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INFLUENCE OF A STRONG ELECTRIC FIELD ON THE 
CURRENT-VOLTAGE CHARACTERISTIC OF THREE-LAYER 

SEMICONDUCTOR STRUCTURES IN A DIODE CONNECTION

Abstract. The effect of an external electric field on the current-voltage characteristics of a three-
layer semiconductor structure in a diode connection is calculated. It is assumed that the base of this 
structure is made of a compensated semiconductor, where there are three: zero, minus and charged 
impurities. It is taken into account that, in this case, the dependence of the electron and hole con-
centrations is nonlinear.

Expressions are obtained for the current-voltage characteristic of a long three-layer semiconductor 
for structures of the following types: p+–n–n+, p+–n–p+, n+–n–n+ etc.

Keywords: external electric field, current-voltage characteristic, three-layer semiconductor struc-
ture, compensated semiconductor, impurities.

One of the main trends in the development of 
modern semiconductor electronics is the search and 
study of new modes of operation of bipolar multi-
layer semiconductor structures. This trend can be 
traced both in the analysis of the development of 
new semiconductor devices: high-power silicon en-
ergy converters [1–3], ultrafast switching transistors 
[4], and drift diodes [5], and in the analysis of the 
operation of traditional devices, including diodes.

The dynamics of transient processes in diode 
structures have been studied in many works. In the 
vast majority of these works, the description of the 
dynamics of processes was carried out in the frame-
work of either a quasi-neutral diffusion approxima-

tion or a quasi-neutral drift approximation [6]. At 
the same time, when studying dynamic transient 
processes in the quasi-neutral approximation, the 
dependence of the mobility of charge carriers and 
the coefficient on the electric field strength in three-
layer semiconductor structures, in which the base 
is made of a compensated semiconductor, was not 
taken into account.

At first glance, this approach seems to be quite 
justified, since, in stationary and dynamic modes, the 
magnitudes of the external electric field strength are, 
as a rule, small. However, as the current density in-
creases, the characteristic values increase, and it can 
be expected that taking into account the dependence 



Section 4. Physics

34

of the current carrier mobility may be necessary for 
the correct analysis of transient processes in ultrafast 
switching of specific cases, for example, on the types 
of semiconductor structures [7]. This assumption is 
confirmed in the description of the quasineutral ap-
proximation (, where the traditional equations for 
current carrier flows are used. The results obtained 
in the framework of this approach describe well the 
experimental data at not too high current densities. 
However, the very first attempts to study the prob-
lem of static characteristics showed that taking into 
account the dependence of the current carrier mobil-
ity on the electric field strength, even the dependence 
μ(E) that is weak in the quasi-neutral approximation 
leads to a significant change in the form of the equa-
tions that determine the distributions of the current 
carrier concentration and the electron and hole densi-
ties components of the current through the thickness 
of the base, as well as voltage drops in the structure.

In this regard, the question of the features of stat-
ic transient processes in semiconductor three-layer 
structures, in which the base is made of a compen-
sated semiconductor, at high current densities seems 
to be very relevant.

The purpose of this article is to derive equations 
that describe the distributions of the concentration 
and current densities of electrons and holes along the 
length of the base of injected charge carriers and to 
analyze the solutions of these equations.

Basic Equations
Let us first consider three-layer structures of the 

p+–n–n+, p+–n–p+, n+–n–n+, p+–p–n+, p+–p–p+, n+–p– 
– n+ types, through which a current flows with a 
given density ( . , )� � � � �7 5 6 1014 3� cm N cmD , 
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densities of total current, electron and hole currents. 
We assume that the right, for example, p+– n and left, 
for example, n–n+ – transitions of the structure are 
located at the points x = 0 and x = d, respectively.

In the simplest case, the charge carrier transport 
equations have the form:

	 J ep n n E eD
dn
dx

E
En n n� �� � ��

��
�
��

�
�

�
�

�

�
�� 0

0

1 ,� (1)

	J ep p p E eD
dp
dx

E
Ep p p� �� � ��

��
�
��

�
�

�
�

�

�
�� 0

0

1 ,� (2)

where p p( )0 and n n( )0 are non-equilibrium (equi-
librium) concentrations of electrons and holes. Here, 
we took into account that the dependences of the 
mobility �i E� � and diffusion coefficient D Ei � � on 
the strength of a weak external electric field 
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[9], where, E0  is a negative value that has units of 
measurement of the electric field strength. Then 
from (1, 2), it is easy to obtain expressions for the 
electric field strength as
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where N j
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p

�
� 0

, b  is the ratio of the mobility of 

electrons and holes.
Substituting (3) into (1) gives expressions for 

the electron current density, i. e.
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If we take into account the following expression for 
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 (τn  is electron lifetime), then we have 

an equation for the electron concentration in the form
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and for the distribution of the electron current density:
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It can be seen from the last relations that equations 
(5) and (6) cannot be solved analytically. If we con-
sider that there is a linear relationship between the 
concentrations of electrons and holes, for example, as 
n p� ��  (see, for example, [10] and the list of litera-
ture cited there), then it is easy to obtain an equation 
for the electron current density in the form
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“zero” of the charged impurity to the “minus” of the 
charged impurity (conversely),
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Thus, (7) is analytically solved both for n n 0

and for n n 0 , i. e., both at high and low injection 

levels, where the values of f1 and f2 become constant. 
Then the solution of Eq. (7) under the boundary 
condition of the form can be rewritten in the form
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where f f f21 2 1= , ��  is the fraction of the electron 
current density in the left (right) transition. Then the 
distribution of nonequilibrium electrons is deter-
mined by the relation
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From the last relations, it is easy to obtain expres-
sions that determine the electron density in transi-
tions as

	

n
j L

eD f

ch
d

f
f ch

d

f
sh

d x

f

sh
d

f

n

n

( )0

1

2

1

1

2

1 1

�
�

�

�

� � � �
�

�
��

�

�
�� �

�� �� �

11

,

�
(11)



Section 4. Physics

36

n d
j L

eD f

ch
d

f
f ch

d

f

sh
d

f

n

n

( ) �
�

�

� � � �
�

�
��

�

�
��2

1

1

2

1

1

1� �� �

.(10)

Similarly, it is not difficult to determine expres-
sions for the electron current density in junctions.

Calculation of the current-voltage characteristic
The current-voltage characteristic for a given 

structure is determined by the relationship
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��  is the fraction of the electron current density in 
the right transition ( x d= ). The calculations took 
into account the dependence of the concentration of 
injected electrons in the base of the three-layer struc-
ture on the coefficient �� , i. e.	
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In conclusion, we note that the discussion of our 
theoretical results on specific three-layer semicon-
ductor structures in a diode inclusion requires sepa-
rate consideration.
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