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Abstract. A new type of injection regime is considered – non-recombination one, which 

can be realized in the forward direction of the current in structures of the p-n-n
+
 type under 

conditions of opposite directions of ambipolar diffusion and drift of non-equilibrium 

carriers. This is possible only if the accumulation at the n-n
+
 junction is stronger than the 

injection through the p-n junction, i.e., the concentration of carriers at the boundary of the 

n-base with the n-n
+
 junction is higher than their concentration at the boundary of the n-

base with the p-n junction. In this mode, the dependences of the current on the voltage of 

the type J ~ V, and then J ~ V
2
 appear. Experimentally, such a behavior of the current-

voltage characteristic is observed for the Al–Al2O3–CdTe structure.  
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1. Introduction 

Injection processes in semiconductor structures began to 

be studied back in the 50s of the recent century, as soon 

as the first p-n junctions and devices based on them were 

created – diodes, triodes, and then photocells, LEDs and 

many others [1–6]. Over the next years of research, the 

main injection modes were identified, in which operation 

of these devices usually occurs – diffusion modes and 

drift mode. In the former (diffusion) mode, the main role 

is played by diffusion of non-equilibrium carriers and 

their recombination, and, in the latter one – by the drift of 

non-equilibrium carriers and their recombination [7, 8]. 

These two types of injection modes have been well 

studied; many articles, reviews, and even monographs 

have been written about them [9–11]. The purpose of this 

work is to describe one more injection mode, in which 

the main role will be played by diffusion and drift of 

non-equilibrium carriers, while their recombination will 

be negligible. 

2. Theoretical model and calculation 

It is well known that the processes of relaxation of 

excitation for a semiconductor are described by a system 

of equations, which under stationary conditions for an n-

semiconductor consists of: 

1. Current equations: 
 

dx

dn
DnEqJ nnn  ,       (1) 

 

dx

dp
DpEqJ ppp   ,      (2) 

 

moreover 
 

pn JJJ  .       (3) 

 

2. Equations for conservation of the number of free 

carriers: 
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qU
dx

dJn   ,      (4) 

 

qU
dx

dJ p
 .      (5) 

 

3. Poisson’s equation 
 

nNp
dx

dE

q
d 





4
.     (6) 

 

Here, Jn and Jp are the current densities for electrons and 

holes, J is the total current density, μn and μp – mobility 

of electrons and holes, respectively, Dn and Dp are the 

diffusion coefficients for electrons and holes, 

respectively, q is the electron charge, n and p are the 

concentrations of electrons and holes, E is the electric 

field, ε – dielectric constant, Nd – concentration of doping 

shallow donors, U – rate of recombination of non-

equilibrium carriers, which under stationary conditions in 

an n-semiconductor containing no impurities other than 

doping donors is the same for electrons and holes. 

We will consider just this situation, when the rate of 

recombination of non-equilibrium carriers U obeys the 

classical Shockley–Read statistics, i.e., recombination 

occurs through simple singly charged traps with the 

concentration of NR, with NR << Nd and, therefore, is 

absent in Poisson’s equation (6). 

Under the considered stationary conditions, 

excluding from the system (1)–(6) the currents of 

electrons Jn and holes Jp, one can obtain the differential 

equation, which is the basic equations of the problem 

(see [11] for more details): 

0







U

dx

dp
v

dx

dp
D

dx

d
aeff .    (7) 

This equation describes the spatial distribution of 

non-equilibrium carriers, which is established as a result 

of action of ambipolar processes of carrier transport by 

diffusion and drift. 

Here,  

 pn
pDnD

DD
D

pn

pn
eff 


     (8) 

is the ambipolar diffusion coefficient, 

 
 pn

pnq

J
v

pn

pn
a 






2
    (9) 

is the ambipolar drift velocity, 

pbn

dx

dp

dx

dn
b

q

kT

q

J

E n














    (10) 

is the electric field, k – Boltzmann constant, T – 

temperature, b = μn /μp – ratio of the electron and hole 

mobilities.  

