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Abstract | ‘ roximation

Symmetrlc Peaked DOS Radiation induced conductivity (RIC) occurs when incident radiation deposits energy and excites electrons into the
_ conduction band of insulators. The magnitude of the enhanced conductivity is dependent on a number of factors ' Fig 2 Fermi Dirac distribution
—— G [E0G(3) EoT] including temperature and the spatial- and energy-dependence and occupation of the material’s distribution of | T ) ' '

i
=

:gﬂ?ﬁiéﬁ’m‘ém localized trap states within the band gap—or density of states (DOS). Expressions are developed for steady-state RIC T | L TR funCt!On appro_X|mat|ons. (a)
L - . Uniform Top Hat (EoU={23)"-" over an extended temperature range, based on DOS models for highly disordered insulating materials. A general g .. :::::Zi:fg;:;r,. o Fraction of occupled states versus
(b) discussion of the DOS of disordered materials can be given using two simple distributions: one that monotonically v | [ e Fen-Dine GO N, _ a scaled ener E Eeff ™1 from
decreases below the band edge and one that shows a peak in the distribution within the band gap. Three i |[TleTaon S, gy, [ / ( )]

mono_tomcally decreasing mO(_jeI_s_ (exponentlgl, power law, and linear), and two per_:tked m(_)dels (Gaussian and delta '.__ - Low T (500 K) | | EC—O to 3- Eeff—o 3 eV at three
function) are developed, plus limiting cases with a uniform DOS for each type. Variations using the peaked models are 3 ;
considered, with an effective Fermi level between the conduction mobility edge and the trap DOS, within the peaked scaled Energy below E, [Ef E-"] tem peratures- (') a low

_ _ J __ | trap DOS, and between the trap DOS and the valence band. Explicit solutions, limiting cases, and applications of the temperature, 10 K, which is below
Mormalized DOS [nfEFH, ] ’ 0 | 2 } models to RIC measurements are presented. _ oy P . typical Spacecraft Operating

Homakeed D03 [WE) S NA * Supported through funding from NASA Goddard Space Flight Center and a Senior Fellowship from the National Research Council and AFRL. Members of the 8 _ )
. . . . USU Materials Physics G , including Josh Hodges, R Hoff , John Abbot and Justin Dek helped ire the RIC dat ted here. -
Fig. 1. Density of States (DOS) models. The graphs plot the normalized energy below the conduction 2LEHETD P SIEs iz, IR SO Infelelgls, YRR e, SOl A2 i) JHeI PEREhly M) el i tio WIS ele PIEsEii=s] iers - environments and temperatures at

band edge as a function of the normalized DOS, na(E) / Nt. (a) Monotonically decreasing DOS models, S . B |t 1o which RIC is measured; (i) room
including the linear, power law and exponential models, as well as the limiting case uniform model. Ca C u tl O n ¥ < et s Seomi temperature; and (iii) a high
Power law distributions are shown for two cases,p=%<land p=2>1. The energies are normalized | La S . o ’ -

by dividing by the width of the distributions, E4. (b) Peaked DOS models, including the Gaussian and B ; ‘. temperature, 500 K, a_bove which
delta function models. Gaussian distributions are shown for two cases, (ES/EY) = <1 and (ES/E%) = : — : : : " ok __ - - most polymeric materials melt or
3 > 1, the later approaches the limiting case uniform top hat model. The energies are normalized by Using the low temperature Fermi-Dirac function approximation from above and Scaled Ener__g'-,rheluw_Ec_[E_.-'EF"ﬁ] disassociate an few spacecraft

S TR . _ _ _
dividing by the peak of the distributions, EX. assuming Efff(T) > 2k,T, we can calculate the density of filled trap states, n,, for operate. (b) Absolute error versus

( exp|— (E — ;ff - - : exact,a
the steady-state condition at low T by integrating an expression for the trap state L p[@(;E_Eéff))/k & ; T:OI,I(T ISvaE\J/IIedT enaegg?/c’)xii:?nrattig?]szem _?_?]Cel

S P :ﬁ . : . ; NP
T_Depen d ent CO N d UcCt rty | Od el S d_ens_lty as a funct!on of energy over all occupied states, or over all trap states in the &1 = 1| f(E_Eiﬁ)<2kBT -  elbitve cnior eEle eh ~id e
N : distribution nA(E) Y1+ [(E—-E7")/2kpT]} , otherwise ;  lowT eff
1, if (E—EJT) > 2ksT +[2kgT/E; " (T)], Independent of T.

