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Forward Turn-On Time

Forward recovery time tg [1]: The time required for the voltage to
reach a specified value (normally 110 % of the steady
state forward voltage drop), after instantaneous
switching from zero or a specified reverse voltage to a
specified forward biased condition (forward current)
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Reverse recovery time t, [1], [2]: The time required for the current
to reach a specified reverse current, ig (normally 25 %
of Iru), after switching from a specified forward current
Ir to a specified reverse biased condition (reverse
voltage Vpqtt) with a specified slope dlr/dt

Reverse turn-on (overshoot recovery) time t,,: The time required
for the reverse voltage to reach a specified value after
overshoot (normally 110 % of the steady state reverse
voltage drop), after instantaneous switching from zero
forward current to a specified reverse current biased
condition (reverse current /)

» The reverse turn-on (overshoot recovery) time t,, is evaluated
in this report
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Example: Reverse Overshoot Voltage Vos
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Example: Zoom View puise nsiruments

—— Voltage (raw data) at/r =16 A
22 - Voltage (noise suppression)
—— Steady-state voltage (LS-fit from 60 ns to 80 ns)
—— 110 % of steady-state voltage
214
>
o 20
o
©
=
o
>
19 A1
18 1
17

0 5 10 15 20 25
Time [ns]



Reverse Turn-On (Overshoot Recovery) Time t,, HPPI

high power
pulse instruments

Procedure: How To Extract t,,

1. Evaluate steady-state voltage by LS-fit from t1=60 ns to t2=80 ns
» t1 and t2 should be defined for proper steady-state

2. Calculate steady-state voltage Vg att = 0
3. Deskew time axis at t = 0 at 10 % of Vg

4. Calculate 110 % of the steady-state voltage
(LS-fit from 60 ns to 80 ns)

5. Apply appropriate noise suppression of the voltage raw data

6. Calculate intersect point t,, of filtered voltage raw data and
110 % of the steady-state voltage after overshoot
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Vos —— Voltage (raw data) at g =16 A
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D5VOF1U2LP3, Iz = 16 A at 100 ps Rise Time HPP!

high powe

Detail View pdiend

201
Vro G
15 A
2
[}
o
©
=
o 4
S 10
5
—— Voltage (raw data) at g =16 A
——— Voltage (noise suppression)
t=0 at 10% of Vgo — Steady-state voltage (LS-fit from 60 ns to 80 ns)
0 —— 110 % of steady-state voltage

6 2 4 6 8 1'0 1'2
Time [ns]



D5VOF1U2LP3 [3], /r = 4 A at 1 ns Rise Time HPPI

high power
pulse instruments

Vos
15.0
12.5 A1 Vo
10.0
> —— Voltage (raw data) at I = 4 A
g ——— Voltage (noise suppression)
jg 751 — Steady-state voltage (LS-fit from 60 ns to 80 ns)
E —— 110 % of steady-state voltage
5.0 1
2.5 1
t=0 at 10% of Vo
0.0 iy

=25 0 25 50 75 100 125 150
Time [ns]



D5VOF1U2LP3, lr = 4 A at 1 ns Rise Time HPP!

high power

Detail View pulse instruments

16 Vos
141 ton=2.2ns

VAMeA D AL A
124 Vao 0 , NS |
10 1

Voltage [V]
o]

4 5 6 7 8
Time [ns]

6
4 -
—— Voltage (raw data) at g =4 A
2 ——— Voltage (noise suppression)
t=0 at 10% of Vgg —— Steady-state voltage (LS-fit from 60 ns to 80 ns)

0 —— 110 % of steady-state voltage

T

3



D5VOF1U2LP3 [3], I = 16 A at 1 ns Rise Time HPPI

high power
pulse instruments

30 A
Vos —— Voltage (raw data) at [g =16 A
——— Voltage (noise suppression)
- Steady-state voltage (LS-fit from 60 ns to 80 ns)
251 —— 110 % of steady-state voltage
20 A
=
o 15 A
o
©
=
o
>
10 A
5 B
t=0 at 10% of VRU
0 ohimtihubalnd

-25 0 25 50 75 100 125 150
Time [ns]



D5VOF1U2LP3,/; = 16 Aat 1 ns Rise Time

Detail View

Vos —— Voltage (raw data) at g =16 A
—— Voltage (noise suppression)
—— Steady-state voltage (LS-fit from 60 ns to 80 ns)
251 —— 110 % of steady-state voltage
ton=3.3ns
201 [ N A A A
- Vro & A
2
[}
o 15+
©
=
o
>
10+
5 -
t=0 at 10% of Vro
[ T T T T T
0 2 4 6 8 10

Time [ns]

