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I.  INTRODUCTION 

The investigation of radiation effects on nanocrystals Ge 

and Si embedded in SiO2 has the major importance, first of 

all, to know the specific of radiation stability and 

degradation of nanocrystals in comparison with 

monocrystalline  materials (semiconductors – Ge, Si); 

secondly, for elaboration of the new methods of  radiation-  

nanotechnology for the  nanoelectronic device fabrication, 

and  third, for the implementation of these new 

nanostructured and nanocomposite materials for radiation 

sensor fabrications.  

Nanocrystals of Si and Ge embedded in SiO2 - matrices have 

attracted much attention due to their possible applications in 

integrated opto-nano-electronics as nanolasers, nano-flash 

memory and multifunction nanodevices [1-3]. Many authors 

have been elaborated different methods of Ge- nanocrystal 

obtaining: molecular beam epitaxy on the thin SiO2 layer on 

Si(001) [1],  implantation of Ge
+
 ions into SiO2 films with 

subsequent annealing [2], chemical vapor deposition 

(PECVD)[3,4], magnetron sputtering [5,6]. In [7] are 

presented the comparative study on photoluminescence from 

Ge/PS, (PS - porous silicon) and Ge/SiO2 thin films; the 

photoluminescence peaks of Ge/PS were located at 517nm 

and peaks of Ge/SiO2 at 580nm. In [8] the samples of 

Ge/SiO2,obtained by sol/gel method , after annealing at 

700C under H2 reduction, by UV light excitation was 

observed tree peaks of photoluminescence at room 

temperature 392nm(3.12 eV), 600nm(2.05eV) and 

770nm(1.6eV). The peak of 1.6eV is attributed to Ge 

monocrystals, peak of 2.05 eV – to defect GeOx and peak of 

3.12eV – to GeO2. The unreduced sample shows only on 

peak of 3.12eV attributed to GeO2.  These results are 

different of other authors: 570nm(2.16eV) in Ge/SiO2, 

obtained by rf-magnetron co sputtering method [9]; 510-

680nm (2.42  1.81 eV) at 77K temperature in Ge/SiO2, 

prepared by sol-gel method: 680nm (1.8eV) at room 

temperature [10]; 689nm (1.8eV) at room temperature [11].  

From these data we can conclude that in the samples of 

Ge/SiO2, in dependence of growth methods and thermal 

annealing in different ambient (N2, H2), can be formed not 

only nanocrystals of Ge, but and different defects as GeOx, 

GeO2, GeSi, which have direct impact to properties of 

SiO2Ge/SiO2/Si –nanostructures. 

By another hand radiation methods can bee efficiently 

used for defect monitoring of structural defects for 

improvement of fundamental properties of nanostructured 

and nanocomposite materials [12-15]. It is shown in [12] that 

by the ion irradiation is possible to change of the number, 

size and distribution of the silicon nanocrystallites and 

improve the photoluminescence intensity. This results are in 

accordance with publication  [13] where is indicated that 

after irradiation with 400kev electrons or 30-130kev He
+
 

ions and the  post-irradiation annealing at 1000C, the 

photoluminescence intensity of Si-nanocrystals became 

several times stronger than that from the initial samples 

prepared at 1150C. These results are assumed to be a sum 

of the intensities from the initial nanocrystals and from the 

new ones that appeared due to irradiation [13]. In [14] it was 

shown that the low-dose of γ- irradiation (510
4
  10

5
rad.) 

leads to remarkable (up to 40%) increase of 

photoluminescence band (1.33eV) intensity. Infrared spectra 

demonstrated that composition and structure of the 

nanocomposite matrix were not changed by radiation. The 

effect was explained by radiation induced structural ordering 

nanocrystal-matrix interface [14]: low-dose irradiation 

partially eliminated defects (recombination centers) at nc-Si-

SiO2 interfaces that resulted in enhancement of nanocrystal 

luminescence. The impact of low-dose γ- radiation on nc-Ge 

in SiO2 has been studded in [15].  