We emphasize once again that in the Poisson 

equation (6) there are no deep ionized impurity centers 

(for example, adherent centers), as well as NR 

recombination centers, since their concentration, as 

usual, is considered as low, much less than the 

concentration of shallow doping Nd donors. Under these 

conditions, from (6) the quasi-neutrality condition 

follows: 

dNpn  .     (11) 

In this case, from (8) and (9) one can obtain simpler 

expressions for the ambipolar diffusion coefficient and 

the ambipolar drift velocity: 

 

  dnpn

dpn
eff

NDpDD

NpDD
D






2
,   (12) 

  2pN

N

q

J
v

pndn

dpn

a




 .   (13) 

It should be emphasized that the expressions for Deff 

and va will become more complicated, if new terms 

appear in the Poisson equation describing the presence of 

deep charged impurities. 

We want to dwell on the double injection processes 

occurring in the p-n-n
+
 structure (Fig. 1a) under 

conditions of opposite directions of ambipolar diffusion 

and drift, as a result of which recombination of non-

equilibrium carriers in the n-base can be suppressed, and 

realized will be the regime that we will call as the non-

recombination injection one. These opposite directions 

are possible only under conditions of a positive sign of 

the concentration gradient 0
dx

dp
, when accumulation 

of carriers at the n-n
+
 isotype junction is stronger than the 

injection through the p-n junction and, accordingly, the 

carrier concentration at the n-n
+
 junction is higher than 

that of the p-n junction: p(d) > p(0) (Fig. 1b). 
 

 

 

 

Fig. 1. Scheme of the p-n-n+ structure (a) and the distribution of 

concentration inherent to injected carriers in the n-base under 

conditions of predominance of accumulation at the n-n+ 

junction p(d) > p(0) (b). Curve numbers correspond to currents 

J1 < J2 < J3. 
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It is under these conditions, due to mutual 

compensation of diffusion and drift flows, a situation 

arises when generation-recombination processes play a 

less significant role than diffusion and drift, and the main 

equation of problem (7) takes the form: 

0








dx

dp
v

dx

dp
D

dx

d
aeff .   (14) 

In order to calculate the voltage V on the base of 

this structure, it is necessary to take the integral of the 

electric field E(x): 


d

EdxV

0

,     (15) 

where d is the length of the base. 

Note that earlier, under conditions of opposite 

directions of ambipolar diffusion and drift, the effect of 

injection depletion was predicted theoretically [12] and 

then experimentally realized on many materials (see, for 

example, [1, 13]). This effect is realized not only under 

conditions of a high injection level, but also with the 

obligatory presence of a high concentration of adherent 

centers or other impurity centers with a large asymmetry 

of the electron and hole capture coefficients, which 

changes the Poisson equation (6). It is under these 

conditions that the opposite directions of diffusion and 

drift lead to suppression of recombination of non-

equilibrium carriers, as a result of which the 

concentration of non-equilibrium carriers can decrease 

according to the law p ~ exp(–Jax), and the I–V 

characteristic of the type V ~ exp(Jad) appears (a is a 

parameter depending only on material properties). This 

effect is similar to the results considered in this work by 

the fact that it can also be realized practically under 

conditions of non-recombination injection mode. 

As usual, assuming, that in the expression for the 

electric field (10) the current component prevails over the 

Dember one and taking into account the quasi-neutrality 

condition (11), one can rewrite (15) in the form: 

  


d

dn Npb

dx

q

J
V

0
1

.    (16) 

Under conditions of a low injection level, when p < Nd, 

from (16) one obtains: 

dn Nq

Jd
V


 ,     (17) 

i.e., 

d

VNq
J dn .     (18) 

Thus, under low injection conditions, we have un-

usual ohmic voltage across the base of the structure. In this 

case, we do not need to use the ambipolar diffusion coef-

ficient and the ambipolar drift velocity, which, under con-

ditions p < Nd, can be easily obtained from (12) and (13): 

peff DD  ,              (12a) 

d
a

Nbq

J
v  .              (13a) 

