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W  Project description and goals

¢ What:
e fabricate Schottky and n*p diodes on p-type epitaxial (50um thick) silicon wafers

e doping concentrations as they are normally found in CMOS MAPS devices

e Why:
e investigate and gain a deeper understanding of radiation bulk damage in CMOS sensors

e develop reliable damage models that can be implemented in TCAD device simulators

e How:
e purchase of 6-inch wafers at five B-doped epitaxial levels (10%3, 1014, 10>, 10%® and 10’ cm3)
25x each, total 125 wafers

e fabrication process at ITAC (RAL) and Carleton University Microfabrication Facility (CUMFF)
e measurements will be carried out at RAL, Carleton, Birmingham, JSI, IHEP
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W

Design and layout of devices

5 type of devices proposed:

e #1: 2 mm @ cathode with 0.4 mm @ central hole,
10 x 10 mm? area

e #2: 1 mm @ cathode, 0.2 mm @ central hole, 5 x 5 mm?
e #3:0.5 mm @ cathode, no central hole, 2.5 x 2.5 mm?
e #4:0.1 mm @ cathode, no central hole, 0.5 x 0.5 mm?

e ‘cell’ with the previous 3 flavors (2,3,4) grouped together,
to exploit wafer uniformity on small area

e #5: 6 TLM points for contact and epi resistance
e 2 masks only (metal and oxide)
e detailed description during the

e different flavours of cathode/GR and option for p-stop in
pn-junction diodes (see
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https://indico.cern.ch/event/855994/contributions/3637024/attachments/1946542/3229723/RAL_RD50_NOV19.pdf
https://indico.cern.ch/event/1074989/contributions/4601994/attachments/2347490/4003289/2021-11-17_RD50_Workshop.pdf

W Fabrication details & comparison

RAL-ITAC CUMFF

e Schottky fabrication process only, e pn-junction and Schottky processes,
optimised on test wafers optimised on test wafers

e oxide deposition @150°C e 6” substrate wafers laser cut into 4”

o : or 6” wafer pieces
e Al sputtering immediately after P

etching (no thin SiO2 layer) ¢ high temperature thermal oxidation
e Al lift off in e Al front metal thermal deposition,

Acetone back Al via e-beam evaporation

ultrasonic . :

tank e front metal patterning + etching

full details of fabrication processes in £.G. Villani’s
talk from the 36 RD50 Workshop
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https://indico.cern.ch/event/918298/contributions/3880588/attachments/2049615/3435100/RAL_RD50_JUN20.pdf

IV vs. T measurements
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pn p-stop

e diode samples with 1mm cathode

e p-stop sample shows more than 1 polarity switch at some temperatures

e performing I-DLTS might be interesting
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¥ (CV measurements

e CV measurements in 0.07 T T T
cryostat setup prior to DLTS 005 I on diode ]
e useful to determine P prstop
depletion width 0.05 - -
= indicates bulk width that i
selected DLTS parameters _ 004 r }
are sensitive to N'?':'L i
¢ naive assumption for lateral N; ) s i
depletion = cathode area - v
(1mm) shown in inset graphs 0.02F § i}
e ‘jump’ in data of pn-diode 0.01 |- B -
with p-stop also observed in i 0 5 10 15 20
other silicon devices with 0.00 |- Depletion width [um] §
p-stop structures (e.g. ITk o o 4 s s T o
testchips) Bias Voltage [V]
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Hole trap -
hole injection

Electron trap -
high injection

DLTS: basics

1. Quiescent reverse bias VR 1. Quiescent reverse bias VR

(o o o eaqd

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

n*

(oo 0 ew

p

1. DUT is under constant reverse bias n’

aasssseees T
i

:,.uummmunmEv

2. filling pulse with specific voltage V, and duration is

2. Saturating injection pulse (VP, forward bias) 2. Majority carrier pulse VF

applied Py E, | E,
o pulse settings need to be adjusted to trap states of interest T — E, o b
o Vpasreduced reverse bias — majority carrier traps (holes) ’ L _ “‘}ff """"""""" E

o  Vpslight forward bias — minority carrier traps (electrons),
if capture rate much larger than competing majority traps

