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Impedance of reverse biased diodes  
irradiated with krypton ions with energy of 250 MeV 

 
 

Abstract. The p+n-junction silicon diodes irradiated with krypton ions with the energy of 250 MeV were studied. The distance  between the  
pn-junction boundary and calculated maximum in the distribution of the primary vacancies was about 26.4 µm. It was shown that transformations of 
a complex plane plot of the electric modulus at the increased reverse bias take place due to a change in the impedance ratio ZL/ZJ of the irradiation 
damaged layer ZL to space charge region ZJ as well as due to changes in the electron population of the energy levels of irradiation-induced defects. 
 
Streszczenie. Przebadano diody krzemowe o typu p+n naświetlane jonami kryptonu o energii 250 MeV. Odległość  między granicą złącza p+n i 
obliczonym maksimum w rozkładzie wakatów pierwotnych wyniosła około 26,4 µm. Wykazano, że przekształcenia zespolonej płaszczyzny modułu 
elektrycznego przy zwiększonej polaryzacji zaporowej złącza mogą nastąpić pod wpływem zmiany stosunku impedancji ZL/ZJ warstwy 
zdefektowanej promieniowaniem ZL do impedancji obszarów z ładunkiem przestrzennym ZJ, jak również ze względu na zmiany w koncentracji 
elektronów na poziomach energetycznych defektów powstałych poprzez promieniowanie. (Impedancja diod spolaryzowanych zaporowo 
napromieniowanych jonami kryptonu o energii 250 MeV). 
 
Keywords: Ion irradiation, p+–n junction diode, impedance. 
Słowa kluczowe: promieniowanie jonowe, dioda o złączu p+n, impedancja. 
 
 
Introduction 

Radiation technologies have found a wide use in 
semiconductor industry. Capacitance methods are most 
frequently applied for estimation of the semiconductor layer 
parameters (e.g., dopant concentration and its distribution 
profile, presence and concentration of the electrically active 
defects) in studies of the semiconductor barrier structures. 
They are extensively used to control the technological 
processes. However, when diodes have a high-resistance 
base [1, 2] or when the base contains high concentrations 
of the centers having their energy levels deep within the 
bandgap [2-5], measurements of the capacitance demand 
thorough analysis of the results and require additional 
calculations [5-7]. Also, there is a need in separation of the 
contributions into the measured impedance (capacitance) of 
a diode made by the space charge region, diode base, and 
by the delay in recharging of the deep-level defects. Upon 
high-energy ion irradiation, the radiation defects are 
concentrated within a layer of the finite thickness. Because 
of this, in addition to the above-mentioned aspects, a 
contribution of this layer into the diode impedance should 
be taken into consideration too. 

The aim of the work is to study the effect of the layer of 
irradiation-induced defects formed by irradiation with high-
energy krypton ions on the frequency dependences of 
impedance of the pn-junction silicon diodes. 
 
Experimental technique 

The diodes were manufactured on uniformly 
phosphorous doped single-crystalline silicon wafers 
(thickness 460 m, (111) orientation) grown by crucibleless 
zone melting. Wafers resistivity was equal to 90 cm, 
phosphorous concentration was 51013 cm–3. The p+-type 
region was formed by boron ion implantation with the 
energy 60 keV and dose 90 C/cm2 (5.61014 cm–2) using a 
"Vesuvius-3М" ion implanter with subsequent annealing of 
the defects and with the dopant drive-in in an oxidizing 
atmosphere at 1100°С for a period of 50 min. The boron 
diffusion process was simulated with the use of the Process 
Wizard 1D Program [8]. The distribution profile for the 
difference |NA – ND| in acceptor and donor concentrations 
based on the results obtained during simulation of the 

