.9-12K and magnetic field H up to 80 kOe. Resistivity
at room temperature was p = (0.010 = 0.001) Q cm. The sam-
ples of rectangular shape with dimensions 10mm X 2mm
x 0.5mm were covered by 4 In contacts as electric probes
using ultrasonic soldering. The distance between the current
(I) (voltage (V)) pads was equal to 8mm (/=3 mm). A dc

0003-6951/2016/109(22)/222104/4/$30.00

109, 222104-1

current was used to bias the samples. The magnetic field was
applied parallel to the sample surface and perpendicular to the
direction of the current. Samples were inserted into the cryo-
gen free measuring system (Cryogenic Ltd., London) with the
superconducting solenoid.

For these bulk samples, CVC exhibit unusual behavior
in the T range 1.9-2.25K, appearance of the pronounced
NDR region at very low value of the electric field E, not
exceeding £=1V/cm. As the temperature increases, CVC
are transformed into a linear dependence. In this work, we
plot measured CVC as a dependence of the current density J
on the average magnitude of the electric field E = V/I, J(E).

Fig. 1 shows a series of J(E) curves in zero magnetic field
for T range 1.9-3.0K (Fig. 1(a)) and 3.1-12K (Fig. 1(b)). All
the characteristics were registered for both increasing and
decreasing current. The lack of hysteresis indicates the
absence of thermal overheating of the sample. The NDR
region is observed in the narrow T range 1.9-2.25K. With
increasing temperature, starting from 7=2.5K, a gradual
transition from nonlinear to linear characteristics occurs
(Fig. 1(b)). In Fig. 2(a), we present the J(E) characteristics at
T =2K for magnetic field values from 0 to 80 kOe. It follows
that the magnetic field enhances the manifestation of a region
with the NDR. In addition, the magnetoresistance (MR) is
positive. The temperature increase in the presence of a mag-
netic field leads to the disappearance of the NDR, as in the
absence of a magnetic field. In Fig. 2(b), we show the varia-
tion of the J(E) shape with the growth of temperature at
H =80 kOe. In the inset to Fig. 2(b), the MR versus T is plot-
ted. The MR values were obtained from the initial linear parts
of the J(E) curves.

Typical threshold current density for the formation of
the NDR region in J(E) characteristics does not exceed
50 mA/cm?, and typical threshold electric field £, values are
less than 1 V/cm. Such extremely low E,;, cannot lead to the
electrical breakdown. Moreover, the smallness of the electric
field can exclude any other field effects, such as Poole-
Frenkel, impact ionization, avalanche multiplication or
thermionic.

Previous analysis revealed that the transport in the
studied samples in the T range 5-25K is determined by the
Mott mechanism (Inp(T) ~ T~'/*).* Here, we obtain that in

Published by AIP Publishing.
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FIG. 1. (a) J(E) curves at different 7. From right to left: 1.9, 2.0, 2.25, 2.5, 2.75, and 3.0 K. The arrow indicates the growth direction of the temperature. Inset:
Inp versus T~ . Solid line is the result of the best linear fit in these coordinates. Arrows indicate the T range in which simple activation dependence is observed.
(b) J(E) curves at different 7. From right to left: 3.1, 3.25, 3.5, 3.75, 4.0, 4.25, 4.5, 4.75, 5.0, 5.5, 6.0, 7.0, 8.0, 9.0, 10.0, and 12.0K. The arrow indicates the

growth direction of the temperature. All data are for H =0.

02F ' 0.2F 7 i ]
0.1k 2K 0.1+ ] FIG. 2. (a) J(E) curves at T=2K and
different H =0, 10, 30, 40, 60, 70, and
S “'E 20 25 30 33 80 kOe. The arrow indicates the
g 0.0 L 0.0 0 growth direction of the magnetic field.
Z $ (b) J(E) curves at H=280 kOe and dif-
= = ferent T=2.0, 2.25, 2.5, 3.0, 3.25, and
0.1} J -0.1r 1 3.5K. The arrow indicates the growth
( a) (b) direction of the temperature. Inset:
Magnetoresistance versus temperature
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the T range 2-4 K the simple activation mechanism (Inp(7)
~ T7) prevails (see inset to Fig. 1(a)). The activation
energy can be estimated as e=1.48meV ~ 17K (slope of
the solid line in the inset to Fig. 1(a)). Such low € value sug-
gests that two impurity bands apparently participate in con-
ductivity in the T range 2—4 K, upper and lower Hubbard
bands.'®

As it was already pointed out, the measured J(F) charac-
teristics with decreasing temperature are transformed from
linear Ohmic to the essentially nonlinear dependence.
Moreover, for the temperatures, at which the NDR is not

o=2%
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FIG. 3. (a) J(E) curve at T=3.1K and H =0. Shaded areas indicate E inter-
vals in which one or another exponent o in the relation J ~ E” is valid. (b)
J(E3/ 2) dependence at T=3.1K and H=0. Arrows indicate the interval in
the electric field in which the exponent o« =3/2. (c) J(E?) dependence at
T=3.1K and H=0. The arrow indicates the electric field value above
which the exponent o =2.

