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Charge Recovery Phenomenon of Diodes
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Reverse Recovery Time of Diodes HPPI
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10 % of nom. peak rev. current
defined by MIL-STD-750D, METHOD 4031.3




Reverse Recovery Time of Diodes

Various Definitions

Reverse Recovery Setup:
50 and 100 Q2

Reverse Recovery Definition - I:
25 % of nominal peak reverse current [1]

Reverse Recovery Definition - II:
10 % of nominal peak reverse current [2]
MIL-STD-750D, method 4031.3

Reverse Recovery Definition - 111:
90 % of reverse voltage [3]

Reverse Recovery Definition - IV:
Reverse recovered charge [4]
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50 Q Standard TLP
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Reverse Recovery Time Measurement

tr Extraction Procedure (Example)

> Set the pulse parameters to minimum available rise time of
100 ps and a pulse width which is approximately two to three
times the expected reverse recovery time.

» Operate diode in forward mode with a defined forward bias
current Ig.

> Apply a reverse mode TLP pulse with a defined reverse voltage
Vr = Vrip — |VE|. The pulse width of the TLP has to be increased
until the voltage Vi remains steady state.

» Measurement of the nominal peak reverse current.

» Extract 25 % (or 10 % according MIL-STD) of the nominal peak
reverse current.

» The time where the current Ipyt decreases down to 25 % (or
10 % according MIL-STD) of the nominal peak reverse current, is
the reverse recovery time.



Reverse Recovery Transient Waveforms
Example: 39.7 ns
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Reverse Recovery Transient Waveforms

Example: 2.5ns
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Reverse Recovery Transient Waveforms HPPI
Example: 0.6 ns
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50 €2 Reverse Recovery Measurement Setup

Example: Reverse Recovery Measurement Result of a Silicon Diode
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Transformer-Based Current Sensor

» Transformer-based current sensors are widely used for TLP
measurement because of its very low parasitic load impedance
and high frequency bandwidth

» Drawback are zero DC current readout and potential magnetic
core saturation

» Therefore the readout of the current sensor need to be
corrected to obtain right results

» Magnetic core saturation must be avoided

> A SPICE equivalent model (no magnetic core saturation effects
included) of a transformer-based current sensor (next slide)
may help to review and analyze the situation



100 A, 3GHz, 50 Q, 0.5 V/A Current Sensor CS-0V5-A (il

SPICE Equivalent Model

50 Q Current Sensor Output
(PORT 3)

50 Q Current Sensor Output

(PORT 3)
50 Q Pulse Input
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CS-0V5-A
Simplified SPICE Equivalent Model

50 Q Pulse Input
(PORT 1)

50 Q Pulse Output
(PORT 2)
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Typical TLP Measurement Setup HPPI
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@ IF Forward Current
Bias Tee BT-10100A
30kHz-6 Ghz Interconnection GGB 5 kO
TLP Generator Cable Current Sensor Cable Model 10
500 Lo ? ;ﬂ: L1-0-15m Rpp = 4.95 k0
(0 00 ) T
V| t
PULSE ®) | IouT (©)
DUT
Oscilloscope u i Vput (®)
ireapout © H) 500 =
vout ® ) 500 M

» The transformer-based current sensor does not readout the DC
bias current



Setup and Polarity Definition HPPI
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Source Meter
I Forward Current
1=
Bias Tee BT-10100A
30kHz- 6 GH
i i Interconnection GGB 5k
TLP Generator Cable CurrentSensor  Cable Model 10
500 Ly CS-0VSA L4~0.15m Rpp =495 K0
500 it 500
Veuise® l % Iput ()
Oscilloscope DUTX | vpur ()
ireapout © =
Vput () ] s00

> Voltage and current polarities are defined as shown in this
schematic

» Therefore the diode forward current is considered as a negative
value, e.g. IF = —45mA

» Ipur,caic = Ireapout + IF



Measurement Setup with Discrete Current Sensor HPPI
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Transformer-based Current Sensor

» Because of the transformer, the current sensor will not read out
the DC forward bias current IF

» The sensor will read out the difference in the time domain:

Read Out Current =IDUT - IF

» This means we need to correct the result by post processing to
get the correct IDUT value:

IDUT = Read Out Current + IF

» In addition the readout signals shows a delay and a plateau due
to the cable ;



How to Correct the Current Sensor Readout Signal? HPP!
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How to Correct the Current Sensor Readout Signal? HPP!
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Step 1: Shift down the current sensor readout signal by IF

Step 2: Shift left the current sensor readout signal by the delay
time t;; due to the cable length L1:

Li L&
th=—=~
v c
Example:
[, = 0.15m
v = 02mns !