technologicval process is shown in Fig. 1 (curve 1). A depth 
of the pn-junction was controlled by the results of chemical 
etching of the spherical metallographic section and found to 
be xj  3.5 µm. This value is in a satisfactory agreement 
with the calculations. Being estimated from measurements 
of the capacitance-voltage characteristics at U  0,  
a thickness of a double electric layer of the pn-junction in 
the virgin diodes was about 4.5 µm. An active area of the 
pn-junction was 4.41 mm2. To create the ohmic contact to 
the base, phosphorous ions (energy 75 keV and dose 
500 μC/cm2 (3.11015 cm–2)) was implanted into the 
nonplanar side of a silicon wafer. The contacts were formed 
by Al sputtering with subsequent fusing at the temperature 
475°С in nitrogen atmosphere (Al layer thickness at the 
contact to the p-region was 1.5 μm). 

The diodes were irradiated with krypton ions. Irradiation 
energy was 250 MeV, fluence was 109 cm–2. The 
implantation direction was perpendicular to the pn-junction 
plane from the p-region. Fig. 1 (curve 2) shows the 
distribution profiles for the primary radiation vacancies 
calculated using the TRIM Program [9]. The distance  
between the pn-junction boundary (NA  ND, disregarding 
compensation of the dopant by radiation defects) and 
maximum in the distribution of the primary vacancies was 
found to be 26.4 µm. 

 
 

 

 

 

 

 

 

 

Fig.1. Calculated profiles: 1 is the difference | NA – ND | in acceptor 
and donor concentrations in the virgin diode; 2 is the distribution of 
the primary vacancies formed by irradiation of diode with 250 MeV-
krypton ions 
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The static current-voltage characteristics were 
registered according to a standard procedure using an 
НР4156B program-analytical system. 

Both the real Z' and the imaginary Z'' parts of impedance 
Z  Z'  iZ' were measured at room temperature with the use 
of Agilent E4980A and Agilent 4285A LCR-meters.  
The studies were performed in the alternating-current 
frequency f range from 20 Hz to 30 MHz. The sinusoidal 
voltage amplitude was below 40 mV. 

 
Experimental results and discussion 

Fig. 2 (curve 1) presents the reverse current Ir as  
a function of the reverse bias voltage Ur for the diodes 
irradiated with high-energy krypton ions with the fluence of 
109 cm–2. As it is seen, the function has several sections 
differing in their slopes. Consequently, the dependence of 
the differential conductance G = dIr/dUr of the diodes on the 
reverse bias voltage Ur is a nonmonotonic function. The 
maximum of G(Ur) is observed at Ur  –14.3 V. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Reverse current Ir (1) and differential conductance  
G = dIr/dUr (2) as functions of the reverse bias voltage Ur 

 
The complex electric modulus M = iωC0Z (C0 is the 

capacitance of a vacuum capacitor with the geometry 
identical to that of the sample studied) is a quantity 
reciprocal to the complex permeability. In some cases (see, 
e.g., [10, 11]) the representation of the measured frequency 
dependences of impedance as the plots of electric modulus 
in the complex plane enables one to reveal the features in 
the alternating current conduction for heterogenic systems 
and semiconductor devices.  

Fig. 3 shows a plot of the quantity M proportional to the 
complex electric modulus M = M/C0 = ω(–Z''  iZ') at 
different bias voltages. By the physical mean M is  
a quantity reciprocal to the diode capacitance. For simplicity 
and for uniformity of the terms with [10], the quantity M will 
be further referred to as the complex electric modulus. It is 
seen that, as the space charge region is widened, the form 
of plots for the complex electric modulus changes 
dramatically. For Ur  0 the plot of M clearly reveals the 
presence of four sections (arcs). In Fig. 3 they are denoted 
by Roman numerals from I to IV. The low-frequency 
(f  3 kHz) arc I is determined by the space charge region. It 
grows with an increase in the reverse voltage from 0 to 
10 V. The intersection point of the arc extrapolation with the 
axis –ωZ'' is shifted to the greater values. This is associated 
with a decrease in the barrier capacitance. A small high-
frequency section (arc IV, f  5 MHz) is determined by the 
diode base layer which left intact during ion implantation.  
A form of the arc IV is actually independent of Ur. The most 
significant changes in M are observed in the frequency 
range from 3 kHz to 5 MHz. Two arcs (II and III) in the 
curve of M are considerably reduced as the absolute value 

of bias voltage is growing to become practically 
indistinguishable for |Ur |  18 V in the scale of Fig. 3. 

