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1. Scope defined where the differences in the effects caused by X rays

1.1 This guide covers recommended procedures for the ugthd cobalt-60 gammas are expected to be small. Other cases
of X-ray testers (that is, sources with a photon spectrum havin§here the differences could potentially be as great as a factor
~10 keV mean photon energy arc0 keV maximum energy) Of four are described. _ _
in testing semiconductor discrete devices and integrated cir- 1-8 It should be recognized that neither X-ray testers nor
cuits for effects from ionizing radiation. cobalt-60 gamma sources will provide, in general, an accurate

1.2 The X-ray tester may be appropriate for investigatings'mmat'Qn of a specified §y5tem radiation erjvwonment. The
the susceptibility of wafer level or delidded microelectronic USe Of either test source will require extrapolation to the effects
devices to ionizing radiation effects. It is not appropriate fort© _be expect(_ad from the specmed radiation environment. In this
investigating other radiation-induced effects such as singleduide, we discuss the differences between X-ray tester and
event effects (SEE) or effects due to displacement damage. cobalt-60 gamma effects. This dlscusspn should be useful as

1.3 This guide focuses on radiation effects in metal oxideP@ckground to the problem of extrapolation to effects expected
silicon (MOS) circuit elements, either designed (as in Mosfrom a different radiation environment. However, the process
transistors) or parasitic (as in parasitic MOS elements irPf extrapolation to the expected real environment is treated
bipolar transistors). elsewherg(1, 2) S

1.4 Information is given about appropriate comparison of 1.9 The time scale of an X-ray irradiation and measurement
ionizing radiation hardness results obtained with an X-raymay be much different than the irradiation time in the expected
tester to those results obtained with cobalt-60 gamma irradigd€Vvice application. Information on time-dependent effects is
tion. Several differences in radiation-induced effects caused b§'Ven. . _ _
differences in the photon energies of the X-ray and cobalt-60 1-10 Possible lateral spreading of the collimated X-ray
gamma sources are evaluated. Quantitative estimates of tRgam beyond the desired irradiated region on a wafer is also
magnitude of these differences in effects, and other factors th&iscussed. o _
should be considered in setting up test protocols, are presented.1-11 Information is given about recommended experimental

1.5 If a 10-keV X-ray tester is to be used for qualification Methodology, dosimetry, and data interpretation.
testing or lot acceptance testing, it is recommended that such 112 Radiation testing of semiconductor devices may pro-

tests be supported by cross checking with cobalt-60 gamn-,guce severe degradation of the electrical parameters of irradi-
irradiations. ated devices and should therefore be considered a destructive

1.6 Comparisons of ionizing radiation hardness results obt€St. ) _ ]
tained with an X-ray tester with results obtained with a linac, 1-13 The values stated in International System of Units (SI)
with protons, etc. are outside the scope of this guide. are to be regarded as standard. No other units of measurement
1.7 Current understanding of the differences between thare included in this standard.
physical effects caused by X-ray and cobalt-60 gamma irradia- 1.14 This standard does not purport to address all of the
tions is used to provide an estimate of the ratio (number-ofSaféty concerns, if any, associated with its use. It is the

holes-cobalt-60)/(number-of-holes-X-ray). Several cases aréSponsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-

bility of regulatory limitations prior to use.

1 This guide is under the jurisdiction of ASTM Committee F-1 on Electronicsand
is the direct responsibility of Subcommittee F01.11 on Quality and Hardness

Assurance. —
Current edition approved Jan. 10, 1999. Published March 1999. Originally 2 The boldface numbers in parentheses refer to the list of references at the end of
published as F 1467-93. Last previous edition F 1467-94. this guide.
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2. Referenced Documents 3.1.5 ionizing radiation effectsn—the changes in the elec-
2.1 ASTM Standards: trical parameters of a microelectronic device resulting from
E 170 Terminology Relating to Radiation Measurementdadiation-induced trapped charge. These are also sometimes

and Dosimetry referred to as “total dose effects.”
E 666 Practice for Calculating Absorbed Dose from Gamma 3-1.6 time dependent effects—the change in electrical
or X-Radiatior parameters caused by the formation and annealing of radiation-

E 668 Practice for the Application of Thermoluminescencelnduced electrical charge during and after irradiation.
Dosimetry (TLD) Systems for Determining Absorbed Dose o
in Radiation-Hardness Testing of Electronic Devices 4+ Significance and Use

E 1249 Practice for Minimizing Dosimetry Errors in Radia- 4.1 Electronic circuits used in many space, military and
tion Hardness Testing of Silicon Electronic Devices Usingnuclear power systems may be exposed to various levels of

Cobalt-60 Sourcés ionizing radiation dose. It is essential for the design and
E 1894 Guide for Selecting Dosimetry Systems for Appli- fabrication of such circuits that test methods be available that
cation in Pulsed X-Ray Sources can determine the vulnerability or hardness (measure of
2.2 International Commission on Radiation Quantities and nonvulnerability) of components to be used in such systems.
Units Reports: 4.2 Manufacturers are currently selling semiconductor parts
ICRU Report 33—Radiation Quantities and Ufits with guaranteed hardness ratings, and the military specification
2.3 United States Department of Defense Standards: system is being expanded to cover hardness specification for
MIL-STD-883, Method 1019, lonizing Radiation (Total parts. Therefore test methods and guides are required to
Dose) Test Method standardize qualification testing.
) 4.3 Use of low energy=£10 keV) X-ray sources has been
3. Terminology examined as an alternative to cobalt-60 for the ionizing
3.1 Definitions: radiation effects testing of microelectronic devi¢8s4, 5, 6)

3.1.1 absorbed-dose enhancememi—increase (or de- The goal of this guide is to provide background information
crease) in the absorbed dose (as compared with the equilibriuemd guidance for such use where appropriate.
absorbed dose) at a point in a material of interest; this can be

. . . . Note 3—Cobalt-66—The most commonly used source of ionizing
expected to occur near an interface with a material of higher o,

diation for ionizing radiation (“total dose”) testing is cobalt-60. Gamma

lower atomic number. ) rays with energies of 1.17 and 1.33 MeV are the primary ionizing radiation
3.1.2 average absorbed dose—mass weighted mean of emitted by cobalt-60. In exposures using cobalt-60 sources, test specimens
the absorbed dose over a region of interest. must be enclosed in a lead-aluminum container to minimize dose-

3.1.3 average absorbed-dose enhancement factesratio enhancement effects caused by low-energy scattered radiation (unless it

of the average absorbed dose in a region of interest to thlqas been demonstrated that these effects are negligible). For this lead-
aluminum container, a minimum of 1.5 mm of lead surrounding an inner

equilibrium absorbed dose. shield of 0.7 to 1.0 mm of aluminum is required. (See 8.2.2.2 and Practice
NoTe 1—For a description of the necessary conditions for measuringe 1249.)

equilibrium absorbed dose see the term “charged particle equilibrium”in 4 4 The X-ray tester has proven to be a useful ionizing
Terminology E 170 which provides definitions and descriptions of Otherradiation effects testing tool because:

applicable terms of this guide. In addition, definitions appropriate to the . . . .
subject of this guide may be found in ICRU Report 33. 4.4.1 It offers a relatively high dose rate, in comparison to

NoTe 2—The Sl unit for absorbed dose is the gray (Gy), defined as ondNOSt cobalt-60 sources, thus offering reduced testing time.
J/kg. The commonly used unit, the rad, is defined in terms of the Sl units 4.4.2 The radiation is of sufficiently low energy that it can
by 1 rad=0.01 Gy. (For additional information on calculation of be readily collimated. As a result, it is possible to irradiate a
absorbed dose see Practice E 666.) single device on a wafer.

3.1.4 equilibrium absorbed dos@e—absorbed dose at some  4.4.3 Radiation safety issues are more easily managed with
incremental volume within the material in which the conditionan X-ray irradiator than with a cobalt-60 source. This is due
of electron equilibrium (the energies, number, and direction oboth to the relatively low energy of the photons and due to the
charged particles induced by the radiation are constarfact that the X-ray source can easily be turned off.
throughout the volume) exists (see Terminology E 170). 4.4.4 X-ray facilities are frequently less costly than compa-

3.1.4.1 Discussior—For practical purposes the equilibrium rable cobalt-60 facilities.
absorbed dose is the absorbed dose value that exists in a4.5 The principal radiation-induced effects discussed in this
material at a distance in excess of a minimum distance fronguide (energy deposition, absorbed-dose enhancement,
any interface with another material. This minimum distanceelectron-hole recombination) (see Appendix X1) will remain
being greater than the range of the maximum energy seconda@pproximately the same when process changes are made to
electrons generated by the incident photons. improve the performance of ionizing radiation hardness of a

part that is being produced. This is the case as long as the
thicknesses and compositions of the device layers are substan-
¥ Annual Book of ASTM Standardebl 12.02. tially unchanged. As a result of this insensitivity to process

4 Available from International Commission on Radiation Units and Measure- ; _ _ H
ments, 7810 Woodmont Ave.. Suite 800, Bethesda, MD 20814, variables, a 10-keV X-ray tester is expected to be an excellent

° Available from Standardization Documents Order Desk, Bldg. 4 Section D, 7o0APparatus for proce;s improvement and .cor_1trol. .
Robbins Ave., Philadelphia, PA 19111-5094. 4.6 Several published reports have indicated success in
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intercomparing X-ray and cobalt-60 gamma irradiations using 6.1.2 X-Ray Tube-In a typical commercial X-ray tube a

corrections for dose enhancement and for electron-hole reconpartially focused beam of electrons strikes a water-cooled

bination. Other reports have indicated that the present undemetal target. The target material most commonly used for

standing of the physical effects is not adequate to explaimonizing radiation effects testing is tungsten, though some work

experimental results. As a result, it is not fully certain that thehas been done using a copper target. X-ray tubes are limited by

differences between the effects of X-ray and cobalt-60 gammthe power they can dissipate. A maximum power of 3.5 kW is

irradiation are adequately understood at this time. (See 8.2tpical.

and Appendix X2.) Because of this possible failure of under- 6.1.3 Collimator—A collimator is used to limit the region

standing of the photon energy dependence of radiation effectsn a wafer which is irradiated. A typical collimator is con-

if a 10-keV X-ray tester is to be used for qualification testingstructed of 0.0025 cm of tantalum.

or lot acceptance testing, it is recommended that such tests6.1.4 Filter—A filter is used to remove the low-energy

should be supported by cross checking with cobalt-60 gammphotons produced by the X-ray tube. A typical filter is 0.0127

irradiations. For additional information on such comparison,cm (0.005 in.) of aluminum.

see X2.2.4. 6.1.5 Dosimeter—A dosimetric system is required to mea-
4.7 Because of the limited penetration of 10-keV photonssure the dose delivered by the X-ray tube (see Guide E 1894).

ionizing radiation effects testing must normally be performed Note 6—X-ray testers typically use a calibrated diode to measure the

on unpackaged devices (for example, at wafer level) or ORy,se delivered by the X-ray tube. These typically provide absorbed dose
unlidded devices. in rads(Si).