HPPI

high powe
pulse instruments




D5VOF1U2LP3 [3],/r = —4 A at 100 ps Rise Time
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D5VOM1U2LP3 [4], [z = 16 A at 100 ps Rise Time

Detail View: Strong Resonant Ringing
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> Rreverse turn-on (overshoot recovery) time t,, measurement

results:
Reverse Mode Forward Mode
Rise Time = 100 ps Rise Time =1 ns Rise Time = 100 ps Rise Time=1ns
IR=4A IR=16 A IR=4A IR=16 A IR=-4A IR=-16 A IR=-4A IR=-16 A
[D5VOF1U2LP3 1.5ns 1.8ns 2.2ns 33ns 24.4ns 17.1ns 26.8 ns 17.6 ns
\DSVOMIUZLPB 0.5 ns 2.8ns*) 1.3ns 1.7ns 4ns*) 2ns*) 4.3 ns 4.7 ns

*) strong ringing



Python script for t,, extraction

Experimental code download: https://www.hppi.de/files/extract_ton_2.py

# -+~ coding: utf-8 -+

Created on Mon Mar & 06:59:36 2021

@author: Werner Simbuerger, HPPI
Python Code and Results
There is ABSOLUTELY NO WARRANTY; not even for MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE

import os
import famatch
import zipfile
import io
import math
import requests

import matplotlib. pyplot as plt
from datetime import datetime , timedelta

from scipy import signal

import progressbar  # install progressbar2 package (not progessbar)
import pyperclip

from pathlib import Path

##8  Parameter Definition

i_extract = np.array ([4, 16]) # extract the turn on time at these TLP current
¥ path + Poth (17E A\ PROJECTITLP_5010C ROL\000. TLP. Data\2021 01 25_Diodes|01 DSVOPLB2LP31100ps_neg.100ns ")
d_path = Path(pyperclip. paste ()

# position of the averaging window
avg_win_lo = 60 # averaging window start in [ns]
avg_win_hi = 80 # averaging window stop in [ns]

# turn-on time extraction threshold value in [percent] of the average clamping voltage
ton_threshold = 12

# extraction of steady state voltage

# slope_mode = 'slo calculate least square fit line in averaging window
¥ Sope-mode - ‘men calculate horizontal line at mean value in averaging window
slope_mode = ’mean

# Noise suppression
# https:// plot.ly /python/smoothing/

# arg 1 window size used for filtering

# arg 2 order of fitted polynomial

#  optional: calculate fitting windows size from sampling rate
i 0.4 ns -> 5 GS/s —> window_size = 51

# window_size = int (round_up_to_odd (1/ delta_t *20.4))

HPPI
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https://www.hppi.de/files/extract_ton_2.py

# take care about window size and filter order - good ranges are
# window size (always odd number): 51, 101, 201

# filter order: 3

window_size = 51
filter_order = 3

L5

##i Code Begin

def round_up_to_odd (f)
return np.ceil(f) // 2+ 2+ 1

# https:// stackoverflow .com/ questions 303200/ how-do-i -remove-delete -a-folder ~that is ~not-empty
def remove_path(path: Path):
if path.is_file () or path.is_symlink ():
path. unlink ()

urn
for p in path.iterdir ():

remove_path (p)
path. rmdir ()

_files(folder=".", pattern=""", case_sensitive=False, subfolders=False)
Return a list of the file paths matching the pattern in the specified
folder, optionally including files inside subfolders

match = famatch. fomatchcase if case_sensitive else famatch. famatch
walked = os.walk(folder) if subfolders else [next(os.walk(folder))]
return [os.path. join (root, f)

for root, dirnames, filenames in walked

for f in filenames if match(f, pattern)]

def download_extract_zip (url):

Download a ZIP file and extract its contents in memory
yields (filename, file -like object) pairs

response = requests. get (url)
with zipfile. ZipFile (io.BytesiO (response. content)) as thezip:
for zipinfo in thezip.infolist
with thezip.open(zipinfo) as thefile
yield zipinfo.filename, thefile

def file_extract_zip (file_name)

Read ZIP file and extract its contents in memory
yields (filename, file -like object) pairs

with open(file_name , rb") as f:
file_content = f.read ()

#  response = requests.get(u
with zipfile. ZipFile (io By(ES\Q(ﬁle content)) as thezip:
)

with thezip open (zipinfo) a5 thefile
yield zipinfo.filename, thefile

def find_nearest(array, values):  #https://stackoverflow .com/questions /2566412/find ~nearest -value -in -numpy-array
array = np.asarray (array)

Dac

0/1



of

ef

# the last dim must be 1 to broadcast in (array - values) below
values = np.expand_dims (values , axis=-1)

indices = np.abs (array - values ). arg
return indices

return array [indices

fitxy (x,y):
X_b = np.c_[np.ones((np.size(x), 1)), x] # add x0 = 1 to each instance
theta = o linalg.inv (X.0.T. ot (4.0)). dot (0.5.T). dat(y)

theta [0]

