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Standard Test Method for
Use of 2N2222A Silicon Bipolar Transistors as Neutron
Spectrum Sensors and Displacement Damage Monitors

This standard is issued under the fixed designation E 1855; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope E 263 Test Method for Measuring Fast-Neutron Reaction

1.1 This test method covers how 2N2222A silicon bipolar _Rates by Radioactivation of Irén _
transistors can be used either as dosimetry sensors in theE 265 Test Method for Measuring Reaction Rates and
determination of neutron energy spectra, or as silicon 1-MeV _Fast-Neutron Fluences by Radioactivation of Sulfuf-32
equivalent displacement damage fluence monitors. E 720 Guide for Selection and Use of Neutron-Activation
1.2 The neutron displacement damage is especially valuable Foils for Determining Neutron Spectra Employed in
as a spectrum sensor in the range 0.1 to 2.0 MeV when fission _Radiation-Hardness Testing of Electrorfics
foils are not available. It has been applied in the fluence range E 721 Guide for Determining Neutron Energy Spectra from
between 2x 10'2 n/cn? and 1x 10" n/cn? and, in theory, Neutron Sensors for Radiation-Hardness Testing of Elec-
should be useful up to #Bn/cr?. This test method details the ~_tronics® .
steps for the acquisition and use of silicon 1-MeV equivalent E 722 Practice for Characterizing Neutron Energy Fluence
fluence information (in a manner similar to the use of activa-  SPectra in Terms of an Equivalent Monoenergetic Neutron
tion foil data) for the determination of neutron spectra. Fluence for Radiation-Hardness Testing of Electrohics
1.3 In addition, this sensor can provide important confirma- E 844 Guide for Sensor Set Design and Irradiation for
tion of neutron spectra determined with other sensors, and _Reactor Surveillance, E706 (II€) . _
yields a direct measurement of the silicon 1-MeV fluence by E 854 Test Method for Application and Analysis of Solid
the transfer technique. State Track Recorder (SSTR) Monitors for Reactor Sur-
1.4 This standard does not purport to address all of the ~_Veillance, E706 (lliB} _
safety concerns, if any, associated with its use. It is the E 944 Practice for Application of Neutron Spectrum Adjust-
responsibility of the user of this standard to establish appro- ~Ment Methods in Reactor Surveillance, (IFA)
priate safety and health practices and determine the applica3

bility of regulatory limitations prior to use. - Terminology
3.1 Symbols:
2. Referenced Documents @, = the silicon 1-MeV equivalent fluence (see Practice

2.1 The ASTM standards listed in 2.2 from TerminologyE722)_- i o o
E 170 through Test Method E 265 provide a background foPre = id/iswherei is the collector current arigis base current,
understanding how sensors are used in radiation measuremeHts2 Common emitter circuit.
and general dosimetry. The rest of the standards referenced j

X' Ssummary of Test Meth
the list discuss the choice of sensors, spectrum determinations Summary of Test Method

with sensor data, and the prediction of neutron displacement 4-1 Gain degradation of 2N2222A silicon bipolar transistors
damage in some semiconductor devices, particularly silicon. Méasured in the test (simulation) environment is compared
2.2 ASTM Standards: with that measured in a reference neutron environment. The

E 170 Terminology Relating to Radiation Measurement<P1r in the reference env_ironment is deriv_ed from the k_nown
and Dosimetry reference spectrum and is used to determine a meadyyed

E 261 Practice for Determining Neutron Fluence Rate, Flu{he test environmer(d 2)° by the transfer technique. Thand
ence, and Spectra Radioactivation Technigues t refer to the reference and test environments respectively. .
4.2 The measured,, may be used as a sensor response in
a spectrum adjustment code in a manner similar to the use of

! This test method is under the jurisdiction of ASTM Committee E-10 on Nuclear reaction foil activities to determine the SpethlG314)-

Technology and Applications and is the direct responsibility of Subcommittee
E10.07 on Radiation Dosimetry for Radiation Effects on Materials and Devices.