3. Thermal emission of carriers 3. Thermal emission of carriers

(8 o o aa __‘_).:‘Dt.‘n __________________ EC ‘
3. bias back to prior level, measure capacitance ] . ' ’ A
transients I : BN B —
| o (U o
e usually average O(100) transients per temperature S W ---------------------------------- i v
point to reduce noise Ve Bias pulse P Ve
e plot AC = C(t,) — C(t,) vs. temperature for fixed times ¥
Ce I Capacitance Ce

e analyse peaks/valleys in spectrum by varying Rate ac
Window [t;; t,] o
[

transient I K
AC
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DLTS: Rate Window plots

e multiple DLTS measurements 0.030 — - . - . - T - | - T
performed for diode sample . Vi = -1V, V;, = 0V / 10ms
with/without p-stop 0.025 L » Data i
e different bias voltage + filling ?ggzt::(éaussian Eit Total -

pulse settings used 0020 L - - - 1st peak G-Fit 1 i
i - - - 1st peak G-Fit 2
pn p-stop: 2nd peak G-Fit Total
0.015 - - - - 2nd peak G-Fit 1 -

e 2 peaks (2 hole traps) withone  © - - - 2nd peak G-Fit 2
clearly a convolution of 2 trap Q 0010
states
e analysis of more narrow peak at 0.005

~165K also shows 2 trap states
e example of RW analysis shown 0.000

¢ traps did not change much for

different bias voltages used -0.005 5'0 ' 1(')0 ' ’1é0 ' 2(')0 ' 2é0 ' 3(')0

Temperature [K]
pn diode,

with p-stop
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DLTS: Rate Window plots

e multiple DLTS measurements 0.030 = - - - - - - - . - .
performed for diode sample " 1/ RateWindow = 50.7s" —V,=-1V; V=0V/10ms
with/without p-stop 0.025 I ' ——V,=-2V; V=0V/10ms |
e different bias voltage + filling i —V, =-4V; V=0V/10ms

ulse settings used ——\/ =-5V: V=
P g 0020 | V,=-5V; V,=0V/10ms
pn-diode:
. . 0.015

e Rate Window plots with same ©
Rate Window parameters &)
shown for different scans < 0.010

e 2 peaks (£ hole traps) atlow T 0.005
and onset of another peak at '
room temperature
e low-T peak shifts for different 0.000

bias voltage | . ! . ! . ! , | . |
50 100 150 200 250 300

Temperature [K]

= field dependence of trap energy
pn diode,
no p-stop
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DLTS: Arrhenius plots

| | | | | | I | | I |
- y o 5x10°
e plateau in trap concentration A ; s axi0°]
indicates that trap state was 1000 ) s R
saturated with filling pulse 3 o= > =0 ﬂﬂm i .
e positive slope indicates o "
insufficient saturation, negative - U el |
slope competing trap levels — -
o : ¥ . il
* more individual Arrhenius plots = 100 = 0. V.. =-1V; V. =0V/10ms ]
N backup slides o ] '. e 1692K + 157.2K
- ' v ¢ 726K -
= 102 — ..!_l- ] 1
Tneaan (K | Eap (V] [0[cm?] [ S
- e ]
72.6 0.330£0.007 4.1x10'+3.1X [ wo 160 i 20 o ]
- Temperature [K] L ] i
157.2 0.260 £ 0.011 1.9x10¢ £ 2.3X Y Sy S S S S Y S S
60 70 80 90 100 110 120 130 140 150 160 170
169.2 0.298 £+ 0.002 5.8x1016+ 1.1X P
1/KT [eV ] ]
pn diode,
no p-stop
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DLTS: Arrhenius plots

e good agreement of common 1000 L
165K peak -
= peak contains 2 traps each

e field dependence of low-T

peak trap parameters 100 ¢

T? / e [K®s]