observed, but a strong nonlinearity is present, the small ini-
tial linear part of the J(E) characteristic is changed with
increasing electric field first to the Child-Langmuir
(J(E) ~ E*?) and then to the Mott-Gurney law (J(E) ~ E?).
This result is shown in Fig. 3 for T=3.1K. At T related to
the range at which the NDR occurs, the linear initial part of
J(E) characteristic is very small and changes to the Child-
Langmuir law. This result is presented in Fig. 4 for
T=1.9K. Faster growth of current with increasing electric
field as compared to the Mott-Gurney law can be explained
by the beginning of the breakdown effects. The Child-
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FIG. 4. (a) J(E) curve at T=19K and H=0. Shaded area indicates the E
interval in which the exponent o« = 3/2. (b) JEY?) dependence at T=19K
and H=0. Arrows indicate the interval in the electric field in which the
exponent o = 3/2.
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Langmuir like behavior of J(E) characteristics indicates the
presence of charge accumulation, which is important for the
explanation of the NDR mechanism.

The obtained regions with NDR are similar, at first
glance, to those caused by the impurity breakdown.'
Nevertheless, we may exclude this possibility from the con-
sideration. Indeed, the impurity breakdown is caused by the
avalanche multiplication of carriers in the conduction band
due to the impact ionization of neutral donors. The required
electrical field in this case exceeds 100 V/cm,4 which is 2
orders of magnitude greater than our E,.

From our point of view, the most plausible explanation
for the NDR manifestation at low T and E consists in the pro-
cess of the D™ states delocalization in the upper Hubbard
band (UHB). The emergence of the delocalization in the
UHB of a semiconductor at a certain critical concentration of
impurities is known for a long time.'? It was demonstrated
that the delocalization could occur at N, values much lower
than the concentration of the MIT (N,,), at N, 0.015N,,."
For Sb doped silicon Ny, =3 x 10" cm™>.° which is 3 times
greater than in our samples, and so they are in the region of
possible delocalization. The delocalization can also be
reached by changing T and/or the degree of filling of the
UHB, which is realized by the injection of the electrons. In
our case, the impurity concentration is fixed and the delocali-
zation could occur only due to the increase in the electron
injection. At low degree of the injection, the conductivity is
low and is determined by the activation mechanism. Thus, it
is necessary to consider the degree of filling of the neutral D°
states by electrons.

The appearance of the NDR usually is associated with
the presence of a positive feedback. In the considered case,
from a macroscopic point of view, the NDR may be caused
primarily by such processes as charge accumulation and dis-
charge in Si, which is controlled by the presence of a positive
feedback. This can be explained as follows. At the initial low
conductivity part of J(E) curve, the magnitude of the current
is low and slightly increases until the electric field reaches a
threshold E,,. When E <E,, the magnitude of J does not
exceed 50mA/cm® at H=0and T=1.9-2.5K (see Fig. 1(a)).
As we demonstrated, in the T range 2.4—4.1 K, the conductiv-
ity is of the simple activation type (inset to Fig. 1(a)). In this
case, at small degree of compensation, at the beginning of
the electron injection, the neutral D° states will be filled by
electrons and the space negative charge in Si will be accumu-
lated. Thus, the D™ states are formed. The accumulated space
charge will restrict and monitor the current flow. This is con-
firmed by the fact that the J(E) dependence is described by
the Child-Langmuir law (see Fig. 4). When a certain concen-
tration of D™ states is achieved (at E = E,;,), there is a change
in the charge state. Obviously, the local electric field E;, which
acts on the D™ states, differs significantly from E,,. Indeed,
the sufficient negative charge of the critical D™ states concen-
tration creates a substantial E; that can ionize D° states (see
below). As a result, new D™ states arise in the sample.12 The
appearance of sufficiently large local electric fields ensures
that the two adjacent neutral tunnel-related donors will be
transferred to the charge state: D’+D° — DT+D 7, as it
occurs when the substantial local electric field is applied in
nanostructures to individual donors.'*'> In addition, under the
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action of the local electric field, the energy of D™ states
decreases and bounded excited states D~ could be formed. '

The appearance of large E,; accelerates the process of
delocalization due to the decrease in the binding energy of
the D~ states and the formation of the D~ states. These pro-
cesses are characterized by the presence of a positive feed-
back, which causes the increase in the concentration of the
D™ states and acceleration of their delocalization due to the
electron-electron interactions on the D™ states. The presence
of this positive feedback is a key process in the emergence
of the observed NDR.

