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ABSTRACT

Studies were performed to characterize the effects of heavy-ion irradiation on the single-event latch-up (SEL)
performance of the INATH94-SP radiation-hardened, high common-mode voltage difference amplifier. For device
qualification, heavy ions with an LETggr of 75MeV-cm? / mg were used to irradiate the devices with a fluence

of 1 x 107 ions / cm?. The results demonstrated that the INA1H94-SP is SEL-free up to the specified surface
LETggr = 75MeV-cm?/ mg at 125°C.

Characterization of single-event transients (SET) and correlation testing of SEL were also performed, up to a
surface LETggr = 75MeV-cm?/ mg at 125°C.
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1 Overview

The INATH94-SP is a radiation-hardened precision unity-gain difference amplifier with a very high input
common-mode voltage range. The INATH94-SP is a single, monolithic device that consists of a precision op
amp and an integrated thin-film resistor network. The INA1H94-SP can accurately measure small differential
voltages in the presence of common-mode signals up to +150V. In many applications where galvanic isolation is
not required, the INA1H94-SP can replace isolation amplifiers. The excellent 0.0005% typical nonlinearity, high
common mode, and 500kHz bandwidth of the INATH94-SP makes for a compelling sensor readout device. This
device runs on a single 4V to 18V supply or dual £2.V to +9V supplies.

Table 1-1. Overview Information ()

Description Device Information
TI Part Number INA1H94-SP
MLS Number INATH94HKX/EM
DLA SMD 5962R2121201VXC

INA1H94-SP Radiation-Hardened, High Common-Mode Voltage
Difference Amplifier

Fab Technology BICMOS
Fab Process BICOM-3XHV

Single Event Effects Facility, Facility for Rare Isotope Beams,
Michigan State University

Device Function

Exposure Facilities

Heavy lon Fluence per Run 1 x 107 ions/cm?

Irradiation Temperature 125°C (for SEL testing)

(1) Tl may provide technical, applications or design advice, quality characterization, and reliability data or service, providing these items
shall not expand or otherwise affect Tl's warranties as set forth in the Texas Instruments Incorporated Standard Terms and Conditions
of Sale for Semiconductor Products and no obligation or liability shall arise from Semiconductor Products and no obligation or liability
shall arise from Tl's provision of such items.
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2 SEE Mechanisms

The primary single-event effect (SEE) of interest in the INA1H94-SP is single-event latch-up (SEL). From a risk
and potential impact point-of-view, the occurrence of an SEL is possibly the most destructive SEE event and
the biggest concern for space applications. A BICMOS process node was used for the INA1H94-SP, though the
device is primarily bipolar. CMOS circuitry often introduces a potential for SEL susceptibility. SEL can occur if
excess current injection caused by the passage of an energetic ion is high enough to trigger the formation of a
parasitic cross-coupled PNP and NPN bipolar structure (formed between the p-sub and n-well and n+ and p+
contacts). The parasitic bipolar structure initiated by a single-event creates a high-conductance path (inducing
a steady-state current that is typically orders of magnitude higher than the normal operating current) between
power and ground that persists (is lafched) until the power is removed or until the device is destroyed by the
high-current state.

The INA1H94-SP is specified as SEL-free to a surface LETggr of 75MeV-cm?2/ mg, at a fluence of 107 ions / cm?
and a chip temperature of 125°C. The INA1H94-SP was shown in characterization to exhibit no SEL with heavy
ions up to a surface LETggr of 75MeV-cm?2/ mg, at a fluence of 107 ions / cm? and a chip temperature of 125°C.

3 Irradiation Facilities and Telemetry

For SEL qualification and SET characterization testing, heavy ion species were provided and delivered by the
MSU Facility for Rare Isotope Beams®) (FRIB) using a linear particle accelerator ion source. lon beams were
delivered with high uniformity over a 17mm x 18mm area for the in-air station. A current-based measurement

is performed on the collimating slits, which intercept 90-95% of the total beam, and this measurement is
cross-calibrated against Faraday cup readings. These measurements are real-time continuous and establish
dosimetry and integrated fluence. In-vacuum and in-air scintillating viewers are used for measurement of the
beam size and distribution. An ion flux of 10° ions / s-cm? was used to provide heavy ion fluences to 107 ions /
cm? for most runs. lon flux was reduced to 104 ions / s-cm? for some runs, to show SEL immunity at multiple flux
rates and to explore the effect of flux rate on transient event counts.

For SET testing, the FRIB "degrader wheel" was employed to adjust the ion energy. The wheel is positioned
between the beam "window" or output, and the device under test. The wheel features multiple slots where a

foil degrading element of known thicknesses can be loaded. When the wheel is rotated to an "open" slot, only
the 70mm air gap and the copper foil in the LINAC path serve to degrade the ion energy. When the wheel is
remotely rotated to a slot with a given aluminum degrading foil thickness, the ions pass through the aluminum foil
as well, and are slowed accordingly. This decreases the effective ion range in silicon, but increases the effective
Linear Energy Transfer (LET.¢) in MeV-cm2/mg, effectively shifting along the Bragg curve. Use of the degrader
wheel allows multiple LET# values to be achieved per beam species and LINAC energy level, reducing the
switching time and improving testing throughput.

Table 3-1. Effective Surface LET for Various Beam Species and Degrader Thicknesses

Beam species LINAC energy | Nominal Cu Airgap (mm) Al degrader | LETsat DUT | Range in Si at Notes
P (MEV/u) | foil width (um) 9ap thickness (um) | (MeV-cm2img) | DUT (um)
169Tm 20.3 5 70 0 75.0 90 No degrader foil
used
Comparable to
129%e 25 5 70 50.8 60.4 86 20MeV/u Xe
beam
129 25 5 70 0 50.5 144 No degrader foil
used
Comparable to
86Kr 25 5 70 127 35.7 71 17MeV/u Kr
beam
Comparable to
86Kr 25 5 70 76.2 29.0 128 20MeV/u Kr
beam
86Kr 25 5 70 0 23.1 217 No degrader foil
used
Comparable to
40Ar 30 10 70 381 10.8 101 15MeV/u Ar
beam
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Table 3-1. Effective Surface LET for Various Beam Species and Degrader Thicknesses (continued)

Beam species LINAC energy | Nominal Cu Airgap (mm) Al degrader | LET.sat DUT | Range in Si at Notes
P (MEV/u) foil width (um) 9ap thickness (um) | (MeV-cm?2/mg) DUT (pm)
Comparable to
40Ar 30 10 70 279.4 7.83 216 20MeV/u Ar
beam
Comparable to
40Ar 30 10 70 1524 6.23 361 25MeV/u Ar
beam
40pr 30 10 70 0 5.25 534 No degrader foil
used
160 20 10 70 0 1.49 471 No degrader foil
used

4 Test Device and Test Board Information

The INATH94-SP is packaged in an 8-pin CFP package. Figure 4-1 shows the pinout diagram. The package lid
was removed to reveal the die face for all heavy ion testing.