Current edition approved Dec. 10, 1996. Published February 1997. 3 The boldface numbers in parentheses refer to a list of references at the end of
2 Annual Book of ASTM Standardgol 12.02. this test method.
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4.3 Spectra compatible with the responses of many sensofis Apparatus

may be used to calculate a more reliable measure of the g 1 A transistor with demonstrated response in agreement
displacement damage. with calculatedd, values in widely varied environments is the
5. Significance and Use silicon bipolar transistor 2N2222A. It is recommended that
. . . . Ehree or more of these transistors be calibrated together and
5.1 The neutron spectrum in a test (simulation) environmen . ;
used at each location to be characterized. At least three others

must be known in order to use the measured device response | . .
P Hould be used as temperature correction devices (control

the test environment to predict the device performance in a@evices) during readout. The control transistors should be

operational environment. Typically, spectra are determined b%xpose d one time to a calibration exposure of aboutd 1D

:Zﬁs(i)tfvi zite?fthsfﬂseiﬁotr?aetngﬁve rr:si%?]nz) e\/{/ﬁ?&??ﬁ; ;Za\‘;;r{'/ecn? 1-MeV equivalent fluence and then annealed (baked out)
gy reg at 180°C for 24 h before being used as controls. These control

u.n_der test (DUT) responds (see Guide E 721). In parucular, To{ransistors are not exposed either during the calibration or test
silicon devices exposed in fast neutron spectra, this effectiv tep, but are read with the exposed transistors to provide
energy range is between 0.01 and 10 MeV. A typical set O%emp;erature correction

activation reactions which lack fission reactions from nuclides ' L . .
such a&%%U,23"Np, oP®%Pu, will have very poor sensitivity to 6.2 Adry oven for annealing is needed to stabilize the gain

the spectrum between 0,01 and 2 MeV. For a pool-ype reacd f0 1CR 20 BRATEER S iy D0 B UL B2 N
spectrum, 70 % of the DUT electronic damage response m :

lie in this range. Often, fission foils are not included in the aintain the set temperature to withirg.0°C at 80°C and at

sensor set for spectrum determinations because their use mt} Stci)wlrg \;Vr?éjlganm%rrUde?]T tOO\r/]vae\:es astgnr;e(ruﬁg)alggumtggsm
be licensed, and they require special handling for healtfy ith a timer will re uirega do{)rp-)o eniny mechanisrﬁ
physics considerations. The silicon transistors provide th&/ q P 9 '

needed response to define the spectrum in this critical range. 6'3. An el_ectronlc system is required to maintain appropriate
transistor bias and currents and to read the currents for the gain

5.2 If fission foils are a part of the sensor set, the silicon s Itis hiahl ded that bl
sensor provides an important confirmation of the spectru easurements. It 1s highly recommended that a programmable
semiconductor parameter tester (such as a Hewlett Packard

shape. :
5.3 The transistors, such as type 2N2222A, are inexpensivélMSA) be used. A programmable tester can operate in pulsed
gﬁqde to control heating effects and provide gain values

are smaller than fission foils contained in a boron ball, and ar Kiv. Th ter tester determi h it
easy and quick to read provided the proper steps are takefICKIY- 1€ parameter tester determines the common emitter
urrent gain by injecting a pulse of current into the base region,

They also can be used directly in arrays to map 1-MeV© h L

equivalent fluence. The proper set of steps to take in readinge_asurmg th? collgctor current, af‘d. determining the current
the transistor-gain degradation is the primary subject of thi thlc/lbataflxed bias of 10V, yvheng IS the. collector current
test method. andi, is the base current. The bias voltage is measured between

5.4 Fig. 1 shows the displacement damage function thz Zol'lo\ectc;r and the base (see F@é)f)' librati fh
silicon compared to two typical activation foil cross ©-# A reference neutron source for calibration of the tran-

section$®Mn(ny)®®Mn and®Ni(n,p)°eCo. All three responses sistors is required. The spectrum shape and magnitude of the

are shown to provide comparisons of sensors that respond rﬁfefence source must be known. National Iqstitute for Stan—
P y P dards and Technology (NIST8) and Cross Section Evaluation

widely differing energy regions. Fig. 1 shows that the major .
portion of the response of the silicon transistors will generally’Vorking Group (CSEWG]9) benchmark sources are recom-

