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Mathcad - [USU Resistivity Engineering Tool Ver. 1-3] - FX
;ﬁ]FiIe Edit “iew Ingsert Format Tools Symbolics Window Help -8 x
D-2d GRY 2@ oo TE: gPp= 200 |(we v O ’
(@A = [2<E T ap & .
“MySite v| Poo “Normal | arial == | 2 ox @
USU Resisitivity Calculator Engineering Tool 12408 Var 12 =

JR Dennizan B

This Mathcad worksheet calculates the resistivity of JWST spacecraft materials as a function of electric All innut reauired for each material and run are highliahted in vellow
field (E), temperature (T), and adsorbed dose rate (0 based on parameterized, analytic functions used P g ghiy ¥ ’
to model an extensive data set taken by the Utah State University Materials Physics Group.

[¥]—Physical Constants and Units i M ate ria I i

Salact e = Enter T, E and D' to
Material tm Low Densite Polwetiod P evaluate resistivity at: = =
T 7,100 4mmm Electric Field
down bos: Kapton E B
Kapton FN (616) — 350
PFA (Teflon) Ty = 390K Temperature
_ FEP (T eflot) _
Mt = 2 PTFE (Teflon) D, = 003 Radsec | Dose Rate
ePTFE (expanded PTFE or GOREtex)
ETFE (Tefzel) Enter sample thickness: .
= 25 pm _ Sample Thickness
[¥] Input data From Excel file
Thesed material rtei be adjusted b "
- - . - s o . esed materials properteis can be adjusted by
List Materials Related Properties Used in Resistivity Calculations enabling the Mathcad stetements below,

| . 4mmm Densit
Material name: Iiaterial_name = "Eapton HN (Kapton)"

. -3
Density: P ey, = 142 gth-om = =
den e
, Dielectri
Relative dielectric constant: g, =3.400 Density: Pden = 142 g cm Relative dielectric constant: & = 3 :
Electrostatic breakdown 2 1 Elsctrostatic breakdown E,_,=210°%m ! onStan
_ o - d = : egd T 410 Y
field strength and voltage: ~ Fesd = 2700 x 10°-Vm Vesd = Bosg ey = 0730V field strength: ESD
. _— -1
Fraction of breakdown valtage applied: EgpEezg =037%

Strength §
[¥]-—Expand for details of Total Conductivity parameters and model definition

W
£ s

Press F1 for help, AUTC Fage 1
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Resistivity Database Master Parameter List
Excel File

Varmble Kange Hoppmg
Thermally Activated Hopping Conductivity Conductivity Radiation Induced Conductivity T, Materials
& TRy T4 E 4 ¥ pF & VRHD T, E, k, ky Ay {low E) d P den £, Eo
Material (Rad sec’
Index | Material (2 oiy! s Wy | uedtless | (@ ey s Vo Loy | usitless ) s ) | cgtemd () (Vi)
1|LDPE §5.00E-08| 8866.00| 9.52E+08 0.00| 1.00E-10| 1.03E+08| 0.85E+13 3.33E-18 13.00] -3.50E-03] 268.00 27.40 0.92 2.26 2.00E+D8
2||Kapton HN 2.50E-19| o50.00| 1.50E+08 0.00| 1.00E-40| 1.00E+08| 1.00E+13 5.00E-18 5.00| 0.00E+00 235.00 50.30 142 3.40 2.70E+08
{Eapton)

3| Kapton E 1.10E-17| 1800.00] 3.80E-+08 0.00) 1.00E-40| 1.00E+07] 1.00E+13 6.00E-18 5.00] 0.00E+00f 235.00 50.80 1 3.10 4.30E+08

4| Kapton FIN 1LOGE-18| 1225.00] 2.60F+68 0.00( I.O0F-40| LOOFE+H08| 1O0F+H13 5.50F-18 5.00| 0.O0E+O0|  235.00 28.40 153 3.10 1.00E+D8
{G15)

5|[PFA (Teflon) 3.00E-01]14000.00| 5.00E+80 0.00( I.60F-40| 160F+H08| 1.00F+13 4.30E-18 8.00| 0.00E+o0| 235.00 24.10 215 2.10 2.60E+08

6|FEP (Teflon) 3.00E-01]14000.00| 5.00E+80 0.00( I.60F-40| 160F+H08| 1.00F+13 4.30E-18 8.00| 0.00E+o0| 235.00 26.70 215 2.00 1.70E+08