+IN E

8] -IN

% 380 kQ
380 kQ
V- [2] g ~—2«0AKAFZ| REFg
19 kQ
REF, [3 | w— (6] v+

v §380 kQ
Vour E ¢ EI V+

Figure 4-1. INA1H94-SP Pinout Diagram

Each device under test, or DUT, used for single-event effect qualification and characterization was sourced from
the same wafer fab and assembly lot, which was used for all INA1TH94-SP qualification studies. Across the

SEL, SET, and absolute-maximum supply extended SEL characterization tests performed, a total of 12 different
devices were evaluated. Some lookahead testing was also performed on units from different wafer fab and
assembly lots, with no significant differences observed in the test results.

4.1 Qualification Circuits and Boards

The INATH94-SP was biased in a variety of different conditions for SEE testing, at both the recommended
minimum and recommended maximum supply voltages. Midsupply or GND was used for both REF, and REFg.
Current was monitored over time for both V+ and V-.
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Figure 4-2. INA1H94-SP SEE Qualification Bias Diagram

Input and supply voltages were provided by SMU PXI cards, connected with banana cables. The board used
for testing incorporated jumpers to allow testing with high Vcy and OV Vpeg; low Ve and high Vpgg; and
high Vcm and constant Vpeg. For all testing, the device outputs were monitored using oscilloscope PXI cards,
connected with BNC cables. 100Q of series isolation resistance was used on each output channel to drive the
cable capacitance. A 2kQ output load to midsupply was present for all DUTs.

An example of three decapped units mounted on a characterization board is shown in Figure 4-3. Note that for
SET testing, devices were powered in parallel and the test facility "stage" or backplane was moved between runs
to target different DUTs. For SEL testing, only one device was connected at a time.

Figure 4-3. Characterization Board

Additional correlation testing was performed on three units, each mounted on a simplified coupon board, using
the device absolute maximum supply voltage (24V). Devices were exposed to a total fluence of 5 x 107 ions /
cm? (60krad of accumulated HDR TID), 2 x 107 ions / cm? (24krad of accumulated HDR TID), and 1 x 107 ions /
cm? (12krad of accumulated HDR TID) respectively without any failures observed. This suggests the device has
significant margin at the device recommended maximum operating voltage of 18V.
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4.2 Characterization Devices and Test Board Schematics

Heavy ions were used to irradiate the devices. A nominal flux of 1 x 10% ions / s-cm? was used for
SEL characterization, at 125°C die temperature. Nominal flux of 1 x 10° ions / s-cm? was used for SET
characterization, at ambient temperature.

For SEE characterization, the INA1H94-SP was biased with bipolar split supplies. The circuit was connected as

shown on Figure 4-4. Different supply voltages, input common-mode voltages and differential voltage conditions
were tested.

C5

TP _| |_||| OND

$R3 25V
30 0.1uF
| c4
<>—| l—“l- GND

25V

GND 0.1uF
u1
==c1
s0v 5 TP3
J2 100pF V+
c Vin+ R1 1 )
0 i 4 ° &?01 1
¢ Rshunt1 8 100 -
>0 —_—C2 % -
50V 3 |6 RL1
i R2 100pF REFA Y 10.0k
e 4 0 7] RerB A
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Figure 4-4. SEE Characterization Board Schematic (Site 1 Only)

Input and supply voltages were provided by SMU PXI cards, connected with banana cables. A common input
signal was applied to all channels. Figure 4-5 shows the decoupling capacitance scheme used on each board.
Current was monitored over time for both V+ and V-. For SET testing, the device outputs were monitored using
oscilloscope PXI cards, connected with BNC cables. 100Q) of series isolation resistance was used on the output
channel to drive the cable capacitance.
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Figure 4-5. Characterization Board Voltage Supply Connections
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5 Results
5.1 SEL Qualification Results

During SEL qualification, the device was heated using forced hot air, maintaining an IC temperature at 125°C.
The temperature was monitored using a thermal camera. The species used for the SEL testing was a thulium
('89Tm) ion with an angle-of-incidence of 0° and an air gap of 70mm, for an LETgrr = 75MeV-cm2/mg. A nominal
flux of 10° ions / s-cm? and fluence of 107 ions / cm? were targeted for each run. A total of five different DUTs
were used for this testing, together experiencing a cumulative total fluence of approximately 30 x 107 ions / cm?
with no failures observed.

An exhaustive summary of the conditions for the 3 SEL test runs performed is provided in Table 5-1. The run
numbers listed are the actual run numbers from the testing session, and the flux, fluence, and dose in silicon for
each run are pulled from the test session log provided by the MSU FRIB. Note that some runs, such as 13-15,
from the session are excluded from the table because these runs were used to test other non-INA1H94-SP
devices. Figure 5-2 and related figures show example plots of the supply currents versus time.

