Space Solar Cell Radiation
Damage Modelling

Scott R. Messenger, Ph.D.
US Naval Research Laboratory, Washington, DC

Scott.Messenger@nrl.navy.mil
202-767-7360



mailto:messenger@nrl.navy.mil

“Prediction is very difficult, especially if
I’s about the future.”

-Niels Bohr
Danish physicist (1885 - 1962)




Space Radiation and Effects

Plasma Particle Neutral Ultraviolet metr;ﬂ;:?;?gis &
_/ lonizing & Single *‘ Surface l
Charging Non-lonizing Event Drag Erosion Impacts
l Dose Effects l
-Biasing of | *Degradation «Data *Torques *Degradation «Structural
instrument of micro-  corruption | .orbital of thermal, damage
readings | -electronics  yoico o | decay e'ﬂes;‘ir::‘ilh Decompression
*Pulsing -Degrad_atmn images properties
D of optical Circuit )
E ower components 4 *Degradation
rains .Dearadation g of structural
Ll of S%Iar cells "System Integrity
damage shutdowns o after J. Barth
<4—>Space Radiation Effects




Outline

1. Motivation
2. The Space Radiation Environment

3. Solar Cell Space Radiation

Degradation Modeling

-JPL Equivalent Fluence (EQFLUX)
-NRL Displacement Damage Dose (SCREAM)

4. Radiation Damage in Multijunction
Solar Cells



Motivation

* Provide space solar cell community an alternate
method for cell level degradation analyses

e Heritage method (JPL EQFLUX) requires several
ground test energies
 Electrons (0.6, 1, 12 MeV)
 Protons (0.02, 0.05, 0.1, 0.3, 1, 3, 10 MeV)

o Alternate Method (NRL Displacement Damage
Dose, DDD) needs significantly less ground data
 Electrons (1, >2 MeV)
 Protons (>1 MeV)

 AIAA S-111-2005 Space Solar Cell Qualification
(Sects. 8.1 & 8.2) have been modified to include
NRL DDD model as primary which can save
about $150K in future space cell qualifications



Problem

« To generate ground irradiation data necessary to predict
the effect of a particle spectrum (as that found in space)
on a solar cell in orbit

 This is accomplished by reducing all of the ground data
to a characteristic data set

Electron and Proton Fluence Data (GaAs/Ge, 1991)

10} GaAs/Ge |

L 09 1 Sun, AMO |
S 25°C
§ os8r
E 07
-
0.6
g Protons
é 05 —o— 9.5Mev
= —— 3 MeV
= 04 —— 1Mev
qN) 03l —o— 0.5 MeV Electrons
—_ —— 0.3 MeV —e— 0.6 MeV
© 02l — 02Mev —a— 1MeV
e ) —{+— 0.1 MeV —m— 2.4 MeV
E 017 —a— (.05 MeV —e— 12 MeV
Z 00 L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ Ll Ll

102 10° 10 10" 10% 108 10* 10%® 10%® 10Y

Particle Fluence (cm'z)



« We want all data to collapse to a common basis

Solution

« The JPL method uses an equivalent 1 MeV electron fluence
e The NRL Method uses the displacement damage dose
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Space Radiation Environment
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AE8BMIN Electron Spectra (Static)

AE8MIN Integral Flux > E (elec/cm?/s)
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AP8MIN Proton Spectra (Static)

AP8MIN Integral Flux > E (prot/cm?/s)
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Space Radiation Spectra

1100 km, circular, 63°, 1 year duration

Integral Spectra

Differential Spectra
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*The space radiation spectra is generally considered accurate to ~2X. This is the
dominant error source for any degradation analysis leading to

MARGIN!!!




What is a Coronal Mass Ejection?




Space Weather - Solar Proton Event Data

October 19, 1989 Event
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Space Environments and Effe cts
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Electron and Proton Radiation Environment
(CEASE data onboard TSX5, DSP21, HEO and ICO Satellites)
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*The present radiation environment models are known to have an accuracy of at
least a factor of 2. AP(E)9 will greatly update the environment data. A beta
version has been created in May, 2010. The NASA Radiation Belt Storm Probe
(RBSP) experiment (launch in 2012) is expected to greatly enhance the

understanding.

Any model is only good to the data that is given!



