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Abstract
Silicon PiN diodes are the most widely used rectifying technology in industry especially in voltage source
converters. The PiN diodes are usually used as anti-parallel diodes across silicon IGBTs where they
conduct current in the reverse direction as the current commutates between the phases of the converter.
They tend to generate a considerable amount of energy losses during the turn-OFF transient due to the
reverse recovery characteristics. The rate at which the diode is switched will determine the switching
energy and will affect EMI, electrothermal stresses and reliability. Hence, it is vital to be able to predict
the switching energy of the diode during its turn-OFF transient given the switching conditions so as to
have a realistic approach towards predicting the operating temperature. The switching energy of PiN
diodes is determined by the peak reverse recovery current, the peak diode voltage overshoot, the time
displacement between them as well as the temperature dependency of these peaks. In this paper, a model
is presented and validated over a temperature range of –75 °C to 175 °C and with switching speeds (dI/dt)
modulated by the gate resistance on the low side IGBT ranging from 10 Ω to 1000 Ω. Comparisons
show consistency between model prediction and measurements result. The model is a novel method of
accurately predicting the switching energy of PiN diodes at different switching rates and temperatures
using the measurements of a single switching rate at different temperatures.

Nomenclature
peak reverse recovery current at 25 °C IRR

(25 °C) (A)
Forward Current IF (A)
Diode Voltage 25 °C VAK

(25 °C) (V)
Diode Current iD (A)
Diode on-state Voltage Drop VD (V)
turn-OFF Switching Rate dITF/dt (A/ µ s)
Recovery switching Rate dIRR/dt (A/ µ s)
Voltage Recovery Rate dV/dt (V/ µ s)
Switching Energy of the Diode ESW (mJ)
Circuit Parasitic Inductance L (H)

Introduction
PiN diodes are the most widely used rectifying devices in power converters in industry [1]. They deliver
low conduction losses because of conductivity modulation from minority carrier injection however they
tend to have significant switching energy losses due to reverse recovery [2, 3]. The extraction of minority
carriers in the voltage blocking drift layer during turn-OFF results in a large reverse current with a peak
current and time duration that depends on the rate at which the PiN diode is switched off. These switching
energy losses are considerable due to the overlap between the peak reverse recovery current and the peak



diode voltage overshoot [4] as shown in Figure 1(a). Conventional models used to predict this loss use
simplistic equations which results in a degree of inaccuracy. This is shown in Figure 1(b).

(a) Turn-OFF transient of P-i-N diode during reverse recovery. (b) The measured power and the conventional model.

Figure 1: The Voltage, current and power behaviour during reverse recovery and its conventional modeling.

Equation (1) expresses the peak reverse recovery current (IRR) as a function of the turn-OFF switching
rate (dITF/dt), the derivation of which is shown in [5]. The peak reverse recovery current is known in to
increase and the reverse recovery time is known to decrease as the turn-OFF switching rate increases. The
reverse recovery characteristic also depends on the minority carrier lifetime, hence, lifetime treatment
techniques can be used to reduce switching losses by reducing the reverse recovery charge [6]. In Equa-
tion (1), S is a measure of the softness of the diode’s recovery characteristic (ratio of the time between
the zero crossing of the current and the peak reverse current to the time between the peak of the current
and the zero) and KQ is a function that defines the relationship between the stored charge in the diode
and the forward current (IF) [7]. Snappy diodes are diodes that have very high dI/dt during the recovery
phase of the turn-OFF characteristic where the current goes from the peak reverse current back to zero.
This high dI/dt combined with parasitic inductances can cause significant voltage overshoots capable of
causing device failure. Equation (2) accounts for the diode voltage (VAK) plus the peak inductive voltage
overshoot (L dITF/dt) resulting from the product of the switching rate and the parasitic inductance of the
diode (L). Equation (3) is the switching energy of the diode (ESW) expressed as a function of the peak
reverse current, the peak diode voltage and the switching time i.e. the switching energy is calculated as
the product of the peak voltage overshoot, the peak reverse recovery current and the total switching time.
The total switching time is mathematically expressed as sum of the time required for the current to fall
from the forward current to the peak reverse current (IF+IRR/ dITF/dt) and the time taken for the current
to go from the peak reverse current back to zero ( IRR/ dIRR/dt). K in (3) is the ratio of dITF/dt to dIRR/dt.
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In the next section, an accurate analytical model for calculating the switching energy of PiN diodes
during reverse recovery in the turn-OFF transient is presented. The model uses measurements at a single
switching rate and different temperatures to accurately predict the switching energy of the PiN diodes
over a wide variety of switching rates. It is based on linearized approximations of current and voltage
waveforms and incorporates the dependency of the peak voltage overshoot and reverse recovery current
on the switching rate (dI/dt), accounts for the impact of temperature on the snappiness of the diodes



