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Abstract 

 

 To optimize device performance, theoretical analysis for static characteristics of an n
+
-n-p-p

+
 

silicon IMPATT diode with a deep junction from the surface and a diffused junction in the n-p layer is 

presented. The doping profile in the (n) layer is considered to be a Chebyshev orthogonal polynomial 

form, the diffusion coefficient is concentration dependent, and the junction depth varies according to the 

diffusion time. The most important characteristics such as the electric field distribution, potential 

distribution, and excess noise factor are treated numerically using Newton's method and the introduction 

of MATLAB version 6.1. Furthermore, response speed and the figure of merit, the cw output power, are 

treated. It is found that the electric field and the potential are both increased with increasing  junction 

depth because of the increase in both the depletion layer width and the impurity gradient. The excess 

noise factor is enhanced with deeper junction since the maximum field is in its highest value. The 

response speed and the output power are decreasing  with wider depletion width and can be enhanced 

using moderate junction depth.          

 

 

 الخـلاصـــــــة
 

ٌعرض البحث التحلٌل النظري للخواص الساكنة للثناايً الساٌلكونً الايي ٌعتاال اسالون تاصٌد ا صازلا  و  ااد  
 .( للوصول الى ا لاء ا اثل لعال الثنايً +n+-n-p-p التركٌن )( والاتكود اد IMPATTانتقال حاالات التٌار )

( ااثال  nاد شاكل ا شاابة  اً زبقاة ) .( عاٌا  عاد الساز  p( و ) nالثنايً ااثل بالتقى انتشاار باٌد زبقتاً ) 
ر تبعاا لا اد ( وعاا  الالتقاى ٌت ٌا nبشكل لالةاتعللة الحلول اتعاالة ،كاا اد اعاال ا نتشاار ٌعتاال علاى تركٌا  زبقاة )

 ا نتشار.
اد اه  الخواص لهيا الثنايً كتو ٌع الاجال الكهربايً وتو ٌع الجهل واعاال الضوضاء ال ايلة قال تا  اعالجتهاا  

لاعالجاااة العلاقاااات  6.1النساااخة  MATLABوتقااالٌ  ال  Newtonباعتااااال اسااالون التحلٌااال العاااللي باساااتخلا  زرٌقاااة 
كل اد سرعة ا ستجابة واعاال الجولة اليي هو قلرة ا شاارة الاساتارة الخارجاة. الرٌاضٌة. وا بعل اد يلك، ت  تحلٌل 

وقاال لااوحظ اد الاجااال الكهربااايً والجهاال تتناسااباد زرلٌاااق اااع عااا  الاياار  بساابن ال ٌااالة  ااً كاال اااد عاارض انزقااة 
ايار  عاٌا  بسابن  ا ستن اف وا لٌاال هباوز تركٌا  الشاواين. كايلك ٌاكاد تحساٌد اعااال الضوضااء ال ايالة باساتخلا 

وصول الاجال الكهربايً الى اعلى قٌاة له. اد سرعة ا ساتجابة و القالرة الخارجاة تقال باساتخلا  ايار  عارٌض و لكاد 
 ٌاكد تحسٌنها باستخلا  عا  اير  اعتلل. 

1. Introduction 
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Two important characteristics stand for IMPATT diode, impact ionization and transit time to produce 

negative resistance at microwave frequencies. The device is operated at high reverse-bias voltage for certain 

avalanche multiplication takes place, the carriers hence drift at a saturation velocity and gain sufficient  high  

energy  from  the electric  field  to  release new  electron-hole pairs through impact ionization. A chain of 

these impact ionizations leads to carrier multiplication. There is a great difference between impact-

ionization coefficients of electrons and holes in silicon. The transit time involved in the  IMPATT  diode is 

the depletion layer transit time  and the time required  for  the avalanche  to develop, i.e. the avalanche build 

up time. The  IMPATT diode is now one of  the most  powerful  solid-state sources of  microwave  power     

[1].The IMPATT diode can generate highest continuous wave power output at millimeter-wave frequencies 

(i.e., above 30GHZ) of all solid-state devices [2].
 
