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Single-Event Effects (SEE) Test Report of the TPS7H3302-
SEP DDR Termination Regulator
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ABSTRACT

The purpose of this study was to characterize the effect of heavy-ion irradiation on the SEE performance of
the TPS7H3302-SEP sink/source DDR termination regulator. Heavy-ions with LETggg of 48 MeV-cm2/mg were
used to irradiate three production devices with fluences ranging from 9.98 x 10 to 1 x 107 ions/cm?2 per run,
over a variety of DDR modes, input and output voltage conditions, load conditions, and temperatures. The
TPS7H3302-SEP is completely SEL adn SEB free up to LETggr = 48 MeV-cm?2/mg at 125°C under all DDR
modes. Forall DDR the device is also SET-free and SEFI-free up to LETggr = 48 MeV-cm?/mg.
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1 Introduction

The TPS7H3302-SEP is a radiation-tolerant, sink/source, double-data-rate (DDR) 3-A termination regulator
designed to provide a complete, compact, and low-noise solution for space DDR termination applications
where small form-factor and low weight are key considerations. The TPS7H3302-SEP showcases a number
of capabilities such as:

» Supporting DDR VTT termination applications

» Stable supply during read/write conditions through fast transient response
Built-in VT Trgr supply to track VTT to reduce solution size

* Integrated Power Good (Pcoop)

The TPS7H3302-SEP is packaged in a 32-pin HTSSOP plastic package. Table 1-1 lists general device
information and test conditions. For more detailed technical specifications, user-guides, and application notes,
see www.ti.com/product/TPS7H3302-SEP/technicaldocuments.

.

Table 1-1. Overview Information

DESCRIPTION™ DEVICE INFORMATION
Tl Part Number TPS7H3302-SEP
Orderable Number TPS7H3302MDAPTSEP
Device Function DDR termination regulator
Technology LBC7 (250-nm linear BiCMOS)
Exposure Facility Radiation Effects Facility, Cyclotron Institute, Texas A&M University
Heavy lon Fluence per Run 5.95 x 105 — 1 x 107 ions/cm?
Irradiation Temperature 25°C (for SET and SEB/SEGR testing) and 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 TI'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 TI's provision of such items.
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2 Single-Event Effects (SEE)

The TPS7H3302-SEP device does not operate at high voltages or high currents, so single-event burnout (SEB)
and single-event gate-rupture (SEGR) events are not expected to be an issue. The primary SEE events of
interest in the TPS7H3302-SEP are single-event latch-up (SEL), single-event functional interrupt (SEFI), and
single-event transient (SET).

From a risk and impact point-of-view, the occurrence of a SEL is potentially the most destructive SEE event
and the biggest concern for space applications. In mixed technologies such as the Linear BICMOS 7 process
used for the TPS7H3302-SEP, the CMOS circuitry introduces a potential 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-substrate and n-well and n+ and
p+ contacts) (") (2)). The parasitic bipolar structure creates a high-conductance path (creating a steady-state
current that is typically orders-of-magnitude higher than the normal operating current) between power and
ground that persists (is latched) until power is removed or until the device is destroyed by the high-current
state. For the design of the TPS7H3302-SEP, SEL susceptibility was reduced by maximizing anode-cathode
spacing (tap spacing) while increasing the number of well and substrate ties in the CMOS portions of the layout.
Additionally, junction isolation techniques were also used with buried wells and guard ring structures isolating
the CMOS p- and n-wells (3D (4]) (15), The design techniques applied for SEL-mitigation were sufficient as the
TPS7H3302-SEP exhibited no signs of SEL during all of the heavy-ions up to an LETgrr = 48 MeV-cm?/mg at a
fluence of 107 ions/cm? and a die temperature of 125°C.