Table 5-1. INA1H94-SP SEL Testing Summary, 1%9Tm lon, 125°C Die Temperature

Run # DUT v+ S(c;) ply V- S&;Jply Veml Voire |I’;\p,;.|t Mzta);sl: |’:IX (':‘ll_:fnnl::r I;’;’Iist:aolr?
cm4/mg) ions) (rad)
1 SEL1_1 25 -2.5 Voirr 1 1x10% 1x107 12000
2 SEL1_1 9 -9 Voirr 5 1x10% 9.24x10° 11085
3 SEL1_1 9 -9 Voirr 5 1x10° 1x107 12000
4 SEL1_1 25 -2.5 Vbirr 1 1x10° 1x107 12000
5 SEL2_1 25 -2.5 Vem 10 1x10° 1x107 12000
6 SEL2_1 25 -2.5 Vem -22.5 1x10% 1x107 12000
7 SEL2_1 25 -2.5 Veum 22.5 1x10° 1x107 12000
8 SEL2_1 9 -9 Veum 10 1x10° 1x107 12000
9 SEL2_1 9 -9 Veum 150 1x10° 1x107 12000
10 SEL2_1 9 -9 Veum -150 1x10° 1x107 12000
1 SEL2_1 12 -12 Vewm 150 1x10° 1x107 12000
12 SEL2_1 12 -12 Vem -150 1x10° 1x107 12000
16 SEL1_2 25 -2.5 Vem 22.5 1x10° 1x107 12000
17 SEL1_2 25 -2.5 Vem -22.5 1x10% 1x107 12000
18 SEL1_2 9 -9 Veum -150 1x10° 1x107 12000
19 SEL1_2 9 -9 Veum 150 1x10° 1x107 12000
20 SEL1_2 9 -9 Voirr -7.5 1x10° 1x107 12000
21 SEL1_2 9 -9 Voirr 7.5 1x10° 1x107 12000
22 SEL1_2 25 -2.5 Voirr 1 1x10° 1x107 12000
23 SEL2_2 25 -2.5 Vem -22.5 1x10° 1x107 12000
24 SEL2_2 25 -2.5 Vem 22.5 1x10° 1x107 12000
25 SEL2_2 9 -9 Vem 150 1x10% 1x107 12000
26 SEL2_2 9 -9 Veum -150 1x10° 1x107 12000
27 SEL2 2 9 -9 Vbire -7.5 1x10° 1x107 12000
28 SEL2 2 9 -9 Voirr 7.5 1x10° 1x107 12000
29 SEL2 2 25 -2.5 Voirr 1 1x10° 1x107 12000
32 SEL2_3 25 -2.5 Vewm | Voire 2251V 1x10° 1x107 12000
33 SEL2_3 25 -2.5 Vewm | Voirr -22.5|-1V 1x10° 1x107 12000
34 SEL2_3 -9 Vewm | Voirr -150 | 7.5V 1x10° 1x107 12000
35 SEL2_3 -9 Vewm | Voirr 150 | -7.5V 1x10% 1x107 12000
8 INA1H94-SP Single-Event Effects (SEE) Radiation Report SBOK102 — JULY 2025
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Figure 5-1. Thermal Image During Set Up

No SEL events were observed, which indicates that the INATH94-SP is SEL-immune at LETggr = 75MeV-cm?/
mg and T = 125°C.

0SEL < 1.84 x 107 cm? for LETgrr = 75MeV-cm?/ mg and T = 125°C.
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Results

An additional SMU SEL session was performed with 3 fresh devices. A summary of the conditions in test runs
performed is provided in Table 5-2. On this session, devices were tested up to the absolute maximum supply of
24V without any failures observed.

Table 5-2. Second Session INATH94-SP SEL Test Summary, 1%¥Tm lon, 125°C Die Temperature

Mean Flux Fluence Dose in
V+ Suppl V- Suppl Input
Run # DUT PPY PPYY Veml Voire P ions x Number Silicon
V) V) v)

cm?/mg) ions) (rad)

24 co 9 -9 V pIFe 2 1x10° 1x107 11957
25 co 12 -12 V piFe 2 1x10° 1x107 11957
26 co 12 -12 V pIFF 2 1x105 2x107 23904
27 Cco 12 -12 V DIFF 2 1x105 1x107 11957
28 Cco 12 -12 V pIFF 2 1x105 1x107 11957
29 Cco 12 -12 V DIFF 2 1x10° 1x107 11957
30 co 12 -12 V piFe 2 1x10% 1x107 11957
31 C1 9 -9 V piFe 2 1x10% 3x107 36484
32 C1 12 -12 V piFe 2 1x10° 2x107 23904
33 C2 12 -12 V piFe 2 1x10° 2x107 23904
34 C2 12 -12 V pIFF 2 1x105 3x107 36484
35 C2 12 -12 V pIFF 2 1x105 5%107 59978
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5.2 SET Characterization Results: MSU FRIB Linac

Three fresh DUTs were used for SET characterization. The conditions for each run are summarized on Table 5-3
below.

The device was tested at maximum specified supply voltage range of +9V (or 18V total supply) and input
common mode voltage (V) of £150V with a fixed input differential voltage Vprr. he REFA and REFB

pins were biased at mid-supply (0V). The device output channel was loaded with a 2kQ resistance to GND
(midsupply). Tests were repeated at the lower specified supply voltage range of +2.5V (or 5V total supply) with
Vem =+22.5V.

The oscilloscopes were set to a window trigger mode that captured any events where the output shifted by
+100mV or more.

The devices were exposed to LET levels varying from 75MeV-cm? / mg to 1.5MeV-cm? / mg. An ambient
temperature of approximately 20°C was recorded in the facility at the time of these tests. See Appendix A for
additional data, such as histograms.

Runs 39, 41, 117, 119 from the session are excluded on the table. These runs were interruped due to set up
adjustments. However, the same DUT test conditions were repeated in the following run.

