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Is the current of highly irradiated silicon diodes understood?
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Is the current of highly irradiated silicon diodes understood?

= Goals:

= Develop models + extract parameters
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= Diodes
= |nitial doping Np = 8-1011 —5-101% cm?3
= N-type and p-type bulk, pad area 25 mm?
= Thickness 200 ym and 285 ym

* |[rradiations
= 24 GeV/c protons to ®,, =9-10* —1.3-10'° cm

= No annealing studies so far

» All measurements performed at 243 K
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a) Forward & reverse: Resistor: [ =Y/g, p = (e(np, + Pﬂh))_l
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a) Forward & reverse: Resistor: =Y/, p = (e(nﬂe + p,uh))_l
b) Forward: Resistor:  pugp, = pen(E)
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a) Forward & reverse: Resistor: =U/p, p = (e(npe + Plih))_l

b) Forward:

c) Forward:

Resistor:  pugp, = pen(E)

Electron injection - Space-charge-limited currents
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I =Yg, p=(e(nue +puy))
Hop = Uen(E)
Electron injection - Space-charge-limited currents

Resistor:

Space charge region SCR + bulk resistance
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Resistor:  pugp, = pen(E)
Electron injection - Space-charge-limited currents
Space charge region SCR + bulk resistance

Current increase due to high field in the SCR
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Space charge region SCR + bulk resistance

Current increase due to high field in the SCR
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pvs. U/d? 200 um & 285 um diodes
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= High near-intrinsic p,nm, = p; at small bias voltages

p(Deq) = (eni(ite(®eq) + Hn(9e)))
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200 pm & 285 ym diodes
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= High near-intrinsic p,nm, = p; at small bias voltages

-1
p(¢eq) — (eni(ﬂe(¢eq) + ”h(¢eq)))
> Extract (e + p#p)(deq)
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p = (e(npe +pup)) "
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p = Neff p=n;
: - W.M. Bullis. Solid-State Electronics. 9(2):143-168, 1966.
= Carrier removal 37 nwa 342(1):105-118, 1994.
= Free carriers trapped at deep defects

"mRpRN P = (e(n”e + p”h))_l
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* Transition ohmic current to SCR generation current

= Common threshold U, /d? 4
p = (e(np, +ppy))
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» Fast generation - High n,p in the SCR

= Ohmic when n,p = n;

. 2 r . i
Us,/d* when n,p < n; in the SCR due to drift p = (e(n”e N p”h)) 1
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» Simple model with three parameters

= Fit 5V forward to 50 V reverse describes measurements within few
percent
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= Parameters vs. fluence

" ponm —2 lonized impurity scattering
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REVERSE CURRENT
MODEL MEDIUM BIAS
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= Parameters vs. fluence

Proton fluence @, [1/cm?|

" ponm —2 lonized impurity scattering
" $>5(00)=1/2, S(peg > ©) > 1
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= Assume ionized impurity scattering dominates at 243 K

uma:c - ﬂmin

N) = min T ~ o
HIN) = p e () Nyoj = (0.5 — 2.4) - 10'7 em™
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= Assume ionized impurity scattering dominates at 243 K

uma:c - ﬂmin

N) = min T ~ -
H(N) = E Nyos ~ (0.5 — 2.4) - 10'7 cm ™

o=

€ 2 0 —I_
NegleCt Umin =2 g (Pey) + “6 (Peg) =~ | _I:O( @i )c
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= Assume ionized impurity scattering dominates at 243 K

uma:c - ﬂmin

S N,or ~ (0.5 —2.4)-10""ecm™>
R

M(N) = min +

Bimop = 1.52 - 10" cm 2

- Bmob = Nret/Gess
) Jeff ~ 1CIn_1

j5 + 1
1+(ﬂ

,B"rnob

Neglect iy = 16 (Do) + pf (D) =
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Previous edge-TCT and Hall measurements show
much larger decrease of (u, + up) (c[)eq) up to 50% at
¢eq = 101 cm2 with Yerf > 10 cm’

o Bimop = 1.52 - 10" cm 2

NegleCt Umin 9 1o ((I)eq) + Ug (q)f'fq) ~ Do \© ﬁmob — Nref/geff
1+ (ﬁ_b) Jeft & lem™!
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» Current increases exponentially for high reverse bias