Unlike the varied and unique failure signatures of SEFI events in complex digital processors usually requiring
an external reboot or reset to clear, in simpler devices like the TPS7H3302-SEP voltage regulator, SEFI is
defined as anything that can affect downstream electronic components, in this case, DDR memories using the
TPS7H3302-SEP to generate V11/Vo and V1rer signals. It was assumed that SEFIs might manifest as an
upset in the control logic causing either a system reset or inducing a false Pgoop, an event where Pgoop is
pulled down without a concurrent collapse of V11/Vo. To mitigate this, all logic was triplicated with a hardened
voter on key outputs. Another potential source of SEFI was an ion erroneously triggering the current-limiting
clamp. To mitigate this type of SEFI, a redundant regulator loop with each loop having its own current limiting
clamps was included in the design; with each regulator loop having its own independent biasing circuit. The
design techniques applied for SEFI-mitigation (triple modular redundancy with hardened voters in key functional
blocks) were sufficient because the TPS7H3302-SEP exhibited no signs of these type of SEFIs either in the logic
or in the regulator loop itself under heavy-ions with LETggr of up to 48 MeV-cm?2/mg at fluences of up to 5 x 107
ions/cmZ.

Voltage regulators can exhibit positive, negative, and bipolar SETs whose magnitude and polarity depend on
how the ionization is distributed (a function of the ion LET, location, trajectory, energy, the thickness and
composition of the BEOL stack, and so forth) and what part of the circuit is hit (6D ([7]) (8]) (%)) All of the design
techniques (previously mentioned) to mitigate SEFI will also mitigate some of the SETs from affecting the output.
However, if the output transistors are hit, it is hard to fully avoid a transmission of the transient to the outputs.
The actual shape and duration of the SETs is a strong function of output capacitance and can also be affected
by the load conditions. SETs are generally only a concern if their magnitude and duration actually cause a
disruption in downstream power.

In the case of the TPS7H3302-SEP the difference between V11/Vg and V11rer signals is the most important
feature. In other words those two signals can vary, but they need to track so that the voltage margin during DDR
memory accesses is stable. SETs of primary concern were those that caused the difference between these two
signals to exceed a specified value. The JEDEC DDR specification states that any difference between V11/Vo
and Vrtrer signals exceeding £40 mV is problematic for the reliable read-write operation of a DDR memory
system. The TPS7H3302-SEP exhibited no signs of SETs up to an LETgrr = 48 MeV-cm?2/mg at a fluence of 108
ions/cmZ.
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3 Test Device and Evaluation Board Information

The TPS7H3302-SEP is packaged in a 32-pin HTSSOP plastic package shown with the pinout in Figure 3-1.
The TPS7H3302 evaluation board was used to evaluate the performance and characteristics of the DDR/DDR2/
DDR3/DDR4 V1 termination regulator of the TPS7H3302-SEP. Figure 3-2 shows the top and bottom views of
the evaluation board used for radiation testing. For more information about the device or evaluation board, see
www.ti.com/product/ TPS7H3302-SEP/technicaldocuments.

-
N

Figure 3-1. Photograph of the TPS7H3302-SEP Space DDR Termination Regulator Delidded
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Figure 3-2. TPS7H3302-SEP Evaluation Board Top View
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Test Device and Evaluation Board Information

Figure 3-3 shows a simplified schematic of the configuration used for this radiation testing, based on

the evaluation module for the TPS7H3302-SEP (TPS7H3302EVM.) For more information please see
TPS7H3302EVM User's Guide.
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Figure 3-3. Schematic of the Prototype TPS7H3302 Evaluation Board Used to Perform the SEE Tests on

the TPS7H3302-SEP Devices
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4 Irradiation Facility and Setup

The heavy ion species used for the SEE studies on this product were provided and delivered by the TAMU
Cyclotron Radiation Effects Facility (%) using a superconducting cyclotron and advanced electron cyclotron
resonance (ECR) ion source. lon beams are delivered with high uniformity over a 1-in diameter circular cross
sectional area for the in-air station. Uniformity is achieved by means of magnetic defocusing. The intensity of the
beam is regulated over a broad range spanning several orders of magnitude. For the bulk of these studies, ion
fluxes between 104 and 10° ions/cm2-s were used to provide heavy ion fluences between 108 and 107 ions/cm?.