TIPTFE 3.00E-01114000.00| 5.00E+80 0.00| 1.00E-40| 1.00E+08| 1.00E+13 4.50E-18 2.00| 0.00E+00 235.00 72.00 216 210 1.20E+08
{Teflon)

8||ePTFE 3.00F-01114000.00| 5.00FE+80 0.00| 1.00E-40| 1.00E+08| 1.00E+13 4.50E-18 8.00| D.O0E+O0( 235.00 78.20 0.65 1.30 4.30E+07
{Gortex)

9|ETFE 3.00E-01114000.00] 5.00E+80 G.00( LLOOE-40| LOOETH08| LOOE+I3 4.50E-18 8.00| A.00E+O0|  235.00 53.10 1.70 .70 2 40E+08
{Tefzel)
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USu ReS|st|V|ty Englneerlng Tool Outputs

Total Resistivty and resistivity contributions from each mechanism:.

TOTAL:
-1 15
FlTl:It- = G-Tl:lt.l- EE‘F’TE‘F’DE?’GT.P‘HD’E.né'a.’T.né'a.’HIIPF’EI”GHRI'ID’EEI’TEI’I{D’EI ,r:'i.1| = %159 = 10 -{leom
. | . . -1 16
TAH: PTAH ™ ﬁTﬂH_PFEI II'E‘.F'T!I‘.F"TTEHD' |'fﬁ,Tﬁ,"TPF,ErI = 5813 = 10 ihem
. - . -1 18
VRH: PurH = TyRH2! Eev: Tevw TvRH e Bor Tol = 3549 % 1077 (2 em
RIC: = T Dk kT A = 0507 x 10170
' PRIC = TRIC! L eveHeweFg ¥l L g 2! =7 X ELAEL
[»]—Expand for more complete listing of resistivities and related values —
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Scope of USU Experlmental Studles

Determine the resistivity and related materials properties of
critical JWST materials over the appropriate range of
environmental conditions:

e Temperature: ~100 Kto 365 K

* Electric field: low to breakdown field (~3x108 V/m)
 Radiation dose: low dose to ~10 rad/sec

Appropriate theory has been used to obtain parametric fits to
the data and, where necessary, extend the data to

experimentally inaccessible regions.

Validity and range of the theories were determined.
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280 V
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— 550V
— - 620V
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760 V
—-- 830V
900 V
— -~ 1000 V |

1510 °

Current (A)
=)

Leakage Cumment (pAd

Time (sec) Tims {EE"::I

Polarization Space Charge Diffusion

oo (1) = [z, (67 — 27 )frp e i (0= (0 Do/E) PU

Temporal changes in current as sample comes to equilibrium are not
considered in this study.

Polarization Current (short term—10 s to a few hrs)
Diffusion Current (long term—10 min to a few days)
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RIC Measurements

Designed and built an entirely new test system
Characterized instrumentation and methods
Used standard model for RIC, augmented with T-dependent k and A

Determined k and A for JWST materials over range of dose rates
encountered by JWST
 Measurements made from ~0.01 to ~10 rad/s

 Determined T dependence of k and A for JWST materials
 Measurements made from ~105 K to ~335 K
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Electrostatic Breakdown (ESD) Measurements

o Extensive room T measurements (5-20 per material)
 Limited studies completed at T<T,,,, down to ~140 K.
 Limited studies completed on endurance (ramp rate) testing

 Breakdown fields were mid-10” V/m to mid-102 V/m for all
materials, except ePTFE.

® Typical results have 10% to 30% variation in V__,

 Typically measured results 10-25% higher than manufacturer’s
values. Attributed to slower ramp rate and dry samples.

 Found modest dependence on ramp rate.
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Conductivity Mechanisms

Engineering tool considers three conductivity mechanisms.
TAH and VRH depend on Fand T

RIC depends on D and T

Orora (F,T,D) = oy (F,T) + 0ygy (F,T) +0gc (D, T)
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Intrinsic SC RIC TAH VRH
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Thermally Activated Hopping Conductivity

TAH theory is based on thermally assisted quantum tunneling from
adjacent trap sites of a single well depth and separation.