= Empirical model describes the measurements within a few percent
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» Current increases exponentially for high reverse bias

= Empirical model describes the measurements within a few percent

» Effects in the in high field of the SCR

= Poole-Frenkel effect, trap-assited tunneling, and/or impact ionization
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SUMMARY AND OUTLOOK
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= Current model 1(U,A,d, ¢eq)

= Carrier removal
= Reverse: Threshold between ohmic and SCR-dominated current

- Easy way to measure the mobility u(T, ¢eq)
- Replace Ug4e, + a with % to determine ¢,

= Reverse: Exponential increase at high voltages

= Forward: Space-charge-limited currents
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= Current model 1(U,A,d, ¢eq)
= Carrier removal
= Reverse: Threshold between ohmic and SCR-dominated current
- Easy way to measure the mobility u(T, qbeq)
- Replace Ug4e, + a with % to determine ¢,

= Reverse: Exponential increase at high voltages

= Forward: Space-charge-limited currents

* To-do
= Extract more physical quantities

= Temperature + annealing studies
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CURRENT
o romsun 1o o | o o OHMIC REGION — NEUTRAL BULK

p Ys. u/ dz| 200 pm & 285 pm diodes Capacitance @200 Hz 285 pm diodes
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3 ‘ 16 . l E 30 —{=11.3x10" em? |- LI
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' - W N \\\g
S A oY N S N N TS O A/ 4 A0 R SR VR N
' 1 - /’ J // Depletion \ \\;
_________________________ 10 I =L$—_;_ — /> Al 4 : e ]
A o S riT | |
------------------ 10" 1 10 10°
o B o - i o . ; UV
10° 107 10° 10° 10'° .
U/d? [V/m?] s

Proton fluence @, [1/em?]

* High near-intrinsic p,,m = p; at small bias voltages

= Carrier removal: Free carriers trapped at deep defects, n = p = n;
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—1E16 /cm?
+0 === 1E17 /em? /b.

1.0 S
e

5E~4  5E+5  5E+6  5E+7  5E+8  5E~+9
U/d* [V/m?

o changes little up to
$eq = 1017 cm2 at 300 K

-> Phonon scattering dominating at 300 K
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S \v . Electron injection
02 .
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» Edge-TCT v, + v;, < E gives an idea of electric field
= Electron injection from junction

= Ohmic bulk at low voltage, positive space-charge at high voltage
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81 | ‘ 5 ¢*'% limited currents
6 e 1.3x10' ém-z 9.421 0®em? | """"" e """""""" g SCLC

4 7.3x10'° cm? 4.4<10" cm? | """"""""""""
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0 :
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* Forward current described by space-charge-limited currents

= Ohmic up to high voltages ug,h(d)eq) — ﬂe,h(E' ‘l’eq)

= Exponential increase at very high voltages
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» Current described by SCLC within 10 %

7 _ U
I(U) =en; - AE ' (Uh((l)eq:E) + aue(q)equ) N (:' T . d?))

> A. Rose. Phys. Rev. 97(6):1538, 1955.



FORWARD CURRENT
a8 Universitdait Hamburg

it
DER FORSCHUNG | DER LEHRE | DER BILDUNG M O D E L
o Elel130% em? [e]e.ax10®em? [ L p T
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[+ ]8.9x10™ cm?2
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fit/meas

» Current described by SCLC within 10 %

U
I(U) =en, - AE : (,uh(@eq, E) 4 pte(Pey, E) - exp (E )

> A. Rose. Phys. Rev. 97(6):1538, 1955.
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Proton fluence ®_, [1/cm?]

Proton fluence ®__ [1/cm?]

eq

7 U
I(U) =en,; - AE ' (ﬂh(q)em L) + ue((peq’ E) - exp (:, T . dQ))
= Hypothetical trap concentration N, not linear with ¢,

» n; is reproduced to 2 %
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» Edge-TCT v, + v;, < E gives an idea of electric field

= Near-constant field in the bulk

- Hiih field in the SCR
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Prompt current [arb.]
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