For these experiments, Silver (19%Ag) ions were used at a 0° (incident) angle for a LET of 48 MeV-cm2/mg. 109Ag
ions hadve a total kinetic energy of 1.634 GeV in the vacuum (15 MeV/amu line). lon beam uniformity for all tests
was in the range of 92% to 97%. The TPS7H3302-SEP test board is shown in Figure 4-1 as it was used at the
TAMU facility. Although not visible in this photo, the beam port has a 1-mil Aramica window to allow in-air testing
while maintaining the vacuum within the accelerator with only minor ion energy loss. The in-air gap between the
device and the ion beam port window was maintained at 40 mm for all runs.
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Figure 4-1. Photograph of the TPS7H3302-SEP Evaluation Board Mounted in Front of the Heavy lon
Beam Exit Port at the TAMU Accelerator Facility
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5 Depth, Range, and LETggg Calculation
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Figure 5-1. Layer Stack of TPS7H3302-SEP [Left] and RADsim-IONS Program [Right] Used to Determine
Key lon Parameters

The TPS7H3302-SEP is fabricated in the Texas Instruments Linear BiCMOS 250-nm process (LBC7) with a
back-end-of-line (BEOL) stack consisting of three levels of standard thickness aluminum metal on a 0.6-ym
pitch, and a 4t level of thick aluminum. The total stack height from the surface of the passivation to the

silicon surface is 9.98 ym based on nominal layer thickness as shown in Figure 5-1. No polyimide or other
coating was present so the uppermost layer was the nitride passivation layer (PON). Accounting for energy loss
through the 1-mil thick Aramica ( Kevlar®) beam port window, the 40-mm air gap, and the BEOL stack over the
TPS7H3302-SEP, the effective LET (LETggg) at the surface of the silicon substrate and the depth and ion range
was determined with the custom RADsim-IONS application (custom tool developed at Texas Instruments and
based on SRIM (') simulations) for the two primary ions used for the experiments. Table 5-1 shows the results.
The stack was modeled as a homogeneous layer of silicon dioxide.

Table 5-1. Silver LETggf, Depth, and Range in Silicon

Beam E MeV/
ION TYPE eamnu';zgﬁ)( € ANGLE OF INCIDENCE | RANGE IN SILICON (um) | LETgrr (MeV-cm2/mg)
109ag 15 0° 95 48

LETee (MeVecm?img)

0 0 2 £l a0 7 a0 a0 100

0
Range (um)

Figure 5-2. LETggr vs Range for 199Ag at the Conditions Used for the SEE Test Campaign
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6 Test Set-up and Procedures

SEE testing was performed on a TPS7H3302-SEP device mounted on a prototype of the TPS7H3302 evaluation
board. The board was powered to each of its DDR cases by providing voltages to V_po, Vin: Vbpasns, and
enabled by providing voltage to EN. An Agilent N6705C was used to provide power to V| po, a power All voltage
rails were connected in a 4-wire configuration. The device was loaded with two NI-PXle-4139 source meters,
one to provide a load for the V17/Vg output and one to independently provide a load for Vttrgr output. The SEE
events were monitored by using three NI-PXI 5172 Scope Cards.

All equipment was controlled and monitored using a custom-developed LabVIEW® program (PXIRadTest)
running on a National Instruments™ NI-PXle 8381 remote control module. Figure 6-1 shows a block diagram

of the set-up used for SEE testing the TPS7H3302-SEP, and Table 6-1 shows the connections, limits and
compliances used. The TPS7H3302-SEP was tested at room temperature and 125°C. For higher temperature
tests, the device was heated using a Closed-Loop PID controlled heat gun (MISTRAL 6 System (120V, 2400W)).
The die temperature was monitored during the testing using an IR camera prior to exposure to heavy ions.

Table 6-1. Equipment Set Used for the SEE Testing

PIN NAME EQUIPMENT USED CAPABILITY COMPLIANCE RANGE OF VALUES USED
Vi poin Agilent™ N6705C (Ch 3) 17 A 100 mA 2.375Vt0 3.5V
VN NI-PXle-4139 3A 5A 1.2Vto25V
Vbbpasns NI-PXle-4139 3A 500 mA 1.2Vto25V
VTTREF NI-PXle-4137 +3 A Sink/Source —_
V11/Vo NI-PXle-4139 +3 A Sink/Source 0.60Vto1.25V
Oscilloscope card
NI-PXle 5172 100 MSPS — —
(V1/Vo)
Oscill d
scilloscope car NI-PXle 5172 . .
(V1TREF)
Oscilloscope card
NI-PXle 5172 — —
(Psoop)
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The V11/Vo output was used to trigger the oscilloscopes. The Agilent N6702A provided the precision power inputs and the Yokogawa
GS610 and Keithley 2000 source meters provided active loading.