The main objective of this paper is investigation of the 

effect of ionizing γ- radiation on C-V characteristics and 

radiation defect monitoring in SiO2(Ge)SiO2/Si.  
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II. EXPERIMENTAL 

The samples used in this work were 100nm Ge rich SiO2 

layer sandwiched between two SiO2 films deposited on n-

type Si<100> substrate by RF magnetron co-sputtering from 

two independent target materials with powers of PSiO2= 

300W, PGe= 20W [15]. The bottom SiO2 layer with the 

thickness of about 100 nm was deposited on Si to restrain Ge 

atoms from growing epitaxially on the Si substrate in the 

post-annealing process. The top SiO2 layer with the 

thickness of about 40 nm was deposited to impede the 

diffusion of Ge atoms out of the surface.  

In our experiments have been investigated the C-V 

characteristics of the nanocomposite structures, SiO2(nc-

Ge)SiO2/nSi, prepared by different post-grown thermal 

treatment: Set-1 - as grown, Set-2 – after 1 hour annealing at 

900C in N2, Set-3 – after 1 hour annealing at 1000C in N2 

and  Set 4 – after 1 hour annealing at 1000C in a N2, RTA 

15 min H2+N2. In general, the formation mechanism for Ge 

nanocrystals embedded in SiO2 matrix goes through the 

familiar sequence of nucleation and growth, followed by 

coarsening of nanocrystals due to Ostwald ripening [16].  

The C-V characteristics gave information about state and 

dynamic charged defects of investigated MOS structures 

under influence of ionization γ- radiation. All C-V curves 

have been measured before and after radiation at dose from 

0.1Gry to 4000Gry at frequencies - 1MHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 The C-V characteristics 1MHz before and after γ- irradiation at 

different doses (0.1 Gy  4000Gy), Set 4. 

 

III. RESULTS AND DISCUSSION 

The C-V characteristics have been measured of the 

samples from different Sets - 1, 2, 3, 4 before and after γ- 

radiation at dose from 0.1Gy to 4000Gy. For illustration in 

Fig. 1 are presented the C-V characteristics for Set- 4. 

The samples of Set 4 after growth have been 1 hour annealed 

at 1000C in N2 + RTA for 15 min in forming gas H2+N2. 

This regime was used for Ge nanocrystals formation in SiO2 

[15]. 

In Fig.1 are presented dynamics of C-V characteristics of 

nanostructured samples of SiO2(Ge)SiO2/nSi (Set 4) under γ- 

irradiation of dose from 0.1Gy to 4000Gy (a); (b) –C-V 

characteristics of conventional SiO2/nSi –structure (without 

nc-Ge). 

As shown in Fig. 1, there are some  specific properties of 

these C-V characteristics: (1) all curves have typically form 

as MOS structures; (2) the C-V characteristics of 

nanostructured samples, SiO2(Ge)SiO2/nSi, are situated at 

positive voltages (V>0) to opposite to conventional MOS 

structure (SiO2/nSi curve, without nc-Ge) which is situated 

at negative voltages (V<0); (3) - the accumulation regime 

corresponds to positive high voltage of +(45)V and 

depletion- inversion regime  corresponds to small positive-

negative voltage of ± 2V; (4)-after cumulative irradiation 

from 0.1Gy to 4000Gy the C-V characteristics moved from 

positive threshold voltage (+3V) to negative threshold 

voltage (-1V) corresponding to the decreasing of negative 

charge defects or increasing the positive charge defects in 

these structures (Q= VxC). After high dose γ- irradiation 

(2800Gy4000Gy) the C-V characteristic tend to 

conventional C-V characteristics (SiSiO2 curve), but there 

incline is higher due to high concentration of charge defects.      

These experimental results indicate that all C-V 

characteristics in fig.1 can be deviated in two groups: (i) - 

low-dose (0.1Gy150Gy) characteristics and (ii) – high dose 

(200Gy4000Gy) characteristics.   

The low-dose (0.1Gy150Gy) characteristics, in 

accumulation regime at Vfb= +(56)V, have a smaller 

capacitance and accumulated electrons than that of middle 

and high radiation dose. 

