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Purpose
• Understand function of “filter” for X-ray

inspection (Surface-Mounted ICs)
• Reduce dose absorbed by Si IC, yet “see”

Cu traces in/on PWB & solder joints
• Determine optimum filter material(s) and

thickness
• Improve margin between X-ray inspection

dose and total dose to cause failure
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Outline
• Introduction
• Shipping/Supplier Survey
• Inspection Scenario/Objectives
• Identifying Dominant Variables
• Filter/Target Absorbance
• Dose Comparisons
• Summary
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Perspective & Sept. 11
• Solder joints on some some surface-mounted devices

(BGAs) are visually hidden, X-ray inspection common
• X-ray Suppliers suggest substantially different

inspection parameters (KV, distance, filter), producing
substantially different Si dose values

• Si scaling reduces stored charge (internal nodes)
– Dose threshold (cumulative damage) decreasing?
– Max margin between dose threshold & inspection dose?

• Increased X-ray inspection post Sept. 11 is likely for
cargo, baggage & hand-carry
– Mail/parcels to certain US zip codes get MASSIVE

irradiation to kill biological threats (anthrax)
– 10 MeV electrons required to penetrate 1 cm of paper
– BUT ONLY mail with non-traceable shipper is sterilized
– Even “Rad-Hard” devices can’t survive 10 M Rad
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Shipping Survey
• LiF Thermo Luminescent Detectors
– Measure dose for cargo, baggage & hand-carry
– Each TLD ~ 3 x 3 x 0.8 mm
– Taped to color print film canister
• 3 orthogonal directions

– Exposed a few frames w/ standard color wheel
• TLD dose readings were <5 m Rad, except

transit through Amsterdam (~50 m Rad)
– Chest X-ray ~ 10 m Rad

• All film unaffected (ASA 200)
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Supplier Survey
• X-ray inspection equipment suppliers were

asked to estimate dose (specific scenario was
NOT requested, nor did we ask whether the dose
was per unit area or full field, etc)

• Objective was to get an “order of magnitude”
estimate to see semi-quantitative differences

• In view of the huge range (see next page … 4
orders of magnitude), clearly there must be
some reason(s) for Best Known Practice

• Quickly realized that “filter” was a key element
• Supplier names are deliberately coded, as

comparative data are NOT necessarily fair
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Supplier Survey
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Existence proof that low dose can be achieved
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Inspection Scenario/Objectives
• Surface-Mounted IC is assumed to be on multi-

layer PWB w/ 50 �m thick Cu traces
• Assumptions:
– Cu traces & vias on/in PWB need to be visible to

provide “markers” vs solder ball pattern
– Eutectic 63Sn/37Pb solder ball size ~ 0.3-0.6 mm
– Relevant Si thickness ~1 �m, where electric field is

large in depletion layers and dielectrics
• Objectives: See solder balls AND Cu, but

minimize total dose to Si
– Si X-ray absorption (dose) creates electron-hole pairs,

which are separated and collected by electric fields,
creating cumulative change or refresh issues for
internal nodes with stored charge
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Identifying Dominant Variables
• First thought: X-ray tube KV - spectrum peaks

near 1/3 * max KV (white radiation from W target)
– Contrast varies slowly w/ KV … dose unknown

• Some suppliers use filters … others do not
– Some suppliers used filters effectively
• How did they chose their filter?
• What filter composition & thickness is optimum?