Figure 6-1. Block Diagram of Heavy-lon SEE Test Set-Up With the TPS7H3302-SEP on a TPS7H3302
Evaluation Board

All boards used for SEE testing were fully checked for functionality and dry runs performed to ensure that the
test system was stable under all bias and load conditions prior to being taken to the TAMU facility. During the
heavy-ion testing, the LabVIEW control program powered up the TPS7H3302-SEP device and set the external
sourcing and monitoring functions of the external equipment. After functionality and stability had been confirmed,
the beam shutter was opened to expose the device to the heavy ion beam. The shutter remained open until the
target fluence was achieved (determined by external detectors and counters).

During the irradiation the PXle-5172 scope card monitored the Pgoop, V11/Vo and Vyrrer outputs of the
TPS7H3302-SEP. One scope card triggered off of V11/Vo when the signal exceeded a window of 1%, one scope
card triggered off of Vtrer When the signal exceeded a window of 1%, and the last scope card triggered on a
negative edge 500mA below the nominal value of Pgoop.

In addition to continuously monitoring the voltage levels of the five digital scope inputs, the currents into or

out of the Vppasns, Vins and V| poin pins were also monitored during each test to enable the detection of the
occurrence of an SEL event. No sudden increases in current were observed (outside of normal fluctuations) on
any of the test runs which indicated that no SEL events occurred during any of the testing.
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7 Results
7.1 SEL Results

All SEL characterizations were performed with forced hot air to maintain the device temperature at 125°C with
the silver (Ag) heavy ion beam at an incident angle for a LETggr of 48MeV-cm2/mg. A flux of 10° ions/cm?-s
was used for a total fluence of 107 ions/cm?2. Run duration to achieve this fluence was approximately 2 minutes.
The current versus time data was obtained by current monitoring the Vppasns, Vipoin, @and V) pins for each
run; representative data plots for these data are shown in Figure 7-1 for DDR1 modes (the plots looked similar
for all DDR modes). No discontinuous increases in current were observed in any of the three monitored signals.
No SEL events were observed for any of the DDR modes under the full range of load conditions. Table 7-1
summarizes the SEL results for all DDR modes.

Iin is the current for VDD or lypp
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Figure 7-1. SEL Data for Sourcing 3A on V1, Sourcing 10mA on Vi1rer
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Table 7-1. TPS7H3302-SEP SEL Results With T = 125°C and LETggr = 48 MeV-cm?/mg
DEVICE # |RUN # z-ngz\? i I\DII%T)E Vioon (V) [ Vinvop (V) X,D)DQS"S VTTIV (V) ‘STA"D'? A) \IngREF SEL?
cm4/mg) (mA)
1 1 48 DDR1 3.5 3.5 3.5 1.75 -3 -10 N
1 2 48 DDR1 35 35 35 1.75 3 10 N
1 3 48 DDR1 35 35 35 1.75 3 10 N
1 4 48 DDR1 35 35 35 1.75 3 -10 N
2 5 48 DDR1 35 35 35 1.75 3 -10 N
2 6 48 DDR1 35 35 35 1.75 3 -10 N
2 7 48 DDR1 35 35 35 1.75 -3 10 N
2 8 48 DDR1 35 35 35 1.75 3 10 N
3 9 48 DDR1 35 35 35 1.75 -3 -10 N
3 10 48 DDR1 35 35 35 1.75 3 -10 N
3 11 48 DDR1 35 35 35 1.75 3 10 N
3 12 48 DDR1 35 35 35 1.75 3 10 N

No SEL events were observed under any of the test runs in any of the DDR modes over minimum and maximum
load conditions, indicating that the TPS7H3302-SEP DDR termination regulator is SEL-immune at T = 125°C
and LET = 48MeV-cm?/mg.