Table 5-3. SMU SET Characterization Run Summary

Run Supply Vbirr Vem LETeff 'Flux Fluence Io-:;(i):?rlig
Number | PYT V) V) V) & (Nlev' (fonsls- | nsicm?) | Dose | Events
cm?/mg) cm?) (rad)
36 SET _1 125 0.544 22.5 169Tm 75 1x105 1x107 12000 13255
37 SET _1 125 -0.544 225 169Tm 75 1x105 1x107 12000 13662
38 SET_1 9 3.614 150 169Tm 75 1x108 1x107 1E7 14983
40 SET_1 9 -3.614 -150 169Tm 75 1x108 1x107 12000 15611
42 SET 2 125 0.544 225 169Tm 75 1x105 1x107 12000 13799
43 SET 2 125 -0.544 225 169Tm 75 1x105 1x107 12000 14295
44 SET 2 9 3.614 150 169Tm 75 1x105 1x107 12000 15779
45 SET 2 19 -3.614 -150 169Tm 75 1x105 1x107 12000 16414
46 SET 3 2.5 0.544 22.5 169Tm 75 1x105 1x107 12000 14099
47 SET 3 125 -0.544 225 169Tm 75 1x105 1x107 12000 14584
48 SET 3 9 -3.614 -150 169Tm 75 1x108 1x107 12000 16979
49 SET 3 9 3.614 150 169Tm 75 1x108 1x107 12000 15732
50 SET_1 125 0.544 225 129 60.3 1x105 1x107 9650 12138
51 SET_1 125 -0.544 225 129 60.3 1x105 1x107 9650 12226
52 SET_1 9 3.614 150 129 60.3 1x105 1x107 9650 12054
53 SET_1 9 -3.614 -150 129 60.3 1x105 1x107 9650 13101
54 SET _1 19 -3.614 -150 129 50.4 1x105 1x107 8000 13441
55 SET_1 9 3.614 150 129 50.4 1x105 1x107 8000 12611
56 SET_1 125 -0.544 225 129 50.4 1x108 1x107 8000 13174
57 SET_1 125 0.544 225 129 50.4 1x108 1x107 8000 12939
58 SET 2 125 0.544 225 129 60.3 1x105 1x107 9650 13791
59 SET 2 9 3.614 150 129 60.3 1x105 1x107 9650 14534
60 SET 2 9 3.614 150 129 50.4 1x105 1x107 8000 14589
61 SET 2 2.5 0.544 22.5 129 50.4 1x105 1x107 8000 13661
62 SET 3 2.5 0.544 22.5 129 60.3 1x105 1x107 9650 14342
63 SET_3 9 3.614 150 129 60.3 1x105 1x107 9650 15482
64 SET 3 9 3.614 150 129 50.4 1x108 1x107 8000 15265
65 SET 3 125 0.544 225 129 50.4 1x108 1x107 8000 14191
66 SET 3 125 0.544 225 86Ky 35.6 1x105 1x10° 5700 9239
12 INA1H94-SP Single-Event Effects (SEE) Radiation Report SBOK102 — JULY 2025
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Table 5-3. SMU SET Characterization Run Summary (continued)
Run Supply Vbirr Vem LETeff _Flux Fluence Io-ll;(i);?rllg
Number DUT ) ) ) lon (IV;eV— (ions/s- (ionslcm?) Dose Events
cm?2/mg) cm?) (rad)
67 SET_3 +9 3.614 150 86Kr 35.6 1x10° 1x107 5700 10087
68 SET_3 +9 3.614 150 86Kr 28.9 1x10° 1x107 4600 9897
69 SET_3 +2, 0.544 225 86Kr 28.9 1x10° 1x107 4600 9228
70 SET_3 + 0.544 225 86Kr 23.1 1x10° 1x107 3700 9142
71 SET_ 3 +9 3.614 150 86Kr 23.1 1x10° 1x107 3700 9574
72 SET 2 +9 3.614 150 86Kr 35.6 1x10° 1x107 5700 9847
73 SET_2 £2.5 0.544 225 86Kr 35.6 1x10° 1x107 5700 9423
74 SET_2 £ 0.544 225 86Kr 28.9 1x10° 1x107 4600 9533
75 SET_2 +9 3.614 150 86Kr 28.9 1x10° 1x107 4600 9894
76 SET_2 +9 3.614 150 86Kr 23.1 1x10° 1x107 3700 9561
77 SET 2 +2, 0.544 225 86Kr 23.1 1x10° 1.4E6 456 1110
78 SET 2 0.544 225 86Kr 23.1 1x10° 1x107 3700 9269
79 SET_1 0.544 225 86Kr 35.6 1x10° 1x107 5700 9247
80 SET_1 + -0.544 -22.5 86Kr 35.6 1x10° 1x107 5700 9524
81 SET_1 £9 3.614 150 86Kr 35.6 1x10° 1x107 5700 9755
82 SET_1 £9 -3.614 -150 86Kr 35.6 1x10° 1x107 5700 10095
83 SET_1 +9 -3.614 -150 86Kr 28.9 1x10° 1x107 4600 10129
84 SET_1 +9 3.614 150 86Kr 28.9 1x10° 1x107 4600 9449
85 SET_1 +2.5 0.544 225 86Kr 28.9 1x10° 1x107 4600 9164
86 SET_1 +25 -0.544 -22.5 86Kr 28.9 1x10° 1x107 4600 9347
87 SET_1 +25 -0.544 -22.5 86Kr 23.1 1x10° 1x107 3700 9052
88 SET_1 +25 0.544 225 86Kr 23.1 1x10° 1x107 3700 9058
89 SET_1 9 3.614 150 86Kr 23.1 1x10° 1x107 3700 9189
90 SET_1 £9 -3.614 -150 86Kr 23.1 1x10° 1x107 3700 9841
91 SET_3 +9 3.614 150 40Ar 10.3 1x10° 1x107 1650 5923
92 SET_3 +2.5 0.544 225 40Ar 10.3 1x10° 1x107 1650 5358
93 SET_3 +2.5 0.544 225 40Ar 6.9 1x10° 1x107 1100 5028
94 SET_3 £9 3.614 150 40Ar 6.9 1x10° 1x107 1100 5188
95 SET_3 £9 3.614 150 40Ar 5.3 1x10° 1x107 840 5104
96 SET 3 +25 0.544 22.5 40Ar 53 1x10° 1x107 840 5108
97 SET_2 £2.5 0.544 225 40Ar 10.3 1x10° 1x107 1650 5244
98 SET_2 £9 3.614 150 40Ar 10.3 1x10° 1x107 1650 5435
99 SET_2 +9 3.614 150 40Ar 6.9 1x10° 1x107 1100 5204
100 SET_2 +2.5 0.544 225 40Ar 6.9 1x10° 1x107 1100 5316
101 SET 2 +2.5 0.544 225 40Ar 5.3 1x10° 1x107 840 5172
102 SET 2 +9 3.614 150 40Ar 5.3 1x10° 1x107 840 5034
103 SET_3 £9 3.614 150 40Ar 10.3 1x10° 1x107 1650 4757
104 SET 3 +9 -3.614 -150 40Ar 10.3 1x10° 1x107 1650 4746
105 SET_3 £2.5 0.544 225 40Ar 10.3 1x10° 1x107 1650 4854
106 SET_3 £2.5 -0.544 -22.5 40Ar 10.3 1x10° 1x107 1650 4853
107 SET_3 2.5 -0.544 -22.5 40Ar 6.9 1x10° 1x107 1100 4939
108 SET_3 +2.5 0.544 225 40Ar 6.9 1x10° 1x107 1100 4826
109 SET_3 +9 3.614 150 40Ar 6.9 1x10° 1x107 1100 4762
110 SET_3 +9 -3.614 -150 40Ar 6.9 1x10° 1x107 1100 4892