An E-field favors one direction of motion over another, leading to sinh
behavior:

2N(T )V aqe}exp{_kAH }sinh{aqe F} = {GTAHO(T ) (T% j “alPu) eXp(_T% j }

F,T)=
Oran ( ) [ = ] KT

p,=4FT,/3F, T =q,Fa/k,T with ZA(,BA)E%B sinh( A3,)
A

Reduced fitting parameters

T,=AH/k, and F,=4AH/3q.,a

Orano(T) =2 N(T) Vi, qe2 a’,
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Thermally Activated Hopping

(b) Electric Field (V/m)

Temperature and electric field dependence of thermally activated hopping conductivity. (a)
Temperature dependence with electric fields of 1-107 V/m (purple), 5107 V/m (blue), 1-108 V/m
(green), 2-108 V/m (orange) and 3-108 V/m (red). (b) Electric field dependence with temperatures of
150 K (purple), 250 K (blue), 300 K (green), 350 K (orange) and 400 K (red). Curves are based on
Eq. (2). To approximately match LDPE data we have set cTAHo=1.4-10-10 (Q-cm)-1 and FA=9.5-108
V/m for TA=6626 K. FESD is ~3-108 V/m.
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Theory of thermal assisted hoping +-a
conductivity provides a model for
the temperature and electric field
dependence of the conductivity of
polymers:

Ty (F.T) = [2 N (T)‘;TAH ki }exp{_kA_:__l }sinh{akqe_rl: } - {GTAHO(T ) (T% j Z,\(By) exp(_T% j }

B B

o) =2NT) v, 0@, T,=AH/k, and F,=4AH/3q.a
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Variable Range Hopplng Conductivity

Variable range hopping model of Mott and Davis (as extended by Huges and
Apsley for E-field dependence), allows hopping at a range of distances over a

distribution of trap energy states:

Theory leads to “T  “ behavior

aVRH<F,T>={aVRHO<T)(T% ) zw(ﬂV)exp{(‘T% ) 2.8 )H

B, =4FT, /3K, T=0q,FQa)™" /kgT

3+ 4, _l_&_

2, (B =22, B+ and  Z,,(B,)= “1) ], Ze(B) Z0.(B)- 24-(1+3,) 8 3
21 28028 A B
* 2 6-(+4) 3 2 |

(”ﬂ%){l%/ﬂ

with Zy(By) = (1"‘,8 )2

Reduced fitting parameters

With Gy (M) =2 N¢ Vigy 0. /(Ra), T,=3Q2a)/N. 7k, and F,=4(2a)'/N. 7q,
VRHo Er "VRH He \ E E
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(b) Electric Fleld (V/m)

Temperature and electric field dependence of variable range hopping conductivity. (a)
Temperature dependence with electric fields of 1:107 V/Im (purple), 5-107 V/Im (blue), 1-108
V/m (green), 2:108 V/m (orange) and 3-108 V/m (red). (b) Electric field dependence with
temperatures of 50 K (purple), 100 K (blue), 150 K (green), 200 K (orange) and 300 K (red).
Curves are based on Eq. (4). To approximately match LDPE data we have set cVRHo0=1.0-10-
10 (Q-cm)-1 and FV=6.9-1013 V/m for TV=1.0-108 K.
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Temperature Dependence of TAH and VRH
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ey
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721
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m SRODDLKL
.
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5 4
B
=
<
O 40 .
N’
=
—
38
230 240 250 260 270 280 290 300

Temperature (K)

Note change in slope for transistion from TAH to VRH.

This occurs near a beta structural phase transition.
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Fit for RIC

Basic theory for RIC follows from the Rose, Fowler, Vaiserberg for
radiation assisted thermal hopping from a distribution of multiple trap
sites

The key power law relation has T dependant coefficients k. andA

O-RIC(D) = Kgic(T) DA™

AT) =[1+T/Tae|”

T . e
- me mem RIC A RIC
kRIC (T) = qe/uo l:( N J( ] :l {2( h B J :I = kR|Co ) kR|C1A(T/T )[T/TRIC ]3/2 2A0Tae)

3k, T 27k’

N, Tric

. My (s 27 p, kg m, ]
with kRICoE|: Sel! (memh)3/4(kBTRIC)3/2:| and leClzl[ﬂ = ° ( \/7*3/4 (kBTRlc)3

mN2m i V353 n,

memh)
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RIC Dependence onDand T

1x10™
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=
:;'E 18
E I=10" °F =
?
E
=
= 110" 17
2
=
= - 18| | 1 ]
110 100 200 300 400
<]
T,
k]
=
=
s

10 100 1000

Temperature (K)

Temperature dependence of the RIC parameters. (a) Proportionality constant, kRIC, based on
Eq. (8). (b) RIC power, A, based on Eq. (7). Values shown are for TRIC set to 200 K (purple),
400 K (blue), 600 K (green), 800 K (orange) and 1000 K (red). To approximately match LDPE
data we have set kRIC0=1.8:-10-14 (Q-cm-Rad/sec)-1 and kRIC1=4.6-10-5 for TRIC=600 K.
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What IS Radlatlon Induced Conductivity (RIC)