be above 100 keV. See Ré) for the silicon cross section mended for use as primary standards, but for practical reasons
evaluation and Réf(6) for the nickel cross section. The the Fast Burst Reactors (FBRs) at Sandia National Laborato-

currently recommended silicon damage function is listed in'eS; White Sands Missile Range, and Aberdeen PrO\_/lng
Practice E 722. Ground also are recommended as reference benchmark fields.
6.5 If the transistors are exposed on a different run than the
e g T Ty one used to expose foils for spectrum determination, a suitable
55 56 Si(n,X)1-MeV monitor such as a nickel foil must be exposed along with the
Mn(n,y)" Mn \ transistors during calibration to relate the magnitude of the
neutron fluence during the spectrum determination exposure to
that during the transistor calibration exposure (see Section 7).
A photon-sensitive (and neutroninsensitive) detector such as a
CaF, thermoluminescent detector (TLD) shall be included in
each test package to monitor the gamma-ray dose in case a
correction must be made for the transistor damage from
gamma-rays.

SNin,p)  Co

Sensor Response (barns or Mev-mb)

10*
. 1 \ J J i 1 1 7. General Description of the Test Method
Y e 10’ 10° 10" 10 10’ 7.1 2N2222A transistors exhibit a range of initial gain
Neutron Energy (MeV) values and responses, but each responds linearly with 1-MeV
FIG. 1 Response for Typical Sensors equivalent fluencd ,, at fixed coIIectonWg)
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the Messenger-Spratt equati@hO), if gamma rays do not be included with the transistors. This monitor foil should be the same as

contribute to the change of gain. one of the sensor set so that a simple ratio of the monitor responses
multiplied by the transistor response will provide the proper scaling
i _ i = K. d(1 MeV) (1) between the runs. This procedure of using the ratio of activities to scale the
Preo  Preo fluences is valid because the same spectrum is used for both runs.

The termhggg is the common emitter current gain at some
fixed collector current before irradiation in the test environ-

ment, andneg, is ‘he.sa”?e quantity measured at the SaMErake the ratio of equations (Eq 1) for the reference and test
collector current after irradiatiof , is the damage constant. If ) .
T vironments and rearrange the terms to yield Eq 3 (see Ref

gamma-ray dose contributes to the change in the reciprocal z )
the gain, then that contribution must be subtracted from the le

7.6 When theA(1/h) is measured in the unknown test
environment, theb,, can be found in the following manner.

side of Eq 1 before the right side is valid for neutrons (see 8.3). A(} >
7.2 A semiconductor parameter analyzer may be used to o, = ht . :iA(}> 3
determinehc. A basic schematic circuit used by semiconduc- A(% > KT \h )

tor analyzers for measuringg = ii, is shown in Fig. 2. Any
equivalent method for making the electrical measurement is 7.7 The®,, is the quantity needed as a sensor value in the
acceptable as long as the currents do not exceed the limitpectrum determination procedure. Th@/h), is the change in
detailed in 8.1.2 and 8.1.3. the reciprocal gain induced by the test environment. For
7.3 Since K, differs for each transistor, each must be neutron damage on 2N2222A transistdfs,is a constant for
calibrated. When the technology of manufacture is such thageutron fluences up to about*f®/cn?. The method described
theK’s within a batch are the same to within a few percentageere provides a direct determination®f,. Strictly speaking,
points, a calibration by batch may be satisfactory. A typicalif @, is the only quantity desired from the test when the
value forK_ is about 1.5< 10"*° cm?/neutron for a collector  transistor is irradiated, then a monitor is not needed. However,
current of 1 mA. it is recommended that a monitor be included for possible
7.4 The linearity of response of a given batch of transistorgca|ing and for ensuring that the ratio of responses between the

shall be verified by exposure of samples of the batch to at leagfansistors and the monitor remain the same at characterized
three levels of neutron fluence covering the range in which thgositions in the neutron field.

devices will be used.