reverse recovery characteristics and the time displacement between the peak reverse recovery current
and peak voltage overshoot [8]. The model is not a device-physics based model that requires detailed
information of the device’s physical geometry and processing parameters usually not available on the
datasheet. Rather, the model is based on mathematical models of switching waveforms that have been
extrapolated to cover different switching conditions. Although not as accurate as physics-based models,
the advantage of this model is that the switching energy can be determined for any switching rate given
some initial characterisation. The input parameters required for using the model are the desired voltage
and current switching rates (A/µs and V/µs), the forward and peak reverse recovery currents at a given
temperature as well as the terminal supply voltage. The temperature dependencies of these parameters
have also been taken into account. The model is validated through experimental measurements in a
clamped inductive test rig at different temperatures and different dI/dt (modulated through a range of gate
resistances). The results of the model are consistent with measurement results with as shown in model
validation section. Using the equations developed in this paper, applications engineers can calculate the
switching energy of the diode at a given temperature and switching rate using parameters extracted from
initial measurements and other datasheet parameters.

Model Development
Figure 2 shows the linearized switching waveforms of the diode current and voltages including the re-
verse recovery and voltage overshoot. The instantaneous power is calculated by simply multiplying the
voltage and current transients as shown in Figure 2 and the switching energy is calculated by integrating
the switching power over time. The current and voltage transients shown in Figure 2 have been di-
vided into different sections, where each section is characterized by a change in the transient waveform.
Between t1 and t2, the current through the diode is ramping down at a defined and constant rate that
depends on the gate resistance and input capacitance of the bottom side switching transistor. During this
phase, the diode voltage remains constant at the on-state voltage which depends on the diodes on-state
resistance. At time t2, the diode current reaches zero and becomes negative while the diode voltage re-
mains constant at its on-state value. Between time t2 and t3, the diode current continues on its negative
ramp with a fixed slope. At time t3, the diode voltage starts to increase as the electric field forms at the
junctions. The increase of the diode voltage will depend on the rate of discharge of the internal diode
capacitance formed in the depletion region. As the depletion regions form at the junctions of the PiN
diode, the device becomes incapable of supporting the current through it, so the negative current reaches
its peak (which is marked by time t4) and the remaining minority carriers in the drift region start recom-
bining. Between time t4 and time t5, the diode recombination current continues its positive ramp back to
zero while the diode voltage reaches its peak value which depends on the supply voltage and the peak in-
ductive overshoot. At time t5, the diode voltage reaches its peak and at time t6, the diode current reaches
zero. The switching power plot shown in Figure 2 can be divided into distinct areas corresponding to
the different switching phases. The total switching energy will be the sum of all the switching energies
as shown in equation (4). Equations (5) and (6) respectively show the derived switching energies ESW1
and ESW2 corresponding to the current switching phase where the diode voltage is constant. The calcu-
lated switching energy corresponding to other sections of the switching transient can be calculated by
equation (7) where the limits of the integration will depend on the section being integrated. The limits
of the integration are shown in equation (8) for t1 to t6. The coefficients of the integration in equation
(7) also depend on the section of the switching power transient being integrated. Equation (9) shows
derived expressions for the coefficients corresponding to ESW3, equation (10) for ESW4 and equation (11)
for ESW5.

Figure 2: Power areas of the complete model valid for all dI/dt rates.