It is much more difficult to carry out studies under 

conditions of a high injection level, when p > Nd, and the 

ambipolar diffusion coefficient (12) and the ambipolar 

drift velocity (13) take the following forms: 

1

2




b

bD
D

p
eff ,     (19) 

  22
p

N

q

J
v

pn

dpn
a




 .    (20) 

In this case, the main equation of problem (14) 

takes the form: 

0
2

2


dx

dp

D

v

dx

pd

eff

a ,    (21) 

where 

2p

JA

D

v

eff

a  ,      (22) 

moreover 

 12 


bqD

N
A

n

d .     (23) 

We can represent 
2

2

dx

pd
 as 









dx

dp

dp

d
 and rewrite 

equation (21) in the form: 

0
2










p

JA

dx

dp

dp

d
.    (24) 

The first integral of this equation: 

1С
p

JA

dx

dp
 ,     (25) 

where C1 is an arbitrary constant.  

It must be remembered that the case 1С
p

JA
 , i.e. 

0
dx

dp
, corresponds to the usual situation when in the  

p-n-n
+
 structure p(0) > p(d) directions of ambipolar 

diffusion and drift coincide and recombination cannot be 

neglected. We are interested in the case when 0
dx

dp
 

and, therefore, 
p

JA
С 1  and 1С

dx

dp
 . Integrating (25) 

again, we get: 

21 СxСp  ,      (26) 

where C2 is an arbitrary constant. 
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The constants C1 and C2 are determined from the 

conditions on the boundaries of the base with the p-n 

junction at the point x = 0 and with the n-n
+
 junction at 

the point x = d: 

for x = 0, p(0) = C2, 

for x = d, p(d) = C1d + p(0),   (27) 

and correspondingly, 

   
d

pdp
С

0
1


 .    (28) 

To determine the voltage across the base, one can 

continue to use expression (15), which, under conditions 

of the high injection level, takes the form: 

  


d

n p

dx

bq

J
V

0
1

.    (29) 

Using the expression for the concentration distribution 

(26) and the values of the constants (27) and (28), we 

obtain: 

   dpbq

Jd
V

n 1
 .    (30) 

Since we carried out the calculation using only the 

current component of the electric field, i.e., in the 

expression (10), the Dember terms 









dx

dp

dx

dn
b  were 

discarded, this unambiguously means that we assume p-n 

and n-n
+
 junctions to be imperfect (not ideal) (see 

[14, 11] for more details). Accordingly, the concentration 

of electrons at the base boundary with the n-n
+
 junction 

at the point x = d: 

 



p

n

Vq

Jn
dn ,     (31) 

where 
pV  is the so-called rate of leakage of holes from 

the base through the barrier of the n-n
+
 junction to the n

+
-

region (see [11]). Taking into account that nn = Nd and 

due to the high injection level p(d) = n(d), using (30) and 

(31), we obtain the final expression for the dependence 

J(V) in the form: 

  2

2

22 1
V

dV

Nbq
J

p

dn



 .    (32) 

This current-voltage characteristic is similar to the well-

known quadratic characteristic 

2

38

9
V

d

Nq
J

dppn 
     (33) 

obtained from an equation of the type (7) under 

conditions of neglecting diffusion with the comparable 

contribution from the processes of recombination of non-

equilibrium  carriers  and  their drift, which is determined  

by the processes of ohmic relaxation of the space charge. 

However, it should be emphasized that the I–V 

characteristic (32) differs from (33) in independence 

from the lifetime of non-equilibrium carriers τp (since  

we assumed that the contribution of recombination 

is negligible) and a weaker dependence on the base 

length d. 

 

4. Experiment and comparison with theory 

 

The dependence of the J ~ V
2
/d

2
 type obtained in this 

work should be characteristic of structures with a not 

very long base (d
 
/L ≈ 3) under conditions of opposite 

directions of ambipolar diffusion and drift of non-

equilibrium carriers. This situation, apparently, takes 

place under certain conditions in the Al–Al2O3–p-CdTe–

Mo structure. 