SBOK102 — JULY 2025

Submit Document Feedback

INA1H94-SP Single-Event Effects (SEE) Radiation Report

Copyright © 2025 Texas Instruments Incorporated

13


https://www.ti.com
https://www.ti.com/lit/pdf/SBOK102
https://www.ti.com/feedbackform/techdocfeedback?litnum=SBOK102&partnum=

13 TEXAS

INSTRUMENTS
Results www.ti.com
Table 5-3. SMU SET Characterization Run Summary (continued)
Run Supply Vbirr Vem LETeff _Flux Fluence Io-ll;(i):?rllg
Number DUT ) ) ) lon (IV;eV— (ions/s- (ionslcm?) Dose Events
cm?/mg) cm?) (rad)
111 SET_3 +9 -3.614 -150 40Ar 5.3 1x10° 1x107 840 4737
12 SET_3 +9 3.614 150 40Ar 5.3 1x10° 1x107 840 4628
13 SET_3 +2.5 0.544 225 40Ar 5.3 1x10° 1x107 840 4581
114 SET_3 +25 -0.544 -22.5 40Ar 5.3 1x105 1x107 840 4624
15 SET_1 +25 -0.544 -22.5 160 15 1x105 1x107 240 2828
16 SET_1 +25 0.544 225 160 1.5 1x105 1x107 240 2795
18 SET_1 9 3.614 150 160 1.5 1x10° 1x107 240 2553
120 SET_1 £9 -3.614 -150 160 1.5 1x10° 1x107 240 2553
121 SET_2 +9 3.614 150 160 1.5 1x10° 4x108 240 2426
122 SET_2 +2.5 0.544 225 160 15 1x10° 1x107 240 2999
123 SET_3 +9 3.614 150 160 15 1x10° 1x107 240 2637
124 SET_3 +25 0.544 225 160 1.5 1x105 1x107 240 2739
Figure 5-11. Device Under Test Lined Up With the Beam
14 INATH94-SP Single-Event Effects (SEE) Radiation Report SBOK102 — JULY 2025
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Results

5.3 Analysis

Information in this section describes general characteristics of the SET response characteristics of the device,
and may not be accurate for all use cases or conditions. In-circuit results vary according to application specifics.
TI's customers are responsible for determination of components for their purposes, and validating and testing
design implementation to confirm system functionality.

The data suggest the rate at which the INA1H94-SP exhibits SET events, and the magnitude of those events, is
a function of several factors. These include supply voltage, input common-mode voltage (Vcy), differential input
voltage (VDIFF) beam flux, ion energy, and temperature.

Generally, when the INA1H94-SP experiences an SET, the device output presents sudden spikes and are
usually resolved within 10us of the trigger event. Events where the output shifted by more than £100mV were
recorded by the oscilloscope cards. A small percentage of these captures show measurable undershoot or
overshoot behavior after the initial spike as the output settles. Table 5-4 shows notable oscilloscope captures.

Note that the INATH94-SP also experiences transient events of less than 100mV. As a result, this study focuses
on only events more than 100mV in magnitude. Testing at MSU has shown that the beam area is an electrically
noisy environment, which can lead to false trigger events. As a result, this study focuses on only events more
than 100mV in magnitude. Implementing filters on the device to reject noise can lead to reductions in SET count
or impact the magnitude of those events.

Device DUT-SET1 was evaluated with ion energy in descending order, from 75MeV-cm? / mg to 1.4MeV-cm? /
mg with the exception of ion energy levels of 10.3MeV-cm?2 / mg, 6.9MeV-cm? / mg and 5.3MeV-cm? / mg. This
device was evaluated with both positive and negative polarity Vo and Vper input voltages.

Devices DUT-SET2 and DUT-SET3 were also evaluated at the same energy levels, with the addition of levels of
6.9MeV-cm? / mg and 5.3MeV-cm? / mg.

Table 5-4. Sum of Event Counts Per Device

LET (MeV- DUT-SETA DUT-SET2 DUT-SET3
cm? /mg) Parameter Vs =5V Vs =18V Vs =5V Vs =18V Vs =5V Vs =18V
Events 29273 28238 30709 29578 31563 29831
75 Fluence (lons/cm?) 2x107 2x107 2x107 2x107 2x107 2x 107
Cross Section (cm?) 1.46 x 103 1.41x 103 1.54 x 103 1.48x10°% | 1.58x103 1.49 x 103
Events 25327 24192 13791 14534 14342 15482
60.3 Fluence (lons/cm?) 2x107 2x107 1x107 1x107 1x107 1x107
Cross Section (cm?) 1.27 x 103 1.21x103 1.38x 103 1.45x 103 1.43x103 1.55 x 103
Events 26615 25550 13661 14589 14191 15265
50.4 Fluence (lons/cm?) 2x107 2x107 1x 107 1x 107 1x 107 1x 107
Cross Section (cm?) 1.33x 103 1.28 x 103 1.37x 103 1.46x 103 | 1.42x103 1.53x 103
Events 19619 19002 9423 9847 9239 10087
35.6 Fluence (lons/cm?) 2x107 2x107 1x107 1x107 1x107 2x 107
Cross Section (cm?) 9.81x10* 9.50 x 10 9.42x10% | 9.85x10% | 9.24x10% 1.01 x 103
Events 19476 18613 9533 9894 9228 9897
28.9 Fluence (lons/cm2) 2x107 2x107 1x107 1x107 1x107 1x107
Cross Section (cm?) 9.74 x 10 9.31x10* 9.53 x 10 9.89 x 10 9.23x 10 9.90 x 10
Events 18893 18247 10379 9561 9142 9574
231 Fluence (lons/cm?) 2x107 2x 107 1.14 x 107 1x107 1x107 1x107
Cross Section (cm?) 9.45x 10 9.12x 10 9.10x10% | 9.56x10% | 9.14x10* 9.57 x 10
Events 5244 5435 9707 9503
10.3 Fluence (lons/cm?) N/A N/A 1x107 1x107 3x107 3x 107
Cross Section (cm?) 524 x10% | 544x10% | 4.85x10% 475x10%
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Table 5-4. Sum of Event Counts Per Device (continued)
LET (MeV- DUT-SET1 DUT-SET2 DUT-SET3
cm? /mg) Parameter Vs = 5V Vs =18V Vs =5V Vs = 18V Vs = 5V Vs =18V
Events 5316 5204 14973 14842
6.9 Fluence (lons/cm?) N/A N/A 1x107 1x107 3x107 3x 107
Cross Section (cm?) 532x10% | 520x10% | 4.93x10* 4.95x 104
Events 5172 5034 14313 14469
5.3 Fluence (lons/cm?) N/A N/A 1x107 1x107 3x107 3x107
Cross Section (cm?) 5.17x 10 5.03x10% | 477 x10* 4.82x10%
Events 5623 5106 2999 2426 2739 2637
15 Fluence (lons/cm?) 2x107 2x107 1x107 4 x108 1x107 1x107
Cross Section (cm?) 2.81x10% 2.55x 10 3.00x 10 6.07 x 10 2.74 x 10* 2.64 x 10