The power output is not only the criterion for selecting a 

device for a certain microwave application, many factors should be taken into consideration. One of these 

factors is the ease and precise fabrication of the device to eliminate or to reduce parasitic resistances and 

capacitances. The second factor is the noise that results from the spontaneous fluctuations from the current 

passing through the device or of voltage developed across the device [3]
 
.  

 

2. Device Model 

 

An n
+
-n-p-p

+
 silicon IMPATT diode with a deep junction from the surface is the device model 

depicted in Fig(1), the (n) layer which is the key layer, is made of arsenic diffusion in silicon. The 

distribution of impurities at any time during the diffusion can be calculated from the solution of diffusion 

equation with appropriate boundary conditions. The dependence of diffusivity on temperature, as we shall 

see, explains that high temperatures are required for diffusion, otherwise, the diffusivities are too low [4]. 

The device has three important facilities, the first one is the reduction of noise since the introduction of the 

(n) diffused layer achieves purer hole injection into the avalanche region,the second is the enhancement of 

the response speed due to the built in field that exists between the (n
+
) and (n) layer,and finally, the series 

resistance that rises due to the effect of an unswept epitaxial layer and this rising reduces the terminal 

negative resistance of the device [5].  

 

3. Doping Profile 

 

As we see from Fig(1) , Nb is the background concentration which is the concentration in the p-layer, 

the diffusion coefficient in the (n) layer varies with dopant concentration, i.e. extrinsic diffusion. The 

diffusion coefficient, Ds , is also called the surface diffusivity for n > ni  can be written as  
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,eV 05.4   , /  8.45     Where \2\ isEscmisD an K is the Boltzman's constant, T is the temperature, ni is the 

intrinsic-carrier concentration and n is the carrier  concentration  which  equals to  the dopant concentration  

[6].  The junction depth, wj , is independent of the background p-type concentration and is given by 
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Where Ns is the surface concentration and t is the diffusion time.The representation of the doping profile,N, 

in the (n) layer is a Chebyshev  orthogonal  polynomial  given  by [7] 
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Where x is the distance from the surface and Ds is given by Eq.1 where n = Ns . 

 

4. Electric Field Distribution 

 

The depletion layer thickness, w, that forms at the n-p junction has two components, wn at the n-side 

and wp at the p-side , is treated with the assumption of the complete ionization of donors and acceptors. The 

Poisson's equation is given by 
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Where Q is the electrostatic potential, E is the electric field, kc is the dielectric constant, ρ is the net density 

of positive charge, εo is the permittivity of  free space, and q is the electronic charge. 

    The electric field is obtained by equations obtained from analytical solution of Poisson's equation and 

the use of MATLAB. The electric field vanishes at depletion layer boundaries. The expression of the field 

distribution on the two sides of the junction is given by  
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on the left side of the junction, and 
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 on the right side of the junction .The integration of Eq.5 gives 
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where C1 is a constant of integration that can be found from the boundary condition that  
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Therefore, the electric field at the left side of the junction is given by 
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Similarly, the electric field at the right side of the junction is given by   
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The peak field is found at x = wj , substitute on  into Eq.10 and Eq.11 gives 
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Since the peak field is continuous at the junction and at this point the relation between the depletion region 

components wn and wp can be found using iterative method by the following procedures   

 

 i – The continuity of the field at the junction means   E1 (wj, Nb / Ns, wn) = E2 (wj, Nb / Ns, wp). 

 

ii - Choosing a specific value of  wj, Nb, Ns, wn so that  wp can be found numerically. 

 

iii - Newton's method is used for rapid convergence of wp. 

 

iv - With the aid of -i-, finding function of  wp  noting that E1 ( wj ) = E2 ( wj ). 