5. Interferences 6.2 Spectrum-The ionizing radiation effects produced in

5.1 Absorbed-Dose Enhancemenf\bsorbed-dose en- Microelectronic devices exposed to X-ray irradiation are some-
hancement effects (see 8.2.1 and X1.3) can significantiwhat dependent upon the incident X-ray spectrum. As a result,
complicate the determination of the absorbed dose in the regicdPpropriate steps shall be taken to maintain an appropriate and
of interest within the device under test. In the photon energyeproducible X-ray spectrum.
range of the X-ray tester, t_hese_ effects Should be expecteq W_henNOTE 7—The aim is to produce a spectrum whose effective energy is
there are regions of quite different atomic number withinpeaked in the 5 to 15 keV photon energy region. This is accomplished in
hundreds of nanometers of the region of interest in the devictree ways. First, a large fraction of the energy output of the X-ray tube
under test. is in the tungsten L emission lines. Second, some of the low-energy output

o of the tube is absorbed by a filter prior to its incidence on the device under

Note 4—An example of a case where significant absorbed dosgest. Third, the high-energy output of the tube is only slightly absorbed in
enhancement effects should be expected is a device with a tantalufie sensitive regions of device under test and thus has only a small effect
silicide metallization within 200 nm of the SiQyate oxide. on the device. (See X1.2 for further detail.)

5.2 Electron-Hole RecombinatierOnce the absorbed dose  6.2.1 Control of Spectrum-The following steps shall be
in the sensitive region of the device under test is determinec{aken to insure adequate control of the X-ray spectrum:
interpretation of the effects of this dose can be complicated by 6.2.1.1 Anode Materia— Unless otherwise specified, the
electron-hole recombination (see 8.2.1 and X1.5). . X-ray spectrum shall be produced by a tungsten target X-ray

5.3 Time-Dependent EffeetsThe charge in device oxides type.
and at silicon-oxide interfaces produced by irradiation may 6.2.1.2 Anode Bias-Unless otherwise specified, the X-ray
change with time. Such changes take place both during angipe producing the X-ray spectrum shall be operated at a
after irradiation. Because of this, the results of electricalconstant potential no lower than 40 kV nor higher than 60 kV.
measurements corresponding to a given absorbed QOse can b&.2.1.3 Spectrum Filtration-Unless otherwise specified,
highly dependent upon the dose rate and upon the time duringie X-ray spectrum shall be filtered by 0.0127 cm (0.005 in.) of
and after the irradiation at which the measurement takes plaGguminum prior to its incidence on the device under test.
(see X1.7 for further detail). Further filtration of the X-ray spectrum by additional interven-

Note 5—The dose rates used for X-ray testing are frequently mucHnd layers or by the device under test itself is to be minimized.
higher than those used for cobalt-60 testing. For example, cobalt-60 \.. g Note that the X-ray spectrum is also filtered by the beryllium
testing is specified by Military Test Method 1019.4 to be in the range of inqow of the X-ray tube and by-15 cm (6 in.) of air.
0.510 3 Gy(Si)/s (50 to 300 rads/(Si)/s). For comparison, X-ray testing is ;1 9 For irradiation of Si to SiQ based microelectronic devices

comm(_)nly carried out in the range of 2 to 30 Gy(Si)/s (200 to 3000\ hich are unpackaged, or packaged but unlidded, filtration of the X-ray
rads(Si)/s). spectrum by the device under test is not expected to have a significant

5.4 Handling—As in any other type of testing, care must be effect (see X1.2 for further detail).
taken in handling the parts. This especially applies to parts that 6.2.2 Determination of SpectrumGenerally, when using
are susceptible to electrostatic discharge damage. the X-ray tester for ionizing radiation hardness testing, it is not
6. Apparatus necessary to have a detailed knowledge of the X-ray spectrum.

6.1 X-Ray Tester- A suitable X-ray tester (see R¢B)) ?{therterlt |fs rnec;ss?r;y t‘?tkgfw the slp:)e;:trtrim, d?ta exist ")1( thfi
consists of the following components: erature for some important cases. F-or unusual cases, experi-

6.1.1 Power Supply— The power supply typically supplies tr:]uer?]taéjg(:(;()Zn}glrjt:ggi?glnge;(;saileX|st to determine the spec-
10 to 100 mA at 25 to 60 keV (constant potential) to the X-ray ( ) )-
tube. Note 10—If a thermoluminescent dosimeter (TLD) is used as a
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dosimeter, it is necessary to know the spectrum. This is because the 7.1.2.6 Irradiate the parts to the next level, if more than one
spectrum of the X-ray tester is substantially attenuated in passing througizdiation level is required.

a TLD. For further information on the spectrum see X1.2. Given a 71 57 Repeat 7.1.2.5 and 7.1.2.6 until all required levels
spectrum, a dose versus depth correction can be made for the TLD (selg?a ) lb. hi d e e
for example, Ref{4)). ve peen acnieved.

7.2 Device Bias
6.3 Dose Rate

631 Si e diati foct d dst | 7.2.1 lonizing radiation effects depend on the biases applied
-2.1 SIncelonizing radiation eNects can depend strongly O, 1he geyice under test during and following irradiation (see
the dose rate of the irradiation, adequate steps shall be taken;&

determi q irol the d " 71 f dditiona) .4 and X1.5 for additional information).
inefoer:TTa:Egn?n control the dose rate (see 7.1 for additiona 7.2.2 Biasing conditions for devices during irradiation shall

6.3.2 The d rate shall be maintained at the val be maintained within=10 % of the bias conditions specified in
. € dose rate shall be maintaineéd at the value Speiq o plan. In most cases, use worst case bias conditions.
fied in the test plan to a precision af10 %.

6.4 Device Preparation-The photons from the X-ray tester /2.3 If t_he time dep_endence_of _the beha\_/ior of the devi(_:e
have a limited range in materials as compared to photons fro under_tes'; IS to b_e studied, the b_|a5|_ng con_dlt_|ons on the device
X Iﬁr%llowmg irradiation shall be maintained withitt10 % of the
a cobalt-60 gamma source (see X1.2 for further detail). As ias conditions specified in the test plan
result, microelectronic devices to be irradiated shall be teste 724 Ifitis necessary to move the de\./ice from its location
either as regions on a wafer or asliddedpackaged devices. ol y

Previously packaged devices must be delidded for testing. 'OT the X';aﬁ graﬁlatldoln dapparattjs tq a rgmotﬁ test f|)(<jtur§ ' tTﬁ
6.5 Beam Collimatior— X-ray testers may be used for evice shall be handled So as to minimize changes duning the

irradiation of selected devices on a wafer. For this usefransfer.

appropriate measures shall be taken to ensure that the X-ra 7.24.1 It the _deV|ce Is packaged (and unlldded), the con-

beam is limited to the vicinity of the particular devices beingt cts on the device gndgr tgst shall be shorted during transfer.

irradiated. See X1.6 for further detail. 7.2.4.2 If the device is either packaged or on a wafer, the
6.6 Test Instrumentatian device shall be handled so that electrical transients (for
6.6.1 Various instruments for measuring device parametefX@mple, from static discharge) do not alter the device char-

may be required. Depending on the device to be tested, the@&terstics.

can range from simple current-voltage 1-V measurement cir- /-3 Temperature .

cuitry to complex integrated circuit (IC) test systems. 7.3.1 Many device parameters are t_empe(ature sensitive. To
6.6.2 All instrumentation used for electrical measurement®btain accurate measures of the radiation-induced parameter

shall have the stability, accuracy, and resolution required fofhanges, the temperature must be controlled.

accurate measurement of the electrical parameters as specifiedf -3-2 In addition, time-dependent effects (see 5.3 and X1.7)

in the test plan. can be thermally activated. Because of this, the temperatures at
6.6.3 Cables connecting the device under test to the tedyhich radiation measurements and storage take place can affect

instrumentation shall be as short as possible. The cables shfframeter values.

have low capacitance, low leakage to ground, and low leakage 7-3.3 Devices under test (DUT) shall be irradiated at a

between wires. temperature measured at a point in the test chamber in close

proximity to the DUT.

7. Procedure 7.3.4 All radiation exposures, measurements, and storage
7.1 Test Plan shall be done at 24%* 6°C unless another temperature range is
7.1.1 Parties to the test must agree upon the conditions @dreed upon between the parties to the test.

the test, as follows, and establish a test plan. 7.3.5 Temperature effects must also be considered in estab-
7.1.1.1 Source and dose level to be used, lishing the sequence of post-irradiation testing. Choose the
7.1.1.2 Dosimeter system to be used, sequence of parameter measurements to allow lowest power
7.1.1.3 Irradiation geometry to be used, dissipation measurements to be made first. Power dissipation
7.1.1.4 Devices to be tested, and may increase with each subsequent measurement. When high
7.1.1.5 Parameters to be tested, including bias condition@oWer is to be dissipated in the test devices, pulsed measure-

and required accuracy. ments are required.