The upper-bound SEL cross section based on a 95% confidence interval (see Appendix A for discussion of
confidence limits) for the TPS7H3302-SEP for each DDR mode is the same because the fluence for each test
was identical and no SEL was observed in any DDR mode. Note that for each DDR mode the multiple tests over
different load conditions were combined:

OsgL = 3.07 - 108 cm?/device for an LET = 48 MeV-cm2/mg and T = 125°C.
7.2 Single-Event-Burnout (SEB) and Single-Event-Gate-Rupture (SEGR)
During the SEB/SEGR characterization, the device was tested at around 25°C.

The species used for the SEB/SEGR testing was a Silver (19°Ag) with an angle-ofincidence of 0° for an LETgrr
= 48 MeV-cm? /mg (for more details refer to Section 5). The kinetic energy in the vacuum for 199Ag is 1.634

GeV (15-MeV/ nucleon line). Flux of approximately 105 ions/cm? -s and a fluence of approximately 107 ions/cm2
were used for the ten runs. Run duration to achieve this fluence was approximately 2 minutes. The three devices
were powered up using the max device conditions for worst case destructive, with V|, Vi po, and Vppasns =
3.5V and a source and/or sink current of 0.5 or 1A on V1 and a source/and/or sink current of 10mA on V1rgr.
The current of 0.5 or 1A was used to ensure the device could receive a load, but did not heat too much to
invalidate the SEB run. The TPS7H3302-SEP was tested under enabled and disabled modes, the device was
disabled by forcing OV on the EN pin from a E36311A power supply. The PXle-4139 were connected, even when
the device was disabled, to help differentiate if an SET momentarily activated the device under the heavy-ion
irradiation. During SEB/SEGR testing with the device "disabled", no Voyt transient or input current events were
observed. No SEB/SEGR events were observed during all fifteen runs, indicating that the TPS7H3302-SEP is
SEB/SEGR-free up to LETgrr = 48 MeV-cm? /mg and across the full electrical specifications. Table 7-2 shows
the SEB/SEGR test conditions and results. Figure 7-2 shows a plot of the current vs time for run # 6 (Enabled)
and Figure 7-3 for run # 7 (Disabled).
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Table 7-2. TPS7H3302-SEP SEB Results With T = 25°C and LETggr = 48 MeV-cm2/mg
LET, \;
Device # | Run# (MeV-E::12 3:; Vioon (V) v"ZC;DD VD'(’\‘;)S"S VT(L';’° L;TATIIJV&) LTOTZEF EN SEB
Img) (mA)
1 13 48 DDR1 3.5 3.5 3.5 1.75 -1 -10 Y N
1 14 48 DDR1 3.5 3.5 3.5 1.75 1 -10 Y N
1 15 48 DDR1 3.5 3.5 3.5 1.75 0.5 10 Y N
1 16 48 DDRH1 3.5 3.5 3.5 1.75 5 10 Y N
1 17 48 DDRH1 3.5 3.5 3.5 0 3 -10 N N
2 18 48 DDRH1 3.5 3.5 3.5 1.75 -5 -10 Y N
2 19 48 DDR1 3.5 3.5 3.5 1.75 5 -10 Y N
2 20 48 DDR1 3.5 3.5 3.5 1.75 -5 10 Y N
2 21 48 DDR1 3.5 3.5 3.5 1.75 5 10 Y N
2 22 48 DDR1 3.5 3.5 3.5 0 3 -10 N N
3 23 48 DDR1 3.5 3.5 3.5 1.75 -5 -10 Y N
3 24 48 DDRH1 3.5 3.5 3.5 1.75 5 -10 Y N
3 25 48 DDR1 3.5 3.5 3.5 1.75 -5 10 Y N
3 26 48 DDR1 3.5 3.5 3.5 1.75 5 10 Y N
3 27 48 DDR1 3.5 3.5 3.5 0 3 -10 N N
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7.3 SET and SEFI Results

The primary concern for DDR regulators like the TPS7H3302-SEP in a space environment is the occurrence of a
SET that creates a transient difference exceeding +40 mV (as per the JEDEC specification) between the nominal
output (V17) and reference voltage (Vttrer).- Under nominal conditions, Vitrer = ¥2 V1T, where V1irer serves
as a reference for memory read-write operations such that the sense amplifiers in the memories can reliably
discriminate between a one and a zero data state.