 

v - The function of  wp  is called F ( wp ) and is given by 
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vi - Evaluating  F
\
( wp ) .  
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vii- Evaluating of  wp 
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The algorithm that performs the Newton's method is indicated in Fig(2A) [ 8 ]. The plotting of the 

electric field against the distance is performed in three cases using three different concentration profiles in 

the n-layer by varying the diffusion time, i.e., the junction depth is varied as shown from Fig(2) before.The 

electric field distribution is shown in Fig(3) for different junction depths, the value of the maximum field at 

the junction is decreasing with increasing junction depth and that is because of the decrease in the impurity 

gradient as shown in Fig(1) before.The width of the depletion layer is increased since it is inversely 

proportional to the impurity gradient. The value of the maximum field versus the depletion layer width is 

well demonstrated in Fig(4).   

    
5. Potential Distribution 

 

The integration of Poisson's equation, Eq.4, once again gives the potential distribution. Let us call 

V1(x) and V2(x)  the potential distribution at the left side and at the right side of the junction respectively. So 
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With the boundary condition 
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Similarly  
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Let C3 be the constant of integration in Eq.22,so C3  is given by  
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So V2(x) can be written as 
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The potential distribution for different junction depths is shown in Fig(5). From the observation of 

this figure, it can be seen that the potential is increased with increasing junction depth because the depletion 

layer is widened and it is proportional to the built- in field. 

 
6. Avalanche Multiplication & Noise considerations 

 
Impact ionization means the releasing of new electron-hole pairs from carriers that drift at a 

saturation velocity when high-electric field is applied .Impact ionization may occur when a carrier has 

enough energy to initiate a transition of an electron from a valence band into a conduction band. The smallest 

energy required for such a process, consistent with energy and momentum conservation, is called the 

threshold energy [ 9 ].The impact ionization is characterized by the ionization rates (αn) and (αp) for electrons 

and holes . The impact ionization coefficients of electrons and holes for silicon are given by [ 10 ]   
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where E is the electric field. In our device model, the electrons will be swept by the electric field to the left 

and holes to the right. An approximate analysis for the avalanche multiplication of carriers is used. Let the 

carriers (holes) be accelerated through a depletion region (w) that has a probability p of creating an electron-

hole pair by undergoing ionizing collision. Then for pin incoming holes entering the depletion region from 

the n-region, Ppin is the secondary electron hole pair that it will be generated and so on. Assuming no 

recombination, the total number of holes coming out of the depletion region in the p-region is obtained 

as[11], 

 

       pout = pin (1 + P + P
2
 + P

3 
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Therefore, the multiplication factor of holes is given by  
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The probability of an ionizing collision as a carrier travels through the depletion region can also be expressed 

as [ 12 ]
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The maximum electric field at breakdown can be calculated from the field dependence of the 

ionization rates and the breakdown condition .  

Noise consideration in the device is due to spontaneous fluctuations in the current passing through or 

the instability of voltage across the semiconductor device. The multiplication noise will set lower limit to 

the signal to be amplified. However; new technologies can reduce this noise
 
[ 13 ].  

The multiplication process buildup is aided by the hole feedback mechanism. The feedback greatly 

depends on the impact ionization coefficient ratio between electrons and holes and is more pronounced as 
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the symmetry in the carrier ionization coefficient becomes larger. The ratio of the hole to electron ionization 

coefficients ( Kp ) is given by 
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And the excess noise factor ,ENF,  is given by [ 14 ] . 
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Where  Mh is the multiplication factor for injected holes. 

The excess noise, a function of multiplication factor, is shown in Fig(6), and is decreased with 

increasing the junction depth since this leads to higher hole to electron ionization rate ratio. 

 
7. Response Speed 

 
The length of the depletion region plays an important role in the evaluation of the transit time which 

depends greatly on that length. The diffusion time in the undepleted layer is the second factor that 

determines the response speed and this time depends on the width of the depletion region in the n-layer (wn). 

The third factor is the time required for the avalanche to develop and is called the avalanche build up time 

which depends greatly on the ratio of the hole to electron impact-ionization coefficients and this time 

decreases as this ratio becomes small. The three time constants that determine the response speed of the 

IMPATT diode are given by 
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Where ts is the overall transit time, νs is the saturation velocity, Dp is the diffusivity of holes, M is the 

multiplication factor and XA is the length of the avalanche region.  

