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Abstract: The study of OSAJ p-type Ga As IMPATT diode is important in order to get better insight into 
the operation of this type, which is not sufficiently studied. Hence it will be possible to design and 
optimize the structure of double-drift Ga As IMPATT and the circuit where this IMPATT is embedded. 
This paper presents the results of detailed study for performance optimization of OSAJ p-Type Ga As 
IMPATT Diode structures. This study used the full-scale computer simulation program performed by the 
authors taking into consideration the nonlinearities and all physical effects pertinent to the IMPATT 
operation. Some important conclusions concerning the effect of the peak value of the microwave signal, 
the effects of the operating dc-bias current and the operating frequency on the IMPATT operation and 
performance are drawn. The complete simulation curves for the operation of OSAJ p-type IMPATT diodes 
are introduced 
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1 Introduction 

The optimization of one-sided abrupt junction 
(OSAJ) P-type Ga As IMPATT diode is very 
difficult due to the complexity of transport 
equations governing its operation and sever 
nonlinearities inherent them. The matter is 
complicated further by relatively large number 
of structural parameters, which have to be 
optimized simultaneously by taking into 
account that they affect the performance in a 
competitive direction [1-9].  
 This paper shed further light on the 
effect of peak RF Voltage, DC bias current, 
and the operating frequency on the 
performance of OSAJ P-Type Ga As IMPATT 
diodes. This is to help the designer to optimize 
the performance of these diodes. 
This paper presents the results of a detailed 
study of p-type Ga As IMPATT [10-15]. These 
results are obtained using a modified version of 
the full-scale computer-simulation program 

performed by the authors [1-5, 16,17]. This 
program takes fully into account the 
nonlinearities and all the physical effects 
pertinent to the IMPATT operation. 
 The system of the continuity equations 
are presented below in a normalized form[16]: 
 

     [1] 
 

     [2] 

                               [3]          

                               [4] 
where n, p are the concentrations of electrons 
and holes; Jn, Jp are the spatial distribution of 
the electron and hole currents; αn, αp are the 
ionization coefficients; Vn, Vp are the drift 
velocities; Dn, Dp are the diffusion coefficients. 
Ionization coefficients, drift velocities and 
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diffusion coefficients are the functions of two 
arguments; the space coordinate x and the time t. 
 The electrical field distribution in 
semiconductor structure can be obtained from 
the Poisson equation and can be defined in the 
following normalized form [16]: 
 

 
[5] 

where ND (x), NA (x) are the concentrations of 
donors and acceptors accordingly, U(x, t) is the 
potential, E(x, t) is the electrical field. 
 Whereas the performance of n-type Ga 
As IMPATT is extensively studied, the 
performance of the p-type one is not 
sufficiently studied [10-15]. This is attributed 
mainly to the superiority of the velocity-field 
characteristic of n-type Ga As IMPATT [10-
12, 14,15]. However, the investigation of p-
type IMPATT is necessary for the design and 
optimization of double-drift Ga As IMPATT 
and also for the optimum design of the 
microwave circuit where the IMPATT is 
embedded.  
The results that will be presented are obtained 
for OSAJ P-type IMPATT diode structure 
whose width of the active region (w) is 3.3 
 µm, doping density in the ohmic contact p+ 
and n+ is 2x1017 cm-3  and doping density in the 
active region   is 5x1015 cm-3 . The ionization 
rates used in the simulation are those measured 
by Kao and Crowel [18-20]. 

The diode is assumed to be placed in a 
high-Q cavity supporting a sinusoidal signal of 
amplitude (P) and it is driven by a terminal 
voltage VT whose dc component is VDC and ac 
component is a sinusoidal voltage of peak P 
and frequency F.  
 