As it has been repeatedly noted in previous works 

[15, 16], the investigated Al–Al2O3–p-CdTe–Mo 

structure has a number of unique properties, in particular, 

it has good rectifying properties. As it has been shown in 

[15], the structure under consideration is a MOS structure 

in which CdTe has p-type conductivity, and the Al2O3 

oxide can be considered as a wide-gap material of the n-

type, so that the structure under study can be considered 

as ROh–n
+
-p-ROh structure. Consideration of current 

transport in this structure with a long base ((d /L) ≈ 5…7) 

within the framework of the injection theory taking into 

account the possibility of recombination through 

complex pair complexes made it possible to obtain good 

agreement between theory and experiment [16]. 

Further, more thorough studies showed that the 

metal contact of Al with an n
+
-semiconductor is not 

ideally ohmic, but may have a slight bending of the 

bands at the metal–n
+
-semiconductor boundary, for 

example, due to creation of a blocking contact of the n
+
-

semiconductor with the metal. As a result, a small space 

charge arises at the boundary of the n
+
-semiconductor 

with the metal. A scheme of the structure under study is 

shown in Fig. 2. 

The I–V characteristic of this structure with a thin 

n
+
-layer under conditions when plus (+) is applied to the 

Al contact and minus (–) is applied to the opposite Mo 

contact is shown in Fig. 3. 

This I–V characteristic is completely beyond the 

description of the classical theory of current transport in 

p-n-structures. It can be seen that all I–V characteristics 

are power-law; therefore, the voltage across the base  

is decisive,  and the voltage  across  the n
+
-p junction and  

 

 

 

 
 

Fig. 2. Scheme of Al–Al2O3–p-CdTe–Mo structure. Areas of 

space charges metal n+-semiconductor and n+-p junction are 

dashed. 

 



SPQEO, 2021. V. 24, No 3. P. 248-254. 

Leyderman A.Yu. , Ayukhanov R.A., Turmanova R.M. et al. Non-recombination injection mode 

252 

 
 

Fig. 3. Current-voltage characteristic of type J ~ Vα with 

different slopes in a double logarithmic scale: α = (0.84, 1, 2) 

for the regions 1 to 3, respectively. 

 

 

at the n
+
-semiconductor–metal boundary does not play 

any significant role and can be neglected. It can be seen 

from the figure that the structure under study has first the 

J ~ V dependence, and then J ~ V
2
. Apparently, this 

behavior of the I–V characteristic can be explained, if we 

take into account that, as noted above, the metallic 

contact of the n
+
-semiconductor with Al is not ohmic, but 

weakly injects holes (see Fig. 4). Then the holes will 

enter the n
+
-semiconductor, significantly affecting the 

processes occurring in it. Since at the same time electrons 

arrive from the side of the n
+
-p junction, ambipolar 

processes occur in the n
+
-region, which are similar to the 

usual processes with double injection. Thus, when we 

apply “plus” to the Al contact, and “minus” – to the 

opposite Mo contact, in the n
+
-layer there are contrary 

movements of electrons coming from the n
+
-p junction 

and holes diffusing from the near-contact layer of  

n
+
-metal. As a result, ambipolar processes develop, and 

an electron-hole plasma appears. Moreover, since there 

are, of course, there are more electrons at the boundary  

of n
+
-base with n

+
-p junction than holes at the  

n
+
-semiconductor–metal contact, and due to the quasi-

neutrality condition, electrons and holes tune to each 

other, eventually a concentration gradient 0
dx

dn
 (and, 

respectively, 0
dx

dp
) appears. 

Since the movement of electrons occurs from the 

boundary with the n
+
-p junction towards the metal 

contact, and holes diffuse towards them, moving from the 

contact with the metal, we realize the first requirement of 

the theory – the opposite directions of diffusion and drift 

of non-equilibrium carriers. 