Tmedian [K] Etrap [eV] m 10 ‘. L =
72.6 (-1V) 0.330+0.007 4.1x101+3.1X ; :‘ . :
87.4 (-2V) 0.407 £ 0.005 9.4x101+ 2.0X | . | | | | | | | ... |
118.6 (-4V) 0.442 £ 0.005 9.9x10°+ 1.6X 60 80 100 120 140 160

) 3 1/KT [eV]
129.2 (-5V)  0.545 +0.007 1x1073+ 1.9X pn diode,

no p-stop
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W Thermal Admittance Spectroscopy (TAS)

TAS:

® measure capacitance C and conductance

G as function of frequency and o0t [
temperature 2 w00
E E-Eﬁ*ﬂg1 — |
e defect contribution to C/G dependingon £ ..e=7054
test signal frequency and temperature 'Z T L00KE §
e steps in C or peak in G temperature AQKVZ T
dependence indicate thresholds for new 3 “z j
traps contributing 2 AR 3
-
¢ steady-state measurement 2 AQOYYZ w2 @B
Lo Sy o
e applicable for low-doped or high- AONZE , @ Y G“ja K

resistivity materials, complements DLTS ~<omper?
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TAS: Arrhenius plots

8 | T | T T T T
7L PP N
e pn p-stop showed trap state i o el R _
similar to DLTS results 6 ’-,_a" 100Hz - 100kHZ -
[ a ™ ®m pnp-stop,V,___ =-1V ]
e standard pn-diode trap states T - PR PSTOP: Y bs .
differ from DLTS results N e pndiode, V, =-2V _
e lower energy, lower cross-section © e pndiode, V__=-3V
> 3t . ] i
% i ® pndiode, V = —4V. |
- 2 -— !.’; _ 3: - —-
a _eoe i
on el o) [ i |
-1V pstop 0.311£0.026  8.4x10%°+3.1X Of P y
-2V pn 0.277+0.043  1.0x106+83X A} ----~ _.-- |
C ] =" | L ] ! | L | 1 | L | )
-3V pn 0.168 + 0.040 4.9x101° + 6.2X 40 42 44 46 48 50 52 54
-4V pn 0.209 £ 0.037  3.3x10°18 + 5.5X 1/KT [eV]
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e
Summary & Outlook

e DLTS and TAS measurements were successfully used to characterise traps in

unirradiated diode samples

e multiple trap states found
e their trap levels + cross-section determined from Arrhenius plots

e peak with 2 hole trap states common across all DLTS scans and samples
e energy shift observed in ‘standard’ pn-diode, indication of field dependence of trap energy

Outlook:

> further studies of observed traps for input in TCAD simulations

= DDLTS for field dependent traps
= filling pulse width dependence for capture kinetics

> DLTS measurements of Schottky diodes and irradiated samples

14
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Backup
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DLTS: Arrhenius plots

/ é\ 10°} ﬂ “”' I' -:; ]
e plateau in trap concentration 1000 ¢ oo _ £
indicates that trap state was X e = I:

saturated with filling pulse [ ,
1082 8I4 SIG 8‘8 QID Qé '
Temperature [K]

e positive slope indicates

insufficient saturation, negative o "
slope competing trap levels x 100 ” V.. =-2V;V, =0V/10ms E
e ¢ O e 1712K+159.4K 1
8 : . . o 874K
.. ® o
i M.n. (]
Tocaion [K] | Evp [eV] [ Olem?] [ S ;o
87.4 0.407 £ 0.005 9.4x101+ 2.0X I e .
159.4  0.255+0.008 1.6x10°%6 + 1.8X i R S R
60 70 80 90 100 110 120 130 140
171.2 0.303 £0.003 8.4x1016+ 1.2X ;
1/kT [eV'] _
pn diode,
no p-stop
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DLTS: Arrhenius plots