2 Results 

Figures 1 and 2 show the efficiency (η), the RF 
power (PRF), the diode conductance (GD), and 
the breakdown voltage (VB) versus P. 
 Figure 1 indicates that there is an 
optimum value of P where η and  PRF have 
their maximum values. This optimum value is 
about 67V.  Figure 2 shows that GD and VB 
are monotonically decreasing with P.  
 Figures 3 and 4 show the η and PRF 
versus F for dc bias current (Jdc) ranging from 

1000 to 4000 A/cm2. It is seen that the 
maximum efficiency is shifted toward higher 
frequencies as Jdc is increased. Namely the 
optimum frequency is 11 GHz at Jdc= 500 
A/cm2 and 14.5 GHz at Jdc 4000 A/cm2.  
 Figure 5 and 6 show η and PRF versus P 
of the RF terminal voltage for Jdc ranging from 
500 to 3500 A/cm2. It is noticed that the 
optimum peak increases slightly with Jdc For 
example, the optimum peak is 61 V for Jdc = 
500 A/cm2 against 64 V for Jdc = 2500 A/cm2.  
The dependence of PRF and η on the Jdc for 
P=50 V and F=11 GHz is illustrated explicitly 
in figure 7. These results and the other results 
presented here will be interpreted physically in 
the nest sections. 
 
3 Analysis of the effect of the peak 

values of MW signal 
In order to get a better insight into the previous 
results it is necessary to investigate the 
dynamics of the charge carriers within the 
diode and their interaction with the electric 
field (E). It is also necessary to study the 
resultant induced current waveforms for 
different values of P. 
 Figures 8 through 14 show the induced 
current (Ji), and the spatial distribution of the 
hole current (Jp) and the electric field (E) at 
different phase angles (Θ) during the RF cycle 
and for different values of P. By considering 
these figures, the large-signal operation of the 
p-type Ga As IMPATT can be explained as 
follows:  
  At the beginning of the cycle Ji 
decreases as the trailing edge of the avalanche-
generated pulse (AGP) of holes of the previous 
cycle is being extracted at the right end of the 
drift region (DR). As P increases, this 
extraction becomes more efficient and Ji drops 
to smaller values. This helps improve the 
performance through reducing the effective 
saturation current and increasing the phase 
delay provided by the avalanche process. 
However, for the values of P higher than the 
optimum value,  the AGP will drift at velocities 
smaller than the saturated velocity  and the 
value of Ji at the beginning of the cycle 
increases again and the performance is 
degraded. 
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 As the RF voltage increases during the 
positive half-cycle, E increases inside the diode 
and the avalanche generation causes Ji to 
increase. This increase becomes sharper as P 
increases. This is because the ionization rates 
are very sensitive to the field variation. It is 
seen that the hump of Ji becomes sharper and 
higher as P increases. This indicates that the 
AGP becomes more localized in both space 
and time when P is increased. This increased 
localization of AGP is attributed to the 
reduction of the saturation current, the 
reduction of space charge effect (SCE) , and 
the reduction of the carrier generation in the 
DR. when P increased. The reduction of all 
these effects help to improve the performance 
and causes PRF and η to increase initially with 
P. 
 The decrease of Ji after attaining its 
peak value is attributed to the extraction of the 
minority carriers (the electron) at the n+ 
contact. The AGP of holes is injected into the 
DR and if P is small, this pulse is sufficiently 
wide that its extraction starts early causing Ji to 
decrease. As the AGP drifts in the DR, it is 
dispersed by the effect of the diffusion. If P is 
increased the E in the DR during the negative 
half-cycle becomes lower than the value 
necessary to saturate the electron velocity. This 
effect is known as drift-velocity dropping 
below saturation (DVDBS) and causes Ji to 
undergo a dip at phase angles around 270 
degrees, i.e. at the worst time for the RF power 
generation. This effect becomes more 
pronounced as P increases and causes the 
performance to be degraded if P is excessively 
high. On the other hand, the carrier generation 
in the DR during the negative half-cycle 
becomes less significant as P increases. This 
improves the performance, since these carriers 
induce currents that are not in proper phase 
relationship with that induced by the AGP. 
When P is too large, the E at the right end of 
the DR may become negative and mobile holes 
will be injected into the DR inducing a current 
in an antiphase relationship with that oF the 
AGP. This effect, which is known as the 
depletion-layer width modulation (DLWM) 
effect is responsible for the performance 
degradation as P increases. 
 