— Unifiorm Saep (p=0) |
= - Limegr (p=1) 1

— Power Law (p=11)

==+ Power Law (p=2)

= Exponenmal

?

Scaled Energy bdow Ec [EF By T
Wicaled Energy bedow E. [Ef Ey 410

-

L=

. : Temperature _geff 1 L exp|(E — E/T) /kyT] ;' highT
DOS Type Density of Conduction Band Electrons, n(T) Depzndem:e nc(T) ~ N_.e Eg " (T)/kpT — —f fFD (E’ T) ngy (E) dE =
Monotonically decreasing DOS models with Ef = 0. 1 (BT eff+(T) 1 E—ET (1
= = F F effi —_ eff _I_
) - o Jo ny(E)dE + f 2ff~1) 2 o | ra(E)AEywhere ELS(T) = Ep” (T) + 2kgT
.Ili" —_
ne = (CoflgdDT Y2 | 2 |(Fe) VR (ST 28 11 . o . . .
Exponentil 0rnE 2kgT |\, EY Y 7" when This expression is the only part of the RIC expression that contains information ————Conto Frartion of Ocoupind
0= EF | — &7 | > 2keT : : - : - DICIS Trype Monmalized DOS Funetion, 7, (E) Width, £ * § T ;
- Pe about the material, at least up to a proportionality constant. The second integral in E sonrand raps, fag
a — . . . . = » » -
Nps, By oJkaim, this expression contains all of the temperature dependence of RIC. Inserting this Monotonically decreasing DOS models with £, < 0.
— . . . . . . . _ 1 E.T _ E E:' _ _|'
n, = (€, /icg)DT M2 expression into the_ standard conductivity equations for electron carriers, we arrive Fxpenertial e (8500 = 6y [ ] ( e )Dm 2 o) - E{P( Efr)
£F (o + 1) -1 L at the final expression for temperature dependant RIC: " - -
Power Law * [uﬂ:ﬁ” (B P — =2 [P 0P — I:P_}#”]] 77" when (p+1) (57 —EY . o g
EldiE;ff-:iE‘E kgl (g +2) |E‘§—E:-“rr|}}2kET A(T) oo _ Povarer Lanar fal &1 E7) = Ny = "Ep alEr — glals) Er (m:IEf (%)
£ n. )  2kgT — : _ ~ h 1/2 [ ] | & . ?
Piin,T) = [1 — E?;“" ]i i oric(T) = kgyc(T)D =(qe e n(T) =~ qt, C, D T fo frp (E,T)f 4(E)dE P - 2 (B =6 o | BPTEY
' 7 1 By fev i ee om0 | & | G5 |
. 2 -1 . - ;
r - p -172 — [ \/ J Trftem Step 1 v _ p=fr
Linear o7 . n, = I:E' J-'r,ifl;' ::IDT_:UE Ay M +l 2:';1'3 T] LT ) when W|th Co — pm NTSCEeh 3kB/me . (Limit of Top Hat, EII.I' =10 ﬂu—.-:':EJ E,":I = i E“] EII:E," —E1alE) EnLI' IEEnlr (E, UF )
0« ES < B, ot & Eﬂt 31 Eﬂt |E.:. — |}} 2kaT . . - - (Lont of Power Laar, p = . fa
— - — —y Table 2 column 2 shows expressions for n.(T) in the low T approximation, for all Peaked DOS models with £L = 0.
ot Ste _ (M,..T) - when . . . e L
0 _::pE;ff < EUS n, = (€, kgdDT 2. [1 —FE%] B85 67| 35 2k DOS listed in Table 1 evaluated with EFff(T) below, above, or within +2kzT of the s
a ' d . . . :
Istributions. a2
)
Power Lawr, Linear, Urniform Step _ ___ _ _ 258 . 2 g &
el st Comparison with Experimental R G ol oo G ] e [ [5 Joter | o aE
N . ‘ : Dieviaticm) Memn Energy:
- 1)
; 1+ 2erf| —= )]f[1+zw (—)
Peaked DOS models with Ef, = 0. f y T [ f(f.gf e =
- Fig. 3. Radiation induced [(C, /ks)DT- 1/2]<T+TX> NC](W> =
12 i : 5 5 '
ne = - (Colkg) DT [1 +2. wf( )] TVE when SomEluEluily versws T owen @ o SN s £ o USUDaa Sl L ofeman £ o) ng (5851 = Ny 605 — &) &0 5 1
VZE, 1 (e5" - E4) > 2kgT disordered SiO, showing two { o kb oo () . Ut b 1 (LaciorGuusis, & Eﬂ -
f —(R,)E —(R_2E Ny T ' ' 3 ess Culler Data ruftem Top Hat 1 . n Ir _ c=ir
(ransslan ﬁEﬂ ) 3 (7 I: _F j (share dustrbticny data sets fr.om . usu 3] : and SEX = kT >» EJT(T) 2 2kyT > 0 o2 —— Square Root Fit (Longt of Const ) typ LETEY L ET ) = Ny [—u_ u] aley — elale-cglf) _1 (ET 4+ £ (ﬁ)
