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Abstract 

The forward voltage Vf and the reverse recovery 
charge Qr of Silicon PiN power diodes can be controlled 
by carrier lifetime or carrier injection control tech-
niques to minimize the total power loss. The effect of the 
two techniques on the relationship between Vf and Qr 
was investigated by theoretical analyses. This work 
showed that the carrier injection controlled diode could 
better minimize the total power loss than the carrier 
lifetime controlled diode. 
 
1. Introduction 

Silicon PiN power diodes are widely used in applica-
tions such as electric home appliances and automobiles. 
During the on-state of a diode, excess carriers are injected 
into the i layer from the P and N layers, and a forward 
voltage Vf is applied across the diode. At turn-off, excess 
carriers are removed from the i layer, producing a reverse 
recovery charge Qr. Both Vf and Qr influence the power loss, 
and have a trade-off relationship. 

To minimize the total power loss, carrier lifetime con-
trol [1,2] or carrier injection efficiency control [3] can be 
used to reduce Qr instead of increasing Vf. In previous 
studies, these two techniques had been investigated indi-
vidually. 

In this study, we investigate the effects of both the car-
rier lifetime and the carrier injection efficiency on the rela-
tionship between Vf and Qr by theoretical analyses, and 
analyze which of the two techniques is better. 
 
2. Method 
Outline 

In this section, the method of calculating Vf and Qr is 
described. Vf and Qr can both be calculated from the excess 
carrier density distribution [4]. First, we derived the for-
mula for the excess carrier density distribution that takes 
into account the effects of the carrier lifetime and the car-
rier injection efficiency. We then calculated Vf and Qr from 
the carrier density distribution. 

Figure 1 shows the pattern diagram of the PiN diode 
investigated in this study. NP, Ni, and NN are the doping 
concentrations of the P, i, and N layers, and dP, 2d, and dN 
are the depths of the layers. respectively. Ci is the excess 
carrier density. J is the total current density, JPn is the elec-
tron current density at the P/i interface, Ji is the recombina-
tion current density in the i layer, and JNp is the hole current 
density at the i/N interface. ηPn, ηi, and ηNp are the current 

density ratios of JPn, Ji, and JN, respectively. 
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Fig. 1 Schematic of the PiN diode with distribution of doping and 
excess carrier concentration, and current density. 
 
Excess Carrier Density Distributions Ci(x) 

From Fig. 1, the excess carrier density distribution Ci(x) 
is expressed as [5] 
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where τi is the carrier lifetime, Lia is the ambipolar length, 
and µin and µip are the mobilities of electrons and holes in 
the i layer. The hole injection efficiency γp of the P layer 
can be represented as γp = (1 − ηPn). 
 
Forward Voltage Vf 

From Eq. 1, the forward voltage Vf is calculated as 
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where the first term on the right-hand side represents the 
voltage across the i layer and the second term represents the 
junction voltage. 
 
Reverse Recovery Charge Qr 

If the carrier recombination during turn-off is neglected, 
the reverse recovery charge Qr can be approximately de-
rived as  
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3. Results and Discussion 

The two control techniques were compared using Eqs. 
1–4. Figure 2 shows the relationship between Vf and Qr 
with varying τi and γp. The above equations can be calcu-
lated by moving the Vf–Qr point along the trade-off curve 
with the variation of τi and γp. At the low Qr region, Vf with 
τi control became higher than that with γp control. This re-
sult implies that decreasing τi causes an increase in the re-
sistivity. 

Figures 3 and 4 show the distribution of the excess car-
rier density and the resistivity at the same Qr and different τi. 
The excess carrier density of small τi is an order of magni-
tude lower than large τi around the middle of the i layer. Vf 
is inversely proportional to the carrier density. Therefore, 
the resistivity of the i layer increases at the same Qr. 

Thus, the carrier injection control is more suitable as the 
Vf–Qr control technique from the perspective of power loss 
suppression. 
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Fig. 2 Relationship between Vf and Qr with varying carrier life-
time τi and hole injection efficiency γp. NP = NN = 1.0 × 1018/cm3, 
Ni = 5.0 × 1013/cm3, dP = dN = 3 µm, and 2d = 140 µm. 
 
4. Conclusions 

The effect of the carrier lifetime and the carrier injec-
tion efficiency on the relationship between the forward 
voltage Vf and the reverse recovery charge Qr of the silicon 

PiN diode was investigated. With the decrease in the carrier 
lifetime, Vf was observed to increase at a given Qr. This is 
because the small lifetime causes high resistivity at the 
middle of the i layer. Thus, carrier injection control is more 
suitable than carrier lifetime control from the perspective of 
power loss reduction in PiN diodes. 
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Fig. 3 Distribution of excess carrier density with varying carrier 
lifetime τi at a given reverse recovery charge Qr 
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Fig. 4 Distribution of resistivity with varying carrier lifetime τi at 
a given reverse recovery charge Qr. 
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