4 EFFECT OF  P ON GD AND VB 

Its seen in figure 2 that the magnitude of the 
negative conductance decreases with P. This is 
because at constant dc current the avalanche 
pulse of fixed charge forces fixed amplitude for 
the fundamental of Ji. This means that as P 
increases, the induced current electronic 
conductance must decrease. The decrease of 
GD with P assures a stable oscillator operation. 
It is also seen that VB decreases with P. This 
effect is caused by the nonlinearly of the device 
and is explained as follows:  As P increases, 
the E in the avalanche region attains higher 
values during the portion of the cycle at which 
the significant avalanche generation occurs. 
Hence, greater amount of charge carriers would 
be generated. Nevertheless, the total amount of 
charge is a constant imposed by the dc bias 
current. Hence, the dc component of the E and, 
correspondingly, the dc voltage should 
decrease as P is increased to maintain a 
constant current under breakdown conditions. 

 
5 Analysis of the effects of the DC 

bias current 
As Jdc is increased the number of carriers 
generated by the avalanche process and 
injected into DR increases. This effect is 
illustrated in figures 15 through 17 . Figures 15 
through 17 show Jp and E at Θ = 0, 90, 180, 
and 270 degree respectively for F=11 GHz and 
P=60 V at Jdc ranging from 500 to 5000 A/cm2. 
It is seen that the size and the height of AGP 
increases with Jdc. This causes the hump of Ji 
occurring near Θ=180o to increase with Jdc. 
This effect is illustrated in figure 18 that shows 
Ji and the terminal voltage (Vt) for different 
values of Jdc. This effect improves the 
performance since the number of carriers 
contributing to the power generation 
mechanism increases. Consequently, the PRF 
increases with Jdc as figure 7 shows.  
 On the other hand, as Jdc is increased, 
the SCE becomes more pronounced. This 
effect causes E behind the AGP to increase and 
that in the front of it to decreases . This is 
shown in figures 15 through 17. The depression 
of the field behind the AGP reduces the phase 
delay provided by the avalanche process. This 
effect is the major factor responsible for the 
performance degradation as Jdc is increased. 
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 The increase of E in the front of the 
AGP either reduces or totally suppresses the 
DVDBS effect and the depletion layer width 
modulation (DWM) effects. Consequently, the 
optimum value of P increases with Jdc. The 
DLWM effect is shown in figure 15. It is 
responsible for the dip occurring in Ji at Θ ≅ 
270o as it is illustrated in figure 18. As Jdc is 
increased, this dip is removed because of the 
suppression of the DLWM. For higher values 
of Jdc, E will have a second peak that is moving 
in front of the AGP. This effect is shown in 
figures 16 and 17 and the minority carriers 
enhancement effect increases. Hence the 
performance is degraded.  
 As Jdc is excessively increased, the field 
behind the AGP is considerably reduced and 
some carriers will be trapped in the middle of 
the DR. This effect is illustrated in figures 16 
and 17 and is also responsible for the 
performance degradation as Jdc is increased.   
 
6 Analysis of the effects of 

frequency  
For a give IMPATT structure and operating 
bias current there is an optimum frequency at 
which the total phase delay provided by the 
two mechanisms responsible for IMPATT 
operation is about 180o [10-15]. These two 
mechanisms are essentially the avalanche 
mechanism and the transit-time mechanism. 
 If the frequency is increased above its 
optimum value,  the time available for the 
extraction of the AGP will be smaller and a 
higher number of carriers will still be existing 
in the DR during the last portion of the RF 
cycle. Consequently, Ji will be higher as F is 
increased during this portion. This effect is 
illustrated in figures 15, 18 , 19 , 20 and 21 
which show Ji, Jp and E for F=11, 7 and 15 
GHz respectively. The performance from this 
point of view is improved. However, the 
number of carriers still existing at the end of 
the cycle and at the beginning of the next cycle 
will increase with frequency. Hence the power 
dissipation will increase and the avalanche 
process will start earlier as F is increased. This 
will reduce the phase delay provided by the 
avalanche process and the performance will be 
degraded. 