• Calculated absorption coefficient for Si vs
energy to see what X-ray energy is most
dangerous
– Greatest Si vulnerability just above its K edge

• Calculated attenuation coefficients for possible
filter materials (Al, SS & Cu all in use) vs energy
to infer which was best
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Identifying Dominant Variables
• X-ray absorption is exponential with depth
– I = I0 exp(-�t) … �/� values are tabulated
• � is absorption coefficient, while � is density
• �total = � fi * �i if multiple elements are present

– � varies as 1/E3, unless an “edge” is crossed
• Edge corresponds to the critical energy just

sufficient to create an inner shell vacancy
• K edge values: Si, Cu, Sn & Pb are 1.8, 9, 29 & 88 KV
– Most dangerous radiation to Si is ~2 KeV
– Best radiation to see Cu shadows is ~9 KeV
– Best radiation to cast Sn/Pb shadows have hi energy

• Thus, we want a filter that transmits 9 KeV to
image Cu, yet strongly absorbing in the range 2-
4 KeV where Si would be damaged by absorption
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Identifying Dominant Variables

Absorption length (� in 1/cm) vs energy (KeV):
Si, Cu, ,Zn, Sn & Pb (Z= 14, 29, 30, 50 & 82, resp.)

X-ray Absorption vs Energy
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Identifying Dominant Variables

Si absorbs weakly near 2-4 KeV (range needing protection)

Silicon X-ray Absorption vs Energy
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Identifying Dominant Variables

Zn transparent at energies that Cu absorbs most strongly

Cu & Zn X-ray Absorption vs Energy

1

10

100

1000

10000

100000

1 10 100
Energy (KeV)

m
u 

(1
/c

m
)

Cu
Zn

Si
K edge

Cu
K edge

Zn
K edge

Both Cu & Zn have strong absorbance at Si K edge …
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Identifying Dominant Variables

Sn & Pb absorb strongly vs Cu & Si at all energy values

Sn & Pb X-ray Absorption vs Energy
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Identifying Dominant Variables
• Thin Zn filter transmits 9 KeV to image Cu, yet

strongly absorbs in the range 2-4 KeV where Si
would be damaged by absorption due to charge
injection
– Alternatives to Zn filter would be thin Ge or GaAs, but

Zn is likely to be more readily available (widely used in
ordinary C-Zn storage batteries)

• Transmission @9 KeV by 15|30 �m Zn: 62%|39%
• Attenuation @1.8 KeV by 15|30 �m Zn: >1011:1
• Attenuation @3.7 KeV by 15|30 �m Zn: 300|50K:1
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Filter/Target Absorbance

Green = Good; Red = Bad; Filters = Right justified; Targets = Left
Centering denotes marginal or poor properties

15 �m Zn absorbs 38% at Cu K edge
2 mm SS costs 50X to see Sn/Pb solder; 0.4 mm Cu costs ~ 2X
2 mm Al OK for Sn/Pb, but strong absorption for Cu shadow
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Dose Comparisons
• Many detector and material properties are important
• Farmer Chamber measures total dose in air

– Typ. use water absorber to simulate human tissue
• Image Intensifiers rely upon combination of fluorescent

material and “camera” (PMT or CCD)
• TLDs (Thermo Luminescent Detectors, e.g. LiF) convert

relaxation of color centers to Grays or Rads
– 1 Gray (Gy, 1 j/Kg) = 100 Rads, whereas REM (Radiation

Equivalent Man) comprehends human tissue response
• Si-dose vs air: ratio of absorption coefficients vs energy

– 50 KeV photon carries 25X more energy than 2 KeV photon
near Si K edge, but Si absorption depth for 50 KeV is 7500X
greater than 2 KeV, so “Si-dose” (energy/mass) is 300X
smaller for hi KV, thus …

• Most dangerous radiation to Si is low KV (near K edge),
effectively blocked by THIN metal filter (Zn is optimal)
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Summary
• Crude supplier survey shows 4 orders of

magnitude range … proof that low dose X-ray
inspection is possible

• Si is most vulnerable for X-ray energy just
above its K edge (2 KeV) & dose is cumulative

• Cu radiography most effective for X-ray energy
just above Cu K edge (9 KeV)

• Sn/Pb radiography effective at virtually all
energies (high Z and density)

• Thin Zn filter protects Si at 2-4 KeV, but
transmits above 9 KeV, permitting Cu, Sn & Pb
radiography (Ge or GaAs foil would be OK also)