7.1.2 The test plan may also include a required sequence of 7.4 Electrical Measurements
actions for the test. A suggested sequence for the test is as7.4.1 The X-ray tester may be used to determine ionizing
follows: radiation effects on microelectronic devices for a broad range
7.1.2.1 Prepare bias fixtures, test circuits, and test programef applications includingprocess controland research on
7.1.2.2 Perform preliminary dosimetry if such measure-hardening technologysee Appendix X2 for further detail).

ments are not available. 7.4.2 A wide range of electrical measurements may be
7.1.2.3 Make pre-irradiation parameter or functional meajperformed in conjunction with X-ray tester irradiations. These

surements. may include current-voltage, subthreshold current-voltage, and
7.1.2.4 Bias the parts properly and irradiate them to the firstharge pumping measurements. These pre- and post-irradiation

radiation level. electrical measurements shall be performed as specified in the
7.1.2.5 Perform post-irradiation electrical measurementsest plan.

and reinsert or switch the parts into the bias network. 7.4.3 Timing of Measurements
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7.4.3.1 Changes in electrical parameters caused by thghoton energy that strikes the device under test (see 8.2.1 and
growth and annealing of radiation-induced electrical charge<1.3).
within the device under test can be highly time dependent (see
5;1 for addlthngl detail). A_‘S a _re_SU|t' partlcular' care will be one where the dose is desired for a thir60<hxm) SiQ layer bounded on
given to the timing of the irradiation and electrical measureither side by thick (200 nm) layers of silicon or aluminum (see, for
ments as specified in the test plan. example, Fig. X1.2 of X1.3). For this case, the dose-enhancement factor
7.4.3.2 Long delays between the end of irradiation and thé 1.6 to 1.8. That is, the dose in the thin Sidayer is approximately the
start of electrical measurements are not recommended unleg&me as the dose in the adjacent silicon or aluminum. For a similar
the purpose of the experiment is the study of time dependerﬂ'oblem, but with thicker Si@ layers, the dose-enhancement factor is
. . . <1.6 and™ (see X1.3).
effects (TDE). Unless otherwise specified, electrical measure- ) ]
ments will be started within 20 min after the end of irradiation. /-5-2 Measurement of Dose RateAppropriate dosimetry
7.4.3.3 It is usually preferable to perform electrical testingtéchniques shall be used to determine withifh0 % the dose
on the device under test either during irradiation, immediatelyate of the irradiation of the device under test. Typically, the
following irradiation with the device left in place in the dose rate will be the measured dose divided by the irradiation

Note 14—A relatively simple case to analyze for dose enhancement is

irradiation fixture, or both. time.
7.5 Dosimetry Note 15—Determination of the significance of the dose rate for
7.5.1 Measurement of Dose radiation effects can be quite complex (see 5.1, 8, and X1.7).

7.5.1.1 Appropriate dosimetry techniques shall be used t . . :
determine within=10 % the dose applied to the device. 8 Compan.son with Cobalt-60 Gamma Rgsglts
7.5.1.2 The equilibrium absorbed dose shall be measured 8.1 Physical Processes That Affect Radiation Effects

with a dosimeter irradiated in the position of the device before, 8-1.1 When X rays are used for testing of devices, the
or after, the irradiation of the device. magnitude of the irradiation-induced changes in electrical

parameters may be significantly different as compared to the
measured using a calibrated PIN diode dete@prThis method results in %hanges resulting from cobalt-60 gamma irradiation at the

a measured dose-rate in rad(Si)/s. Since there is some appreciab?gme exposure levéd). . .

attenuation of the X-ray beam on penetrating to and through the sensitive 8-1.2 The causes for these differences arise from the depen-
layer of the detector (even with a filtered spectrum as required by 6.2.1.3fence of radiation effects on the energy of the irradiating
a correction needs to be made to give the dose which would have begghotons. Two of the important mechanisms leading to these
deposited in a very thin layer of silicon. This correction is somewhatdifferences are absorbed-dose enhancert®nand electron-
spectrum dependent. At least one manufacturer provides detectors whogg|e recombinatior(8).

calibration includes this correction. During the calibration measurement 8.1.3 | ; PRI
” , . .1.3 In comparing radiation-induced effects caused b
the front surface of the sensitive region of the PIN detector must be in thXb P 9 y

Note 11—The dose from X-ray testers has most commonly bee

same plane as the front surface of the device under test. Further, care md 1ays and cobalt-60 gammas, the relative magnltud_e qf
be taken that the entire front surface of the sensitive region of the PINtPSOrbed-dose enhancement and electron-hole recombination

detector must be illuminated by the X-ray beam. shall be assessed. The magnitude of such effects must be
Note 12—Other dosimetry methods that have been used include TLDsissessed for the specific testing environment used.
(see Practice E 668 and Rf) and X-ray photographic film. 8.2 Use of Corrections for Physical Processes to Intercom-

7.5.1.3 This dosimeter absorbed dose shall be converted gare X-ray and Cobalt-60 Gamma Measurements

the equilibrium absorbed dose in the material of interest within 8.2.1 Combined Effects of Absorbed-Dose Enhancement
the critical region within the device under test, for example theand Electron-Hole Recombination for Si-Si®evices—In

SiO, gate oxide of an MOS device. Conversion from theorder to compare the radiation effects caused by X-ray and
measured absorbed dose in the dosimeter to the equilibriugpbalt-60 gamma irradiations, it is necessary to make appro-
absorbed dose in the device material of interest can beriate allowance for the differences between these two sources.
performed using Eq 1: In order to accomplish this, it has been suggested that it is
necessary and sufficient to correct for differences in absorbed-

D,= Dy Eijg;z dose enhar)(;ement and electron—_hole recombing®iphO, 11,
@ 12, 13) A critical assessment of this body of work suggests that
X-ray versus cobalt-60-gamma comparisons often can properly
where: be made in this fashion.
D, = equilibrium absorbed dose in the device material, 8.2.1.1 Although the methodology described in this section
D, = absorbed dose in the dosimeter, _ _is predominantly based on radiation-induced hole-trapping
(Wp)a = mass absorption coefficient for the device material, stydies, the same approach can be applied to interface state
and , _ _ generation. (For additional discussion see X1.8.1.)
(Wp), = mass absorption coefficient for the dosimeter. 8.2.1.2 This section will present an estimate of the differ-

Nore 13—If, for example, the dose is measured in a PIN detector an@Nces between X-ray and cobalt-60 gamma effects for several
the dose in an SiQregion of the device is desired, the ratio g/ important cases. That is, an estimate will be presented of the
sil(Wp)sioz IS, in the photon energy range of interest, approximately 1.8.expected values of the ratio (Eq 2):

Thus, in this caseDs;~ 1.8 Dsioz _ Number HolegCobalt-60)

7.5.1.4 A correction for absorbed-dose enhancement effects Relative-Effect = —qumper HolesX—Ray)

shall be considered. This correction is dependent upon the 2
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8.2.1.3 The combined effects of both absorbed-dose ercobalt-60 gamma irradiations is recommended, and thus the
hancement and electron-hole recombination will be presentedlata of Table 1 should be regarded as representing the results
In calculating the ratio of Eq 2, it has been assumed that botto be expected using best experimental practice (see Practice
sources (X-ray and cobalt-60) produced the same dose (&1249).
measured by TLDs or silicon PIN detectors and corrected to Note 16—The effects of using the lead-walled test box for cobalt-60

dose in *bulk” SiQ) with the same dose rate (in SO testing are especially important for cases where high atomic number

~ 8.2.1.4 It should be noted that the material of this sectionyaterials are present. An example is the presence of a gold flashing on the
includes the combined effects ofly dose enhancement and interior surface of the lid. For additional details see Rif).

recombination. If other effects (for example, time dependent

interface state growth or hole annealing effects) are important ;3.|2d.2é3 ’;Ig[eszgff linffzig:qecg,stggt tr;rﬁ ;{?aca:ﬁg Vggg;i_%%e
then those correction factors must be included also. Some CW u xp : W y

these other effects are discussed in X1.7 gamma irradiation, and other cases where factor of 1.5 differ-

8.2.1.5 Further, it is important to note that the valuestNces are exp_ected. o )
presented in this section (see Table 1) do not treat saturation 8-2-2-4 During cobalt-60 gamma exposures, if high atomic
effects. That is, they are appropriate for cases where the effecis!Mber elements are present, such as gold deposited on the
are approximately linearly related to dose. Clearly, as OnénSIde of Kovar de\(|ce lids, addmonz_il dose enhancement can
approaches the limiting case where hole trapping is completel§ccur- This may raise the numbers in Table 1 by 10 to 20 %
saturated, the ratio (Number Holes (cobalt-60))/(Number Holes>: 16) (This estimate is for the case where a lead-walled test
(X-Ray)) must approach unity. Thus thtifferences between ox is used. The increase may be a factor of 1.5 to 1.7 in the
X-ray and cobalt-60 gamma irradiation are most serious for2PSence of this spectrum filtration.)
relatively low dosesThis caution is important to bear in mind  8-2.3 Example—The calculations for Case | are now treated
for doses approaching the failure dose for a device, where hofe greater detail to clarify how to handle cases not treated
trapping may be showing signs of saturation. explicitly in Table 1. The data sources and calculations leading

8.2.1.6 Finally, the methodology of this section is appropri-t0 the results shown in Table 1 are as follows:
ate for the calculation of effects within the gate or field oxide 8.2.3.1 First, the X-ray absorbed-dose-enhancement factor
layers of individual transistors. To apply these methods to théan be obtained from the literature. See, for example, Fig.
radiation-induced failure of microcircuits, it is necessary toX1.2b and Refq11), and(17). Note, from Fig. X1.2b, that a
apply them to the critical devices that result in the microcircuitioénm oxide corresponds to an enhancement factor of about
failure. 0.