Theoretical Model: T and D Dependence of RIC

@ conduction
electrons e —— E
O  holes """"‘::::_ """"""""""""""""
—  empty traps % Er
= filled traps = EQ
o fradiation E v
filled traps
Uniform Trap Density Exponential Trap Density
AT) > 1 T,
™ AT = % +T,
T
s« \¥4 [T4T,
m.kgT m
K(T) = Kgico k(T)_)lecn[ ( 22 j (m mhj }

Oric (T,D)=Kgc (T)- DA
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Comparlson of RIC at Various T
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110" H Fit
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------ D avg
------ D %.vcrr&i
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110t 110 ° 0.01 01 1 10

Dose Rate (Rad'sec)
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e Hit to Delta at BT
* &% Other Data Sets
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Comparlson of RIC at Various T
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Time Behavior of RIC

;'r Pric
- -—
¥ | S
- s || N )
W — | "-.-.‘__\'M-mﬂ
—_ £ 1 00E-10 {— ~ITYN e i
- E -
I I Dose Rate
1.00E-11
Time (s}
Dose Dependant RIC Persistent RIC

o A

Oric (D) =Kgc -D Oric (D) = ORric, (1+ t/Ttrap )"

In real time, when the radiation is turned on, a finite period is required for the measured
conductivity to approach the radiation induced conductivity.

Similarly, when the radiation is turned off, the measured conductivity also takes a finite
amount of time to decay down to the material’s initial conductivity.
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Electrostatic Breakdown Theory

Based on the thermodynamic model for ESD

From an expression for bond disruption, from an expression for charge
mobility similar to the TAH model, we get

— 3 _
1= KgT exp AG sinh| 3¢ Feso A | _[ KeT | 3 Feso | T Z.( ,BA.)eXp[ TA}
h/ ten kBT kBT h/ ten |:A' T T
Reduced fitting parameters

with B, =4F. T, /3F.T =q, Fegp /KT
T, =AG/Kg and F,=AG/20,4 >3 Fqp

Finally, an expression for breakdown field strength in terms of
endurance time and the fitting parameters:

keT h/t ~AG T h/t -T,
F — B h—l en —| 3 F — h_1 en A
o [aaler (ol oo ()]
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1107
110°H
1x10°F

10f

11077

1107 F

Endurance Time ()

1107 M

1x107 P—
1x10° 1x10* 1107

Applied Electric Field (V/m)

610

4107 —

2=107 T

Breakdown Field (Vim)

1 I
100 200 300 400

Temperature (K)

Temperature dependence of the electrostatic field breakdown strength. (a) Endurance, or time
to breakdown, a function of applied electric field, based on Eq. (9). Curves shown are for
temperature set to 150 K (purple), 200 K (blue), 250 K (green), 300 K (orange) and 400 K (red).
(b) Breakdown field strength as a function of temperature, based on Eq. (10). Curves shown
are endurance times set to 100 s (purple), 102 s (blue), 104 s or 2.8 hr (green), 106 s or 11.6
days (orange) and 108 s or 3.2 yr (red). To approximately match LDPE data, we have set

FESD=9.5-108 V/m and AG’=1.22 eV.
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Representative Fitting Parameters for LDPE

Based on the best overall fits to the full data set,
Using the equations above, we estimate the
fitting parameters to be:

O7amo = 8-0-108 (Q-cm)" Ovrio = 1.0-10°7° (Q-cm)-"
E,=9.5108 V/m E, =6.9-103 V/m
T,=8910° K T,=1.0-108 K
Kgic,=1-8-10"% (Q-cm-Rad/sec)’ AG, of 1.2 eV

Kryor=4.6-105
Tc=600 K
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Figure . Total conductivity as a function of temperature and E-field for various absorbed dose rates. E-field and conductivity ax

logarithmic. (a) Low absorbed dose rate of 10° Rad'sec”. (b) Approximate average L2 absorbed dose rate of 5.4:10* Rad'se
Approximate worst case (storm) L2 absorbed dose rate of 2.7-10"" Rad'sec™. (d) High absorbed dose rate of 10" Rad'sec™.
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» Extensive Resistivity measurements made.

» Physics-based parameterized models determined from
literature.

» New Engineering tool developed.
» Tool capabilities are being updated.

» Hopefully more materials will be added.

» Looking for mechanism to distribute information.
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