.7.5 The calibration 'is accomplished by exposing the trang, Experimental Procedure
sistors in a reference field for which the spectrum and intensity o
are known. The 1-MeV equivalent fluence of the reference 8.1 To ensure proper calibration of the sensor, follow the
environment®,,, is obtained by folding the spectrum with the Steps described in 8.1.1-8.1.9.
silicon displacement damage response as is described in8.1.1 Step +-The 2N2222A transistors are inexpensive and
Practice E 722. The gain valuds;eo before irradiation, and can be purchased in large lots from electronic supply houses.
hegq after irradiation are measured, and the left side of Eq 1 iSThose purchased from readily available commercial sources

calculated. The following quantity can be defined. have been found to be fairly uniform in electrical properties
1 1 1 and come with initial gains between about 50 and 200. The first
A(ﬁ) ~Pres Preo (2)  step is to measure, at 1 mA collector current, the initial gain

This is the chanae in reciorocal gain. A subscriot & used values of all the transistors in the batch. Throw out all those
ng 1P gain. P - .. with gain less than 100, and then remove the top and bottom
to denote the reciprocal gain change in the reference callbratlog% fractions of the remaining set. Thus, if one begins with 100

environment. A subscript dfis used to denote the reciprocal : : :
) X . . transistors there may be two with gains below 100, and after
gain change in the test or unknown environment. This mea-

. removing 10 % of the remaining distribution, one might end up
surement and the known value b, in the reference with about 88 transistors that can be calibrated. If the calibra-
environment provide the calibration for the transistdr, ; . : . -

tion environment is large enough to provide a uniform fluence

Note 1—As mentioned in 6.5, if the transistors are exposed on ato all the transistors on the same run, it is best to calibrate the

different run than the run for measuring the spectrum, a monitor foil musiyhole batch together. The minimum number of transistors
should be three.

8.1.2 The gain measurements may conveniently be made
with a programmable semiconductor parameter analyzer, or

lc with a specially designed circuit tester. The measurement

details provided in 8.1.2.1-8.1.2.6 through correspond to the

Q} steps on an HP 4145A programmable semiconductor parameter
C analyzer with an HP16058A Test Fixture. Any equivalent

—7=;£- method for making the electrical measurement is acceptable as
B long as the currents do not exceed the limits detailed in 8.1.2
and 8.1.3. The manuals for other parameter analyzers can be
used to see how this procedure should be adopted to other

FIG. 2 Schematic for Transistor Read-Out equipment. Documents
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8.1.2.1 Setup—Place the transistor in the test fixture. Note described procedure. At collector currents lower than 1 mA the
the assignment of leads to the transistor collector, base, arghins are less reproducible and are more sensitive to tempera-
emitter. ture and gamma-ray background contributions. There are also

8.1.2.2 Channel Definitior~Use the channel definition surface and emitter losses. At higher collector currents, there
screen to assign the variabless/\, Vg/lg, and /¢, to the  can be emitter crowding, nonlinearities and heating effects. A
nomenclature for the proper lead. The V stands for voltage, $tandardized sequence and duration of measurement is neces-
for current, B for base, C for collector, and E for emitter. sary because of variations of the charge state of traps within the

8.1.2.3 Source Setup-Use the source setup screen to ini- devices, particularly after exposure to ionizing radiation (from
tialize the variable ranges for the measurements and thgources such as the gamma-ray background).
constraints or compliance rules for the measurememys. | Nore 3—Avoid handiing the transistors with fingers just before read-
should be variable with 71 logarithmic steps from 100 pA to ling, because the warmed transistors will exhibit a higher gain. When
mA. The Vg compliance voltage is 10 volts.{ is set as a reading the gains, intersperse the control transistors with the test transis-

fixed parameter of 10 V with a compliance current of 18 mA.tors and try to maintain uniform temperature throughout the readout
I is assigned a compliance current of 18 mA. process. It is good practice to have all transistors in the same temperature
environment for approximately 5 minutes before the device readout
Note 2—The upper bound placed on the base current range will nevebegins.
be reached given a nominal'device g_ain of 100 and a maximum coI_Iector 8.1.4 Step 2—Separate out at least three transistors to be
current of 1 mA. The nominal maximum base current seen during §,seq a5 controls for correcting the gain measurements to
measurement is- 0.01 mA. The base current range is set so that it does . - .
not prove to be a limiting factor for a properly operating 2N2222A account for differences in the temperature of the transistors
transistor. when they are read after each exposure and anneal step of the

transistors. The temperature dependence of the gain is expected

8.1.2.4 Plot—Set the display variables and ranges. Set thgy pe different for unirradiated and irradiated transistors.
x-axis variable to ¢ with a logarithmically spaced range from Therefore the transistors that are to be used to correct the