The INATH94-SP susceptibility to SET increases as ion energy level increases. There is also an increase of
events as the supply voltage, and magnitude V¢ and Vp g input voltages increase. Input voltages of negative
polarity appeared to produce a slightly higher susceptibility to events. In some cases, differences in readings
between devices at similar input voltages can be attributed to differences in the oscilloscope cards used, as

verified through A—B site swaps.

Factors such as the time between decap and testing (time the die is exposed to air), annealing time between
runs, and simple device-to-device variation can also play a potential role in the differing event counts. Correlating
any single factor to the event counts is difficult due to the complexities and practical challenges of the testing.

Table 5-5. Transient Event Summary for 5V Supply

Mean Std. Dev.
LET (MeV- Event Transient | Transient Avg. Pk. Sith o Min. Pk Max. Pk LR/, ||

2 . . Pk. Voltage Pk. Voltage peak

cm‘ /mg) Count Duration Duration | Voltage (V) Voltage (V) | Voltage (V)
V) v) Voltage (V)
(us) (us)

75 28617 0.2290 0.4791 -0.042 0.687 -2.108 1.093 0.483 0.490
60.3 23605 0.2057 0.3854 -0.066 0.715 -2.087 1.032 0.488 0.526
50.4 21431 0.2043 0.3030 -0.060 0.698 -1.979 1.052 0.490 0.501
35.6 14023 0.2050 0.2712 -0.040 0.645 -1.728 1.023 0.465 0.449
28.9 13194 0.2014 0.3378 -0.017 0.573 -2.067 1.022 0.415 0.395
23.1 12168 0.1966 0.2849 -0.011 0.504 -1.405 1.009 0.371 0.342
10.3 6172 0.1812 0.1921 -0.002 0.331 -1.365 0.947 0.291 0.159
6.9 5961 0.1779 0.1701 -0.001 0.222 -1.640 1.018 0.195 0.105
5.3 5520 0.1785 0.1338 -0.003 0.169 -0.948 0.981 0.151 0.076
1.5 2796 0.2287 0.1073 -0.003 0.065 -0.205 0.294 0.064 0.013
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Table 5-6. Transient Event Summary for 18V Supply
LET (MeV- | Event Trgl::i;nt '?rt:r;s[:_:rt Avg. Pk. Pskt"\','o'l:’t:;; Min Pk. | Max Pk F","k‘f":;‘ol’:‘::é Pﬁj‘"\','o?t‘:‘;e
cm4 /mg) Count Duration Duration | Voltage (V) Voltage (V) | Voltage (V)
(us) (us) (V) V) (V)
75 29634 0.0460 0.0757 0.0623 1.0339 -3.2646 3.5361 0.6736 0.7880
60.3 25118 0.0464 0.0735 0.0211 0.9291 -2.6294 2.8767 0.6040 0.7063
50.4 23691 0.0463 0.0770 0.0138 0.8303 -2.3220 2.4939 0.5510 0.6212
35.6 15128 0.0477 0.0586 0.0051 0.7050 -1.6393 2.7141 0.4976 0.4995
28.9 13921 0.0492 0.0576 -0.0104 0.5956 -1.9142 2.4100 0.4303 0.4120
23.1 12130 0.0484 0.0503 -0.0143 0.5249 -1.2829 1.6225 0.3941 0.3470
10.3 6242 0.0474 0.0445 -0.0019 0.3215 -1.0657 1.0011 0.2801 0.1585
6.9 5963 0.0488 0.0435 -0.0021 0.2166 -1.6460 1.7315 0.1902 0.1043
5.3 5119 0.0533 0.0427 -0.0041 0.1707 -0.9125 1.1079 0.1553 0.0726
15 1680 0.0638 0.0424 0.0153 0.0475 -0.6959 0.3072 0.0671 0.0148
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5.4 Weibull Fit

Weibull-Fit and cross section plots for the INA1H94-SP at supply voltages of 5V and of 18V are shown in Figure
5-12 and Figure 5-13, respectively. The Weibull equation used for the fits is shown in Equation 1, and the
parameters used to plot the Weibull fits are provided in Table 5-9. For each of the supply voltages, the total
number of transients and the run fluences are used to calculate the mean (oyegan), Upper bound (oyg), and
lower bound (o_g) cross section (as discussed in Appendix B) at 95% confidence interval. As events were still
recorded as low as 1.5MeV-cm? / mg, SET onset is assumed to fall between that point and OMeV-cm? / mg. For
the calculations below, onset was modeled as OMeV-cm?2 / mg.