AE9/AP9 Overview

OBJECTIVE: Provide satellite designers with a definitive model of the
trapped energetic particle and plasma environment to include:

* Quantitative accuracy
* Indications of uncertainty

* Flux probability of occurrence and worst cases for different
exposure periods

* Broad energy ranges including hot plasma & very energetic protons
* Complete spatial coverage

To achieve this objective, AES/AP9 will have to be fundamentally
different from and far more complex than AE8/AP8
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AP-9/AE-9
AP-8/AE-8 Deficiencies

Example: Highly Elliptic Orbit (HEO)

HEQ OBSERVED DOSE vs MODEL PREDICTION
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HEO dose measurements show that current radiation
models (AE8 & AP8) over estimate the dose for

thinner shielding

Model differences depend on energy:

A) & MeV PROTONS

B) 15 MeV PROTONS

Example: Medium-Earth Orbit (MEQO)
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For MEO orbit (L=2.2), #years to reach 100 kRad:
* Quiet conditions (NASAAPS, AE8) - 88 yrs
+ Active conditions (CRRES active) - 1.1 yrs
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AE9/AP9 Implementation

Satellite data Satellite data & physics-based models User’s orbit & Monte-
¢ + Carlo simulations
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AP-9/AE-9
Data Sets for Spiral 1

.
» Los Ala

WATIZINAL LASDRATOAY

e

Data Set Orbit/Duration Measurements
HEO-1 Molniya, L>2, little coverage L<4, 1994 p+: =80, =160, =320 keV, =20, =40, =55, =66 MeV
onward e-:>130, =230 keV, >1.5, =4, =6.5, =8.5 MeV
HEOQ-3 Molniya, L>2, 1997 onward p+: >80, >160, >320 keV, >5, 8.5-35, 16-40, 27-45 MeV
e-:>130, =230, >450, =630 keV, =1.5, 3.0 MeV
ICO 452, 10000 km circular, MEO L>2.5, 2001 p+: =15, =24, =33, =44, =54 MeV
onward e-: =1.2, 222, =4, =6, =8 MeV
TSX-5 67°LEO, 400 x 1700 km, CEASE (dosimeter & telescope)
June 2000- Jul 2006 p+: 20 — 100 MeV, 4 integral channel
e-:0.06 - 4 MeV, 5 integral channels
CRRES GTO, L=1.1, contamination issues in PROTEL(p+): 1— 100 MeV, 22 channels
inner zone, Jul 1990 — Oct 1991 HEEF{e-): 0.6 — 6 Mev, 10 channels
MEA(e-): 0.1 - 1.0 MeV
LEPA(p+ & e-}: 100 ev — 50 KeV
8§33 97.5° MEO, 236 x 8048 km, 1976-1979 p+: 80 keV - 15.5 MeV (5 ch), > 60 MeV (no GF)
e-: 12 keV — 1.6 MeV (12 ch)
GPS 54@, 20000 km, MEO L>4.2, Jan 1990 BDD/ICXD, p+: 5/9 — 60 MeV
onwards e-:0.1/0.2 - 10 MeV
Polar 90°, 1.8 x 9.0 Re, Feb 1996 — Apr 2008 CAMMICE/MICS, p+, O+: 1-200 keVie
HYDRA, p+, e-: 2 eV — 35 keV
IES/HISTe, e-: 30 keV — 10 MeV
GOEST8& 11 GEO SEM, p+: 0.8 — 700 MeV, 10 differential channels
1986 onwards =1, =5, 10, =30, =50, > 100 MeV integral channels
SAMPEX LEO (500 km) PET, p+: up to 400 MeV
1992.5 onward e- :=0.5, =1, 1-6, 3-16, 10-20 MeV
LANL GEO MPA/CPAJESPISOPA
1985 onwards p+: 0.1 keV — 200 Mev
e-: 0.1 keV ->10 MeV
DSP-21 GEO CEASE (dosimeter & telescope)

Aug 2001 onward

p+: 20 — 100 MeV, 4 integral channel
e-:0.06 — 4 MeV, 5 integral channels

Primarily calibration in AE-9/AP-9 beta



GPS Environment Data (LANL)

Averaged Integral Fluence by Year
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GPS Environment Data (LANL)
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Maximum Power (P,,.,) Remaining Factor

GPS Array Data with Environment Data (LANL)
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GPS Array Data with Environment Data (LANL)