| | I ! | ! | '
B R o V... =-4V;V, =0V/10ms
_ —.,. I.. * o 1724K+1594K
e plateau in trap concentration S o} s'f,:.“:;g"' {8 ‘\. o ¢ 1186K y
indicates that trap state was 1000 AR o o l .
saturated with f||||ng pUISe E 140 150 160 170 180 190 200 T ]
.. . . R Temperature [K] .‘. ‘
e positive slope indicates “}' 4
insufficient saturation, negative o : e
slope competing trap levels X .-.-.;:'.
e €%
Y 100 | ® o s
5 J 3
i @ <
PECIDNECCTE 0 . L e
118.6  0.442+0.005 9.9x10°6 + 1.6X - © . " ey
159.4 0.241+£0.009 4.7x1017 +1.9X 10 - ' ' ' - L . ' - ' -
50 60 70 80 90 100 110
172.4 0.296 + 0.002 4.9x10'6 + 1.2X 1T [eV-]
pn diode,
no p-stop
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DLTS: Arrhenius plots

] ! | ' | ! ] ! | ! |
e plateau in trap concentration [ Vi =-9V5 V;, =0V/10ms zxoy

indicates that trap state was * 1649K o oxi0?} (N .

saturated with filling pulse - ¢ 1202K JRRRTE: ,{’.?' o

e positive slope indicates 120ty | !

insufficient saturation, negative 1000 -4 R .
slope competing trap levels i ) | Temperature [K] “
'a' L
e |low-T peak too close to 165K X [
peak for good 2-Gaussian o
. ~~ B .
deconvolution 'l ¢
L ’ X ..
‘ 3.8x10* 1 ®
P B607L et VT, .!
Tocgon [K] | Ep[eV] [ Olem?] USRS ; -.
- 3.2x107 F
129.2 0.545 £ 0.007 1x103+1.9X [ A S
164.9 0.287 £ 0.003  3.3x10°%6 + 1.2X e S SR N
65 70 75 80 85 90 95
1/KT [eV] .
pn diode,
no p-stop
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DLTS: Arrhenius plots

e plateau in trap concentration
indicates that trap state was
saturated with filling pulse
e positive slope indicates

insufficient saturation, negative
slope competing trap levels

e filling pulse not yet optimised,
fitting results not very precise

T? /e [K%s]

Tocion K] | EvppeV] [ Olem?]

160.0 0.268 + 0.014  3.0x1016+ 2.7X
175.1 0.309£0.005 1.0x10%° +1.4X
242.7 ~0.999

276.2 0.59 + 0.04 2.4x101% £ 5.4X
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1000

100

10

0 g,
0,03} . "
il z Tt ot ] ’
. 0o1-  * -
140 150 160 170 180 190 200 1‘ E
Temperature [K] i‘ :
4
D025F T T T T T T T T T 'h
0.020} rﬁ‘" F- " [ |
16 £ r . "
Eﬂ 0.015 ‘3 § L I
L 0010} — -
“ 0.005 - '{ Vblas 1V’ V1'"|| OV / 10ms
= ool -l = peak: 160 K+ 175.1K -
20 230 240 250 260 270 280 290 300 ]
Temperature [K] L peak: 2427 K+ 279.2 K :
| 1 ! | 1 | ! 1 1 | 1 | 1
40 45 50 55 60 65 70 75
1/KT [eV]
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DLTS: Arrhenius plots

e plateau in trap concentration
indicates that trap state was
saturated with filling pulse

e positive slope indicates

insufficient saturation, negative 1000 |k
slope competing trap levels
e filling pulse not yet optimised, i
fitting results not very precise %
e forward bias filling pulse yields = 100f

electron trap (‘negative’ trap
energy)

T K] |EupleV] ___JO[em]

I ! I ! I ! I

1.. Vblas
[ ]
(]

[ ]
0.005

0.004

z' L s .
Z" 0.003 ate
a
z

"
0.002F % L=,

0.001
265 270 275 280 285 290 295 300

Temperature [K]

]

0.05+ .
[ ] 0.04r .:-ﬂﬁf.\.-v
® Z" 003t . 8 tr. ] ]
Z o2} . n_.,:.:“"-‘.._"-'-': R
001} --ﬁﬂ":.".?. ) ] .. .