Fig. 4 shows (Fig. 4a) the electric modulus plot in 
complex plane for |Ur |  25 V and its scaled up fragment 
(Fig. 4b). Two deformed arcs are clearly visible. 

Fig. 5 presents scaled up fragments of the complex 
electric modulus plots associated with the arcs II and III. 
The plots is based on the results of measurements at the 
reverse bias voltages |Ur |  14.3 V. As it is seen, 
transformations in the third and fourth arcs in the plots of M 
are observed over the whole range of Ur studied. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Plots of the electric modulus in the complex plane. Values of 
the reverse bias voltage Ur used in measurements are marked in 
Fig.2 by arrows 
 

High-energy ion implantation leads to the formation of  
a layer of radiation defects buried within the diode base.  
A maximum in the defect distribution is found at the depth 
somewhat smaller than the average projected range of 
implanted ions [12]. As the distance   26.4 µm is 
considerably greater than the thickness of the space charge 
layer for Ur  0, then the diodes under study in fact 
represent a multilayer structure consisting of the space 
charge region, irradiation damaged layer, and undamaged 
layer of the diode base. The impedance Z of the diodes is a 
sum of the three components Z  ZJ  ZL  ZB, where ZJ is 
the impedance of the space charge region, ZL is the 
impedance of the irradiation damaged layer, ZB is 
impedance of the diode base. The frequency dependences 
of ZJ and ZL in turn may be influenced by the delay in 
recharging of deep level defects [11, 13]. The layer 
thickness and impedances ZJ, ZL, ZB may be varied 
depending on the value of Ur. The space charge region is 
expanded in depth of the base as the reverse bias is 
increased. The process of expansion involves the irradiation 
damaged layer leading to the  increased reverse currents 
and greater differential conductance of the diodes (see 
Fig. 2). When the layer of irradiation-induced defects is 
completely entrapped into the space charge region, further 
increase of the reverse currents is slowing down and the 
values of G in their order of magnitude are approaching the 
conductance of nonirradiated diodes. 

As it follows from Fig. 2, the effect of irradiation-induced 
defects becomes considerable for |Ur |  2 V. For 
|Ur |  25 V, actually the whole irradiation damaged layer 
appears within the space charge region. In this way the 
transformations observed on the curves for M 
(transformations of the arcs I–III) when the absolute value 
of Ur increases from 2 V to 25 V are associated with 
propagation of the space charge region and with following 
gradual reduction of the irradiation damaged layer, i.e., 
actually with the decrease in ZL. 

From Figs. 3 and 5 it follows that the transformations in 
the plots of M are observed even when the whole 
irradiation damaged layer is entrapped by the space charge 
region. In this case the transformations are induced by the 
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changes in the electron populations of energy levels caused 
by a change in the position of a quasi-Fermi level with 
respect to the level of irradiation-induced defects as the 
value of |Ur | is further growing. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Plot of the electric modulus in the complex plane (a) for 
|Ur |  25 V and its scaled up fragment (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Fragments of plots of the electric modulus in the complex 
plane. The reverse bias Ur values for which the measurements 
were performed are indicated in the figure 
 
Conclusion 

It is demonstrated that entrapping of the irradiation 
damaged layer by the space-charge region results in 
dramatic changes of the frequency dependences of  
a complex electric modulus. It was found that 
transformations of the complex plane plots of the electric 
modulus at the increased absolute values of reverse bias 
take place due to the change in the impedance ratio ZL/ZJ of 
the irradiation damaged layer ZL and space charge region ZJ 
as well as due to changes in the electron population of 
energy levels of the radiation defects. 
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