The total switching energy can be calculated using the equation below:
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The switching time intervals defined in Figure 2 can be calculated as:
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and the equation coefficients can be calculated as:
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To ensure the temperature dependency of the switching energy is taken into account, the following tem-
perature dependencies of the peak reverse current, peak diode overshoot and the switching rate have been
incorporated into the model:

IRR = IRR
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The peak reverse recovery current increases with temperature as a result of increased carrier lifetime
resulting in higher reverse recovery charge. The rate of change of the peak reverse recovery current with
temperature (dIRR/dT) is extracted from reverse recovery measurements taken at different temperatures
and is incorporated into the model in the form of equation (12). In equation (12), IRR is the peak reverse
recovery current at a given temperature and IRR(25 °C) is the peak reverse recovery current at 25 °C. The
rate of change of the turn of current through the diode is known to decrease with increasing temperature.
This is due to the low side silicon IGBT which exhibits a slower turn-ON switching speed as the temper-
ature is increased as a result of reduced carrier mobility. This temperature effect is incorporated into the
model through equation (13) where the room temperature (25 °C) switching rate (dIRR/dt) is used as an
input parameter. The rate of change of the switching rate with temperature (d2IRR/dtdT) is also extracted
for a given switching rate at different temperature. The peak diode voltage reached during the switching
transient is the sum of the supply voltage and the inductive overshoot that depends on the switching rate
and the parasitic inductance. This diode peak voltage (VAK) reduces as the temperature increases because
the switching rate of the low side IGBT reduces with increasing temperature for reasons explained ear-
lier. This is incorporated into the model through equation (13) where the dV/dT is the rate of change of
the peak diode voltage with temperature. The following section on the experimental measurements will
show how all of these parameters have been extracted.

Experimental Measurements
To validate the model, the experimental measurements have been performed using a double-pulsed
clamped inductive quasi switching test rig with a set-up shown below [9, 10]. Figure 3 shows the circuit
schematic and Figure 4 shows a picture of the test rig. The test rig is equipped with a thermal chamber
capable of varying the temperature within a range of –75 °C to 175 °C and the gate resistance on the gate
driver of the test rig can be changed to any required resistance. In the case of these measurements, the
gate resistance is varied between 10 Ω and 1000 Ω to vary the switching rate of the PiN diode (dI/dt).
The initial gate pulse duration is set to 20 µs and the energizing pulse is set to 250 µs.

Figure 3: The schematic of the test rig design.

The value of the energizing inductance is 7.4 mH and the DC link capacitance is 940 µF. The gate voltage
is set to 18 Volts. The measurements are done at a voltage rating of 100 V and 40 A, the current probe
is degaussed within a range of 20 mV/A and the differential voltage probes are calibrated on a ratio of
1/100 V.



Figure 4: The Inductive clamped Measurement Test Rig including: 1- Environmental Chamber, 2- Signal Genera-
tor, 3- Oscilloscope, 4- Main power supply, 5- Interlock power supply, 6- 5V gate driver supply, 7- 18V gate driver
supply, 8- capacitors, 9- Inductors, 10- Gate Driver, 11- Probe Amplifier, 12- Safety Volt meter.

Figure 5 shows the diode turn-OFF switching rate (dICE/dt) as a function of the gate resistance at different
temperatures. It can be seen that the switching rate decreases as the gate resistance increases as is
expected since increasing the gate resistance increases the electrical time constant. It can also be seen
that increasing the ambient temperature reduces the switching rate as a result of increased minority
carrier lifetime and decreased diffusivity i.e. charge formation in the drift region occurs at a slower rate.
Figure 6 shows the turn-ON switching rate as a function of the gate resistance and temperature where it
can be seen that the diode switching rate reduces with increasing RG and temperature as expected.

(a) dI/dt as a function of RG

Figure 5: dI/dt on turn-ON of the IGBT as a function of temperature and gate resistance.

(a) dI/dt as a function of RG

Figure 6: dI/dt on turn-OFF of the IGBT as a function of temperature and gate resistance.



Figure 7 shows the measured temperature dependencies of the peak reverse recovery current and the
peak diode voltage overshoot for a given switching rate. Figure 7 shows that an increase in temperature
results in an increase in the peak reverse recovery current and a decrease in the peak voltage overshoot
of the device. These measurements as used to parameterize equations (12) and (14). The rate of change
of the peak reverse recovery current is extracted and fed into equation (12) and the rate of change of the
peak voltage overshoot with respect to temperature is fed into equation (14).

Figure 7: Temperature dependencies of the peak reverse recovery current and the peak diode voltage overshoot.