1 pA to 12 mA. Set the firsy-axis variable to 4 with a  measured gains for the temperature at readout (the control
logarithmic range from 100 pAto 15 mA. Set the secgrakis transistors) shall be exposed to a neutron fluence- b3
variable tohgg with a linear range from 0 to 250. The second py/cn? and then annealed at 180°C for 24 h before they are used
y-axis appears on the right-hand side of the plot. as controls. From then on the controls should not be exposed or
8.1.2.5 Measurement-Have the analyzer make the mea- gnnealed. For example, after the calibration run, the control
surements initialized in the setup and display the resulting plotransistors are read for gain along with the exposed transistors.
The transistor measurements are automatically made with aphe average gain of the control transistors during the first
ms pulse at each of the defined base current settings. The pletadout described in 8.1.1 is divided by the average current
will be displayed with collector current along the bottom axis, gain of the same transistors during the present readout step, and
base current along the left-hand side, and gain along thghe ratio, R, is used to multiply each gain value obtained for
right-hand side. A marker (highlighted spot) will appear on thethe exposed transistors in the present readout.
plot. Thex andy values for this highlighted point will appear  g.1.5 Step 3—Expose the sensor transistors uniformly in the
in a text screen above the plot. No measurements are made f@fference neutron environment, unbiased and with the leads
settings that are outside the compliance conditions. Thus foghorted. It is important that the irradiation be sufficient to
collector currents above 18 mA, both curves drop to zero. Th@iegrade the gain by about 30 % or more. For a fast neutron
gain curve should be fairly flat except for very low basespectrum this means % 1012 nfcnf< ®,=< 1 X 10 n/cn?.
currents. See Appendix X1 for an explanation of the choice of the lower
8.1.2.6 Data Extraction—Use the marker dial to move the |imit. Include monitor foils such as nickel or sulfur, or both,
pointer along thex-axis until the | value is 1 mA. Avalue for and TLDs in the irradiation package.
Ig andhg¢ will be displayed on the top of the plot. These values 8.1.6 Step 4—In order to remove the variations associated
can be verified by looking at thg-axis values for the two with ambient temperature annealing during and after the
curves drawn on the plot. Record thg: gain value. irradiation, an annealing step at 80°C for two hours shall be
8.1.3 The measurement procedure detailed in 8.1.2.5 wgserformed before readout. This will only be effective in
designed to avoid large currents that would saturate the devi@nsuring reproducible results if the environmental conditions
or result in current-injection annealing of the radiation-inducedduring irradiation and subsequent handling do not include
damage to the test 2N2222A transistor. Collector currentgxposure at temperatures above 60°C. An additional precaution
larger than 1 mA should not be permitted except in a pulseds to standardize the delay time between irradiation and
mode of operation. In pulsed mode, collector currents of up tweadout. Annealing at 80°C for two hours removes no more
20 mA are permitted with pulse widths less thart ms.  than 20 % of the displacement damage. Under this condition,
Collector current measurements of 1 mA may be made in é&ading (further annealing) has not been observed. Do not
steady state mode. The measurement procedure detailed anneal the control transistors once they have been prepared as
8.1.2 had 71 logarithmically spaced steps with a maximundescribed in 8.1.4.
collector current of 18 mA. If a different pulsed readout 8.1.7 Step 5—Measure the gains of the controls and sensors
method is used, the amount of time (number of steps multipliedinder standardized conditions. The environmental temperature
by the pulse time) spent at collector currents greater than 1 mAuring this measurement shall be within 10°C of the pre-
should not significantly exceed that which results from theirradiation measurement temperature.Documents
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