t, = 0.75ns



Probe Parasitics and Cable De-Embedding

Required to avoid wrong readouts

> Voltage scale factor of the 5k Picoprobe [~~~
model 10:

49500 + 500
50Q
» Probe Parasitic Shunt Resistance:

=100

49502 4 50 Q2 = 5000 €2

> Activate correct cable de-embedding
> Disable oscilloscope offset correction




Maximum Peak Reverse Current HPPI

pulse Insu:mmvls
50Q %
Il
I

VpuLse ® | Bias

» The maximum peak reverse current is limited by the pulse
voltage:
Vpurse

JPULSE | |
500 ' F

Iput,max =

> Example:
VPULSE = 5V, /F = —45mA
Maximum possible peak reverse current: Ipyr max = 55 mA



Readout Detail A HPPI

high power
lIse instruments
VPULSE = 5V, IF = —45mA e
100 T T T T T T 2.5
80 | Real DUT Reverse Voltage 1,
60 - \ 115
Current Sensor Readout
40 - I \ +41
< 20t 4 05
E \ =
:‘ Corrected Current Sensof Readout
c 0r i T 0 5
[ H Real DUT Current H | >n
S 2t : i v H-05
-40 | i i 4 -1
-60 Reat DUT Forward Voltage IpyT : - —4-1.5
IreaDoUT T
80 - : leac —— : : 12
-100 L L , Vour L L 25
-5 0 5 10 15 20 25 30
Time [ns]

» The amplitude of the plateau A results from:

_ Vpuise

1
Iy = _—_ —50mA
A 2 50Q




Readout Detail B HPPI
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Veyrse = 5V, Ir = —45mA MR
100 T T T T T T 2.5
80 L > Q< Real DUT Reverse Voltage 1,
60 - 1 15
Current Sensor Readout
40 =41
T 20f \‘ 405
£ s
:‘ Corrected Current Sensof Readout
5 0 i T 0 5
o : Real DUT Current ! ] 3
3 20f : i v 4-05
40 |- i i 41
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Time [ns]

» The pulse width B of plateau A (page 27) results from:

2-L 2-L-
tB:2't[_1: Vlz 1C\/6_r




Readout Detail C HPPI
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Vpurse = 5V, Ir = —45mA
100 T | ammas T T T T 2.5
80 | é \ Real DUT Reverse Voltage i 2
60 1 15
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40 : 11
< 20} i i —4 05
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» The amplitude of the plateau C results from:

1
I =V - —— = 100 mA
C,max PULSE " 54°0)

» The peak value can be less in case Q,, is small, but never > /¢ max



Readout Detail D HPPI

high power

Veurse = 5V, Ir = —45mA pulse instruments

100 T T T T T T 25
80 | Real DUT Reverse Voltage 42
60 - \ 115
Current Sensor Readout
40 | I \ 41
< 20t 4 05
E \ =
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» Thetime D is dependingon Q,



Readout Detail E HPPI
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Veyrse = 5V, Ir = —45mA s bunelt]

100 — - . . ; 25
80 b Real DUT Reverse Voltage 1,
60 1 15
Current Sensor Readout
40 41
I 20 \ 405
E =
:’ Corrected Current Sensof Readout
2 of i . 0 5
o : Real DUT Current e ol 8
3 20+t : E v +4-05
-40 - i i 4 -1
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» The decay E is depending on Cj,



Calculation of the DUT Current HPPI
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Using Transformer-based Current Sensors s

> Post-processing procedure:

1. Shift left Ireapour by ts/2 on the time axis
2. Add DC bias current: Ipyr caic = Ireapour + Ir

» Ipur cacc is valid after tg, this means that the time ¢z needs to be
blanked (set Ipyr,caic = If) in order to get the right peak reverse
current of the diode.

» Precise evaluation of tg is necessary for this purpose

» Inall cases for Ir and Vpy, s¢ the calculated peak reverse current
and decay give the right result, despite the current sensor delay



Example With Very Low Q,,

» All details A-E as described before

= = = = E DAC 335
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Bias Tee Pitfalls HPPI
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> Bias tee’s are widely used for TLP and charge recovery
measurements

» Despite of the advantages of using bias tee’s, there are two
major drawbacks:

1. Potential SMU control loop instabilities and oscillations
2. Potential DUT voltage and current transient distortions

» There are two options:

1. Don’t use bias tee’s (= separate topic for presentation)
2. Use bias tee’s and review/analyze the risk of malfunction



Example: 50 O Measurement Setup HPPI
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Single Bias Tee puise nsiruments
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Example: 100 O Measurement Setup HPPI
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Dual Bias Tee

¥ BUS ¥ BUS ¥ BUS

Pulse Width Extender SMU SMU
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Bias Tee Choices and Trade-Off

There are a lot of RF bias tees on the market, but it is probably very
hard to find the unique combination of features required for TLP:

» High voltage capability

> Low cut-off frequency 30 kHz (for large ps pulse width)
» High cut-off frequency >7 GHz (for VF-TLP)

» Low insertion loss (for low pulse distortion)

> Low reflection coefficients (for low pulse distortion)

Therefore HPPI did develop bias tees suitable for TLP to combine all
features mentioned above.