Figure 8(a), (b) and (c) shows the impact of temperature on the snappiness of the diodes reverse recovery
at 3 different temperatures. The square symbols represent the measured dI/dt of the diode turn-OFF
current when the carriers are being extracted in the opposite direction to conventional current flow i.e. the
negative slope current between the zero crossing and the peak reverse recovery current which is between
t2 and t4 in Figure 2. In this paper, this is referred to as the recovery phase in the turn-OFF current since
the carriers are recovered. The line in Figure 8 represents the measured dI/dt between the peak reverse
recovery current and zero which is between t4 and t6 in Figure. 2 i.e. the positive sloping current that
is formed by minority carrier recombination in the charge storage region when the diode is in blocking
mode and depletion regions have been formed at the junctions. In this paper, this is referred to as the
recombination phase of the turn-OFF current. The maximum slope is extracted from the measurements
in the 2 phases of reverse recovery. Diode snappiness can be defined as the ratio of the duration of the
minority carrier extraction phase and minority carrier recombination phase. In Figure 2, this would be
(t4- t2)/(t6-t4) [5]. Diode snappiness can also be defined as the ratio of the dI/dt during carrier extraction
and the dI/dt during carrier recombination [11, 12]. The diode is said to be snappy when the measured
dI/dt during the recombination phase is higher than that in the recovery phase or the duration of the
recombination phase is smaller than that during the recovery phase. Because excessively snappy diodes
can cause reliability problems during hard commutation with high dI/dt, fabrication steps can be taken to
ensure soft recovery. It can be seen from Figure 8 that at small gate resistances, the recombination dI/dt
is higher than the recovery dI/dt and as the gate resistance is increased, the recombination dI/dt becomes
smaller than the recovery dI/dt. It can also be seen from Figure 8 that the increase in temperature results
in an increase in the snappiness of the diode. This is due to the fact that the increase in temperature has
increased the dI/dt of the recombination slope while the reverse recovery slope has been decreased with
temperature.

Figure 8: The ratio of Slopes of dI/dt on Recovery and Recombination varied by Temperature change.

Model Validation
Figure 9 shows the turn-ON and turn-OFF switching energy as functions of the switching rates and
temperatures. As seen, the switching energy during diode turn-OFF is approximately 4 times higher than
the turn-ON. This is mainly due to the reverse recovery phenomenon during the turn-OFF. The switching
energy increases with temperature in both cases. The increase in switching energy during turn-ON is
due to the fact that the dI/dt is decreasing with temperature as shown in Figure 5 which in turn results
in slower transient and higher switching energy. The increase in switching energy during turn-OFF is



also due to the decrease in dI/dt and also an increase in the recovery charge due to increasing minority
carrier lifetime with temperature. Therefore as seen in Figure 9(b), the increase in switching energy
with temperature during turn-OFF is more significant. Figure 9 also shows that the switching energy
reduces with reducing dI/dt initially before it starts increasing as the dI/dt is reduces further leading to
a U-shaped characteristic. At high dI/dt, the high switching energy is due to high peak reverse recovery
currents and high diode voltage overshoot, whereas at dI/dt the high switching energy is due to the long
transient during the switching process. Therefore an optimum point exists where the switching energy is
minimum.

(a) As a Function of Temperature for RG = 10 Ω (b) As a Function of Gate Resistance at room Temperature

Figure 9: Experimental measurements of switching energy during turn-ON and turn-OFF of the Silicon PiN diode.

Figure 10 shows a comparison between the measurements and model at different (a) gate resistances and
(b) different temperatures. As seen, the model has good estimation of the switching energy with a small
error margin and is capable of predicting the trends with temperature and switching rates as well.

(a) Switching Energy as a function of RG (b) Switching Energy as a function of temperature

Figure 10: Validation of the proposed model and comparison with measured switching energies.

Conclusion
PiN diodes normally exhibit a significant reverse recovery charge during the turn-OFF transient. This
reverse charge is the cause of significant switching energy. This switching energy results in considerable
temperature rise during turn-OFF, especially at higher switching frequencies. Since PiN diodes are still
devices of choice in many applications, this energy requires accurate estimation. The switching energy
exhibited by PiN diodes during turn-OFF also has a distinct temperature and switching rate dependency
that can be modeled and extrapolated to different switching conditions. In this paper, an accurate analyti-
cal model for prediction of switching energy of PiN diodes during reverse recovery transient is presented.
The model is based on waveform analytical modeling at different temperatures for a given switching rate
and a subsequent extension of the waveform characteristics to different switching rates. The advantage
of the model is that it does not rely on having information usually known only by manufacturers and
standard datasheet parameters will suffice. The model is validated through extensive experimental mea-
surements in a clamped inductive switching test rig. The model output has shown a good agreement with
measurements results through a range of gate resistances and temperatures.
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