 If the frequency is decreased below its 
optimum value, the carriers will be extracted 
early and Ji drops more rapidly during the 
negative half cycle. However, the time during 
which Vt exceeds the breakdown level 
increases. This allows the AGP to attain higher 
values. Consequently, Ji will attain a higher 
hump at Θ ≅ 180o; figures 20 and 21; as F is 
increased. This effect improves the 
performance. The increase of the size of the 
AGP is attributed to the fact that a higher 
charge is required to maintain the bias current 
if F is increased ; the SCE becomes more 
pronounced as F is decreased.  
 
7 Conclusions 

From the investigation of the large-signal 
results presented in this paper, the following 
conclusions concerning the effects of the RF 
voltage amplitude on the diode performance 
are drawn. As P is increased, the AGP of holes 
becomes shaper both in the time and in space. 
As P is increased, the SCE becomes less 
significant. Hence the phase delay provided by 
the avalanche generation process is increased 
and the performance is improved. As P is 
increased, Ji becomes generally lower in the 
positive half-cycle and higher in the negative 
half-cycle. This effect is explained by the 
previously mentioned effects. During the 
negative half-cycle, the carrier generation in 
the DR becomes less significant as P is 
increased. As P is increased, DVDBS becomes 
more significant, and the performance is 
degraded. As P is excessively increased, the 
DLWM will deteriorate the performance 
significantly. 

Concerning the effects of the dc bias 
current on the P-type IMPATT the following 
conclusions are drawn: 
As Jdc increases, the number of carriers that can 
contribute to the RF power generation 
increases. This improves the performance. On 
the other hand, the SCE increases with Jdc. This 
effect improves the performance through 
suppressing or at least reducing the DVDBS 
and the DLWM effects. In addition, the 
optimum value of the peak of the RF voltage 
increases. However, as the SCE becomes more 
pronounced, the phase delay caused by the 
avalanche process is reduced,  the generation of 
the minority carriers in the DR is enhanced, 

WSEAS TRANSACTIONS on ELECTRONICS El-Sayed A. El-Badawy, Said H. Ibrahim

ISSN: 1109-9445 376 Issue 8, Volume 5, August 2008



 
 

and the carrier trapping behind the AGP during 
the negative half cycle becomes more 
significant. All these effects cause the 
performance to be degraded as Jdc is increased. 
 The following conclusions concerning 
the effects of the operating frequency on the 
performance are drawn: For each IMPATT 
structure, there is an optimum frequency at 
which the total phase delay provided by the 
mechanism responsible for IMPATT operation 
is around 180o. For a higher frequency a 
greater number of carriers will be extracted at 
the beginning of the RF cycle. This increases 
the power dissipation and reduces the phase 
delay provided by the avalanche process. In 
addition, the AGP will be wider. All these 
effects degraded the performance. If the 
frequency is lower than the optimum one, the 
carriers will be extracted early and Ji decreases 
during the negative half cycle. This degrades 
the performance. Furthermore, the SCE 
becomes more pronounced as F is decreased. 
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Fig. 1: The efficiency and RF power (Prf) versus 

the peak voltage 

 
Fig. 2: The diode conductance (|Gd|) and 

breakdown voltage (VB) versus the peak voltage 

 

Fig. 3: The efficiency versus frequency  for dc bias 
current (Jdc)ranging from 500 A/cm2 to 4000A/cm2 

 
Fig. 4: The RF Power (PRF) versus frequency  for dc 

bias current (Jdc) ranging from 500 A/cm2 to 
4000A/cm2 

 
Fig. 5: The efficiency versus terminal voltage (V)  for dc 

bias current ranging from 500 A/cm2 to 3500A/cm2 

 
Fig. 6: The RF Power (Prf) versus terminal voltage (V)  

for dc bias current (Jdc) ranging from 500 A/cm2 to 
3500A/cm2 

WSEAS TRANSACTIONS on ELECTRONICS El-Sayed A. El-Badawy, Said H. Ibrahim

ISSN: 1109-9445 378 Issue 8, Volume 5, August 2008



 
 

