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Abstract. Effect of magnetic field (up to 14 T) on current-voltage characteristics of 
silicon n+-p diodes which manifests hysteresis loops related with low-temperature 
impurity breakdown has been studied. With growth of magnetic field, the hysteresis 
loops are narrowed and decreased in amplitude and then disappear, but the breakdown 
continues in a soft form. Planar design of the diode has allowed separating the influence 
of magnetic field on mobility of the carriers executing impact ionization of the impurities 
and on the ionization energy itself. Theoretical analysis of the experimental data 
permitted us to determine the dependence of the ionization energy on the magnetic field. 
As in other investigated semiconductors, our results demonstrate the dependence of B1/3-
type. A model capable to explain qualitatively the mechanism of suppression of the 
hysteresis loops by magnetic field is proposed as well.
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1. Introduction

In silicon, as in a number of other semiconductors doped 
with shallow impurities, the concentration of which is 
below than the critical one for insulator-metal transition
(IMT), freezing-out of free current carriers takes place at 
low temperatures. In relation with this fact, low-
temperature silicon conduction has hopping character 
and in electric fields of a sufficient amplitude, impact 
ionization of these impurities can occur, which is 
accompanied, in a number of cases, by hysteresis loops 
in the current-voltage characteristics (CVC). These 
hysteresis loops also manifests themselves in devices 
based on silicon: in diodes [1, 2], in field-effect 
transistors [3].

In Ref. [1], effect of magnetic field on impurity 
breakdown in commercial silicon diodes 1N4001-4005 
was studied, where switching characteristics were 
observed within the temperature range of 15 down to 
7 K. The magnetic field (as low as 0.14 T) perpendicular 

to the current suppressed the hysteresis loops. 
Conclusive interpretation of the effect was absent; the 
higher magnetic fields were not investigated.

Numerous investigations of magnetic field 
influence on low-temperature impurity breakdown in p-
Ge and n-GaAs (see, for example, papers [4-6]) were 
concentrated on problems of beginning spontaneous 
current oscillations under these conditions and their 
transition to chaos. It is talked, as a rule, about low 
magnetic fields and slightly doped materials in the form 
of resistors. Only in papers [7, 8], the effect of magnetic 
field on hysteresis itself was described for n-GaAs.

In this paper, we report about measurements of 
low-temperature characteristics of experimental silicon 
n+-p diode that exhibits switching effect at temperatures 
below 27 K (measurements were performed down to 
1.7 K) in magnetic fields up to 14 Т. Design of the 
investigated diode was planar, with circular geometry of 
layers; the substrate was (111)-oriented Si. The doping 
level of the diode base (by boron) was close to the 
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critical value for IMT but remained on its insulator side; 
therefore at low temperatures, freezing-out of free 
carriers into impurities took place. Theoretical analysis 
of the experimental results has allowed determination of 
the magnetic-field dependence of ionization energy of 
boron impurity in silicon at high doping level. A 
qualitative model for explanation of magnetic 
suppression of hysteresis loops in the diode CVC is 
given as well. 

2. Experimental data

The results of measurements of the diode CVCs at 4.2 K 
are represented in Fig. 1: for magnetic field oriented 
perpendicular to the diode structure plane (a) and for its 
orientation in parallel to the diode structure plane (b). 
The lower parts of Fig. 1 illustrate a character of motion 
for free electrons which are available in small number 
even at low temperatures and execute the impact 
ionization of the impurities. Note that under orientation 
of magnetic field parallel to the structure plane, a portion 
of the current lines is available, which coincides in 
direction with the magnetic field and, therefore, do not 
suffer action of the Lorentz force.

Under magnetic field orientation perpendicular to 
the structure plane, hysteresis loops in CVC narrow with 
growth of magnetic field decreasing in the amplitude and 
then disappear. The breakdown, however, remains in a 

soft form (corresponding thresholds are marked by bold 
points on the curves), and later it disappears as well. 
Under magnetic field orientation parallel to the structure 
plane, character of its action is substantially different. 
Disappearance of the hysteresis loops takes place earlier, 
in lower magnetic fields, but the soft breakdown, in 
contrast to previous case, remains up to the highest 
reached fields (14 T).