Once it was determined that destructive events did not occur in the TPS7H3302-SEP, nor were any false Pgoop

signals (if the Pgpopp control circuits were sensitive it might have been possible for an ion event to generate

a Pgoop while the output was still valid). Thus voltage transients on the outputs induced by ions are the key

concern. There are fundamentally two categories that need to be considered:

1. SET that causes a transient on output where V11 — V11Rer is less than £40mV. This type of event is
categorized as an SET and will NOT impact the downstream memory.

2. SET that causes a V11rer to exceed £1% of its nominal value.

The TPS7H3302-SEP was completely SEE-free up to LETgrr = 48 MeV-cm2/mg. The regulator was also
completely SEE-free up to LETggr = 48 MeV-cm2/mg for all DDR modes.

The following are examples of captured waveforms that occurred during run #28. Note, the waveforms captured
during this run were within JEDEC specifications for what is considred an SET, therefore these waveforms are
there to only show how the signal reacted during the run, not showing actual SETs.

0.15

0.10 A1

0.05 A

0.00 A

V11 = Vrrer (V)

-0.05 -

-0.10 1

---- JEDEC Spec (+/- 40mV)

-5 0 5 10 15 20
Time (us)

-0.15

Figure 7-10. DDR1 V11-V11rer Difference is = 29 mV
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7.3.1 DDR1 Mode

No SET or SEFI events of any kind were observed on any of the three TPS7H3302-SEP devices tested over
12 runs in the DDR1 mode over the full range of load conditions and a variety of input and output voltages
and operating temperatures. The TPS7H3302-SEP operating in DDR1 mode is SEFI-free up to a LETggr = 48
MeV-cm2/mg for fluences of up to 1 x 10° ions/cm?2. Table 9-1 shows a summary of the SET and SEFI tests.

Table 7-3. SET/SEFI Results for DDR1 Mode

33

48

LETerr FLUENCE VTT LOAD | Virer EVENTS 5¥TE-N s EVENTS ON
DEVICEH [ RUNE | g |(fonsiom?) | Vioon (V)| VED(V) | Vooasus (V) |VTTO) s LOAD (mA) |ONVTT  |Vrreersa0 |Pooon
mV

1 28 48 108 25 3 25 1.25 =il -10 0 0 0

1 29 48 108 25 3 25 1.25 1 10 0 0 0

2 30 48 108 25 3 25 1.25 4 -10 0 0 0

2 31 48 108 25 3 25 1.25 1 10 0 0 0

3 32 48 108 25 3 25 1.25 P -10 0 0 0

108 25 25 1.25 0 0 0

7.3.2 DDR2 Mode

No SET or SEFI events of any kind were observed on any of the three TPS7H3302-SEP devices tested over
12 runs in the DDR2 mode over the full range of load conditions and a variety of input and output voltages
and operating temperatures. The TPS7H3302-SEP operating in DDR1 mode is SEFI-free up to a LETggg = 48
MeV-cm2/mg for fluences of up to 1 x 108 ions/cm?2. Table 9-2 shows a summary of the SET and SEFI tests.

Table 7-4. SET/SEFI Results for DDR2 Mode
Device # |[Run# |LET Fluence |VLDOIN [VDD (V) |VDDQS |VTT (V) |VTT VTTREF |EVENTS |EVENTS |EVENTS
(V) NS (V) LOAD |[LOAD |ON VTT- ON
(A) (mA) VTTREF |VTTREF |PGOOD
240mV
1 34 48 106 1.8 3 1.8 0.9 -1 -10 0 0 0
1 35 48 106 1.8 3 1.8 0.9 1 10 0 0 0
2 36 48 108 1.8 3 1.8 0.9 -1 -10 0 0 0
2 37 48 106 1.8 3 1.8 0.9 1 10 0 0 0
3 38 48 108 1.8 3 1.8 0.9 -1 -10 0 0 0
3 39 48 108 1.8 3 1.8 0.9 1 10 0 0 0
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7.3.3 DDR3 Mode