Let us find the confirmation of the above qualitative rea-
soning by evaluating the magnitude of the local electric field
that is needed to compensate the activation energy €~ 17 K.
In our case, the electric field is created by the local field of
neighboring electrons located at D™ states, E;, which can be
expressed as

1 n qr;
o ey

1= 2 E
dmegesrs ' |r;

where & is the permittivity of vacuum, ¢, is the permittivity
of Si, ¢ is the elementary charge, rg = (3/471N1y)1/3 is the
average distance between electrons located at the D™ states,
Np- is their concentration, r; is the normalized to the rg value
the radius-vector of the i-th electron at the point at which the
electric field is determined and n is a number of neighboring
electrons for which the sum is taken (n=38). The only
unknown variable in Eq. (1) is Np-. To estimate this quan-
tity, it should be noted that the E; value influences the ioniza-
tion of D~ centers. When all of them are delocalized, it
means that the £, value could be associated with the delocali-
zation field, E{¢°¢. The probability of the delocalization of
the D™ centers, in turn, can be estimated within the model of
ionization of a negatively charged center that takes into
account a contribution of the electron-phonon interaction'’

/2 m* 3/2
+L>’ )
E[qh

€ 26T

where m* is the effective mass of electron, 7 is the reduced
Planck’s constant, kg is the Boltzmann constant, and 7, is
the characteristic time of the transition from D~ to D° state.
The quantity 7/2t; is of the order of the phonon energy
€pn~ 15-65meV for the case of weak electron-phonon inter-
action, which is characteristic of Si. The delocalization of all
D™ centers occurs when the exponent term in Eq. (2) is equal
to 1. In this case, the E; should be substituted by E;j"’o".
Substituting the obtained from Eq. (2) E;MU" ~7x 10°V/cm
into Eq. (1) instead of E,, we extract the concentration of D™
centers, which corresponds to E¢/¢, N@o¢ ~ 6 x 10'° cm ™3
< N,. Therefore, the local electric field could compensate the
activation energy e.

Influence of the magnetic field fits well with the picture
of the phenomenon described. Indeed, the external magnetic
field counteracts the achievement of the critical concentra-
tion of the D~ states, at which the delocalization begins.
Both the Lorentz force, which reduces the coefficient of cap-
ture of injected electrons to the D states, and the effect of
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magnetic field on the spin-dependent electron transfer pro-
cesses between D° states can cause this impact. In addition,
the contribution of the Zeeman splitting of the impurity spin
levels to the electronic transitions is also possible.'>'® Thus,
to achieve a critical concentration of electrons in the UHB in
the magnetic field required, it is necessary to increase the
level of the electron injection, which leads to an increase in
the E,;. On the other hand, the magnetic field reduces the
electron binding energy on the D~ states. These two points
further result, to our opinion, in the fact that a greater aver-
age rate of injection is required and the region with the NDR
expands. The latter is because after the breakdown the con-
tribution of the spin-dependent processes decreases with the
change of the conduction mechanism. The magnetic field
tends to align spins parallel, which reduces the speed of their
capture on the D° states and weakens the localization of the
D~ states. Finally, the difficulty in the delocalization in the
presence of a magnetic field causes a substantial increase in
the MR. In the inset of Fig. 2(b), we present the temperature
dependence of the MR at H =80 kOe. It is seen that at tem-
peratures where the NDR effect is not observed, the MR
becomes significantly lower.

Finally, we would like to discuss briefly how it is possi-
ble to engineer the proposed mechanism of NDR to realize it
at higher temperatures. The observed low temperature NDR
in Si occurs mainly due to the electronic states in the UHB.
The activation energy e is of the order of 17 K. Therefore, it
is possible to increase the working temperature up to ~15K.
This requires the suppression of the Mott hopping mecha-
nism that involves D" states at T>4K, where it appears
along with the transfer of the electrons over the D° and D~
states.® Hopping suppression can be achieved by increasing
the level of electron injection. This could be realized in the
field effect transistor with the length of the Si channel less
than 100 nm. The increase in the level of injection will allow
to increase the concentration of nonequilibrium electrons,
which will neutralize the emerging D" states and ensure the
prevailing electron transfer over the D states. To improve
the homogeneity of the distribution of nonequilibrium elec-
trons, the gradient of the electric and magnetic fields, created
by the gate electrode fabricated, e.g., from Dy, can be used.
The crucial role of the D and D~ states in the electron trans-
port in such nanostructures at 7 =4.2—-15K has been experi-
mentally proved in Refs. 16 and 18-21.

In summary, we demonstrated that the charge accumula-
tion in noncompensated silicon could generate the delocali-
zation of the induced D~ states in the UHB. This leads to the
NDR effect on the CVC at low T and E. The microscopic
mechanisms of electron capture at neutral centers, their
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moving on them, as well as the delocalization of the D™
states are likely to be associated with such quantum-
mechanical effects and processes as the Coulomb blockade
and accompanying cotunneling, spin blockade, spin-
dependent and dissipative tunneling, the electron-phonon
interaction and other similar phenomena. Their manifestation
in the NDR is still to be clarified. The observed effect is
promising for electronic devices compatible with a wide-
spread Si technology. Particular perspective could be such
applications as high sensitive low temperature infrared
detectors as well as detectors and generators of the THz
radiation.
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