LET — Onset)S
0‘=GSATX<1—G(T)) (1)
Figure 5-12. Cross Section and Weibull Fit for 5V Supply
Figure 5-13. Cross Section and Weibull Fit for 18V Supply
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Table 5-7. Cross Section and Weibull Fit Data: 5V Supply
Energy Fluence 2 OMEAN 2
(MeV- lon (lons/ LGIEN ) s [(EiFy (cm? FIT Residual |Residual?| %98 €™\ yg Error | LB Error
2 2 Events | Device) : Device)
cm? /mg) cm?) Device)
75 169Tm 1.00E+07 28%1377'16 0'9:?(?341 2.86E-03 | 0.002443 | 4.18E-04 | 1.75E-07 | 2.90E-03 | 3.33E-05 | -9.86E-01
129 0.987272
60.3 Xe 1.00E+07 | 23605.25 789 2.36E-03 | 0.002252 | 1.09E-04 | 1.18E-08 | 2.39E-03 | 3.03E-05 | -9.85E-01
129 0.986655
50.4 Xe 1.00E+07 | 21430.5 751 2.14E-03 | 0.002076 | 6.73E-05 | 4.52E-09 | 2.17E-03 | 2.89E-05 | -9.85E-01
86 0.983498
35.6 Kr 1.00E+07 | 14023.25 083 1.40E-03 | 0.001713 | -3.11E-04 | 9.66E-08 | 1.43E-03 | 2.34E-05 | -9.82E-01
86 0.982989
28.9 Kr 1.00E+07 | 13193.75 777 1.32E-03 | 0.001498 | -1.78E-04 | 3.18E-08 | 1.34E-03 | 2.27E-05 | -9.82E-01
86 0.982289
23.1 Kr 1.00E+07 | 12167.75 495 1.22E-03 | 0.001279 | -6.23E-05 | 3.88E-09 | 1.24E-03 | 2.18E-05 | -9.81E-01
10.3 40Ar 1.00E+07 617721'585 0'9770551 60 6.17E-04 | 0.000664 | -4.70E-05| 2.21E-09 | 6.33E-04 | 1.56E-05 | -9.75E-01
6.9 40Ar 1.00E+07 596517',?28 0'957;2703 5.96E-04 | 0.000464 | 1.32E-04 | 1.75E-08 | 6.11E-04 | 1.53E-05 | -9.74E-01
5.3 40Ar 1.00E+07 55113':?57 0'95739727 5.52E-04 | 0.000364 | 1.88E-04 | 3.55E-08 | 5.67E-04 | 1.47E-05 | -9.73E-01
16 0.963204
15 O 1.00E+07 | 2796.2 685 2.80E-04 | 0.000108 | 1.72E-04 | 2.95E-08 | 2.90E-04 | 1.05E-05 | -9.63E-01
Table 5-8. Cross Section and Weibull Fit Data, 18V Supply
Energy Fluence 2| OMEAN ouB
(MeV- lon (lons/ LEEY i () (cm? FIT Residual |Residual?| (cm2/ | UB Error | LB Error
2 2 Events | Device) - :
cm? /mg) cm?) Device) Device)
160 0.988646
75 Tm 1.00E+07 | 29634 473 2.96E-03 | 0.002552 | 4.12E-04 | 1.7E-07 | 3.00E-03 | 3.39E-05 | -9.86E-01
129 0.987671
60.3 Xe 1.00E+07 | 25118 002 2.51E-03 | 0.002357 | 1.55E-04 | 2.39E-08 | 2.54E-03 | 3.13E-05 | -9.85E-01
129 0.987295
50.4 Xe 1.00E+07 | 23690.75 799 2.37E-03 | 0.002177 | 1.92E-04 | 3.7E-08 | 2.40E-03 | 3.03E-05 | -9.85E-01
o6 0.984127
35.6 Kr 1.00E+07 | 15127.5 047 1.51E-03 | 0.001802 | -2.89E-04 | 8.38E-08 | 1.54E-03 | 2.43E-05 | -9.83E-01
o6 0.983456
28.9 Kr 1.00E+07 | 13921 488 1.39E-03 | 0.001578 | -1.86E-04 | 3.47E-08 | 1.42E-03 | 2.33E-05 | -9.82E-01
o6 0.982261
23.1 Kr 1.00E+07 | 12129.75 706 1.21E-03 | 0.00135 |-1.37E-04 | 1.87E-08 | 1.23E-03 | 2.18E-05 | -9.81E-01
10.3 40Ar 1.00E+07 62‘;%7142 0.9551322 6.24E-04 | 0.000704 | -7.94E-05| 6.3E-09 | 6.40E-04 | 1.57E-05 | -9.75E-01
6.9 40Ar 1.00E+07 59%:;',?28 0'977:9707 5.96E-04 | 0.000492 | 1.04E-04 | 1.09E-08 | 6.12E-04 | 1.53E-05 | -9.74E-01
53 “ar | 1.00Es07 | °18897 | 0972722 | 5 196 04 | 0.000386 | 1.26E-04 | 1.59E-08 | 5.26E-04 | 142E-05 | -9.72E-01
16 0.952677
1.5 (0] 1.00E+07 | 1680.125 146 1.68E-04 | 0.000115 | 5.33E-05 | 2.84E-09 | 1.76E-04 | 8.22E-06 | -9.53E-01
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Table 5-9. Weibull Fit Parameters
Parameter Value for 5V Supply Value for 18V Supply
Ogar (cm?) 2.86 x 10-3 2.96 x 103
Onset (MeV-cm?2 /mg) 0 0
w 39 38
s 1 1
Sum (Residual?) 3.786 x 107 4.006 x 107
6 Summary

Single-event effects of the INA1H94-SP radiation-hardened, high common-mode voltage difference amplifier
were studied. The device was shown through characterization to be latch-up immune up to surface LETggg =

75MeV-cm?2 / mg and T = 125°C.
A MSU Results Appendix
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Figure A-1. Transient Event Magnitude Histogram,
5V Supply, LETeff = 75MeV-cm? / mg
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Figure A-3. Transient Event Magnitude Histogram,
5V Supply, LETeff = 50.4MeV-cm? / mg
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Figure A-2. Transient Event Magnitude Histogram,
18V Supply, LETeff = 75MeV-cm? / mg
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Figure A-4. Transient Event Magnitude Histogram,
18V Supply, LETeff = 50.4MeV-cm? / mg

20 INA1H94-SP Single-Event Effects (SEE) Radiation Report

Copyright © 2025 Texas Instruments Incorporated

SBOK102 — JULY 2025
Submit Document Feedback


https://www.ti.com
https://www.ti.com/lit/pdf/SBOK102
https://www.ti.com/feedbackform/techdocfeedback?litnum=SBOK102&partnum=

