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 Abstract: Recrystallized silicon solar cells using microwave annealing will require adequate modelling of 

microwave power distribution to predict the uniformity of re-crystallization of silicon, specially at high 

temperatures. Since, recrystallization will have to be carried out of doped silicon, doping dependence  of such 

processes at high temperatures is also very important. This work reports modelling results for temperature and 

doping dependence of microwave spatial power distribution in c-Si wafer during microwave annealing. 

Temperature dependence was introduced through bandgap, effective mass and lattice scattering terms in Drude 

model of free-carrier concentration. Dependence of doping was introduced through free-carrier dependent 

complex dielectric function. Absorption of power was then calculated from the complex part of the dielectric 

constant. The 3D Modelling was carried out using Exact Finite Difference Method. All results presented in this 

paper are for Industrial, Scientific and Medical (ISM) frequency of 2.45 GHz.  
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I. INTRODUCTION  
Sustainable technology is key to long term advancement of renewable energy sector. Microwave 

heating is one such sustainable technology which could be adopted for manufacturing of solar cells. Many such 

schemes have been identified in the recent past and recrystallized silicon solar cell using microwave annealing is 

one such technique [1]. The concept calls for ion implantation of doped c-Si wafer to form p-n junction. 

Microwave annealing should then be carried out for recrystallization and implantation damage removal [2-3]. 

Such high temperature annealing process may also activate the dopants depending upon temperature achieved 

inside the sample and doping species. To predict the spatial uniformity of recrystallization process using 

microwave annealing, spatial distribution of absorbed microwave power by silicon needs to be modelled 

accurately. To model recrystallized silicon solar cells, understanding of the processes in implanted region and 

doped c-Si substrate region separately is necessary; since based on spatial distribution of material property such 

as dielectric function selective heating due to microwave absorption will take place. Full system 3D modelling 

technique using Exact Finite Difference Technique (eFDM) of doped c-Si at 300K has been reported elsewhere 

[4], which describes the importance of cavity dimensions on such procedure.  

In this work, first temperature and doping dependence of material dielectric function will be introduced 

through Drude's model; followed by reporting of results from full system 3D modelling of spatial distribution of 

absorbed microwave power in doped c-Si substrate using eFDM technique. Dependence of such process on 

temperature between 300K – 800K at different doping levels of c-Si substrate will be presented.    

 
II. MODELLING TEMPERATURE DEPENDENCE OF DIELECTRIC FUNCTION IN DOPED SILICON 

In non-polar semiconductors such as c-Si the mechanism of absorption at ISM frequency is primarily 

free-carrier absorption which depends upon doping levels and temperature of the material. Microwave power 

absorbed by non-magnetic materials is directly proportional to relative imaginary part of complex dielectric 

function 
εc

r

 [5]. The complex dielectric function ε  for c-Si dependent on free-carrier absorption is given by 

Drude's model [6, 7]:  

 

ε= εr+ i εc ε freecarrier=εcore+
4πi
ω [ ne e

2
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nh e
2
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Drude model calculates complex dielectric function from complex conductivity of the material and conductivity  

of a material is related to total free carrier concentration which depends on doping concentration and 

temperature via Fermi level. Total free carrier concentration is dependent on thermally generated and 

photogenerated carriers. In this work photo-generation is neglected as at c-Si bandgap this could be neglected 

for microwave annealing under dark conditions. The Fermi level depends directly on doping concentration and 

temperature, and to improve accuracy of the modelling temperature dependence of effective masses and 
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bandgap have been included as well which affects Fermi level indirectly. Temperature dependant effective 

masses also directly influence the dielectric function and they have been modelled using Green et. al. model [8]: 
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where, me and mh are effective mass of electron and hole, respectively. For temperature dependence bandgap 

standard Varshni equation has been used [9].  
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Fig.1. Introduction of doping and temperature dependence to Drude's model of dielectric function. 

 

The temperature and doping dependence of relaxation time constants for minority and majority carrier ( τe and 
τh ) are obtained from Reggiani et. al. temperature and doping dependent mobility model for c-Si [10] : 

 

μ(N D , N A ,T )= μo+
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  (4)  

 

where, μL  gives the temperature dependant lattice scattering of free-carrier. Both relaxation time constants and 

free carrier concentration depends on the doping species like phosphorous (P), arsenic (As) or boron (B). For 

more accurate results bandgap narrowing due to doping should be introduced. Change in bandgap due to high 

doping is of the order of few meV and only severely affects ionised impurity concentration at low temperatures 

and at very high doping levels. As this work focuses on high temperatures, effects of doping dependence on 

bandgap will be ignored for this publication.  