No SET or SEFI events of any kind were observed on any of the three TPS7H3302-SEP devices tested over
12 runs in the DDR3 mode over the full range of load conditions and a variety of input and output voltages
and operating temperatures. The TPS7H3302-SEP operating in DDR1 mode is SEFI-free up to a LETggr = 48
MeV-cm2/mg for fluences of up to 1 x 10° ions/cm?2. Table 9-3 shows a summary of the SET and SEFI tests.

Table 7-5. SET/SEFI Results for DDR3 Mode

Device # |[Run# |LET Fluence |VLDOIN |VDD (V) |VDDQS |VTT (V) |VTT VTTREF |EVENTS |EVENTS |[EVENTS
) NS (V) LOAD |LOAD |ON VTT- ON

(A) (mA)  |VTTREF |VTTREF |PGOOD

240mV

1 40 48 106 15 3 15 75 -1 -10 0 0 0
1 41 48 106 15 3 15 75 1 10 0 0 0
2 42 48 106 15 3 15 75 -1 -10 0 0 0
2 43 48 106 15 3 15 75 1 10 0 0 0
3 44 48 106 15 3 15 75 -1 -10 0 0 0
3 45 48 106 15 3 15 75 1 10 0 0 0

7.3.4 DDR4 Mode

No SET or SEFI events of any kind were observed on any of the three TPS7H3302-SEP devices tested over
12 runs in the DDR4 mode over the full range of load conditions and a variety of input and output voltages
and operating temperatures. The TPS7H3302-SEP operating in DDR1 mode is SEFI-free up to a LETggr = 48
MeV-cm2/mg for fluences of up to 1 x 10° ions/cm?2. Table 9-4 hows a summary of the SET and SEFI tests.

Table 7-6. SET/SEFI Results for DDR4

Device # |[Run# |LET Fluence |VLDOIN |VDD (V) |VDDQS |VTT (V) |VTT VTTREF |EVENTS |EVENTS |[EVENTS
V) NS (V) LOAD |LOAD |VTTREF |VTT- ON

(A) (mA) VTTREF |PGOOD

240mV

1 46 48 106 1.2 3 1.2 6 -1 -10 0 0 0
1 47 48 106 1.2 3 1.2 6 1 10 0 0 0
2 48 48 106 1.2 3 1.2 6 -1 -10 0 0 0
2 49 48 108 1.2 3 1.2 6 1 10 0 0 0
3 50 48 106 1.2 3 1.2 6 -1 -10 0 0 0
3 51 48 106 1.2 3 1.2 6 1 10 0 0 0
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8 Event Rate Calculations

A cross section for SET events was not calculated since, by definition, SET events were all smaller than the
minimum event as specified by the JEDEC DDR specification, so SETs have NO effect on the operation or
reliability of down-stream memory components.

Event rates were calculated for LEO(ISS) and GEO environments by combining CREME96 orbital integral

flux estimations and simplified SEE cross-sections according to methods described in Orbital Environment
Estimations section. We assume a minimum shielding configuration of 100 mils (2.54 mm) of aluminum, and
"worst-week" solar activity (this is similar to a 99% upper bound for the environment). Using the 95% upper-
bounds for the SEL and SEFI the event-rates of the TPS7H3302-SEP are tabulated in Table 8-1 and Table 8-3,

respectively.

