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Outline

* Bandgap narrowing in Silvaco

* Reverse/forward current level vs bandgap and temperature

e Simulation of radiation damage and impact of bandgap and
temperature

— Reverse bias: depletion voltage and leakage current
— Forward bias: forward current

e Conclusions and Outlook
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BANDGAP NARROWING IN SILVACO
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Bandgap narrowing in Silvaco

Bandgap narrowing effects in Atlas are enabled by specifying the BGN parameter of the
MODELS statement. These effects may be described by an analytic expression relating the
variation in bandgap, AE,, to the doping concentration, N. The expression used in Atlas is

from Slotboom and de Graaf [297]:

N =
J

N ( N 2
In
BGN- N BGN .

AEg = BGN. Eq In

+BGN.C| ¢

The variation in bandgap is introduced to the other physical models by subtracting the result
of Equation 3-47 from the bandgap, E,. In addition an adjustment is also made to the electric

Statement Parameter g:‘botzw Units
MATERIAL BGN.E 9 0x1073 eV
MATERIAL BGN.N 1.0x1017 cm3
MATERIAL BGN.C 0.5
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Bandgap narrowing: how it looks like
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Bandgap narrowing: how it looks like
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Not sizeable difference
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Test structure: effective doping concentration
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Test structure: bandgap energy in simulation
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Test structure: bandgap energy in simulation

Abz Net Doping {/em3)

20 (n-

ETANL AT
14.3 (n-type
11.4 (n-type;
8.57 (n-type

Microns Microns

No hidden adjustments here: it is what is calculated according to the formulas
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Temperature dependence of Eg

* Both Silvaco Atlas and Synopsys Sentaurus use the same
parameterization for Eg(T)*:

Eg(T) =Eg(0)—- oT” =E,(300) + 800"  T° = Eo(Tror)+ (Trep)” T
A N 300+p T+p| & rSTE Tref+p T+B [
parameter value
o 4.73x107* eV/K
B 636 K

* The very well known difference between the two is that:
— Eg(300K) = 1.08 eV in Silvaco Atlas
— Eg(OK) = 1.1696 eV in Synopsys Sentaurus (< Eg(300K)~1.12 eV)

*S. M. Sze, Physics of semiconductor devices.
John Wiley & Sons, 1981
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Eg change with temperature?

How do
=
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Reminder: why 1.08 eV?

To: Marco Bomben Cc:li
Reply-To: |

RE: silicon bandgap energy value

Hi Marco,

| suspect this is an historical value. You do find references in the
literature to the bandgap of silicon being 1.08 eV.

These references tend to be older so | would imagine that as the
manufacturing of silicon wafers has improved, the bandgap has shifted
slightly with 1.11 ev being settled on.

It is quite a fundamental parameter, changing the default in the software
would have quite an effect on users so we probably decided to stick with the
slightly lower value, as you know, the user can always set theory own value.

Sze lists it as 1.12 and you see references to 1.1 as well, so there is a
bit of a variation out there.

Regards,

—
i

Silvaco Europe Ltd.
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Intrinsic concentration vs temperature

— x|1 O|9 | | | | | | | | | | | | | | | | | | | | | | |
€ E 2 / ndf 1.424e+14 /8 i
2. 14| Norm 4.718e+19 = 5.314e+17 ]
< B n 2+ 0 i
12| E, [eV] 1.132 + 0.0005748 ]
- == ]
10— N.B.! More on this later —]
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6 —
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n,(293.15 K) = 8.29x10° cm3
n. (300 K) = 1.45x10%% cm-3
Consistent with literature

Eg fixed at 1.08 ¢V ——>
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Intrinsic concentration vs bandgap
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Bandgap narrowing in Silvaco: summary

* Bandgap narrowing as a function of doping works as expected

* Bandgap narrowing with temperature works as expected

* Intrinsic concentration scaling with temperature works as expected

 And value at 293.15 K is in agreement with literature when Eg(300 K) =
1.08 eV is used

* Intrinsic concentration scaling with bandgap works as expected
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REVERSE CURRENT LEVEL VS
BANDGAP
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Structure
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Reverse leakage current vs Eg and carr. vel.
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x w

default using default Silvaco parameters values
EG112 setting E3'/(300)=1.12 eV
Sya. Th. Vel. setting thermal velocities to the values used by Synopsys tool
EG112 & Syn. Th. Vel. combination of the two above

NO BGN turning off the model for bandgap narrowing based on the concentrations
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Simulated leakage current vs prediction

n;(293.15 K) =8.29x10° cm> Aw =1le-8cm’® t1,~4x107 s

Predicted | = gn,Aw/2/t, ~ 1.6x1013 A

Simulated | ~ 1.65x1013 A

=» Everything is consistent

M. Bomben - Band gap energy modelisation in Silvaco TCAD Atlas Device simulator - 31st RD50 WS, CERN

19



Leakage current vs Temperature, ® =0
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Leakage current vs Temperature, ® =0
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E, vs E,(300K) - ® =0
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(Reverse current @ -20 C scaled to 20 C)/I(20 C)
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Ratio of Reverse currents scaled to 20 C

1% the accuracy on average of the rescaling
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Forward current before irradiation

n-on-p diode, Forward current, t = 20° C
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Forward current/1(1.08 eV) before irradiation
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Reverse/forward current level vs bandgap: Summary

* Reverse current scales with the expected functional form
* The activation energy to be used is Ea = EG300+0.05 eV
* Rescaling of leakage current works at 1% level

 Forward current scales as expected with exp(-Eg/kT)
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SIMULATION OF RADIATION
DAMAGE AND IMPACT OF
BANDGAP

M. Bo
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Radiation damage model considered

Effects of Interface Donor Trap States on Isolation Properties of

Detectors Operating at High-Luminosity LHC

F. Moscatelli et al.

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 64, NO. 8, AUGUST 2017

“Perugia 2017” in the following  rapiEm

RADIATION DAMAGE MODEL FOR P-TYPE SUBSTRATES
(uPTO 7 x 101° N/CcM?)