8.2.2 Corrections for Standard MOS Devices 8.2.3.2 Second, the cobalt-60 gamma absorbed-dose-

8.2.2.1 Table 1 presents estimates of the combined effects @éhhancement factor was assumed to be 1.0 (no enhancement).
absorbed-dose enhancement and electron-hole recombinatidhis is reasonable in the absence of high-Z material such as a
for several important cases for standard MOS technology. ligold-flashed lid. Estimates of the cobalt-60 gamma absorbed-
order to systematize these results, the problem has been sglese-enhancement factor in the presence of high-Z material
into five cases of practical interest. can be found in Ref¢l4) and(15).

8.2.2.2 The results of Table 1 have been calculated assum-8.2.3.3 Third, the recombination correction factor can be
ing that the cobalt-60 gamma data are taken using a leadbtained from Eq X1.1 and Eq X1.3 of X1.5. Consider the data
walled test box(14, 15) The use of such a test box for of these equations for a field of 16 V/icm. Note that a

TABLE 1 Estimate of the Ratio of the Relative Effects of Cobalt-60 and X-Ray Irradiations for Silicon MOS Devices
(Using a Lead-Walled Test Box with Cobalt-60)

Note 1—These ratios of cobalt-60 to X-ray effects do not account for saturation. As radiation effects begin to saturate, cobalt-60 and X-ray effects
become more similar and, thus, the ratio of their effects approaches unity.
Note 2—The estimated values in this table are intended to give the reader a rough value of the experimental results that should be expected. The
number of significant digits used are not representative of what would be appropriate for reporting experimental results.
Number of Holes (Cobalt-60)

Case Description of Case Comments
Number of Holes (X ray)

| Gate (On):
oxide thickness = 25-50 nm ~0.9 Effects nearly cancel
oxide field ~ 10 © V/cm
1l Gate (Off):
oxide thickness = 25-50 nm ~ 1.2 Recombination dominates slightly

oxide field ~ 10 ® V/cm
1] Thick Gate (On):
oxide thickness = 100 nm ~0.9 Effects nearly cancel
oxide field ~ 10 © V/cm
v Thick Gate (Off):
oxide thickness = 100 nm ~1.3 Recombination dominates slightly
oxide field ~ 10 ® V/icm
\% Field:
oxide thickness = 100-400 nm 13to 15 Recombination dominates
oxide field ~ 10 ® V/cm
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comparison of the fraction of unrecombined holes for ashift required three times the X-ray dose in comparison to the
cobalt-60 gamma source to the fraction of unrecombined holesobalt-60 gamma dose. This was the worst case of the
obtained using an X-ray tube shows a difference of about axperimental situations explored. These results are summa-
factor of 1.4 (for example, at 1DV/cm the ratio is about rized in Table 3 as Case VII.
0.64/0.46= 1.4). 8.2.5.4 The differences were smaller for SIMOX devices. In
8.2.3.4 Using these numbers, the combined difference ithis case, X-ray exposures greater by a factor of approximately
effect is about (1.0/1.6X (1.4)= 0.9. Such calculations are 1.5 were required to give the same shift as was obtained with
the source of the numbers given in Table 1. cobalt-60. It was inferred that this difference resulted from the
8.2.3.5 Calculations similar to the ones just described carsmaller thickness of the buried oxide (0.4 pm) for the SIMOX
of course, be carried out for values of oxide thickness and fieldevices.
that are intermediate to the limiting cases used in Table 1. 8.2.5.5 The differences between the results for ZMR and
8.2.4 Corrections for Devices with Heavy-Metal Silicides SIMOX devices was attributed to the field dependence of
8.2.4.1 Devices are now being manufactured with heavlectron-hole recombination in the buried oxide.
metal metallization layers such as tungsten or tantalum silicide. 8.2.5.6 Note that the correlation factor for SOI or silicon on
8.2.4.2 The presence of such layers is expected to result sapphire (SOS) devices can be strongly affected by the bias on
significant dose enhancement in adjacent,Sj@te oxides for the train of the top gate transistor during irradiati@o). In
X-ray irradiation (17, 18, 19) For example, Fleetwood et al particular, it is expected that the two radiation sources should
(19) suggest dose-enhancement factors in excess of 2.5 fagree more closely for the case in which the drain of the top
some cases. These results are summarized in Table 2 as Casde transistor is biased during irradiation (with zero back gate
VI. bias) because the field in the buried insulator is greater than for
8.2.4.3 Although the mechanisms for dose enhancement agero drain bias and, hence, the differences in electron-hole
expected to be the same as for Si-Sidevices, the greater recombination can be smaller.
magnitude of this effect in silicided devices require modifica- 8.2.5.7 Additional data in Fleetwood et §0) may be
tion of the method outlined in 8.2.1. Fleetwood e{H) give  helpful in comparing X-ray and cobalt-60 gamma results on
some suggestions on how to make such corrections. See, f8OI devices.
example, X1.3 for suggested dose-enhancement fad8ydn 8.2.6 Corrections for Recessed Field Oxides and Base
particular, note Table X1.3 that shows the variation of doseOxides in Bipolar Devices-Titus and Platteteq21) have
enhancement with gate oxide thickness, and Fig. X1.3 thathown that X-ray and cobalt-60 gamma irradiations produce
shows the variation of dose enhancement with the thickness d#ctor of two differences in radiation effects due to recessed
the polysilicon layer separating the silicide layer and the gatéield oxides. These differences have been attributed to differ-
oxide. ences in electron-hole recombination in oxides with low fields
8.2.4.4 Electron-hole recombination corrections are ex{see Fig. X1.5). That s, this is comparable to Case V (in Table
pected to be similar under fields of interest in devices withl) for standard MOS devices. Similar differences are expected
heavy-metal silicides as in more conventional devices (sefor the oxides that overlie the base-emitter junction of many
X1.5). Thus, recombination corrections may be taken from, fotinear bipolar technologies. Such oxides often limit their total
example, Eq X1.1 and Eq X1.3 of X1.5. dose response.
8.2.5 Corrections for Silicon on Insulator (SOI) Devices
8.2.5.1 There is evidence that the back-gate threshold vol- Report
age in SOI devices can be particularly sensitive to photon 9.1 As a minimum, report the following information (where
energy. The top gates on SOI devices are expected to behaverilevant):
the same manner as for more conventional devices if back-gate 9.2 Source—State the source type, target material, operating
leakage is suppressed. voltage, fluence rate, and any information on a measured or
8.2.5.2 A comparison of X-ray and cobalt-60 gamma effectsalculated energy spectrum. State the position, thickness, and
on SOI devices has been presented by Fleetwood €0l  composition of spectrum filtration materials, if any,
This paper compared zone melt recrystallization (ZMR) de- 9.3 Dosimeter System State the dosimeter type, calibra-
vices having 2 um-thick buried oxides with separation by thetion data, relevant environmental conditions during the irradia-
implantation of oxygen (SIMOX) devices having 0.4 um-thick tion, dose enhancement and recombination corrections used;
buried oxides. 9.4 Device—State the manufacturer, device type number,
8.2.5.3 This work showed major differences for back-gatepackage type, controlling specification, date code, other iden-
threshold-voltage shift with devices built with ZMR material. tifying numbers given by the manufacturer, and any available
At zero back-gate bias, a given back-gate threshold-voltagmformation on its specific construction;

TABLE 2 Estimate of the Ratio of the Relative Effects of Cobalt-60 and X-Ray Irradiations for Cases
of Silicon MOS Devices with Heavy Metal Silicides

Number of Holes (Cobalt-60)

Case Description of Case Comments
Number of Holes (X ray)
\Y| Gate with Heavy Metal Silicide: 0.4t0 0.9 Substantial dose enhancement possible for X
gate oxide thickness = 25-50 nm, rays if heavy-metal layer is “near"—
gate oxide field ~ 10 ® V/icm enhancement of factor of 2.5 possible
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TABLE 3 Estimate of the Ratio of the Relative Effects of Cobalt-60 and X-Ray Irradiations for SOI Devices
Number of Holes (Cobalt-60)

Case Description of Case Number of Holes (X ray) Comments
i SOl Back Gate: 1.0 to 3.0 Substantial reduction of effect for X rays for
buried oxide thickness = 0.4-2.0 um small back-gate bias

9.5 Irradiation Geometry—State the position and orienta- conditions that might lead to a bias or lack of precision in the
tion of source and device under test; measured results. State an estimate of the precision and bias for
9.6 Electrical Bias— State the electrical bias conditions the measured results.
used and provide a schematic for the bias circuit;
9.7 Parameter MeasurementsProvide a tabulation of test 10. Keywords
parameter measurement data, and 10.1 ionizing radiation effects; microcircuits; radiation
9.8 Statistical Bias and PrecisierState any experimental hardness; semiconductor devices; X-ray testing

APPENDIXES
(Nonmandatory Information)

X1. PHYSICAL PROCESSES THAT AFFECT RADIATION EFFECTS

X1.1 Introduction and magnitude of the effects caused by the physical processes.

X1.1.1 This appendix will contain a discussion of four Alternatively, the tester may resort to experiment—thereby
classes of physical processes that are of concern to the user@ftérmining the effects found on the devices under test using
an X-ray tester. the radiation sources of interest.