The high dose irradiation in interval of 350Gy4000Gy 

moved the C-V characteristics to negative voltage: flat band 

voltage  (Vfb) decreases from Vfb = +4V to Vfb = +1.7V and 

middle gap voltage removed from Vmg = +2.2V to Vmg = -

0.45V.  

The middle dose radiation (200Gy350Gy) removed very 

slowly C-V characteristics:  flat band voltage from Vfb= +4V 

to Vfb= +3.9V and middle gap voltage from Vmg = +2.2V to 

Vmg =+2V; the C-V characteristics have not specific 

properties, but they look more radiation stable 

(characteristics after 250Gy and 350Gy coincide).        

Using the values of  ∆Vmg =Vmg(0) - Vmg(U) and ∆Vfb = Vfb 

(0)- Vfb(U) we estimated the net oxide trap/charge densities 

(∆Not) and  the net interface trap-charge density (∆Nit) by 

relations [17]:       
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where Cox is the oxide capacitance measured in 

accumulation, -q =(1.60210
-19

C) electron charge and A is 

the area of capacitor.  

The C-V characteristics of other samples (Set 1,2,3), as 

well as Set 4, have specific differences at low dose 

irradiation (0.1Gy - 64Gy) and many similarities at high 

dose irradiation (350Gy - 4000Gy). Therefore we will 

analyze in details the effects of low-dose irradiation.   

The charged defect concentration in volume (∆Not) and 

the interface charge stats (∆Nit) calculated from the 

experimental results of flat band voltage (Vfb, ∆Vfb) and 

middle gap voltage (Vmg, ∆Vmg) and are presented in Fig. 2. 

In Fig.2(a,b) are presented the dependences of the volume 

charged defect concentration (∆Not) and interface charge 

stats concentration (∆Nit) vs dose of γ-radiation for samples 

Sets 2,3,4.  
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Fig. 2 (a,b). The volume charged defect concentration (∆Not) and interface 

charge stats concentration (∆Nit) vs dose of γ-radiation, Sets 2, 3, 4. 

 

We can see in Fig.2 that flat band voltage(Vfb) and middle 

gap voltage (Vmg), as well as concentrations (∆Not) and 

(∆Nit), changed more rapidly after low-dose (0.1Gy2.0Gy) 

and slowly changed after dose of 16Gy 150Gy.    

As it is shown in Fig. 2, for the samples of Set 4, as result 

of γ-irradiation at low-dose (0.1150Gy) the flat band 

voltage (Vfb) changed from +5.1V to 4.2V, the middle gap 

voltage (Vmg) - from +3V to +2.4V; the concentration of 

volume charged defect  (∆Not) – from 8.010
10 

cm
-3

 to 

2.410
11

cm
-3

 and the interface charge stats (∆Nit) – from  

4.010
10

cm
-3

 to 1.610
11

cm
-3

. Respectively, the 

concentration of volume negative charged defects (Q
-
) have 

been reduced at low-dose radiation and concentration of 

positive charge defects (Q
+
)slowly increased at high dose to 

∆Not =1.710
12

cm
-3

 and ∆Nit=1.610
11

cm
-3

 at 4000Gy.  

The specific properties of the C-V characteristics of 

samples Set 2 are: 1) for non radiation, C-V characteristic 

are situated in the region of positive voltage (+2V-0.8V); 2) 

at low-dose radiation (0.116Gy) the CV characteristics 

where instable with some deviation voltage (±0.2V); but at 

dose up to 64Gy the C-V characteristics become stable at 

region of negative voltage that corresponds to minimum 

negative charge defect concentration; 3) at higher dose of 

2004000Gy the C-V characteristics moved slowly to 

negative voltage in correspondence with slow increase of the 

positive charge defect concentration. Calculation 

demonstrated that concentration of volume negative charge 

defects changed in interval of (∆Not=3.110
10

cm
-3

  

1.110
12

cm
-3

) and interface charge stats – in interval of 

(∆Nit= 1.210
10

cm
-3

 1.9x10
11

cm
-3

). Respectively, the 

concentration of negative charged defect (Q
-
) have been 

reduced at low-dose radiation and concentration of positive 

charge defects (Q
+
) slowly increased at high dose to ∆Not 

=1.210
12

cm
-3

 and ∆Nit=6.510
11

cm
-3

 at 4000Gy, Fig. 2.    