Since the n
+
-layer is rather thin, the second 

condition is also easily fulfilled – the ratio d /L is small 

(d /L) ≈ 3, we have (d /L) ≈ 1…1.5. And finally, under 

these two conditions, the change of the current-voltage 

characteristic J ~ V to J ~ V
2
, which is predicted by the 

theory, is realized. These three points suggest that, 

apparently, this course of the current-voltage 

characteristic is well described by the above theory. 

 

 

Fig. 4. An approximate energy diagram of the metal–п+-p 

semiconductor structure, the n+-layer plays the role of a base. 

 
 

 

5. Conclusions 
 

Thus, the work considers the processes of double 

injection occurring in the p-n-n
+
 structure under 

conditions of opposite directions of ambipolar diffusion 

and drift, as a result of which the recombination of non-

equilibrium carriers in the n-base can be suppressed, and 

the regime will be realized, which we called the non-

recombination injection mode. It has been shown that 

under these conditions, due to mutual compensation of 

diffusion and drift flows, a situation arises when 

generation-recombination processes play a less 

significant role than diffusion and drift, and current-

voltage characteristics of the type J ~ V and then J ~ V
2
 

type appear. It is proved that in the Al–Al2O3–CdTe 

structure this non-recombination injection mode is 

apparently realized. The course of the current-voltage 

characteristic is explained by the fact that the metal 

contact with the п
+
-semiconductor is not ideally ohmic, 

but has a slight bending of the band gaps at the metal–п
+
-

semiconductor boundary due to creation of a blocking 

contact of the п
+
-semiconductor with the metal at this 

boundary. Then this contact will not be ohmic, but will 

be a weakly injecting (hole) contact. As a result, 

ambipolar processes will occur in the п
+
-region, which 

will lead to the appearance of power-law dependences of 

the J ~ V and J ~ V
2
 type. 

It is necessary to emphasize that the characteristic 

J ~ V
2
 is very widespread and can appear in 

semiconductor structures for a variety of reasons, 

although there is a very widespread misconception to 

always associate it with the so-called drift regime of 

ohmic relaxation, which is described by the I–V 

characteristic of type (33) under the conditions of “long” 

base (d
 
/L > 10) and has a cubic dependence on the length 

of the base of the type J ~ V
2
/d

3
, and this dependence is 

very rarely observed in practice. Meanwhile, the 

dependence of the J ~ V
2
 type is easily realized in 

structures of the p-n-n
+
 type under conditions with a not 

very long base (d
 
/L = 3…7), the presence of a minimum 

in the distribution of the concentration of free carriers in 

the base and imperfect p-n and n-n
+
 contacts, and it can 

also appear in the non-recombination injection mode. 
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Режим нерекомбінаційної інжекції 

 

A.Yu. Leyderman , R.A. Ayukhanov, R.M. Turmanova, A.K. Uteniyazov, E.S. Esenbaeva
 

Анотація. Розглянуто новий тип інжекційного режиму – нерекомбінаційний, який може бути реалізований у 

прямому напрямку струму в структурах p-n-n
+
 типу в умовах протилежних напрямків амбіполярної дифузії та 

дрейфу нерівноважних носіїв. Це можливо лише в тому випадку, якщо накопичення на n-n
+
 переході 

сильніше, ніж інжекція крізь p-n перехід, тобто концентрація носіїв на межі n-база – n-n
+
 перехід перевищує 

їх концентрацію на межі n-база – p-n перехід. У цьому режимі з’являються залежності величини струму від 

напруги типу J ~ V, а потім J ~ V
2
. Експериментально така поведінка вольт-амперної характеристики 

спостерігається для структури Al–Al2O3–CdTe. 

 

Ключові слова: режим нерекомбінаційної інжекції, накопичення носіїв заряду на n-n
+
 переході, амбіполярна 

дифузія, дрейф носіїв заряду. 

 