X1.1.2 First are the processes of attenuation and filtration of ;(_1'_1'7 dThe criticzgl :jegions_ ind MOSh devices J(;_r l\(/jvhic_g
the incident spectrum before it strikes the region of interesfadiation dose must be determined are the gate and field oxides.
within the device-under-test. These are important because oS structures_wnhln.blpolar deymes may be considered in an
their bearing on the question of whether the conversion fron@nalogous fashion. Simple dosimeters that allow the user to
the measured dose in a detector (PIN, TLD, etc.) to the requireweasure the a_lctual absorbed dose levels in these oxides are not
dose in the region of interest (such as the Sigate oxide) currently available. Although MOS dosimeters have been
within the device under test must be determined for each typ br|cated(22, 23)their accuracy for this appllcanon.has not
of device. That is, will each type of device require determina- een establlshgq gnd t?rey may allso be too expenswle.f d
tion of a correction for spectrum absorption and filtration, or ');1.%1.8 In ral |at|orf1—e ects work one Is, In general, face
are these corrections negligible? It will be shown that these ar¥ith the problem of measuring an incident spectrum and
usually not major effects. correlating it with a radiation-induced effect. The dosimetry

X1.1.3 The second class of physical processes involves thrgquired to accomplish this task may b(_a broken. into four steps:
increase or reduction of radiation-induced effects within a gate éiig; measurgmefnt of;he d.osti ina SOS':“(?%’ dosi
oxide or a field oxide caused by electron-hole recombination -1.0.2 conversion from dose in the material orthe dosim-
(8) and absorbed-dose enhancem@t Both of these phe- eter to dose in material of the region of interest within the

: vice under test
nomena are dependent on photon energy and device geome -
In addition, electron-hole recombination is dependent on the X1.1.8.3 correction for ahsorbed dose enhancement effects,

bias applied during irradiation. It will be shown that these X1.1.8.4 correlation between the deposited radiation dose

phenomena can, in some cases, lead to major changes in tﬁ@d the measured radiation-induced effect on the device.
correlation between incident radiation flux and the measure&1.2 Attenuation and Filtration of the Incident Beam

effect on the device. X1.2.1 In this section, we shall deal with attenuation and
X1.1.4 The third class of physical processes is concerneflitration processes. This discussion will be particularly rel-
with the possibility of improper localization of the incident evant to the first two of the dosimetry steps.
X-ray beam caused by scattering or fluorescence. This is X1.2.2 In general, three things must be known to obtain an
believed to be a manageable problem. accurate estimate of the absorbed dose in the oxide region
X1.1.5 The fourth class of physical processes to be disfignoring, for this section, absorbed-dose-enhancement ef-
cussed includes phenomena that are less well understood thfgets). They are ) a knowledge of the spectral distribution of
those treated in the first two classes. Included in this class atte X-ray source,l) the dose in a radiation detector, such as a
interface state generation effects and annealing effects. silicon PIN detector, which can be related to the incident
X1.1.6 Radiation-test personnel must give consideration téntensity, and €) the structure of the device being tested. Such
each of the above listed classes of physical processes. This mmformation can be used to calculate the attenuation and
be accomplished by applying corrections for each of the foufiltration of the X-ray beam as it passes through intervening
classes based on the current best understanding of the naturaterial on its way to the critical oxide layer. It will be
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demonstrated in this section that such calculations are not TABLE X1.2 Spectral Distribution of Tungsten X-Ray Tube

necessary for most practical radiation tests. Operated at 50 kV: Continuum
X1.2.3 For much of the low-energy X-ray testing of de- Energy (keV) Intensity Energy (keV) Intensity 4
. keV/ kev/
wcg:s_l,_ tl{)lrgi[inztarget }(—rr;y tubes hallvO? bggn _used% TabIeIX1I.1 (KeV-sr-mA-s) (keV-sr-mA-S)
and Table X1.2 contain the spectral distribution of a typical 70 To7 X100 e o9 % 102
tungsten target X-ray tube with a 0.1-cm thick beryllium 6.0 1.09 x 1012 24.0 160 x 10 12
window operated at 50 keV. Attenuation for additional filters 8.0 1.83 x 10 12 26.0 1.52 x 10 12
. . 12 12
used with the X-ray source has not been included. In normal 129 e 250 I iRepyen
use, the_ spectrum should be filtered, for example by 0.0127 cm 155 165 x 1012 320 119 x 10 12
of aluminum, to remove the softest components of the spec- 115 178 x 1012 34.0 1.05 x 1012
. s . . 1 11
trum. The intensities given in Tables X1.1 and X1.2 must be Eg 1-22 X 18 - gg-g g-gi X 18 ”
corrected for the filter used in the test apparatus. The purpose 1,9 150 x 10 12 200 6.93 x 10 1t
of this filtration is to reduce the attenuation of the beam by the 14.0 170 x 10 %2 42.0 574 x 10
device itself. An example of such attenuation effects will be oo Sl PAgs b
given in the next paragraph. The special distribution given in 20.0 175 % 10 12 480 195 % 10 1

Tables X1.1 and X1.2 have been used successfully in the"‘Notethatthe units for the continuum are the same as for the lines (Table X1.1)
calculation of the dose in silicon PIN detectors, TLDsS, andexcept that the intensity is per keV band out of the spectral energy distribution.
several types of MOS structures irradiated by tungsten target
tubes. Agreement with measurement to better than 10 % was
achieved. R,
X1.2.4 Fig. X1.1 shows calculated deposition in a thin SiO |.:.|
layer covered by various thicknesses of some of the moren
common materials that are used to fabricate MOS structures o
silicon. The results in Fig. X1.1 are for irradiation with a 3
tungsten target X-ray tube operated at 50 kV. The profiles ing
Fig. X1.1 and in subsequent calculations in this standard arez
calculated using the tungsten X-ray spectrum in Tables X1.1
and X1.2 (filtered by 0.0127 cm of aluminum) and the 2
absorption coefficients from E. F. Plechaty et (@4). The e
results are appropriate for “bulk” materials. That is, absorbed-Q

dose-enhancement effects, to be discussed, are not included.g¥ ok v v Lo o N 1 |
is readily observable in Fig. X1.1 that the doses in_S@hind 0 0.5 1.0 1.5 2.0
as much as 2 um layers of some of the more common materials COVERING LAYER THICKNESS - pm

such as silicon, aluminum and Sj@iffer by less than 2 %. FIG. X1.1 Decrease in the Dose in a 25 nm Oxide Caused by

Metal silicides can attenuate the beam more severely. However, Loss of Energy in Materials Overlaying the Oxide

these layers are usually only a few hundred nanometers thick

so that the beam attenuation typically is less than 5 %. Iin the resulting oxide dose. In absorbed dose enhancement,
general, the dose in the Sj@ate or field oxide layers is within ~electrons that are produced by the deposition processes in one
10 % of the SiQ dose at the surface even if metal silicide layer can ultimately deposit energy in another layer, after
materials are used. (If much thicker silicide layers are usecglectron transport and diffusion occur. In order for these effects

corresponding attenuation calculations should be made.)  to be significant, the layers must be close together in compari-
son with the ranges of the relevant Compton electrons and
X1.3 Absorbed-Dose Enhancement photoelectrons.

X1.3.1 Previously it was shown that attenuation of the beam X1.3.2 Examples of absorbed-dose-enhancement effects are
within the layers covering the critical oxide layer does not leadshown in Fig. X1.2. The procedures for the calculations used
to significant differences between the deposited energy in theere have been reported by Broab).
oxide from X-rays and cobalt-60 gammas. On the other hand, X1.3.3 The device geometry used in the calculation for

absorbed-dose-enhancement effects can cause large differen&é@ X1.2 is a typical silox (deposited Sjipolysilicon gate/
SiO,/Si structure. The SiQgate oxide layer is 25-nm thick.

TABLE X1.1 Spectral Distribution of Tungsten X-Ray Tube The covering silox layer was assumed to be approximately

Operated at 50 kV: Characteristic Lines 2-um thick. The dashed lines in Fig. X1.2a show the absorbed
Energy (kev) Intensity ~ keV/ Encrgy (eV) Intensity ~ keV/ dosgs thqt would occur in each material far from any interface,
(sr-mA-s) (srrmA-s) that is, without electron transport across interfaces. These are
84 6.68 % 10 12 08 630 x 10 1t the equilibrium absorbed doses. The solid lines show the doses
95 6.30 X 10 ** 10.0 1.32 X 10*2 allowing for the electron transport that causes absorbed dose
5.7 362x10% 1.3 957 x 107 enhancement effects. Note that the dose in the, §#e has

A The term* intensity,” though commonly used, is not very precise. The NBS been enhanced by a factor of 1.7. Thus, there would be a factor

Technical manual, Note 910-2, implies the use of “radiant intensity per milliamp” in . . . . .
this context. Alternatively, this is the energy per second emitted into a unit solid of 1.7 underestimate of the dose in the gate oxide if this effect

angle for a current of 1 mA. was not included in the dosimetry calculations. Fig. X1.2b
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g FIG. X1.3 Dose Enhancement Versus Oxide Thickness (From
Benedetto and Boesch (10)). Open Circles: Oldham and
= 1.6 McGarrity (11). Dashed Line: Dozier and Brown (29)
w
= OLDHAM &
E MCGARRITY enhancement factors which are about 20 % smaller than those
Z 141 ® EXPERIMENT presented in Ref25).
w X1.3.5 Further, Benedetto et @l7) have presented experi-
g mental data giving the magnitude of dose enhancement to be
o expected in silicided devices. Fig. X1.4 shows data giving the
12~ DOZIER & BROWN variation of dose enhancement with the thickness of the
< THEORY polysilicon layer separating the silicide layer from the gate
oxide.
1.0 | i i i X1.3.6 Also, Fleetwood et a(19) have explored dose
4000 8000 12000 16000 20000  oppancement in silicided devices. Predicted dose-enhancement
OXIDE THICKNESS () factors are shown in Table X1.3. The meaning of the notation

in Table X1.3 is as follows: “Aluminum” implies a 1.07 um

Note 1—Fig. X1.2a shows the deposition profile for tungsten X rays in i ati ; ; w e
a MOS device with a polysilicon gai@8) Dashed lines are the doses metallization adjacent to the gate oxide. “Tantalum silicitle

calculated with standard absorption coefficients. (Doses are appropriate {Bnplles 0.67 um of alum'num over 0.2 um of t‘?malu“m silicide
“bulk” materials.) The solid line is the dose that occurs after electronOVer 0.2 pm of aluminum over the gate oxide. “Tantalum
transport and diffusion. X rays are incident from the left, and the,SiO silicidet” implies 0.2 pm of aluminum over 0.2 um of tantalum
layer at the left is assumed to be 2-um thick. silicide over 0.67 um of aluminum over the gate oxide. Note
Note 2—Fig X1.2b shows the absorbed dose enhancement factor. Thighat the maximum predicted dose-enhancement factor was
is a correction to the “bulk” Si® dose required for various oxide znhout 3.0. In the worst case explored by these authors, twice

thicknesses in an MOS device similar to that shown in Fig. X1.2a excepfhe cobalt-60 gamma irradiation was required to produce a
that this data is for aluminum gate devices. The enhancement factor is 9 q P

about 10 % larger for polysilicon gate devices of 50 to 100 nm. ThereSlJIt comparable to an X-ray irradiation.
experimental data are those of Oldham and McGa(fith).
FIG. X1.2 Experimental and Theoretical Corrections for Dose
Enhancement

shows the absorbed-dose enhancement expected in the gate, 2st-
oxide for different oxide thicknesses and for the case of
aluminum metallization. For polysilicon gate devices, the
enhancement factor is about 10 % larger for devices with gate
thicknesses of 50 to 100 nm. Note that for a thick field oxide
with 1000-nm thickness, the dose enhancement for the X-ray
beam is approximately a factor of 1.15.