Type Energy o, (cm™) on(cm™) | m(cm™)
(eV)
Acceptor | Ec-0.42 1x107™" 1x10™* 1.613
Acceptor | Ec-0.46 7x107" 7x10™" 0.9
Donor | Ev+0.36 | 3.23x10"° | 3.23x10" 0.9

Reminder: in my presentation in Torino* | have showed that good agreement
between simulators is found when EG300 = 1.08 eV is chosen and the thermal
velocities are corrected a la Synopsys

* Bomben, 28t RD50 WS, Torino, June 2016
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Perugia 2017, ® = 1x10" n./cm?
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Reweighting leakage current with Ea = 1.48 eV
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Perugia 2017, ® = 3x10%° neq/cm2

v2 / ndf 14.56 /7
E _9 I_ | | | | | | | | | | | | | | | Prob 0.04208
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— l’ At 1el5itwas 1.418 eV —
a(20 C) ~4.1e-17 A/cm
1010

1. Normalisation is correct
2. Scaling as expected
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Extra: depletion voltage vs temperature
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Extra: depletion voltage vs temperature
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Extra: depletion voltage vs temperature

650
600
550
500
450
400
350
300
250

Vaep V]

® =3x10"° - Perugia 2017
¢ TCADsim.
pol2

E,=1.08 eV

It works at larger
fluences as well

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_|_

20():l_lIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

B

250 255 260 265 270 275 280 285 290 295
T K]

M. Bomben - Band gap energy modelisation in Silvaco TCAD Atlas Device simulator - 31st RD50 WS, CERN

35



Depletion voltage vs EG300
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Depletion voltage vs bandgap

*  ~-E,/3KT(?)
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Leakage current vs bandgap
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Forward current after irradiation
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Forward current after irradiation
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G. Lutz, NIM A 377 (1996) 234-243
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Forward current after irradiation vs temperature
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Forward current after irradiation, E, =1.08 EeV

I I I I I I I I I I I I I I I X2/ ndf 8.312/7
Z — N l | Norm 0.003821 = 0.0004225
o exp(-E,/KT) E, [eV] 0.446 = 0.002437
®
< 11 _
% 107 ' |
X B A simple exponential i
- B is the best approximation .
B E.=1.08 eV 7
V=02V
B Perugia 2017 7
®=1e15 neq/cm?
1 0_12 o — | | | | | | | | | | | | | | | | | | | | | | | | | | | | | _|_
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Simulation of radiation damage and impact of
bandgap: Summary

* Reverse current still scales with the same functional form

e Activation energy rather different (1.48 eV) => Model dependent?
— To be checked with other models

* Depletion voltage dependence on (T,E,) “small” on ranges tested
— Due to position of traps wrt intrinsice energy

— To be checked with other models

* Forward current scales as expected with bandgap and energy
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CONCLUSIONS AND OUTLOOK
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Conclusions and Outlook

* Despite the low default bandgap value at 300 K predictions seem to be
consistent in Silvaco Atlas device simulator

* Reverse current scales as expected when the correct activation energy
is used

 Forward current scales as expected

e After irradiation things gets more complicated

* Yet the current scales with temperature with the same functional form
* More fluences / models to be investigated

 Extra: predicted depletion voltage vs temperature needs more
investigation (in contact with Perugia group)

* Qutlook: the situation is more clear; possible to make robust predictions
* Silvaco used and to be used for ATLAS digitizer
e Collaboration with MPI too; see next talk
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Reminder

* It was pointed out that Silvaco thermal velocities values are different
froms Synopsys ones

x10
30 T 1 1 1 —— L 1T 1 1T 1T 71 .1 1T 1T 1T 1T 1T 171 1 11111111 T 1 1 T T T 1 T T 1 T T T 1
: Silvaco, elec. velocity .

B """""""" Silvaco, holes velocity —
Synopsys, elec. velocity 5 5
o5 _ ---------------- - Synopsys holes veIocuty

vy, [cm/s]
I

- There sa factor X2 for Synopsys on electrons =

_ thermal velocities wrt to holes
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Forward current after irradiation, E, =1.08 EeV

><1O_9
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Perugia 2017, ® = 1x10* n.,/cm? — n free par.

—_ %2/ ndf 0.04/6
& - Prob 1
é’ - 1.0/T 0.003411= O
— B n 5.057 ~ 1.218
o E, 1.274 + 0.05731
10 lor 4.25e-10 = 1.09e—12

10 " —]

107 —
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Perugia 2017, ® = 3x10%° neq/cm2 - n free par.

2/ ndf 0.3555/6
e o ST prob 0.9992
S 107 1.0/T,, 0.003411= 0
< N n 3.773 = 0.4646
_ B E, 1.328 = 0.02175
- 1.241e—09 = 1.474e—12
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