Maximum Power (P,,.,) Remaining Factor
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GPS Array Data with Environment Data (LANL)
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Bottom Line

The environment is a
significant source of
error, depending on the
mission and lifetime.
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Displacement Damage
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JPL and NRL Methods

‘NASA Jet Propulsion Laboratory (Pasadena, CA)

—Calculate equivalent 1 MeV electron fluence for mission

—Uses empirically determined relative damage coefficients (RDCs)
—Read EOL power from measured 1 MeV electron curve

Naval Research Laboratory (Washington, DC)

—Calculate displacement damage dose (D,) for mission

—Uses calculated values of nonionizing energy loss (NIEL)

—Read EOL power from measured “characteristic” curve

*Both methods have the same general approach.



Orbital Degradation Calculations

JPL Method

e

do (E Ao, (Ep)
dintey electron = j ‘1’deé e) RDC(E, )dE, +Cpe j (;’E > -RDC(E,,, t)dE,
P

C,e IS determined empirically (75-90% degradation level)

NRL Method

Dy = f Ad(Ep) NIEL(E,))dE, + R, Ad(Ee) -NIEL(EG){

NIEL(E,) ”‘1dE
€
dE, dE,

NIEL(LMeV)

R, Is determined empirically (ratio D,./D,,)

*Both methods currently rely on single-valued electron-proton
degradation correlation. However, these methods can be adapted to
account for degradation-dependent correlation (WCPEC 2006).



Heritage Model
JPL Equivalent Fluence Method

e Data needed Electron and Proton

Fluence Data (GaAs/Ge, 1991)
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RDC Calculation

(10 MeV Protons & 1 MeV electrons)

Electron and Proton
Fluence Data (GaAs/Ge, 1991)
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Equivalent Fluence Analyses of GaAs/Ge Solar Cells

JPL Pmax vs Phi
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Initial

JPL Equivalent Fluence Method
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JPL Model Pros/Cons
 Pros:

— Heritage (developed in the 1980s)

— Widely available and already incorporated into many space
radiation suites (SPENVIS, Space Radiation™, OMERE, etc.)

« Cons:

— Much ground test data needed ($9%)

— Requires 1 MeV electron (to 12 MeV) AND 10 MeV proton data

— Currently available for Si (1982), GaAs/Ge (1996), MJ (1999)

— Program not particularly user friendly in FORTRAN version

— Entire calculation is technology specific (every design change
needs requalification, $%)

— Calculation of omnidirectional RDCs for covered cells not
trivial and coverglass and technology specific

— Assumes that the total damage can be characterized by 1 MeV
electrons which may not be appropriate for proton-dominated
orbits



Proposed Model
NRL Displacement Damage Dose Method

Electron and Proton

* Data needed Fluence Data (GaAs/Ge, 1991)

— Protons Lol ‘ ‘ ‘ T T
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° — ) - 1 Sun, AMO |
E=3 MeV % SZ o |
¢ =1el0to 1lel3 p*/cm? % ool
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E=1and5 MeV § 05| s
° =14an e i
+ 2 D 0'4, Electrons
® (I) = 1e13 to 1e16 p /Cm E‘ 0.3 —a— 1MeV
g 021 —m— 5 MeV
S 0.1f
Z 00 vl vl vl il il vl il

102 10° 10 10" 10% 108 10* 10 10% 10Y

Particle Fluence (cm'z)



Nonlonizing Energy Loss

NIEL=Rate at which energy is lost to nonionizing events;
analogous to LET or stopping power for ionizing
events (UNIT=MeV/cm or MeVcm?/g)

NIEL(E) = I (d"(e E)jT(G,E)L[T(G,E)]dQ

e n(Td) r \
/ / Lindhard partition

Differential scattering _ factor
cross section for Recoil energy
displacements

NOTE: Energy dependence of NIEL similar to experimental RDCs



NIEL in Si and GaAs

10t w 10t I
RO S Si . GaAs
oL S | oL LTt Tl * = I
10 T,=21eV 10 . Ty=10eV, Ga & As
—~~ a
D10t a C\E 10t .
£ ---- Proton g -==- Proton .
S 1020 —-= Electron|  Ttel . . © 192| |~ Electron .. .
g m NEUtron | . s . sk, g === Neutron|  Seeel ...
~ |
— 103 w 103 7
'-% pa
3 104 < 104 7
G 3
@)
10°|° 105 i
10° 10°
104 10° 107 10t 10° 10t 102 108 104 10° 107 10t 10° 10t 102 108
Particle Energy (MeV) Particle Energy (MeV)