 
Fig. 7: The RF Power (Prf) and efficiency versus dc bias 

current (Jdc) 

 
Fig. 8: The induced current (Ji)  and the terminal voltage 

(Vt)  for the peak voltage ranging from 55 to 80V 

 
Fig. 9a: 

 
Fig. 9b: 

 
Fig. 9c 

 
Fig. 9d: 

 
Fig. 9: The spatial distribution of the electric field 
(E)  and the hole current (Jp)  for  the peak voltage 

= 55 V at different values of phase angles 

WSEAS TRANSACTIONS on ELECTRONICS El-Sayed A. El-Badawy, Said H. Ibrahim

ISSN: 1109-9445 379 Issue 8, Volume 5, August 2008



 
 

 
Fig. 10a 

 
Fig.10b: 

 
Fig. 10c 

 
Fig. 10d: 

Fig. 10: The spatial distribution of the electric field 
(E) and the hole current (Jp)  for  the peak voltage = 

60 V at different values of phase angles 
 

 
Fig. 11a: 

 
Fig. 11b: 
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Fig. 11c: 

 
Fig. 11d: 

Fig. 11: The spatial distribution of the electric field 
(E)  and the hole current (Jp)  for  the peak voltage 

= 67 V at different values of phase angles 
 

 
Fig. 12a: 

 
Fig. 12b: 

 
Fig. 12c 

 
Fig. 12d 

Fig. 12: The spatial distribution of the electric field 
(E)  and the hole current (Jp)  for  the peak voltage 

= 70 V at different values of phase angles 
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Fig. 13a: 

 
Fig. 13b 

 
Fig. 13c 

 
Fig. 13d 

Fig. 13: The spatial distribution of the electric 
field (E)  and the hole current (Jp)  for  the peak 

voltage = 75 V at different values of phase angles 

 
Fig. 14a 

 
Fig. 14b: 
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Fig. 14c 

 
Fig. 14d 

Fig. 14: The spatial distribution of the electric field 
(E)  and the hole current (Jp)  for  the peak voltage 

= 80 V at different values of phase angles 
 

 
Fig. 15a: 

 
Fig. 15b: 

 
Fig. 15c 

 
Fig. 15d: 

Fig. 15: The spatial distribution of the hole current 
(JP) and the electric field (E)  at Jdc = 500 A/cm2 

for different phase angles 
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Fig. 16a: 

 
Fig. 16b: 

 
Fig. 16c 

 
Fig. 16d: 

Fig. 16: The spatial distribution of the hole current 
(JP) and the electric field (E)  at Jdc = 1500 A/cm2 

for different phase angles 
 

 
Fig. 17a: 

 
Fig. 17b: 
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Fig. 17c 

 
Fig. 17d: 

Fig. 17: The spatial distribution of the hole current 
(JP) and the electric field (E)  at Jdc = 5000 A/cm2 

for different phase angles 

 
Fig. 18: The induced current (Ji)   and the terminal 

voltage, (Vt) for dc current (Jdc) values ranging 
from 500 to 5000 A/cm2 

 
Fig. 19: The induced current (Ji)   and the terminal 
voltage (Vt) for different values of the frequency 

(F) 

 
Fig. 20a 

 
Fig. 20b 

WSEAS TRANSACTIONS on ELECTRONICS El-Sayed A. El-Badawy, Said H. Ibrahim

ISSN: 1109-9445 385 Issue 8, Volume 5, August 2008



 
 

 
Fig. 20c 

 
Fig. 20d 

Fig. 20: The spatial distribution of the hole current 
(JP) and the electric field (E)  at F= 6 GHz for 

different phase angles 
 

 
Fig. 21a: 

 
Fig. 21b: 

 
Fig. 21c: 

 
Fig. 21d: 

Fig. 21: The spatial distribution of the hole current 
(JP) and the electric field (E) at F= 16 GHz for 

different phase angles 
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