13 TEXAS
INSTRUMENTS
www.ti.com MSU Results Appendix

Figure A-5. 18V Supply, LETeff = 70MeV-cm2 / mg, ~ Figure A-6. 18V Supply, LETeff = 75MeV-cm? / mg,
Typical Output Transients Large Neg Out Transient

Figure A-7. 18V Supply, LETeff = 75MeV-cm? / mg,  Figure A-8. 18V Supply, LETeff = _75MeV-cm2 / mg,
Large Pos Out Transient Long Pos Out Transient

Figure A-9. 18V Supply, LETeff = 50.4MeV-cm?/ mg, Figure A-10. 18V Supply, LETeff = 50.4MeV-cm? /
Typical Output Transients mg, Large Neg Out Transient

Figure A-11. 18V Supply, LETeff = 50.4MeV-cm?/  Figure A-12. 18V Supply, LETeff = !_50-4MeV-cm2 /
mg, Large Pos Out Transient mg, Long Pos Out Transient
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Figure A-13. 18V Supply, LETeff = 35.6MeV-cm?2 /
mg, Typical Output Transients

Figure A-15. 18V Supply, LETeff = 35.6MeV-cm?2 /
mg, Large Pos Out Transient

Figure A-14. 18V Supply, LETeff = 35.6MeV-cm? /
mg, Large Neg Out Transient

Figure A-16. 18V Supply, LETeff = 35.6MeV-cm? /
mg, Long Pos Out Transient
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B Confidence Interval Calculations

For conventional products where hundreds of failures are seen during a single exposure, one can determine
the average failure rate of parts being tested in a heavy-ion beam as a function of fluence with high degree
of certainty and reasonably tight standard deviation, and as a result, have confidence that the calculated
cross-section is accurate.

With radiation-hardened parts however, determining the cross-section is difficult because often few or no failures
are observed during an entire exposure. Determining the cross-section using an average failure rate with
standard deviation is no longer a viable option, and the common practice of assuming a single error occurred at
the conclusion of a null-result can result in a greatly underestimated cross-section.

In cases where observed failures are rare or non-existent, the use of confidence intervals and the chi-squared
distribution is indicated. The chi-squared distribution is particularly designed for the determination of a reliability
level when the failures occur at a constant rate. In the case of SEE testing where the ion events are random

in time and position within the irradiation area, a failure rate is expected that is independent of time (presuming
that parametric shifts induced by the total ionizing dose do not affect the failure rate), and as a result, the use
of chi-squared statistical techniques is valid (because events are rare, an exponential or Poisson distribution is
used).

In a typical SEE experiment, the device-under-test (DUT) is exposed to a known, fixed fluence (ions / cm?)
while the DUT is monitored for failures. This is analogous to fixed-time reliability testing and, more specifically,
time-terminated testing where the reliability test is terminated after a fixed amount of time whether or not a
failure has occurred (in the case of SEE tests fluence is substituted for time and hence is a fixed fluence

test (6)). Calculating a confidence interval specifically provides a range of values which is likely to contain the
parameter of interest (the actual number of failures per fluence). Confidence intervals are constructed at a
specific confidence level. For example, a 95% confidence level implies that if a given number of units were
sampled numerous times and a confidence interval estimated for each test, the resulting set of confidence
intervals can bracket the true population parameter in about 95% of the cases.

To estimate the cross-section from a null-result (no fails observed for a given fluence) with a confidence interval,
start with the standard reliability determination of lower-bound (minimum) mean-time-to-failure for fixed-time
testing (an exponential distribution is assumed) in Equation 2:

2
MTTF = — ot )

Xz(d + 1); 100(1 - %)

Where:

*  MTTF is the minimum (lower-bound) mean-time-to-failure,

* nis the number of units tested (presuming each unit is tested under identical conditions),
» Tis the test time,

+ and x 2 s the chi-square distribution evaluated at 100(1 — a / 2) confidence level

» dis the degrees-of-freedom (the number of failures observed).

With slight modification for our purposes we invert the inequality and substitute F (fluence) in the place of T as
shown in Equation 3:

MFTF = ——20F 3)
%2(a+1);100(1- %)
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Where:

*  MFTF is mean-fluence-to-failure

* Fis the test fluence

+ X ?Zis the chi-square distribution evaluated at 100(1 — a / 2) confidence
» dis the degrees-of-freedom (the number of failures observed).

The inverse relation between MTTF and failure rate is mirrored with the MFTF. Thus the upper-bound cross-
section is obtained by inverting the MFTF as shown in Equation 4:

2
X2(d+1);100(1 -2
,_ Slaxa) oo -5) “

Assume that all tests are terminated at a total fluence of 10° ions/cm?2. Assume there are a number of devices
with different performances that are tested under identical conditions. Assume a 95% confidence level (o =
0.05). Note that as d increases from 0 events to 100 events, the actual confidence interval becomes smaller,
which indicates that the range of values of the true value of the population parameter (in this case, the cross-
section) is approaching the mean value + 1 standard deviation. As more events are observed, the statistics are
improved such that uncertainty in the actual device performance is reduced.

Table B-1. Experimental Example Calculation of MFTF and o Using a 95% Confidence Interval (')

Calculated Cross-Section (cm?)
Degrees-of-Freedom (d) 2(d+1) X?2at95% Upper-Bound at 95% Mean Average + Standard

Confidence Deviation

0 2 7.38 3.69E-06 0.00E+00 0.00E+00
1 4 11.14 5.57E-06 1.00E-06 2.00E-06
2 6 14.45 7.22E-06 2.00E-06 3.41E-06
3 8 17.53 8.77E-06 3.00E-06 4.73E-06
4 10 20.48 1.02E-05 4.00E-06 6.00E-06
5 12 23.34 1.17E-05 5.00E-06 7.24E-06
10 22 36.78 1.84E-05 1.00E-05 1.32E-05
50 102 131.84 6.59E-05 5.00E-05 5.71E-05
100 202 243.25 1.22E-04 1.00E-04 1.10E-04

(1) Using a 95% confidence interval for several different observed results (d = 0, 1, 2,...100 observed events during fixed-fluence tests)
assuming 108 ions / cm? for each test. Note that as the number of observed events increases the confidence interval approaches the
mean.
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