*NIEL calculation available for any charged particle in any material
*Neutron NIEL determined from Displacement Kerma calculation

NIEL (MeVcm?2/g) = KERMA (MeVmb) x (1027N,/A)



Displacement Damage Dose Analysis of GaAs/Ge Solar Cells

Measured Data
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Displacement Damage Dose (MeV/q)

eCalculated NIEL gives energy dependence of damage
coefficients (well-matched to RDCs)

eCharacteristic curves can be fit to simple expressions
(similar to JPL handbook method)

eCharacteristic curve can be generated using minimal
ground test data (only 1 proton and two electron

energies)




Dd Analyses of GaAs/Ge Solar Cells

NIEL(E P(Dy) Dy
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Norm Pmp

MJ Solar Cell Radiation Response in terms of D,

*GaAs NIEL used in the correlation
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Emcore ATJ Solar Cell Radiation Response

| 12 MeV
2 MeV
1 MeV
0.6 MeV
EffFitElec
| 0.05 MeV
0.1 MeV
0.3 MeV
1 MeV
2.5 MeV
10 MeV
— - EffFitProt

® > H o

X X B> 0O oo

*This shows that the Emcore ATJ multijunction (3J) solar cell is well-
behaved in that indeed a single characteristic curve is generated from the
ground data. This data set is included in SCREAM development.



NRL Displacement Damage Dose Method

Incident and SDS (Isotropic)

Nonlonizing Energy Loss (2003)
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NRL Model Pros/Cons

e Pros:

Few ground test measurements needed (3)

Ground test particle energies can be conveniently chosen
Shielding algorithm is independent

Allows for rapid analysis of emerging cell technologies
Allows for easy trade studies

Can combine data from different experiments

Allows for alternate radiation particles (neutrons, alphas, etc.)

e Cons:

Lack of heritage (developed in the mid-1990s)

More suited for sufficiently thin devices (~few mm)
— Uniform damage deposition required over active region

Program currently not available to general public
No interlaboratory cross calibration of method



Analytical Model Comparison

Proton Dd to 1 MeV electron equivalent fluence

(I)lMeV electron —

C

p

Dy, |C.
1+ P
Dyo

-1

*

Dxe

NIEL(1)

1 MeV electron fluence to equivalent proton Dd

Dd :D

Xp

|

C

1+ (I)lMeV electron * NIEL(]')]C" -1

Dxe

*General rule of thumb: 10> 1 MeV e’/cm? ~ 10'° MeV/g




Orbit Examples (SPENVIS)

1 year, 700 x 12050 km, 63.4°, w/ solar event protons

GaAs/Ge Cell degradation vs.

Fluence Spectra .
P Coverglass Thickness

o
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Orbit Examples (SPENVIS)

15 year GEO w/ solar event protons

Fluence Spectra

Integral Fluence (cm ?)
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Why Do The Models Agree?

The energy dependence of the experimentally
determined RDCs closely match that of the
calculated NIEL.

Relative P, Damage Coefficient

103 T A 10%F
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DDD Implementation History

Quickbasic code (user proton spectrum input)
— Developed by NRL with Ed Burke (mid 1990’s)

— Transformed into Mathcad (mid 1990’s to present)
* Enabled both proton and electron conditions in 2005

NASA GRC support to Maxwell Labs (AP8/AES)
— 1stversion of SAVANT (late 1990’s)
— Developed for inclusion into NASA Environmental Work Bench

15t NASA Living With a Star (LWS-SET) Data Mining NRA

— NRL and NASA GRC created a FORTRAN-based, stand-alone, Windows™-
based, version of SAVANT (2003) distributed by NASA MSFC (SEE Program,
now defunct)

— Only beta version produced (large laundry list created)

SCREAM (Solar Cell Radiation Environment Analysis Models)
— Transformed MATHCAD version into MATLAB-based executable
— Available by request

Spenvis/Mulassis (MC-SCREAM)