 

III. RESULTS AND DISCUSSIONS 
Variation of complex part of relative dielectric function with doping concentration and temperature as 

described by (1) to (4) is shown in the Fig. 3. The dopant species is phosphorous (P) and important modelling 

values are tabulated in Table 1. From Fig. 3, it is evident that
εc

r

values increases with donor concentration first 

and then rate of increase slows down. The slowing down sets in at higher temperatures for higher values of 

doping concentration. This is due to the fact that at a given temperature and at high values of doping 

concentration, number of ionized dopants tend to saturate according to governing distribution of carrier over 

thermal energy and with the increase in temperature this saturation effect starts at higher values of  doping 
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concentrations. This fact is clearly reflected in
εc

r

values as
εc

r

is directly dependant on free carrier concentration 

in Drude model.  
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Fig. 2 Imaginary part of relative dielectric function 
εc

r

 as a function of donor concentration (ND) for 

temperatures T = 300K to 800K. (f = 2.45GHz). 

 
Table 1. Modelling values for complex dielectric constant 

Parameters Values 

εcore   
11.9 
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= μ
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τe= memo

μ e

q  τe= 9.1x10−29 1.26x10−8μe

q , 
μe  is given by (4) 

N a  1x10
14
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Fig. 3  Imaginary part of relative dielectric function 
εc

r

as a function of frequency (f) with  

temperature as parameter from 300K to 800K. 

 

In a household microwave oven, the frequency of operation is not limited to 2.45 GHz, but has a range defined 

by ±50 MHz. Fig. 3 shows typical variation of 
εc

r

 values with frequency at various temperature values between 
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300K to 800K for donor concentration (ND) of 2x10
18

 cm
-3

. These results indicate 
εc

r

 is more sensitive to ND  as 

compared to temperature of c-Si and frequency of operation.  

  

  
Fig. 4. Full system microwave power distribution (vertical cross section rotated 90

O
 clockwise) with c-Si wafer 

placed vertically at the middle left corner. f = 2.45 GHz 

 

The full system modelling of absorbed microwave power was carried out by solving the Helmholtz equation 

using 3D eFDM technique[3]. In this work full system comprised of a c-Si wafer placed inside a metal cavity 

without any material support. Dimensions of the oven cavity was kept as earlier, while dimensions of c-Si wafer 

was 10.5×10.5×0.06 cm
3
. A dense mesh was used in the z-direction to maintain reasonable number of nodes for 

solving Helmholtz equation inside the wafer, corresponding points per unit wavelength was maintained at 

(15,15,1000) for (x,y,z) directions. This gave rise to matrix with 1,998,792 number of elements. Microwave 

power distribution results for full system are shown in the Fig. 6. From this figure it is evident that most of the 

energy is concentrated inside the wafer. From relative peak absorption power curves (Fig. 7(a) & 7(b)) of c-Si, 

it can be inferred that absorption increases by an order of magnitude if doping density is increased by an order 

of magnitude, however increase in absorption power is much smaller when doping density is kept constant and 

temperature of wafer is increased. This is due to little change in 
εc

r

 with temperature, as is evident from Fig. 2. 

Fig. 5(c) provides relative peak power spectrum of the absorbed power inside the wafer at 800K and ND = 

1x10
18

 cm
-3

, showing some frequencies are well supported while others are not and peak of absorption is close 

to f = 2.45 GHz.  

 

     
(a)      (b) 
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(c) 

Fig 5.  Relative peak power absorbed with in c-Si wafer (a) as function of temperature ( f = 2.45 GHz); (b) as 

function of doping density at 300K ( f = 2.45 GHz) and (c) as a function of frequency.  

The results for full system spatial distribution of microwave power absorption in c-Si wafer is shown in Fig. 6. 

From these figures it is evident that even at high temperature and high doping density the spatial distribution is 

not affected by these parameters and dominant parameters are dimensions of sample and microwave cavity. As 

suggested by Fig 5(c), peak absorption characteristics may be obtained at particular frequency for given 

dimension of  sample and microwave cavity.  

 

    
(1)                                           (a)                       (b) 

    
(2)                                           (a)                       (b) 

    
(3)                                           (a)                       (b) 

 

Fig 6. Microwave power distribution; (a) horizontal cross section and (b) vertical cross section   

(magnified and rotated 90
O
 clockwise)  for  f = 2.45 GHz, T = 800K at (1) ND  = 1 x 10

15
 cm

-3
, (2) ND  = 1 x 10

18
 

cm
-3

  and (3) ND = 1 x 10
20

 cm
-3 

.  

 

IV.  CONCLUSION  
In conclusion, 3D modelling results for spatial distribution  of microwave power in phosphorous doped 

c-Si wafer has been presented. Temperature and doping dependence in microwave annealing of c-Si wafer was 

introduced through Drude's model of complex dielectric constant. Results from modelling show that temperature 

has weak influence on complex part of dielectric function while doping do have significant influence on 

dielectric function but spatial distribution is not dominated by the two parameters. Thus uniformity issues of 

spatial distribution of absorbed microwave power at f = 2.45 GHz is not dominated by doping levels and 

temperature of c-Si wafer. Further work on uniformity issues will require accurate modelling of ion-implanted 

region of the recrystallized silicon solar cells. 
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