off #il + ST | Ay erflA ) —A_-erflA_I+ on Culler [13] with fits proportional - - - Lineas Fit (Limit of Gaussian, 5 — o) fr T =gl -gf|Tz T 2
055 i o TH? when to T2 and T; (b) LDPE, showin o ; -
[ N / ! g i s e O(E) is a Heaviside step function, equalto O at E<0and 1 at E > 0. & From Eq. (6).
[E‘ﬂi _ E:.HI:?I,:.,T:I] + 2kg T |E-:|._ --"_;“r | g EFET data sets from USU [14], Yagahi. t W JE—— 8(E) is the Dirac delta function, equal to infinity at E and zero elsewhere. : Mean energy of trap state within band gap, Eq. (2)
Ryln,.T) = e (within distribution) [12], and Fowler [6] with a fit , , _ oo wrar(@p]  dlies Vg Dun ‘
& based on an exponential DOS. B oo -y ol £ [reetSUDM | <@
Dielta Functiom 7 e Data from the different studies where Ro(n,T) = {[Eé—Eszmc.n]iszT} =" : Refe r e n C e
—_ . t\Ucr = £ o h
0< g Ey n, = (€, kgibT Y2 |ES - 557 | 2kaT were scaled to normalize RIC at Voo =
. '.L'.'.‘_ ———— = 1] J.R. D i , J. Gill ie, J.L. Hod , R.C. Hoff , .J. Abbott, AW. Hunt and R. Spalding, “Radiation Ind d Conductivity of Highly-I lating S ft Materials,”
Dielta Function _ 5T (Mg, T) -1 T 112 when L S o - in Appﬁcr:]gtli)onnof Acclzeﬁzlrc’;?ors in R(tjesge(:ch and Igdtrjns?rnyr,] Am. Insgt. Phys. ngf.agroc. Se??es:n\gol. 1%5;3,28. rI]:.[l;f:(le\/chgrr:ielfCaer(ijB? L. I[g)]oy)lle,n(Ser?.IrngstitP?)?%:rzss., I\E/IIe(Ie\;I(;IISe,
b T -1/2 . . - . : . . NY, 2009), pp. 203-208.
|Eﬂ E;'r | < 2keT M, = [Eﬂ J"rlr"'-'g::lDT 1/ a1+ £ |E.; - E;'rr | . EkET DlSOI’d ered Sl ||C0n D|0X|de (S'OZ) LOW DenS|ty POlyethylene (LDPE) [2] A.M. Sim and J.R. Dennison, “Comprehensive Theoretical Framework for Modeling Diverse Electron Transport Experiments in Parallel Plate Geometries,” Paper Number,
(arithin distribution) 2kgT . : . . . AIAA-2013-2827, 5 AIAA Atmospheric and Space Environ. Conf., (San Diego, CA, June, 2013).
Fit with a curve proportional to T2 as would be expected for a °® g't W'th_ a DCSJ;V[G:LS]pI’edICted for an exponential monotonically [3] J.R. Dennison, J. Dekany, J.C. Gillespie, P. Lundgreen, A. Anderson, A.E. Jensen, G. Wilson, A.M. Sim, and R. Hoffmann, “Synergistic Models of Electron Emission and
. . . . eff ecreasing 5 Transport Measurements of Disordered SiO2,” Proc. 13th Spacecraft Charging Techn. Conf., (Pasadena, CA, June, 2014).
Uruform TDP Hat I 173 T -171 when m?'fterl?l Wltg a peake(:] DOS W;;[h IE:; > gF (nc' T) > th:' . e At T<250 K. LDPE data exhibits a modest factor of ~3 increase in [4] A. Rose, 1951, “An Outline of Some Photoconductive Processes,” RCA Review 12, 362-414.
r — - Difficult to distinguish over the limited T range whether this is in ’ : : - : [5] A. Rose, 1963, Concepts in Photoconductivity and Allied Problem (John Wiley and Sons, New York).
: .D = E;r = B My = [Eﬂka]DT |.E':I - E;-'T | = 2kpT better agreementg'l[han a fit linearly proportionaﬁ toT RIC. Su?h Ul IIEEE s at low T is predicted for an exponential [6] Fowler, J. F., 1956a, “X-Ray Induced Conductivity in Insulating Materials,” M. S. thesis (University of London).
(abore distribuation) . ' monotonically decreasing DOS. However, for expected values of [7] J. F. Fowler, “X-ray induced conductivity in insulating materials,” Proc. Royal Soc. London A, 236(1207), 464 (1956).