— All of the components are there except solar cell damage info
— The enabling component is MULASSIS to calculate the SDS
— User interface created by Daniel Heynderickx (DHC, Consultancy)



SAVANT DDD Analysis Code

—_ savant

File FREun Optionz Graphs

Help

Thnput=
Orbit: Fpogee | 1902.7 seninajor s y5p.3
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SAVANT: Solar Array Verification and ANalysis Tool
(NASA, NRL, OAI)



SCREAM

Integral Radiation Spectrum Input (user input)
— Converts the log-log spectral data into a 10" order polynomial fit
— Differentiates the polynomial fit to get the differential spectrum

Shielding Range data
— Protons and ions: SRIM 2006
— Electrons: ESTAR

Slowed-Down Spectrum (SDS) Calculation
— Slab model adjoint calculation based on Haffner model (1967)
— Benchmarked with Space Radiation™, Mulassis

Calculation of DDD (integral of NIEL*SDS over energy)
— NIEL data from WINNIEL2 (ions) and MATHCAD (electrons)

Calculation of Parametric Degradation
— Uses 5 empirically-determined parameters for each metric



Start-Up Page
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Materials Menu Options
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Cell Technology Options

Bl Cell_Degradation_Calc EI@
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Degradation Parameter Options
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SCREAM
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After selecting HEO_TrP.txt and entering, the data are plotted
Cell_Degradation_Calc EI@

File Help

SCREAM

—— Shielding Parameters —— Cell Technology Parameters;
Material Si - Cell Type GaAs -
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After choosing CMX and 6 mils, and pressing Slowed-Down Spectrum (“Primary
Spectrum” button selected)

Cell_Degradation_Calc =R
File Help
——Shielding Parameters—— Cell Technology Parameters;
Material CMX - Cell Type GaAs -
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At this time, you can save the SDS using the FILE - Save SDS menu option



After pressing Displacement Damage Dose
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MC-SCREAM

Incident differential radiation spectra (SPENVIS)
— Can choose several proton, electron, and solar proton models

Calculation of the “slowed-down” spectra after having passed
through shielding (analytical, MULASSIS)

— Monte Carlo model
— Several material layers can be used to describe cell

Calculation of total DDD for the mission (SPENVIS)
— NIEL data from WINNIEL2 (ions) and MCAD (electrons)
— Already implemented in Mulassis

Determination of the expected cell degradation
— Uses 5 empirically-determined parameters for each metric
— Will have several cell technologies included
— User entry option for proprietary/developmental cells



Solar cell radiation damage
Damage equivalent fluences for solar cells
NIEL based damage equivalent fluences for solar cells (MC-SCREAM)

Cell definition Radiation environment
Cell type: Particle selection
Cover glass thickness [pri]: V| Trapped protons V| Trapped electrons V| Solar protons
Energy biasing: no -
Interpolation type: linear -
Nr. of primary particles: 1000000 ~

Tool developed by

NIEL parameters

| | ®Puax] Bec| Bfic | B Vomax| M Tpmax

Proton parameters Ou tp Ut
¢ EEcmcEEEE 1.Slowed down spectra

Dx 110° Mev/o1 | R I A for each incident behind
: 1A
0363 0.0745 0.343 0.0745 0.343 Shleldlng )

‘ 6.90 128 110 128 110 2. DDD for eaCh partICIe

_‘ 1.647 2128 1.326 2128 1.326




Outline

1. Motivation
2. The Space Radiation Environment

3. Solar Cell Space Radiation

Degradation Modeling

-JPL Equivalent Fluence (EQFLUX)
-NRL Displacement Damage Dose (SCREAM)

4. Radiation Damage in Multijunction
Solar Cells



Multijunction Solar Cell Radiation Response

Monolithic 3J InGaP,/GaAs/Ge (AMO, 1 sun n~28%)

1 1, 13

Juted > > >
InGaP, GaAs Ge
0.8 um 3 um 300 um

Monolithic: Current-limiting, I .;,=minimum(l,,1,,15)

cell
*Whichever cell is the softest will control the overall cell performance.
*MJ cell design can alleviate this to some extent by forcing the cell to

degrade by the most radiation hard subcell.

*The (beginning-of-life) BOL properties are slightly sacrificed in such

a design for better (end-of-life) EOL behavior.