As it is known, there are two main mechanisms of 
magnetic field action on the effect of impact ionization: 
1) curling trajectories of carriers executing impact 
ionization that manifests itself in decreasing their 
mobility and 2) compressing wave functions of carriers 
localized on impurity center that manifests itself in the 
increasing ionization energy of the center (effect of 
magnetic freezing-out)1. It is obvious that in the case of 
perpendicular orientation, the first mechanism 
(decreasing electron mobility) dominates: in high 
magnetic fields, this decreasing is so significant that the 
breakdown disappears at all. In the case of parallel 
orientation, electron mobility does not vary with 
magnetic field; therefore the breakdown (in soft form) 
remains up to the highest fields reached.

                                                          
1 Note that, in contrast to the described situation, in semiconductors 
with a very low ionization energy of impurities, magnetic field 
resulting in freezing-out of free carriers creates preconditions for 
appearance of impact ionization [9].
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Fig. 1. Current-voltage characteristics of investigated diode at 4.2 K against magnetic induction as a parameter (numbers near the 
curves are its magnitude in Tesla): (а) – magnetic field is perpendicular to the diode structure plane, (b) – magnetic field is 
parallel to it; bold points on the curves indicate the thresholds of impact ionization.
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Fig. 2. Dependences of the threshold breakdown voltages on 
the magnetic field; (a), (b) are the same as in Fig. 1.

The values of breakdown voltages for both 
magnetic field orientations are shown in Fig. 2 as a 
function of magnetic induction B. A qualitatively similar 
picture was observed in Ge samples (with negligible 
hysteresis loops) [10].

3. Analysis of the experimental results

3.1. Determination of breakdown electric fields in the 
diode base

The breakdown voltages represented in Fig. 2 are the 
total diode voltages. For quantitative analysis of 
ionization processes in the freezed-out base of the diode, 
it is necessary to separate out (in the total voltage) a 
portion of the voltage drop across the base. Thereto, we 
used our previously developed method of extraction 
from diode CVC of the series resistance generated under 
freezing-out of the diode base [11, 12]. As it was shown 
in [12] (where the same diode has been analyzed) the 
voltage drop across the base under the breakdown at 
4.2 K constituted 1.18 V; meanwhile, the total voltage 
drop across the diode was 2.4 V. The difference of 
1.22 V which falls on the n+-p junction was subtracted 
from all the points in Fig. 2.

The breakdown voltages baseU  of the base obtained 

in this way (as a function of magnetic induction) were 
used then for calculation of the electric field in the base 
under breakdown. Due to circular symmetry of the diode 
(Fig. 3), the electric field in the base is a function of 

radius and its voltage drop   112
1

1

ln rrr

U
E base , when the 

inner radius 1r  is maximal. It was this value that was 

used for analysis of impact ionization in the diode base. 
Calculated dependences of the breakdown electric fields 
Eb on magnetic induction B are shown for both magnetic 
field orientations in Fig. 4 (as experimental points).

Fig. 3. Scheme of the diode structure in plan.
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Fig. 4. Dependences of the breakdown electric fields in the 
diode base on the magnetic field; (a), (b) are the same as in 
Fig. 1.

3.2. Determination of impurity ionization energy 
depending on magnetic field

Semi-empirical theory [13] for impact ionization of 
shallow impurities in silicon gives the following 
expression for the impact ionization coefficient:



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where E  is the electric field, 

   ikTmEx  0
2221 , m – effective mass of 

carriers executing impact ionization, )(E – their 

mobility, k – the Boltzmann constant, 0T – lattice 

temperature, i – ionization energy of the impurity 

center depending on the magnetic field. The parameter 
  describes increase in the effective carrier temperature 
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At small values of x, the coefficient )(EAii  is 

exponentially small. Therefore, it is naturally to believe 
that impact ionization takes place at x close to 1. In 
presence of the magnetic field B, the condition x = 1 
takes the form

   )(
1

)(
2

1
022

2
2 BkT

B
mBE ib 










  , (2)

where )(BEb  is the breakdown electric field and 

influence of magnetic field on both electron mobility 
and ionization energy i  has been taken into account. 