—r — - %SU Datg_ Ste::I 2b shc_)tvI;/s 611" tsntwrz]a'ller decr:ease in Ilif[IC(::I ?t the_ lowest g EXand Nr, these increases are predicted below ~30-50 K. [8] M. C. J. M. Vissenberg, 1998, “Theory of the Field-Effect Mobility in Amorphous Organic Transistors,” Phys. Rev. 57, 12964-12968.
t ey - _ anh predicte eitner TiIt, IS ma ave resuilted 1rom increase ° : : [9] H.J. Wintle, “Conduction Processes in Polymers,” in Engineering Dielectrics — Volume IlA: Electrical Properties of Solid Insulating Materials: Molecular Structure and
i lop e - Elw - & Eﬂ.:'-Tj T ok when har F?n rin ym remen y| w T. wher n Vi i Behavior observed in _L_DPE may alternately be related to a LDP_E Electrical Behavior, R. Bartnikas, Eds, (Am. Soc. Testing and Materials, Philadelphia, PA 19103, 1983).
[r [r 1,2 F charging during measurements at lo : ere conductivity is ! _ ( : : o . _ _
0= By < E;“rr < By M. = Efﬂf'rjfE:'DT el — T B _ et S en T sl B @ e & fnelesie her e deserilan of (e DOS s e structural phase transition seen at between 250 K and 262 K. This [10] P. Molini¢, R. Hanna, T. Paulmier, M. Belhaj, B. Dirassen, D. Payan, and N. Balcon, “Photoconduction and radiation-induced conductivity on insulators: a short review and
(arithin distribution) E, | a4 = | 7 oREp y P structural B phase transition is routinely observed in branched PE, some experimental results,” Proc. 12th Spacecraft Charging Techn. Conf., (Kitakyushu, Japan, May, 2012).
exact or other bands are present. and associated with conformational changes along polymer [11] A. Tyutnev, V. Saenko, and P. Evgeny, “Experimental and Theoretical Studies of Radiation-Induced Conductivity in Spacecraft Polymers,” Proc. 13" Spacecraft Charging
: : . RIC for SiO- i b Ilv ~4X f ~100-420 K, al t th . . . . . . Techn. Conf., (Pasadena, CA, June, 2014).
GEUSSHIL Delta Fm"-':tl':'rh Uraform T':']f:' Hat Ordel’(;r ofl mzamrc]:irti%seefesz S[)f?ail] Obse:\c;(rer(]j for LDPE O\?errngism”a:e-le— chains in th_e mter_famql matrix of disordered polymer between [12] K. Yahagi and A. Danno, "Effect of Carrier Traps in Polyethylene under Gamma-Ray Irradiation,” J. Appl. Phys., 34, 804 (1963).
0 < [ o ] o peiT - T-independent 9 _ ; : nanocrystalline regions in the bulk. [13] V.E Culler and H.E. Rexford, “Gamma-radiation-induced conductivity in glasses,” Proc. IEE, 112(7), 1462, 1965.
9 7 Tk & F n, = [ ranges. Cathodoluminescence for these SiO; materials have Changes near ~250 K seen in prior studies of mechanical and [14] J.R. Dennison, A.M. Sim, J. Brunson, S. Hart, J.C. Gillespie, J. Dekany, C. Sim and D. Arnfield, “Engineering Tool for Temperature, Electric Field and Dose Rate
(below diztribution? suggested the presence of fairly narrow (~10-50 meV wide) deep g T e Dependence of High Resistivity Spacecraft Materials,” Paper Number AIAA-2009-0562, Proc. 47" Am. Inst. Aeronautics and Astronomics Meet. on Aerospace Sci., 2009.
level trap DOS distributions within the bandgap [15] y PO . ) y [15] J.R. Dennison and J. Brunson, “Temperature and Electric Field Dependence of Conduction in Low-Density Polyethylene,” IEEE Trans. Plasma Sci., 36(5), 2246-2252, 2008.
' [14,15], RIC [1,14], and other electronic properties. [16] J.C. Gillespie, "Measurements of the Temperature Dependence of Radiation Induced Conductivity in Polymeric Dielectrics,” MS Thesis (Utah State University) , 2013.
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