Ground Test MJ Solar Cell Data

P.. Proton Degradation vs. Displacement Damage Dose (D)

1.0
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*T. Sumita, M. Imaizumi, S. Matsuda, T. Ohshima, A.
Ohi, and T. Kamiya, Proc. 19" EPVSEC, Paris, 2004.

D, = NIEL X ¢

Another good
example of
NIEL
correlation!



Ground Test MJ Solar Cell Data

P.. Proton Degradation vs. Displacement Damage Dose (D)

Remaining Factor of P .

1.0
X+ e InGaP
0.9 Qm\ti\\
0.8 \ % Q_.!\
- } \0\\
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04— 4 100keV —+
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01— < 3MeV
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Displacement Damage Dose (MeV/g)

*T. Sumita, M. Imaizumi, S. Matsuda, T. Ohshima, A.
Ohi, and T. Kamiya, Proc. 19" EPVSEC, Paris, 2004.

Two separate
damage
curves are
apparent!

Which damage
curve will

apply in
space?



Proton-Induced QE Degradation in MJ Cells
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SRIM 2003.26 Simulation

« 3J InGaP,/GaAs/Ge structure
« 3 Proton Energies
— 63.1 keV (0.6 um range)
— 251 keV (2 um range)
— 1 MeV (11 um range)

InGaP, GaAs Ge
0.8 um 3 um 300 pum

* Monoenergetic, normal incidencg“normal” SRIM run)
« Monoenergetic, omnidirectional
e Spectrum, omnidirectional

e Spectrum, non-omnidirectional

TRIM.DAT”
RIM input file



Monoenergetic, Unidirectional Irradiations

InGaP degradation
InGaP GaAs Ge /
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*Results from SRIM 2003 v.26

(Www.srim.org)

*T. Sumita, M. Imaizumi, S. Matsuda, T. Ohshima, A.
Ohi, and T. Kamiya, Proc. 19th EPVSEC, Paris, 2004.

Typical ground test conditions (not space conditions)
Nonuniform vacancy distribution — Bragg Peak at end of track

Different energies can preferentially degrade one sub-junction
This effect is not seen in 1 MeV electron irradiation (longer ranges)




Monoenergetic, Omnidirectional Irradiation

1 E+01 ‘ InGaP GaAs Ge

—— 63 keV (omni.)
- 251 keV (omni.)
—e—1 MeV (omni.)

1.E+00
*Results from SRIM 2003

V.26 using special input file
(TRIM.DAT) which specifies

Energy Absorbed by Recoils (keV/um)

LEOL random incident angles
(via direction cosines) over
21 geometry
1.E-02
1.E-02 1.E-01 1.E+00 1.E+01 1.E+02

Depth (um)
 More uniform vacancy distribution than a unidirectional beam
 Bragg peak not seen



Energy Spectrum, Omnidirectional Irradiation

1.E+00 InGaP GaAs Ge

*Results from SRIM 2003
V.26 using special input
file (TRIM.DAT) which

1.E-01

—o— HEO orbit,

Energy Absorbed by Recoils (keV/um)

3 mils Si02 specifies random
Incident angle and
1E-02 energy to simulate HEO
spectrum (3 mil SiO,)
1.E-03
1.E-02 1.E-01 1.E+00 1.E+01 1.E+02
Depth (um)

 Representative of exposure in the space radiation environment
* The vacancy distribution profile is nearly uniform over active region

No special effects due to low energy protons apparent!



Blanket Structure for Monte

Carlo Simulation

Assumed Structure for Monte Carlo N-Particle eXtended (MCNPX)
Simulation

!

“
+
3
4
I5

Pt

4 mil CMG Coverglass

2 mil DC 93-500 Adhesive

11 um IMM (assumed Ge)
5 um Ag Back Metallization

2 mil GE566 Adhesive

2 mil Kapton



lonizing Energy Deposition In
Blanket

Monte Carlo (MCNPX) simulation of Tacsat4 Radiation Environment on IMM
blanket structure

TACSAT4 Omnidirectional Proton Irradiation (Entire Structure)
Top-Side Radiation

4 mil CMG

2 mil DC93-500

11 um IMM
S5 um Ag

2 mil GE566

2 mil Kapton




Energy Deposition vs. Depth in
Blanket
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Effect of Thin Shielding on Spectrum Irradiation

Omnidirectional Irradiation
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