The phenomenological dependence of electron mobility 
on the electric field was used in the form 

 satvE00 1  , where 0  is the mobility in low 

electric fields, satv  is the saturation drift velocity equal 

to107 cm/s for Si [13].
Under perpendicular orientation of the magnetic 

field, the effect of curling electron trajectories is the 
main one. The obtained from (2) dependence of the 
breakdown electric field Eb on the magnetic field 
induction B (at εi = const = 0.025 eV2 and m = 0.26 m0) 
agrees in the best way with experimental points at 0 = 

1840 cm2/V·s and 4.28
2

1
  (dashed curve in Fig. 4).

Under parallel orientation of magnetic field, the 
electron mobility does not vary with magnetic field. For 
this case, the equation (2) takes the form
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wherefrom, using the experimental dependence )(BEb

for parallel orientation and abovementioned values of 

0  and 
2

1
 , the dependence of )(Bi  can be 

determined. It is shown in Fig. 5.
It follows from Fig. 5 that the ionization energy of 

boron impurity in silicon (at a given doping level) 
increases in magnetic field of 14 T by the factor close to 
1.54. Existing theoretical calculations of this dependence 
has been carried out in the framework of the hydrogenic 
impurity model with the scalar effective mass and 
parabolic dispersion law of carriers in the bands. In 
particular, results of these calculations have been 
represented [14] in the form of the dependence of an 
impurity center ground state on the dimensionless 

parameter 
R

c

2





 that is the ratio of the characteristic 

carrier energy in the lowest Landau band 2/c  to the 

                                                          
2 Value of the ionization energy used here is equal to the activation 
energy of Hall effect in silicon resistor identical completely (in its 
properties) to the base layer of the investigated diode.

energy of effective Rydberg 224 2/  emR h  for the 

acceptor center. Here, c  is the cyclotron frequency, 

– Plank constant (divided by 2π), e – elementary 
charge,  – dielectric constant. In the given case, at B = 
14 T  = 0.34 (the light hole effective mass of 0.16m0 is 

used here). According to the theory [14], increase in the 
ground state energy by the factor 1.29 corresponds to 
this   value that is somewhat less than it is follows from 

the analysis of the experimental data. The reasons of 
disagreement are, obviously, both roughness of the 
analysis and imperfection of the theory. Though the 
results of analysis demonstrate the commonly observed 
in similar cases [15-17] dependence on the magnetic 
field of B1/3-type (the insert in Fig. 5).
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Fig. 6. Model for the density of states in the diode base which 
explains a qualitatively possible mechanism providing 
suppression of the hysteresis loops by magnetic field.
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3.3. Interpretation of suppression of the hysteresis loops 
by magnetic field

Generally accepted treatment of the hysteresis 
mechanism in low-temperature impurity breakdown is 
based on taking into account (in ionization and 
recombination processes) another (one) middle energy 
level – as a rule, of the first excited state inherent to the 
impurity center. Impact ionization of the carriers 
accumulated on this level takes place at a lower applied 
voltage. This fact results in existence of holding electric 
field.

However, in our case, due to a high enough doping 
level (close to IMT) all the energy levels are 
substantially fuzzy. Theoretical analysis of the 
fluctuation potential amplitude was carried out within 
the limits of light doping and heavy doping [18]. 
Concentration region near the IMT but on its insulator 
side, as far as we know, has not been considered 
theoretically. We used here, for assessment of the 
fluctuation potential amplitude  , more suitable for our 
case, in our view, formulas of the heavy-doping limit 

when   2/13
0

0

2

2 rN
r

e
A

  and 
ANe

Tk
r

2
2

0 4


 . At 

318 cm103 AN  (doping level of the diode base), we 

obtain meV12  that is of the same order of 

magnitude as the ionization energy of the first excited 
state of boron in silicon, which is assumed to be spread-
out as well. Therefore, there is a rather narrow gap in 
this place of the density of states (Fig. 6, top picture) 
which can be responsible for existence of the second 
(lower) ionization energy and, as consequence, of the 
holding voltage.