. theta [1]
return (k*x+d)

fitxy_kd (x,y)
b

b = np.c_[np.ones ((np.size (x), 1)), # add 1 to each instance
theta = np. linalg.inv(X_b.T.dot(X_b)) duux BT doty)

d = thetal0]

k = theta[1]

return (k,d)

TriggerEdges(y, trigger_val):  #https:// stackoverflow com/questions /50365310/ python-rising -falling ~edge-oscilloscope ~like - trigger
maskl = (y[:~1] <= trigger_val) & (y[1:] »= trigger_val)

mask2 = (y[:-1] >= trigger_val) & (y[1:] <= trigger_val)

return (np. flatnonzero (maskl | mask2)+1) # returns index of rising and falling edge

yolfset (xy):
ym;

if abs(ymax) > abs(ymin): # positive HEM Pulse
x2 = x[TriggerEdges (y/abs (ymax) ,0.5) [0]]
else: # negative HBM Pulse
x2 = x[Triggeredges (y/abs (ymin) , ~0.5)[0]]

¥0 = np.mean(y(np. where (x < (0.7°(x2-x1) + x1))])
FPrNE( \n\r s ymin="s Str (ymin}s ", "+ ymax="+ Str (ymax)+*, "+ 'XL="4Str(x1)+ 7, "+ R2="Str (x2)+7, "+ yO="+ str (y0))
return (y0)

TimeStamp (): # create 10-digit time stamp number (every second increment)
datetime .now (

mdn = dt + timedelta(days = 366)

frac = (dt-datetime (dt.year, dt.month, dt .day,0,0,0)). seconds / (24.0 * 60.0 * 60.0)
mdn. toordinal ()

return (math. ceil ((day-7e5)*1e5))

interpolated_intercepts (x, yl, y2): #https://stackoverflow.com/questions 42464334/ find ~the~intersection ~of ~two-curves -given ~by-x-y-data-with -high - precision -in

"""Find the intercepts of two curves, given by the same x data"""

def intercept (point1, point2, point3, points)
the intersection between two lines
the first line is defined by the line between pointl and point2
the first line is defined by the line between point3 and points
each point is an (x,y) tuple

So, for example, you can find the intersection between
intercept((0,0), (1,1), (0,1), (1,0)) = (0.5, 0.5)

Returns: the intercept, in (x,y) format




def line (p1, p2)
(pLILT - p2(1])

(p2[0] - p1lo])
€ 5 prtoleatn] - 201 pita)
return A, B

def intersection (L1, L2)

= L1f0] * L201] - L) ¢ L200)
ox = L1[2] * L2(1] - L11] * L2(2]
oy = L1fo] * L2[2] - L1[2] * L2(0]
x=0x /D
y =0y /D
return x,y

L1 = line ([point1[0],point1[1]],

L2 = line ([point3[0], point3[1]],

R = intersection (L1, 12)

return R
idxs = np.argwhere (np. diff (np. sign (yl - y2)) I=
xes =[]
yes = 11

for idx in idxs

xc, ye = intercept ((xlidx], yLlidx]),((xlidx+1], yllidx+1])),

xes.append (xc)
yes . append (yc)
return np.array (xes), np.array (yes)

# Werner: START
it _name_ main__"

# r_path = d_path.joinpath ("report ')

col = 1; # column in data file: 0..t, 1

# if Path(r_path). exists ()

# remove_path (r_path) # force folder delete

# os.mkdir(r_path)  # create temporary report

d_files = list_files (folder=d_path, pattern=

plt close("all")

“.zip

[point2(0], point2[1]])
[point4[0], point4[1]])

o)

((xTidx], y2lidx])), ((x[idx+1], y2[idx+1])))

v(t), 2,00

folder

, case_sensitive=False, subfolders=True)

response = file_extract_zip (d_files[0])
data_dict

pulse_voltage_text_list = []; # pulse voltage text list
iv_data = []; # iv data

pulse_voltage_array = [];
for f in response
iv_dat = np. genfromtxt(f (1],
data_dict[(0]) = iv_dal
pulse_voltage_text_list.append(f[0])
iv_data.append (iv_dat)