Table 8-1. SEL Event Rate Calculations for Worst-Week LEO and GEO Orbits

CREME96
ONSET LET INTEGRAL o |EVENT RATE (/| EVENT RATE
ORBIT TYPE MODE (MeVcm?/mg) | FLUX (/day— osar (cm?) day) (FIT) MTBE (years)
cm?)
LEO(ISS) 4.50 - 104 1.38 - 101 577 - 104 1.98 - 108
All DDR 48 3.07 - 108
GEO 1.48 - 103 4.54 - 101 1.89- 103 6.04 - 107
Table 8-2. SEB Event Rate Calculations for Worst-Week LEO and GEO Orbits
CREME96
. ONSET LET INTEGRAL EVENT RATE (/| EVENT RATE
Orbit T MODE 2 MTBE
roit Type (MeV-cm?/mg) | FLUX(day- | CSAT(€™) day) (FIT) (years)
cm?)
LEO(ISS) 4.50 - 104 1.11-10M 4.61- 104 2.47 - 108
All DDR 48 246108
GEO 1.48 - 103 3.63 - 10 1.51-103 7.55 - 107
Table 8-3. SEFI Event Rate Calculations for Worst-Week LEO and GEO Orbits
CREME96
ONSET LET INTEGRAL 7 EVENT RATE | EVENT RATE
ORBIT TYPE MODE (MeVocm?/mg) | FLUX (iday— Osat (cm?) (/day) (FIT) MTBE (years)
cm?)
LEO(ISS) 4.50 - 104 6.92 - 10-1 2.88 - 103 3.96 - 107
All DDR 48 1.54 - 107
GEO 1.48 - 103 2.27 - 10-10 9.45- 103 1.21-107

MTBE is the mean-time-between-events in years at the given event rates. These rates clearly demonstrate
the SEE robustness of the TPS7H3302-SEP DDR Termination Regulator in two harshly conservative space
environments. Customers using the TPS7H3302-SEP should only use the above estimations as a rough guide
and we recommend that event rate calculations based on specific mission orbital and shielding parameters be
performed to determine if the product will satisfy the reliability requirements for their specific mission.

9 Summary

The purpose of this study was to characterize the effect of heavy-ion irradiation on the single-event effect (SEE)
performance of the TPS7H3302-SEP DDR termination regulator. Heavy-ions with LETggg of 48 MeV-cm2/mg
were used to irradiate three production devices in experiments with heavy-ion fluences ranging from 1 x 108 to 5
x 107 ions/cm? per run, over a variety of DDR modes, input and output voltage conditions, load conditions, and
temperatures.

The results demonstrate that the TPS7H3302-SEP is SEE-free (no SEL, SET, or SEFI observed) under nearly all
conditions up to LETggr = 48 MeV-cm?/mg.
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A 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 thus have a good deal of confidence that the calculated
cross section is accurate.

With radiation hardened parts however, determining the cross section becomes more difficult since often few, or
even, 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 end up 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 well-suited 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, one expects a failure rate that is independent of time
(presuming that parametric shifts induced by the total ionizing dose do not affect the failure rate), and thus the
use of chi-squared statistical techniques is valid (since events are rare an exponential or Poisson distribution is
usually 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 it is a fixed fluence

test) (")), Calculating a confidence interval specifically provides a range of values which is likely to contain the
parameter of interest (the actual number of failures/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 would
bracket the true population parameter in about 95% of the cases.

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

MTTF = — anT

Xg(d+1);100(1—%j 1)

Where MTTF is the minimum (lower-bound) mean-time-to-failure, n is the number of units tested (presuming
each unit is tested under identical conditions) and T, is the test time, and x 2 is the chi-square distribution
evaluated at 100 (1 — o / 2) confidence level and where d is 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:

MFTF = — ank

Xz(d+1);100[1—%j @
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Where now MFTF is mean-fluence-to-failure and F is the test fluence, and as before, x 2 is the chi-square
distribution evaluated at 100 (1 — o / 2) confidence and where d is 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:

2
X2(d+1); 1 oo(pgj
onF 3)

o=

Let's assume that all tests are terminated at a total fluence of 108 ions/cm?. Let’s also assume that we have

a number of devices with very 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, indicating 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. This makes sense when one
considers that as more events are observed the statistics are improved such that uncertainty in the actual device
performance is reduced.

Table A-1. Experimental Example Calculation of Mean-Fluence-to-Failure (MFTF) and o Using a 95%
Confidence Interval

Calculated Cross Section (cm?)
Degrees-of-Freedom (d) 2(d +1) X2@95% Upper-Bound @ 95% Average + Standard
Confidence Mean 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
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