For all samples of Set-3 the C-V characteristics were 

situated at negative voltage at 0.2V1.0V in accumulation 

regime and at -1.0V3.2V in depletion regime. After 

radiation at low-dose (0.1Gy150Gy) the flat band voltage 

(Vfb) changed from +0.2.1V to -1.0V, the middle gap voltage 

(Vmg) - from -1.0V to -3.0V; the concentration of volume 

charged defect (∆Not) – from 2.610
10

cm
-3

 to 5.810
11

cm
-3

 

and the interface charge stats (∆Nit) – from 1.110
11

cm
-3

 to 

2.310
11

cm
-3

. Respectively, the concentration of  negative 

charged defect (Q
-
) have been reduced at low-dose radiation 

and concentration of positive charge defects slowly 

increased at high dose to ∆Not=7.210
11

cm
-3

 at 4000Gy, 

Fig.2. 

The C-V characteristics of Set 1 (without post-growth 

thermal annealing) were situated in region of positive 

threshold voltage corresponding to very high concentration 

of negative charge defects (Q
-
), having a complicate shape 

and were non stable during the measurements.    

We explain the obtained results on the base of model of 

negative-positive charge defects correlation at low- and high 

dose of radiation. In accordance with this model, it is 

supposed that in investigated samples Set 1,2,3,4, before 

irradiation existed at least three types of charge defects: 

negative charge volume defects (Qa
-
) like acceptor centers 

(GeOx)
-
, slow negative interface stats (Qs-) like structural 

defects (GeSi)
-
  and conventional positive charge defects 

(Ob
+
) like (SiOx)

+
 in pure SiO2.  

In this case the charge neutrality of material can be 

expressed by relation: 

 

   0 

sab QQQ                        (3)  

 

Before irradiation, samples of Set 1, 2, 3, 4, have the C-V 

characteristics situated in region of positive voltage (+Vfb, 

+Vmg) due to majority of negative charge defects: 

 

                
  bsa QQQ                                 (4)  

 

Under the influence of low-dose γ-radiation (0.1Gy 

200Gy) have been decreased of the negative charge defect 

concentration to level of charge neutrality (Qa
-
 + Qs

-
 = Qb

+
). 

In this case the instability and the abrupt change of charge 

defect concentration at very low dose (0.1Gy) is due to the 

rapid concentration decrease of slow negative charge states - 

structural defects (GeSi)
-
. At higher γ-radiation (350Gy 

4000Gy) have been increased slowly the concentration of 

positive charge defects and have been improved the linearity 

of C-V characteristics, which become comparable with the 

C-V characteristics of pure SiO2/nSi structures with the same 

configuration.    

These results of improvement of C-V characteristics of 

nanocomposite structures ncGe/SiO2 are in accordance with 

data of photoluminescence improvement of silicon 

nanocrystals ncSi/SiO2 after low dose ion radiation [12], 

electron radiation [13] and gamma radiation [14].   
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IV. CONCLUSIONS 

 

The obtained results demonstrated that by low dose γ-

radiation (0.1Gy150Gy) have been essentially reduced the 

structural negative charged defects in the nanocomposite 

structures SiO2(Ge)SiO2/Si investigated by the C-V 

characteristics. At higher doses (350Gy4000Gy) the 

concentration of positive charge defects slowly increased 

and C-V characteristics shown the properties of the pure 

SiO2 (without nc-Ge) with the same configuration. At 

average doses (200Gy350Gy) the concentration of negative 

charge defects and positive charge defects were 

approximately the same and the radiation stability of the 

samples was the highest.               
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