Under application of magnetic field, both states of 
the first excited level and localized states in the tail of 
the density of states in the valence band suffer Zeeman 
effect, which, in principle, can close the abovementioned 
gap (Fig. 6, bottom picture). Thereby, the lower 
ionization energy is eliminated, and it also eliminates 
hysteresis.

As one of arguments for this model, one can point 
to results of the paper [19], where authors have 
measured Zeeman effect in Si(:B) for different 
orientations of magnetic field relatively to 
crystallographic axes. When B||[111], the effect was 
substantially less than for other field orientations. In our 
case, the effect of magnetic field on the hysteresis loops 
is less just under perpendicular orientation of the 
magnetic field relatively to the (111)-oriented diode 
structure, i.e. for B||[111] direction.

4. Conclusion

So, although silicon is the main material of 
semiconductor electronics, dependence of the ionization 
energy of boron impurity in it on magnetic field, as far 
as we know, was not determined so far, all the more – at 

high doping level (close to Mott transition). And the 
suppression of the hysteresis loops in the diode CVC by 
magnetic field can be qualitatively explained by Zeeman 
effect on localized states taking into account a 
fluctuation potential connected with heavy doping.
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1. Introduction 

In silicon, as in a number of other semiconductors doped with shallow impurities, the concentration of which is below than the critical one for insulator-metal transition (IMT), freezing-out of free current carriers takes place at low temperatures. In relation with this fact, low-temperature silicon conduction has hopping character and in electric fields of a sufficient amplitude, impact ionization of these impurities can occur, which is accompanied, in a number of cases, by hysteresis loops in the current-voltage characteristics (CVC). These hysteresis loops also manifests themselves in devices based on silicon: in diodes [1, 2], in field-effect transistors [3].


In Ref. [1], effect of magnetic field on impurity breakdown in commercial silicon diodes 1N4001-4005 was studied, where switching characteristics were observed within the temperature range of 15 down to 7 K. The magnetic field (as low as 0.14 T) perpendicular to the current suppressed the hysteresis loops. Conclusive interpretation of the effect was absent; the higher magnetic fields were not investigated.


Numerous investigations of magnetic field influence on low-temperature impurity breakdown in p-Ge and n-GaAs (see, for example, papers [4-6]) were concentrated on problems of beginning spontaneous current oscillations under these conditions and their transition to chaos. It is talked, as a rule, about low magnetic fields and slightly doped materials in the form of resistors. Only in papers [7, 8], the effect of magnetic field on hysteresis itself was described for n-GaAs.


In this paper, we report about measurements of low-temperature characteristics of experimental silicon n+-p diode that exhibits switching effect at temperatures below 27 K (measurements were performed down to 1.7 K) in magnetic fields up to 14 Т. Design of the investigated diode was planar, with circular geometry of layers; the substrate was (111)-oriented Si. The doping level of the diode base (by boron) was close to the critical value for IMT but remained on its insulator side; therefore at low temperatures, freezing-out of free carriers into impurities took place. Theoretical analysis of the experimental results has allowed determination of the magnetic-field dependence of ionization energy of boron impurity in silicon at high doping level. A qualitative model for explanation of magnetic suppression of hysteresis loops in the diode CVC is given as well. 
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2. Experimental data


The results of measurements of the diode CVCs at 4.2 K are represented in Fig. 1: for magnetic field oriented perpendicular to the diode structure plane (a) and for its orientation in parallel to the diode structure plane (b). The lower parts of Fig. 1 illustrate a character of motion for free electrons which are available in small number even at low temperatures and execute the impact ionization of the impurities. Note that under orientation of magnetic field parallel to the structure plane, a portion of the current lines is available, which coincides in direction with the magnetic field and, therefore, do not suffer action of the Lorentz force.