# pulse voltage array

delimite

list (data_dict)
in pulse_voltage_text_

,skip_header=1)

t:
pulse_voltage_array.append (i[:-5].split(’_")[1]) # create pulse voltage list



pulse_voltage_array = np.array ([float(i) for i in pulse_voltage_array]) #create pulse voltage arrsy

skip_rows = 0
with open(d_path. joinpath ('TLP_data.csv')) as fp
line in fp

TLP_data = np.loadtxt (d_path.joinpath (*TLP_data.csv'), delimiter=",", skiprows=skip_rows)

iv = find_nearest (abs (TLP_data[:,3]), abs(i_extract))

bar = progressbar. ProgressBar (max_valu
bar_cnt = 1

p.size (iv))

for min iv:

bar.update (bar_cnt)
bar_cnt += 1

x = iv_data[ml[:,0]
delta_t = (x[11-x[0]) # calculate osc sampling rate
iv_data(ml(:,coll & 0...t, 1..V(t], 2...1 Intern, 3... | CT-2(t) > Default (2)
= iv_datalml[:,2] # Stom Transiente
pulse_voltage_array(ml;

yoffset(x,y)
v -0

ymax = max(abs(y))

i = np.where(abs(y) == ymax)
tmax = x[i]

ymax = np. sign (y[i1)*ymax
where (x <= tmax)

interpolated_intercepts (xr,yr, xr*0.0+0.1ymax)
x - xds[0]

xr = xr - xds[o]

i = np.where((x >= avg_win_lo] & (x <= avg_win_hi))
X1 = x[i]
1= ylil

if slope_mode == 'slope :

K fitxy_kd (x1,y1)
mode == 'mean’
o

np.mean (y1)

vio = d
xds, yds = interpolated_intercepts (xr,yr,xr*0.0+0.1°vr0)
X = x - xds[-1]

xr = xr - xds[-1]




i = np.where((x >= 0) & (x <= avg_win_hi))

x1
v

xispec = x[i]

ylspec = y1 * ton_threshold/100.0
ymax = max(abs (y))

i = np.where (abs(y) == ymax)
tmax = x[i]

ymax = np.sign (y[i])*ymax

i = np.where ((x >= tmax) & (x <= avg_win_hi))

¥ Noise suppression
# https:// plot. ly/python/smoothing/

# arg 1 window size used for filtering

# arg 2 order of fitted polynomial

#  optional: calculate fitting windows size from sampling rate
# 0.4 ns -» 5 GS/s -» window_size =

W window_size = int (round_up_to_odd (1/ delta_t *20.4))

# take care about window size and filter order - good ranges are
# window size (always odd number): 51, 101, 201

# filter order
ys=signal.savgol_| fitter (yns, window_size , filter_order]

ton, yon = interpolated_intercepts (xns,ys,(k*xns+d)* float (ton_threshold /100))
ton = ton[0]

yon = yon(o]
i = np.where (xns >= ton[0]*0.9)

i=np wnmux >= avg_win_lo) & (x <= avg_win_hi))

fig, ax = plt.subplots ()
ax. plot(x,y, label=("Voltage (raw data) at $I_R = %.0f$ A" % i_mean))

ax.plot (xns1,ys1, label="Voltage (noise suppression)’]

if slope_mode == 'slo
ax.plot (x1,y1, label

if slope_mode == ‘mean’
e plotixlyL, label

Steady-state voltage (LS-fit from %g ns to %g ns)" % (avg_win_lo, avg_win_hi)))

Steady-state voltage (mean at %g ns to %g ns)" % (avg_win_lo, avg win_hi)))

ax. plot (xlspec, ylspec, label=("%g %% of steady-state voltage” % float (ton_threshold]))

ax.plot(0,0.17vr0, "0, colos
D Samotaiai- 2o, 40 16 ot SvL 1R015" =0 ,0.17 w0}, xycaords=

ax. plot (tmax,ymax, 0", colo
ax. annotate (("$V_ (0|

ax.plot(0,vr0,"0" color="g",mfc="none ")
ax. annotate (("$V_{R0}=%.115 V" % vr0), xy=(0, vr0),xycoords=

ax. plot(ton,yon, 0", color="r ", mfc="none ')

mfc e’)
Srts %ymnx), o (tmax ymax)  ycoords=dataxytext=(10, 0), textcoords='offset points

Jha="left v,

=

data’, xytext=(8, 0), textcoords='offset points’,ha='left’,va="center")

a="center”)

data’,xytext=(-70, 0), textcoords="offset points’,ha='left’,va="center")




ax. annotate (("$t_{on}=%.1f5 ns" % ton), xy=(ton,yon),xycoords=

ax.set(xlabel="Time [ns] ", ylabel="Voltage [V]")
ax.grid (
ax. legend (loc

best’,fontsize=8)

deviname = r"g" % (v_p, )
devfname = deviname. replace (

# pltfname = r_path . joinpath (d_path.parts[-2] + "_* + deviname + *.pdf")

# plt.savefig(pltiname, bbox_inches='tight ')

# pyperclip.copy(txt)

data’,xytext=(0, 15'np.sign(yon)), textcoords='offset

points ' ha='left ', va=" center”)
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