140 160 180 200
Temperature [K]

= 1V Vv —300mV/1ms

fill

peak: 162.7 K+ 172.6 K
valley: 282.9 K

f

.
1,
’-'5.

ﬂ"

162.7 0.217 +0.007  7.2x108 + 1.3X 10
172.6 0.287 £ 0.004  2.2x10%6 + 1.7X
282.9 -0.832£0.037  1.8x10° + 4.5X
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1/KT [eV]

pn diode,
with p-stop
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DLTS: pn-junction diode @Semetrol 2020

2.0E-2

DLTS spectrum: ;afgzv/vslgg T
® 2 maXima 1.45:2: i
e analysis with Gaussian deconvolution

= peaks contain 2 traps each ;

trap params from Arrhenius plot:

I I 1 ]
220 240 260 280

temp (K) tf=10ms
170.6 0.293 7.6E-16 9.7E-3 102 Vbias=-1V
182.8 0.310 7.0E-16 2.1E-2

241.8 0.430 1.0E-15 7.6E-4

258.5 0.536  3.2E-14 3.5E-3 2261 —

/KT
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DLTS: Schottky diode @Bucharest 2020

DLTS spectrum: 004 UR=+5V UR = +3V
: ' Up =+1V H 158 Up=+1V
¢ 3 maxima from hole traps - 5
.. i 0.03 1
e 1 minimum, most likely from !
surface/interface states .
[ 0.02-
o
. 0.01 - :; H 285
trap parameters (Vbias=+5V; Vf=+1V): a7
0.00 -
Temp (K) |Ea (eV) Defect concentration ]
i el
-0.014 Tw =192 msec
0.069 6.87E-17 2.49E10 7 107

m158 0.294 4.35E-16 9.32E11 - -
7197 [RLY 0.439 1.85E-14 2.90E11 50 100 150 200 250 300

UEEE 285 0.611 3.76E-15 1.32E11 T (K)
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DLTS: Schottky diode @Semetrol 2020

== Si Sch 500um DLTS Cp 50kHz -100-500 10ms.RW 119

D LTS S p e ct rum: = Si Sch 500um DLTS Cp 50kHz -200-500 100us.RW 119
. o ] 0.035 -
e peak with 2 majority carrier traps - Vf=-1V
0.030
[ . . I tf=10ms
® ‘minority’ carrier trap 0.025 L Vbias=-5V
= vanishes for reduced + shorter ~ ool
orq. O Y B
filling pulse Q :
= surface/interface states likely = BT
o _ S 0010 |
e large majority carrier trap for larger doos |
‘ll: — O —
filling pulses at room temperature = ! Y,
0.000 - —_
Midpoint E,(eV) N./N, 10.005 | Vf=-2V
temp (K) I tf=100us
0.312 5.5E-15 7.8E-3 o010 . Vbias=5V
180 0.294 3.3E-16 2.2E-2 0 100 200 300 400

Temperature (K)
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TAS @Semetrol 2020

= Si Sch TAS -1V.595Hz Rs

TAS analysis: —— 100um TAS -1V.561Hz Rs
5.5G
e higher trap energy in Schottky for similar peak 5 0G |
e second Schottky trap near mid-gap 456G -
e energy shift at different test voltages . 406 -
N
»>field dependence of trap energy = 356G -
> might explain difference between Schottky :—é 306 -
and pn-junction (higher E-fields in pn diode) 2 256}
% i Schottky
sample | Vio | E(eV) [o(em?) IS
I 0.384 1.1E-16 = 156
Schottky -1V 0.498 1.6E-14 LOG T
Schottky -2V 0.467 3.0E-15 500.0M _
0.0 1 . 1 . 1 . !
SChOttky -1V 0.664 3.5E-13 100 150 200 250 300 350 400
Schottky -2V 0.614 3.7E-14 Temperature (K)
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