X1.3.4 More recently, Benedetto and Boes(t0) have
measured the absorbed-dose enhancement versus oxide thick-
ness for aluminum gate devices. These results are presented in Ty SR L
Fig. X1.3. The;e results shoul'd' be compared with the results POLY-Si THICKNESS UNDER METALISILICIDE ()
presented in Fig. X1.2b. Additionally, Brow(26) has pre- FIG. X1.4 Dose Enhancement Versus Poly-Si Thickness Under
sented revised calculations for the absorbed-dose-enhancement e w or Tisi , Layer, Normalized to the Poly-Si-only Case
factors for silicon gate devices. These new results show (Benedetto et al (17))

TUNGSTEN OVER POLY-Si

Ti SILICIDE OVER POLY-Si

NORMALIZED DOSE ENHANCEMEN

POLY-8i ONLY GATE

10
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TABLE X1.3 Predicted X-ray Dose Enhancement Factors as a ultimately cause the detrimental effects in MOS structures, is
Function of Gate-Oxide Thickness and Code sensitive to both absorbed dose enhancement and electron-hole
Material Code Oxide Thickness (nm) recombination effects.
35 98 356 1060 X1.5.3 Dozier and Brown(29, 30, 31)and Oldham and
Aluminum TEP 148 140 125 113 McGarrity (11) showed experimentally that under low field
CEPXS/ONETRAN 154 137 126 112 conditions approximately twice as much electron-hole recom-
TIGERP 1.59 1.59 1.26 1.02

bination occurs for 10 keV radiation as compared to cobalt-60

Tantalum slicide:  CEPXSIONETRAN  Jen ooy o4 19 gamma radiation. This difference is observed at relatively low
TIGERP 232 240 177 148 fields (<1@ V/cm). The above authors found that at high fields
TEP 170 157 136 121 (>10° V/cm) the recombination approaches being the same for

Tantalum silicidet ~ CEPXS/ONETRAN 186 171 152 126 both low and high energy because the applied fields can
TIGERP 152 152 130 1138 separate the electrons and holes. Fig. X1.5 shows an example

from this work. As a result of these recombination effects fewer
holes remain following X-ray irradiation for cases where the

away from their site of production. These processes are not ectron-hole pairs produced, recombination will tend to cause

importgnt in CObal.t'GO gamma irradiations W_here the energ he results obtained with an X-ray tester to be smaller than
deposition is dominated by Compton scattering processes. flose observed with cobalt-60 gamma sources

should be noted, however, that there can be significant
absorbed-dose-enhancement effects due to the transport ofX1'5'4 More recently, Benedetto and Boes(l0) have

Compton electrons in cobalt-60 gamma irradiations. Thes easured the fraction of unrecombined electron-hole pairs for

effects can complicate the comparison of data obtained on the &Y |rrad|at|prr1]. ;]I'hese :esulfts are shown in Fig. X1.6 for
X-ray tester with that obtained using cobalt-60 gamma sourcesOmparison with the resu ts of Fig. X1.5. .

A good deal of fundamental work has been done on this subject X1.5.5 Further,_ Dozier et gB2) have performed a critical

by Burke and co-worker7, 27) Long et al(28) and Brown evaluation of earlier .electron—hole recompmatpn dase, 11,

and Dozier(14) have attempted to apply this work to devices. 10). They have adjustgd the values given in these. three
More recently, Kelly et a(16) have measured absorbed-dose-eferences to put them in terms of a common assumption for

enhancement effects in MOS devices irradiated with cobalt-6§'€ €nergy of formation of electron-hole pairs (16.5 keV) and
gamma sources. a common method for scaling the data to obtain the point of

100 % yield. The results of this analysis is a set of values for
X1.4 Effects of Bias the fraction of holes that escape recombination, the hole yield,
as a function of oxide field. These results are presented in Fig.

X1.4.1 Itis widely understood that radiation effects may be . i
dependent on the bias that is applied during irradiation. It iSX1.7. Those authors report that the fitting curves shown in Fig.
X1.7 can be represented by

perhaps, less widely recognized that the effect of bias may b€
dependent upon the energy of the incident photons. The f(E) x_ray = ((1.35E) + 1) %7

following section (X1.5) describes such a case, electron-hole (X1.1)
recombination. Annealing and interface-state-generation ef- 5.

fects may also be dependent upon both photon energy and bias.

X1.5 Electron-Hole Recombination x

1.0
X1.5.1 The energy dependence of electron-hole recombina-
tion is included in this section. This and absorbed-doseq
enhancement are believed to be the most important physicg
processes that lead to an energy dependence of radiation effe@s
in MOS structures. 2
X1.5.2 Shifts in many measurable parameters, such a% g4

500 keV Electrons

2 keV Electrons

threshold voltage, can be related to the number of holes that ar§ [ ‘

generated in the oxide and that escape subsequent recombir&— A PHOTON (keV)
tion. This is true for two reasons. First, there is an obviousg e Al 1.49
connection between the number of unrecombined holes and tHe s ° = Cu 8.04
number of holes that become trapped in the oxide. (Note that a A %o 1250
factor of 3 change in the number of generated holes does not ¢, . N

necessarily mean a factor of 3 change in the threshold voltage 10* 10° 10° 10
if the number of hole traps is saturating.) Secondly, there may OXIDE FIELD (V/cm)

be a connection between the number of unrecombmed hOI.eSNOTE 1—Model predictions (lines) for three electron energies are
ff:md the number of 'r_]terface Ste_ltes_ generated. (ThI_S connectiQfoyn with experiment data (points) for comparable photon energies.
is not clearly established at this time.) The magnitude of the g, x1.5 Electron-Hole Pairs Escaping Recombination as a
ionization charge, that is, the number of electron-hole pairs that Function of Oxide Field (31)

11
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Note 1—Figure based on Benedetto and Boeg®). Solid diamonds
from Oldham and McGarrity11). Note 1—Figure from Shaneyfelt et g33). Dashed line represents
FIG. X1.6 Charge Generation and Fraction of Unrecombined revised recommendation of these authors.
Electron-Hole Pairs Versus Oxide Field FIG. X1.8 Fraction of Holes That Escape Recombination for
Cobalt-60 as a Function of Oxide Field
4 voor—7 Oldham and McGarrity (1983) a
m ar IC el . . . . . . .
% & Dozir and Brown (19801 First, it, in comparison with Eq X1.1, implies that the unre-
3; 080 | © Beredetto and Boesch (1966) combined fractions for X-ray and cobalt-60 irradiations should
o © Dozier and Brown (1960} have a constant ratio at low oxide fields as suggested by Fig.
lg X1.5. Second, it is a compromise between the values given in
S 060k Fig. X1.5, Fig. X1.7, and Fig. X1.8. Third, the use of Eq X1.3
o rather than Eq X1.2 gives predictions for the oxide field
S oaof dependence for X-ray/cobalt-60 effect ratios that are in agree-
5 ment with the work of Fleetwood et §B4).
(=4
%’ 0.20 X1.6 Beam Spreading
‘L“ X1.6.1 One of the advantages that makes low energy X-ray
w °1 3 . S IEE— X ) testers attractive for testing at the wafer level is the feasibility
° 1o 10 10 10 1o of collimating the X-ray beam effectively. Collimation cannot
Oxide Field (V/cm) be performed adequately for cobalt-60 gamma photons. This

difference is, again, due to the different energy deposition
mechanisms of high and low energy photons.
X1.6.2 Cobalt-60 gamma photons are highly scattered as

Note 1—Figure from Ref(32). Data are modifications of data from
Refs (29, 11,and 10).
FIG. X1.7 Fraction of Holes Escaping Recombination for

Cobalt-60 and 10 keV X-rays as a Function of Oxide Field they interact with materials. Not only are the photons scattered,
but energetic electrons are produced that can ultimately deposit
f(E)co-e0 = ((0.55E) + 1) ~°7 their energy in regions outside the primary beam.
(X1.2) X1.6.3 On the other hand, the photoelectric process domi-
where: nates the deposition of 10 keV X-rays. This latter process

produces electrons with much lower energies and shorter
X1.5.6 Shaneyfelt et al33) have suggested that the ranges. The low photon scattering and small range of second-

cobalt-60 data of Fig. X1.7 are too high in the low field (<O.5ary particles permit the collimation of 10 ke\_/ X-rays. How- .
MV/cm ) region. For example, their results suggest that th&ver, even for 10 keV photons some scattering occurs. Addi-

fraction unrecombined at a field of 0.1 MV/cm is about 0.13 astionally, the X-ray beam can generate fluoresced photons in the

compared with about 0.26 as shown in Fig. X1.7. Their data fopample belng |rrad!ated. .

the fraction of unrecombined holes for cobalt-60 irradiation are X1.6.4 To investigate the scattering and fluorescence of the
shown in Fig. X1.8. Note, in comparison, that the data of Fig. eam, exposures were ma_lde of a cplhmate_d tungsten target
X1.5 also suggest that the fraction of unrecombined holes fof. -ray beam on rad|_ochr0m|p_dye d03|meter_f|lm58). These
cobalt-60 irradiation is about 0.12 at a field of 0.1 Mv/cm. "Ims were located in a position corresponding to the sample