It can be seen from the Eq.33 that the third term which represents the avalanche build-up time is 

small that it can be neglected during the analysis, so the first two terms determine the response speed of the 

IMPATT diode. The time needed for the holes to cross the depletion region is increased with increasing the 

depletion layer width as shown in Fig(7), and the time in the undepleted region is increased with increasing 

the junction depth in spite of the increasing of the length of the component of the depletion layer in the left 

side of the junction (wn), and this is depicted in Fig(8). 

 
8. Output Power 

 
The maximum output power is limited by the semiconductor device material and the impedance 

level in the microwave circuitry. At a given frequency the limitation of semiconductor material is the 

electrical field at breakdown and the saturation velocity. The power output, Pm , which is the most important 

figure of merit of the IMPATT microwave device is given by  
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Where f  is the frequency, A is the device area, and Ec is the critical field at breakdown. The IMPATT diode 

has high operating field at avalanche breakdown so the device has high Pm f
 2  

 product. 

The output power as a function of frequency is depicted in Fig(9), the power is decreased with 

increasing the frequency. Also it can be seen that the output power is decreased with increasing the 

depletion layer width. The overall modeling process employed in the analysis is depicted in Fig(10). 

 

9. Conclusion 

 
The results obtained from the computer aided analysis of  n

 +
- n - p – p

 +
 silicon IMPATT diode state 

that the junction depth in the n - p layer is independent of the background  p-type concentration, and when 

the concentration near the n - p junction is sharper in decreasing , i.e. the gradient is in its lower value, the 

value of the maximum field at the junction is in its lowest value. So to increase the value of the maximum 

field when the device is operated at breakdown condition, the junction depth should be increased and this 

increase also increases the built in potential that exists at the boundaries of the depletion layer width. 

  The depletion layer dependence of response speed of  the device affects both the time needed for the 

carriers to cross the depletion region and the time needed for the carriers in the undepleted layer, however, 

the first one which is the more important is increased. The continuous wave output power becomes less in 

higher depletion region width. 

The excess noise factor, which is one of the most important parameters that should be taken into 

consideration, is smaller in deeper junctions because of the higher electric field due to wider depletion 

region width. So in the design of the device for a certain application; tradeoff should be made between the 

forementioned parameters.  
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ALGORITHM NEWTON (F, F`, Wp, E ,Ni) 
 
 This algorithm computes a solution of  F(wp) =0 given an initial approximation xo (starting 

value of the iteration ). Here the function F is continuous and has continuous derivative F` . 

  

 INPUT: F, F`, initial approximation xo, tolerance Є > 0, maximum number of iterations Ni. 

  

 OUTPUT: Approximate solution wp ( p  Ni ) of message of failure. 

 For   p = 0, 1, 2,…………, N-1  do : 

 

 

1 Compute F`(wp) 

2 If   F`(wp) = 0  then  OUTPUT  "Failure". stop. 

[Procedure completed unsuccessfully]. 

3 Else compute 

 

                           
)(wF

)F(w
ww

p

\

p

p1p 
 

4 If  | wp+1 ــ wp |   Є | wp| then  OUTPUT  wp+1 stop . 

[Procedure completed unsuccessfully]. 

 

 

          END 

 

5 OUTPUT "Failure". Stop. 

         [Procedure completed unsuccessfully after Ni iterations]. 

 

        END NEWTON 

 

 

Fig.(A) An algorithm for evaluation of the depletion region component in  
                the p-side using Newton's method. 
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Fig.(1) Doping profile of n+-n-p-p+ silicon IMPATT   
            diode. 

Fig.(2) Doping profiles in the (n) layer for different  
            junction depths. 
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Fig.(3) Calculated electric field distributions. 
              

Fig.(4) Electric field versus depletion width. 
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Fig.(5) Calculated potential distributions. 

Fig.(6) Calculated excess noise factor as a function of  
            multiplication factor for different junction depths. 
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Fig.(7) Time needed for holes to cross the depletion  
            region as a function of depletion width. 
 

Fig.(8) Time in the undepleted region as a function of  
            junction depth. 
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Fig.(9) Power output versus frequency for different  
           depletion layer width. 
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Fig.(10)  Block diagram of  the modeling process for a static 
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