Bias Tee Pitfall #1: SMU Control Loop Instabilities

Can Cause High Voltage SMU Oscillation and SMU/DUT Damage

DUT DC Bias

Bias-Tee
BT-10100B 300 pH
z DUT
||—m50Q H— ]I

HPPI
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» For typical TLP measurements the 50 Q bias tee must have a low
cut-off frequency of around 30 kHz for large pulse width and an

upper cut-off frequency in the range of 7 GHz to ensure a fast

pulse rise time. This results in quite large L and C values inside

the bias tee.



Bias Tee Pitfall #1: SMU Control Loop Instabilities HPPI

high power

Can Cause High Voltage SMU Oscillation and SMU/DUT Damage s

» This extreme load impedance at the SMU output may have
strong impact on the control loop of the SMU. Depending on the
phase margin of the SMU open-loop gain, the SMU output may
become unstable. Unexpected damage of the DUT may happen
because of a sudden SMU output runaway or high voltage
oscillations. If the DUT impedance is changing in a wide range
from short circuit to high impedance or representing a nonlinear
characteristic, the SMU stability will be dependent on the DUT
impedance in the measurement setup. Note: the situation may
change significantly in case of a 4-wire (Kelvin) setup.

> Investigate the stability of the SMU with a separate test setup,
check the SMU manual and/or contact the SMU vendor



Bias Tee Pitfall #1: SMU Control Loop Instabilities HPPI
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DUT DC Bias

Bias-Tee
BT-10100B

» Asimple but very effective countermeasure to increase the SMU

control loop stability is to connect a resistor R directly at the
output of the SMU.

» The value of the resistor should be as large as possible. Several
hundred Q to kQ may be sufficient.



Bias Tee Pitfall #2: Dynamic Transient Distortions

Root Cause

Pulse
Input

L2 L3

I3
S ST ST [ ST l ”«W\—goc
L1 L4 L5 1

A,
Pulse
Output

» By its nature, a bias-tee represents a multi-resonant wide-band
circuit




Bias Tee Pitfall #2: Dynamic Transient Distortions

Bias Tee Typical Characteristics

Insertion Loss S21 [dB]

_2‘5 al al ul ul al
104 10> 10® 107 108 10° 1070

Frequency [Hz]

> BT-10100B (https://www.hppi.de/files/BT10100B.pdf) pulse
input to output transfer characteristic


https://www.hppi.de/files/BT10100B.pdf

Bias Tee Pitfall #2: Dynamic Transient Distortions

Bias Tee Typical Characteristics

0 T T T T

S11

10 oo

20 B

=30

$11, 522 [dB]

40 B

-50 :
10° 10 107 108 10° 1070
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> BT-10100B (https://www.hppi.de/files/BT10100B.pdf) pulse
input/output return loss


https://www.hppi.de/files/BT10100B.pdf
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Bias Tee Pitfall #2: Dynamic Transient Distortions

Root Cause

Pulse
Generator

50Q
c2

fm
o O 0N 0N gLDC T
L1 L2 L3 L4 L5 1 200pF (¥)SMU
Pulse I - I

» 200 pF is the equivalent capacitance of 2 m long 50 Q cable

> Root cause: pulse excitation of a multi-resonant circuit at very
low resonant frequency



Bias Tee Pitfall #2: Dynamic Transient Distortions
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» VDUT distortion



Bias Tee Pitfall #2: Dynamic Transient Distortions
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Bias Tee Pitfall #2: Dynamic Transient Distortions

Countermeasure

DUT DC Bias

RG188-2m

Bias-Tee
BT-10100B

» Connect series resistor to isolate the parasitic cable capacitance
» Required for SMU in current force mode
» Not required for SMU in voltage force mode
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Conclusions HPPI
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» Charge recovery measurements require exact specification and
documentation of test method, measurement setup and
extraction procedure. Otherwise the measured numbers are
useless.

» Transformer-based current sensors require special readout data
processing

» The impact of bias tee’s in the setup need to be investigated in
detail

» Extraction of Q,- can be easily done by post processing (not
covered in this presentation)

» HPPI support with Python code snippets for effective data
processing
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