X1.5.7 An analysis of the literature data for the fraction of position of a commercial irradiator. The collimator was a

unrecombined holes for cobalt-60 irradiation leads to theChromium plated brass opening in the sample probe card

suggestion that Eq X1.2 be replaced tentatively by approximately 1 mm above the dosimeter. Both nylon and
' chlorostyrene (a better match to the materials in silicon

f(E)co-s0 = ((0.65E) + 1) ~*° devices) dosimeter films were used. Results of the exposures of
(X1.3)  poth films were similar. An example of the results is shown in
X1.5.8 This equation has the following characteristics:Fig. X1.9. It can be seen that the spreading in the deposition

E = the oxide field in MV/cm.
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initial gate threshold shifts in bothr andn-channel devices are
negative under irradiation at moderate to high dose rates. As
time passes, the gate threshold voltage shiftnathannel
devices becomes less negative and, if interface states build up,
can eventually become positive. Whetlpecthannel gate shifts
become more or less negative with time depends on the relative
rates of formation of the negatively charged interface states and
the removal of trapped holes, but the shift always remains

negative.
T X1.7.1.5 The interactions of these competing effects that
IMAGE OF X-RAY BEAM TAKEN WITH shift with time cause the sometimes confusing behavior of

FAR WEST TECHNOLO! OSIMETER FILM . . .. . .
G FADIGCHAONG DOSH MOS parts following irradiation. This complex behavior ex-

plains observed effects previously thought anomalous: “reverse
annealing”, in which parts degrade with time following cessa-
Note 1—Optical microdosimeter scan at 3 Mrad(Si) dose is offset fortion of irradiation rather than “anneal”; the rebound effect, in

(BOTH CHLOROSTYRENE AND NYLON WERE USED WITH SIMILAR RESULTS)

clarity. which n-channel devices “anneal” back past their pre-radiation
FIG. X1.9 Lateral Spreading of the X-ray Deposition at the gate threshold values to fail due to a positive gate threshold
Sample Position as Rec%rde_d bSt/ Radiochromic Dye Film voltage shift when initially the gate threshold shift was
osimeters

negative; extremely “hard” parts at particular dose rates that

extends a small distance beyond the region defined by thare softer at dose rates either above or below the “hard” dose
collimator. A rough calibration of the exposures shows that théates because at the “hard” dose rate defect introduction was
dose measured approximately 0.1 mm beyond the edge of thglanced by time dependent hole compensation and interface
collimator (as indicated by the arrows on Fig. X1.9) is 2 % ofstate buildup; etc.
the dose that was measured in the central irradiated region. X1.7.2 There exists scattered evidence that annealing of
This spreading decreases in an approximately exponentig@diation-induced effects may be dependent on the energy of
fashion, becoming negligible at about 1 mm beyond the edgthe incident photons. Evidence that differences in annealing
of the collimator. It is believed likely that the beam spreadingeXist between MeV electrons and cobalt-60 gammas, on one
shown in Fig. X1.9 is due to scattering of the radiation withinhand, and alpha particles and protons, on the other hand, has
the material being irradiated (rather than from the X-raybeen presented by Brucker et @6). Also, Griscom has
collimator). observed differences in annealing df &nters in fused silica
X1.6.5 Significantly better results have been reported byor irradiation with cobalt-60 gammas and with X-raf&v).
Palkuti (35). He has reported that if care is used to keep higHon the other hand, Fleetwood et(&) show effects due to hole
atomic number materials out of the beam (for examplefrapping and to interface states caused by three different
beryllium copper probes were used on the X-ray tester prob&adiation sources (linac, X-ray, and cesium-137) merging to a
card rather than tungsten probes) the intensity just outside trRommon postirradiation response at long times. At this point

penumbral region of the beam is 1/1000 the intensity in thave can only urge caution about the possibility of such effects.
central region of the beam. X1.7.3 Dose-Rate Effects and Time-Dependent Effect-
i s: There is a second way in which annealing effects may
X1.7 Time-Dependent Effects complicate the comparison of X-ray and cobalt-60 gamma
X1.7.1 Itis well known that radiation-induced defects may irradiations. This is not a true photon energy dependence, but
grow in or be annealed out on a time scale of seconds to yeargther a reflection of the fact that X-ray irradiation and
X1.7.1.1 The key processes are hole trapping, interface statfeasurement is usually done more quickly than comparable
growth, hole annealing (or compensation), and interface statgobalt-60 gamma irradiation and measurement. Because dif-
annealing. These processes take place both during and after th@ent amounts of annealing may occur in the different expo-
irradiation. sure times, this difference in test protocol may lead to an
X1.7.1.2 lonizing irradiation of MOS devices results in two apparent energy dependence. Such effects can be large and
major species of defects, trapped holes in gate (and fieldhust be allowed for in cases where annealing is impoithnt
oxides, and interface states at the Si-SiDterface. Hole 2) See 7.1 for additional information.
trapping occurs rapidly (< 1 s) and interface state density builds )
up slowly (seconds to days). The relative magnitudes of thes&€1.8 Areas of Uncertainty
defects determine the effects on operation of the device and its X1.8.1 Interface States-At present there is some uncer-
post-irradiation time dependence. The quality of the oxideainty in the mechanisms for the production of interface states.
determines the relative densities and saturation levels of th€he results of some studies suggest that interface-state genera-
defects. tion should show the same dependence on photon energy and
X1.7.1.3 Trapped holes in the silicon dioxide result in aon bias as does hole generation. For example, the data of
negative shift in the gate threshold voltage for bothand  Winokur and Boesch38) and the interface state generation
p-channel devices (negative gate threshold shift). model of McLean(39) (later expanded by othe(d0, 41, 42))
X1.7.1.4 Trapped holes are removed or compensated in timguggest that interface-state generation should be a function of
while interface states increase. As hole trapping occurs rapidlyhe number of holes generated. Further, Dozier and Bid8h
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exposed MOS capacitors fabricated eitype substrates with contrary evidence, it seems appropriate to apply dose-
both cobalt-60 gammas and X-rays from a copper target tub&nhancement and electron-hole-recombination corrections as
That experiment showed that the interface-state growth had thgescribed in 8.2.1 to 8.2.6. An example supporting this
same 2/3 power dose dependence as observed by Winokur aggproach can be found in R&).

Boesch. Several workers have attempted to compare X-ray andy g 3 Non-Silicon Devices-Low-energy testers have

cobalt-60 gamma effects by making similar corrections forjargely been used with silicon devices. However, it is expected
trapped hole production and interface state generation. The?ﬁat these testers may be applied to technologies other than

studhies are review<had Ik? 8'1';'3:2'?' chiﬁietr i(diﬂ)’ f\pply.ing silicon. Mercury cadmium tellurium (HgCdTe), for example, is
such an approach, have Indicate at hole trapping angl material on which metal insulator semiconductor (MIS)

interface-state generation cannot be treated in the same fas ructures are fabricated. The atomic numbers of some of the

lon. On the other hand, studies by Dozier et(t€) and by insulating materials, such as zinc sulfide (ZnS), are much larger
Benedetto and Boesc10) have indicated that hole trapping than that of SiQ, and the resulting absorption of radiation is

and interface state generation can be treated in a similar 2. -
fashion. The data ongIeetwood et @) show a difference much greater than for X-rays. Additionally, with the abundance

between the ratio of X-ray effect to cobalt-60 gamma effect fO@ndhclos: grc(i)‘i'(lmgy of otrr:er hlgh-atorf?m-numblzr rlnatgnallls,
interface states as compared to the same ratio for hole trappingc" @s HgCdTe, dose-enhancement effects could also be large.

The difference is less than 15% for fields greater than calculation of the deposition profiles for a “typical” HgCdTe

MV/cm. However, the difference was as great as 60 % fopevice was made. The device structure was assumed to have a

some lower fields. It seems simplest at this time to assume tht€tallization of 200 nm of gold and 10 nm of chromium, an
the correction factors for hole trapping and for interface-statdSulator of 500 nm ZnS and a substrate ofH9d, sTe. The
generation are similar. However, further investigation of thedbsorbed-dose-enhancement factor caused by the nearby gold
mechanisms for interface state generation is needed to resol@®@d HgCdTe layers for a tungsten X-ray spectrum was only
the uncertainties. 1.1, comparable to the absorbed dose enhancement of 1.2 that

X1.8.2 Hardened Field Oxides-It is somewhat less clear Would be expected with cobalt-60 gammas. In this one case, a
that the discussion of physical processes contained in 8.1ow-energy tester would not have introduced large errors. The
X1.3, and X1.5 is adequate to handle hardened field oxidedose in ZnS without absorbed-dose enhancement is a factor of
(43) because there is a relatively small amount of published .25 times that of SiQ Had SiQ, been used as the insulator,
data on the differences between X-ray and cobalt-60 gammabsorbed-dose-enhancement factors of 5 or greater would have
irradiation for this type of field oxidé6). This is an area where been expected. Large effects such as this are possible in
additional work would be helpful. As a result of the paucity of non-silicon devices and thus extra care should be exercised in
data, some caution is prudent. However, in the absence dheir testing.