Under magnetic field orientation perpendicular to the structure plane, hysteresis loops in CVC narrow with growth of magnetic field decreasing in the amplitude and then disappear. The breakdown, however, remains in a soft form (corresponding thresholds are marked by bold points on the curves), and later it disappears as well. Under magnetic field orientation parallel to the structure plane, character of its action is substantially different. Disappearance of the hysteresis loops takes place earlier, in lower magnetic fields, but the soft breakdown, in contrast to previous case, remains up to the highest reached fields (14 T).

As it is known, there are two main mechanisms of magnetic field action on the effect of impact ionization: 1) curling trajectories of carriers executing impact ionization that manifests itself in decreasing their mobility and 2) compressing wave functions of carriers localized on impurity center that manifests itself in the increasing ionization energy of the center (effect of magnetic freezing-out)
. It is obvious that in the case of perpendicular orientation, the first mechanism (decreasing electron mobility) dominates: in high magnetic fields, this decreasing is so significant that the breakdown disappears at all. In the case of parallel orientation, electron mobility does not vary with magnetic field; therefore the breakdown (in soft form) remains up to the highest fields reached.
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Fig. 2. Dependences of the threshold breakdown voltages on the magnetic field; (a), (b) are the same as in Fig. 1.


The values of breakdown voltages for both magnetic field orientations are shown in Fig. 2 as a function of magnetic induction B. A qualitatively similar picture was observed in Ge samples (with negligible hysteresis loops) [10].


3. Analysis of the experimental results


3.1. Determination of breakdown electric fields in the diode base


The breakdown voltages represented in Fig. 2 are the total diode voltages. For quantitative analysis of ionization processes in the freezed-out base of the diode, it is necessary to separate out (in the total voltage) a portion of the voltage drop across the base. Thereto, we used our previously developed method of extraction from diode CVC of the series resistance generated under freezing-out of the diode base [11, 12]. As it was shown in [12] (where the same diode has been analyzed) the voltage drop across the base under the breakdown at 4.2 K constituted 1.18 V; meanwhile, the total voltage drop across the diode was 2.4 V. The difference of 1.22 V which falls on the n+-p junction was subtracted from all the points in Fig. 2.


The breakdown voltages 
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 of the base obtained in this way (as a function of magnetic induction) were used then for calculation of the electric field in the base under breakdown. Due to circular symmetry of the diode (Fig. 3), the electric field in the base is a function of radius and its voltage drop 

[image: image3.wmf](


)


1


1


2


1


1


ln


r


r


r


U


E


base


=


, when the inner radius 

[image: image4.wmf]1


r


 is maximal. It was this value that was used for analysis of impact ionization in the diode base. Calculated dependences of the breakdown electric fields Eb on magnetic induction B are shown for both magnetic field orientations in Fig. 4 (as experimental points).
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Fig. 3. Scheme of the diode structure in plan.


[image: image6.wmf]0


2


4


6


8


10


12


14


1600


1800


2000


2200


2400


2600


2800


3000


3200


E 


B


, V/cm


B, T


a


b




Fig. 4. Dependences of the breakdown electric fields in the diode base on the magnetic field; (a), (b) are the same as in Fig. 1.


3.2. Determination of impurity ionization energy depending on magnetic field


Semi-empirical theory [13] for impact ionization of shallow impurities in silicon gives the following expression for the impact ionization coefficient:
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 is the electric field, 
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 – effective mass of carriers executing impact ionization, 
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At small values of x, the coefficient 
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 is exponentially small. Therefore, it is naturally to believe that impact ionization takes place at x close to 1. In presence of the magnetic field B, the condition x = 1 takes the form
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where 
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 is the breakdown electric field and influence of magnetic field on both electron mobility 
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 has been taken into account. The phenomenological dependence of electron mobility on the electric field was used in the form 
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Under perpendicular orientation of the magnetic field, the effect of curling electron trajectories is the main one. The obtained from (2) dependence of the breakdown electric field Eb on the magnetic field induction B (at εi = const = 0.025 eV
 and m = 0.26 m0) agrees in the best way with experimental points at 
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Under parallel orientation of magnetic field, the electron mobility does not vary with magnetic field. For this case, the equation (2) takes the form
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wherefrom, using the experimental dependence 
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 can be determined. It is shown in Fig. 5.