X2. APPLICATIONS

X2.1 Brief Summary of Potential Applications similar to X2.1.1.1 in that the effects of processing changes on
X2.1.1 In order to lay the groundwork for recommendationsdevice hardn_ess can be tracked even if the measureq dose is not
on the use of X-ray testers, the possible applications of X_ray;ccurate. This assumes, however, that the processing ch.a.nges
testers will be split into five application areas that are defined©® Not affect electron and photon transport and deposition
as follows: significantly.
X2.1.1.1 Process Contre+ This consists of the monitoring ~ X2.1.1.5 Research on Radiation EffeetsThis case may
of some process to detect the onset of an undesirable change/§fluire a very strict control and complete knowledge of the
the ionizing radiation hardness of the product. Also, thelfradiation environment.
selection of wafers into classes, based on their ionizin
radiation hardness is required. For this case, the hardness t
does not need to be accurate. It does need to be adequately
reproducible and sensitive. X2.2.1 Introduction— This section is designed to give the
X2.1.1.2 Quality Conformance TestirgThis consists of reader an estimate of the importance various physical processes
comparison of measured ionizing radiation hardness with #or a series of practical problems. For discussion of the
requirement specified by contract or by a standard. In this casehysical processes that affect radiation effects see Appendix
there will be a strong incentive for accuracy provided byX1. The five application areas defined in X2.1 will each be
contractual obligations. treated in turn. For each application area the effects of principal
X2.1.1.3 Comparison  with  Cobalt-60 Gamma importance will be discussed. In addition, the techniques
Irradiations—In this case ionizing radiation hardness mea-available for the correction of experimental biases introduced
sured with the X-ray tester and with cobalt-60 gamma irradiaby these effects will be indicated.
tion must be compared. In this case the details of both X2.2.2 Process Control and Wafer SelectieThe use of
irradiation processes must be understood. the X-ray tester for process control is thought to be on a fairly
X2.1.1.4 Research on Hardening Technolegyhis case is solid basis. The key presumption is that an experimental

.2 Guidelines for the Use of 10 keV X-Rays in Five
Application Areas
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measurement based on the use of the X-ray tester will allo may be present for cobalt-60 gamma irradiations where
one to test for a process change of interest, even if thlaigh-atomic-number materials are pres@r). An informative
measurement is not quantitatively accurate. It is further asexperimental test of such effects has been published by Kelly
sumed that a quantitatively correct correlation between X-rayt al (16). It must be borne in mind that even for the same
test and radiation effect can, if desired, be obtained througbeposited dose, the radiation effects for X-ray and cobalt-60
calibration with some independent method. For example, gamma irradiations may be different because of electron-hole
correlation between the effect due to cobalt-60 gamma irradiarecombination effects. Estimates of the maximum errors to be
tion and that due to X-ray tester irradiation can be experimenexpected, taking into accourg)(dose enhancement for X-rays,
tally established for a specific device. In this case, the cobalt-6(b) dose enhancement for cobalt-60 gammas, aelectron-
gamma irradiation may provide the standard or calibratiorhole recombination can be found in 8.2.1-8.2.6. Once again it
experiment(6). It should be borne in mind that a field oxide may be necessary to establish the magnitude of the appropriate
and a gate oxide within the same device may show differentorrections by calculations, such as those of &} and(14)
effects, and thus may require independent calibration. It shouldr by measurements on suitable test devices.
also be borne in mind that a different calibration may be X2.2.4.2 In addition to the corrections just described, the
required for different devices. Further, it may be necessary toeader is reminded that other precautions may be necessary for
recalibrate if the device geometry changes. Finally, it will bea valid comparison between the results of X-ray tester and
necessary, if annealing effects are important, that the expercobalt-60 gamma source experiments. Perhaps the most impor-
mental times be carefully controlled in order to obtain repro-tant is an adequate consideration of possible time dependent
ducible and meaningful results. effects(44). This is particularly a problem because cobalt-60
X2.2.3 Quality Conformance Testing gamma irradiations often require longer time periods than are

X2.2.3.1 When a product is to be tested for compliance witH'€ce€ssary with the X-ray tester. The experimenter must ensure
a requirement mandated by a standard or by a contract, that annealing effec;s are negligible, or that they are adequatel_y
becomes necessary to perform all corrections to the dosimetsPMPensated for. Finally, the tester should consider the possi-

to ensure that the device under test is exposed at the specifigdity that X-ray and cobalt-60 gamma irradiations may result
level. If, for example, a certain deposited dose in the gate oxidi different annealing and interface state generation effects due

is required, the most difficult corrections to apply are those foll® @n energy dependence of the physical mechanisms. This is
absorbed dose enhancement. As outlined in X1.3 and 8.2.Priefly discussed in X1.7. _ _

8.2.3, the correction for dose in a thin gate oxide may be as X2-2-5 Research on Hardening Technolegpppropriate
high as a factor of 1.8, even in the absence of high atomidreatment for research on hardening technology is very similar

number materials. An absorbed dose enhancement factor gthat for process control described in X2.2.2, and the remarks
high as 5 is possible in the presence of high-atomic-numbefi€re are largely applicable to this case. It should be empha-
layers such as gold, tantalum, tantalum silicide, etc. In som&Zed, again, that the assumption being made here is that
cases, it will be necessary to establish the magnitude of thed0cess changes do not alter energy deposition within the
corrections using calculations, such as those described in REfitic@l regions of the device. The addition of a heavy metal
(25), or using measurements on appropriately designed te§i|'c'de' for examplewould significantly alter energy deposi-

devices. The possibility of an energy dependence of annealing® and thus would require special treatment. '
effects and of interface-state generation effects should be X2-2-6 Research on Radiation EffeetSThe same kinds of

considered. as discussed in X1.7. precautions described in X2.2.3 and X2.2.4 also apply to
' research work. Moreover, even greater forethought and caution

X2.2.3.2 Because of the relatively small body of experience, " .ied for because)(the range of device materials and

with the use of the X-ray tester it is recommended that when an U . .
) P . eometries is likely to be much greater in a research environ-
X-ray tester is used for qualification testing or lot acceptanc .

ent, b) there may be a smaller background of experimental

testing it should first be cross checked against cobalt-6 : .
. o ; : . and theoretical experience to support some types of research
gamma irradiations of the device type in question. The readef__. ; S : . ;
roject, €) in research it is particularly important to avoid

IS rem|_nded that X-ray to cobglt—GO gamma qorrelatlons mal};(;om‘usion introduced by physical effects that are not accounted
vary with device type. Also, different correlations may apply

i . . . ) for, and @) research results may have higher standards for
for field and gate oxides. Finally, if annealing effects are .
. : . ) .~ ~precision and accuracy. It may be necessary to do careful
important, a careful control of experimental times is required. '
) ; ; measurements or calculations to correct for the effects de-
X2.2.4 Comparison with Cobalt-6p Gamma Testing ~ scribed in 8.2.1-8.2.6. Such calculation may however be
.X2.2.4.l Because of the convenience of total dose testlngomewhat more practical for research work where specimen
with cobalt-60 gamma sources, and because of the predomind experimental geometry can be very well known, con-
nance of testing with such sources in recent years, it mayolled, and simplified.
become necessary to compare the results of testing done with .
the X-ray tester with similar testing done using cobalt-60%2.3 Summary and Recommendations
gamma sources. In order to make valid comparisons it will, of X2.3.1 The use of 10 keV X-rays is a useful technique for
course, be necessary to make all of the necessary dosimetignizing-radiation-effects testing of the ionizing-radiation hard-
corrections forboth sources. Again, the most difficult correc- ness of devices. There are a number of differences between the
tions to make will be those for absorbed-dose enhancement. dffects of 10 keV X-rays and cobalt-60 gamma radiation. The
is estimated that absorbed-dose enhancement factors as highfast that these two sources lead to different radiation effects
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does not preclude comparison of results, but appropriatdons. Some structures can be incorporated on the chips or
allowance must be made for differences in such effects awafers to be tested.
absorbed-dose enhancement and electron-hole recombination.X2.3.4 In order to treat interface state generation, it is

X2.3.2 For some test configurations, as was shown in Tableeasonable at this time to assume that similar corrections can be
1, the differences between cobalt-60 gamma and low energynade for interface state generation as are made for hole
X-ray irradiations are expected to be small, and reasonablgapping (see X1.3-X1.5 and 8.2.1-8.2.6). This assumption
comparisons between tests on the two sources should thould be regarded as tentative. Improved understanding of
expected even without applying any corrections. Further, amterface state generation processes may result in a need for a
was discussed in 8.2.1-8.2.2, when radiation effects are satmodified correction procedure.
rated, the differences between cobalt-60 gamma and X-ray X2.3.5 In cases where time dependent effects are important,
irradiations are expected to be small. However, as was showthe different dose rates of X-ray and cobalt-60 gamma irradia-
in Table 1, there are device structures, packaging materials, atins can lead tapparentdifferences between the effects of the
irradiation conditions that are expected to result in significantwo sources which are, in fact, a reflection of the different times
differences between the results of X-ray and cobalt-60 gammavailable for defect growth and annealing.
testing. X2.3.6 For some non-silicon devices, X-ray testers may also

X2.3.3 There are three techniques that are useful for obtairprovide a useful tool for evaluation at wafer levels. However,
ing comparable test data, each with its advantages and disadaution needs to be exercised. The cobalt-60 gamma versus
vantages: X-ray corrections are not well defined at this time. Moreover,

X2.3.3.1 Comparative tests of devices with X-ray anditis believed that some forms of device construction may result
cobalt-60 gamma irradiation can provide calibration datan large absorbed-dose-enhancement effects with X-ray irradia-
between the two sources. tion. (For further discussion see X1.8.3.)

X2.3.3.2 Dose enhancement and electron-hole recombina- X2.3.7 X-ray and electron scattering in the irradiated region
tion can be estimated by methods similar to those reviewed iof the die or wafer can produce dose in areas beyond the
X1.3-X1.5 and 8.2.1-8.2.6. boundaries of the region defined by the collimator. This can

X2.3.3.3 It is possible to fabricate simple calibration testresult in doses in regions other than that which was intended to
structures such as MOS transistors or capacitors that coulte irradiated. The magnitude of the dose approximately 0.1
gage the magnitude of the combined effects of absorbed dosem beyond the edge of the region defined by the collimator
enhancement, electron-hole recombination, etc. In the desigmas found to be 2 % of the dose in the central region of the
of test structures, care must be taken to ensure that the radiationllimator. This dose decreases to negligible levels approxi-
effects are similar to those in the real devices. Note that thesmately 1 mm beyond the edge of the collimator. (For additional
structures will not provide the absolute dose, but only relativediscussion see X1.6.)
values. This comparison may be adequate for some applica-
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