It follows from Fig. 5 that the ionization energy of boron impurity in silicon (at a given doping level) increases in magnetic field of 14 T by the factor close to 1.54. Existing theoretical calculations of this dependence has been carried out in the framework of the hydrogenic impurity model with the scalar effective mass and parabolic dispersion law of carriers in the bands. In particular, results of these calculations have been represented [14] in the form of the dependence of an impurity center ground state on the dimensionless parameter 
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 – dielectric constant. In the given case, at B = 14 T 
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 = 0.34 (the light hole effective mass of 0.16m0 is used here). According to the theory [14], increase in the ground state energy by the factor 1.29 corresponds to this 
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 value that is somewhat less than it is follows from the analysis of the experimental data. The reasons of disagreement are, obviously, both roughness of the analysis and imperfection of the theory. Though the results of analysis demonstrate the commonly observed in similar cases [15-17] dependence on the magnetic field of B1/3-type (the insert in Fig. 5).
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Fig. 5. Calculated from the experimental data dependence of the ionization energy of boron impurity in silicon (at given doping level) on the magnetic field.
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Fig. 6. Model for the density of states in the diode base which explains a qualitatively possible mechanism providing suppression of the hysteresis loops by magnetic field.


3.3. Interpretation of suppression of the hysteresis loops by magnetic field


Generally accepted treatment of the hysteresis mechanism in low-temperature impurity breakdown is based on taking into account (in ionization and recombination processes) another (one) middle energy level – as a rule, of the first excited state inherent to the impurity center. Impact ionization of the carriers accumulated on this level takes place at a lower applied voltage. This fact results in existence of holding electric field.


However, in our case, due to a high enough doping level (close to IMT) all the energy levels are substantially fuzzy. Theoretical analysis of the fluctuation potential amplitude was carried out within the limits of light doping and heavy doping [18]. Concentration region near the IMT but on its insulator side, as far as we know, has not been considered theoretically. We used here, for assessment of the fluctuation potential amplitude 
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, more suitable for our case, in our view, formulas of the heavy-doping limit when 
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 (doping level of the diode base), we obtain 
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 that is of the same order of magnitude as the ionization energy of the first excited state of boron in silicon, which is assumed to be spread-out as well. Therefore, there is a rather narrow gap in this place of the density of states (Fig. 6, top picture) which can be responsible for existence of the second (lower) ionization energy and, as consequence, of the holding voltage.


Under application of magnetic field, both states of the first excited level and localized states in the tail of the density of states in the valence band suffer Zeeman effect, which, in principle, can close the abovementioned gap (Fig. 6, bottom picture). Thereby, the lower ionization energy is eliminated, and it also eliminates hysteresis.


As one of arguments for this model, one can point to results of the paper [19], where authors have measured Zeeman effect in Si(:B) for different orientations of magnetic field relatively to crystallographic axes. When B||[111], the effect was substantially less than for other field orientations. In our case, the effect of magnetic field on the hysteresis loops is less just under perpendicular orientation of the magnetic field relatively to the (111)-oriented diode structure, i.e. for B||[111] direction.


4. Conclusion


So, although silicon is the main material of semiconductor electronics, dependence of the ionization energy of boron impurity in it on magnetic field, as far as we know, was not determined so far, all the more – at high doping level (close to Mott transition). And the suppression of the hysteresis loops in the diode CVC by magnetic field can be qualitatively explained by Zeeman effect on localized states taking into account a fluctuation potential connected with heavy doping. 
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Fig. 1. Current-voltage characteristics of investigated diode at 4.2 K against magnetic induction as a parameter (numbers near the curves are its magnitude in Tesla): (а) – magnetic field is perpendicular to the diode structure plane, (b) – magnetic field is parallel to it; bold points on the curves indicate the thresholds of impact ionization.
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� Note that, in contrast to the described situation, in semiconductors with a very low ionization energy of impurities, magnetic field resulting in freezing-out of free carriers creates preconditions for appearance of impact ionization [9].



� Value of the ionization energy used here is equal to the activation energy of Hall effect in silicon resistor identical completely (in its properties) to the base layer of the investigated diode.
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