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Many nuclear power, defense, and space applications
require radiation-hardened integrated circuits. In 1986,
Sandia's expertise inmicroelectronics radiation harden­
ingwas combined with AT&T's 1.25-micrometer ~m)
complementary-metal-oxide semiconductor (CMOS) pro­
cessto develop a new generation ofdigital designs.
These include a 32-bit microprocessor and a 256-kilobit
static random access memory (SRAM). This effort is now
complete; the new process is running atAT&T's Allen­
town, Pennsylvania, MaSv production facility, and the
technology hasbeentransferred toSandia's Microelec­
tronics Development laboratory (MDL) inAlbuquerque,
New Mexico. By joining theirresources and expertise,
Sandia and AT&T developed this process at a fraction of
what itwould have costif either had attempted it alone.

Introduction
Many defense andspacesystems requireelectronics that can

operate ina high-radiation environment. The radiation may emanate
from many sources, including nuclear weapon detonation, the Van
Allen belts (which affect earth-orbiting satellites), or deep-space
cosmic rays. Mostdevices manufactured usingcommercially available
CMOS processes canonly withstand from oneto ten thousand rads (Si)
ofionizing radiation. (A rad is the deposition of100 ergs/gram, i.e.,
energy/unitmass, in the material ofinterest, here silicon.) Devices
produced usingthe radiation-hardened process wedescribe canwith­
standmorethan one million rads (Si). Suchradiation-hardened devices
could extendthe useful lifetime ofan earth-orbiting satellite bythree
orders ofmagnitude beyond that ofunhardened devices.

In this paper, wedescribe the major types ofradiation and
review the goalsand milestones ofthis jointdevelopment. Wealso
examine the differences in the processofcreating a radiation-hardened
anda conventional CMOS device, describe somecharacteristics of
radiation-hardened devices, andoffer conclusions.
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Panel 1. Abbreviations, Acronyms, and Terms 

BPTEOS - boron phosphorus tetraethylorthosilicon 
CMOS - complementary-metal-oxide semiconductor 
CMOS v - double-polysilicon, double-metal, 

complementary-metxide semiconductor process 
DDL - Device Development Laboratory 
erg - the unit of work and of energy in the centimeter- 

IC - integrated circuit 
LET - linear energy transfer 
MDL - Microelectronics Development Laboratory 
MeV - million electron volts 
MOS - metal-oxide semiconductor 
MOS V - Production Wafer Fab 
PETEOS - plasma-enhanced tetraethylorthosilicon 
rad - deposition of 100 ergs/gram in the material of 

interest 
SEU - single-event upset 
Si - silicon 
SRAM - static random access memory 
TEOS - tetraethylorthosilicon 

gram-second systems. The erg is low7 joule. 

Radiation Effects Definitions 
There are four major phenomena to be con- 

sidered in radiation-hardening a modem CMOS integrated 
circuit (IC) : total dose, transient dose, latch-up, and 
single-event upset (SEU) . 

Total dose describes the total amount of radiation 
a part receives, measured in rads (Si) . The total dose pri- 
marily affects the gate and field oxides of a CMOS- 
produced IC. In a metal-oxide semiconductor (MOS) 
transistor, the gate oxide dielectric separates the control 
gate, usually made of polycrystalline silicon (polysilicon) , 
from the conduction channel in the silicon substrate. The 
field oxide, referred to as a field transistor, provides 
electrical isolation between switching transistors. 

Ionizing radiation can create both bulk oxide and surface 
anomalies that can reduce the transistor gain and shift 
the threshold voltage of switching transistors and field 
transistors. Total dose accumulation will cause a device 
to fail if: - The normal switching transistor threshold shifts far 

= The device fails to operate at the required frequency 
= The field transistor no longer provides the required 

enough to cause a circuit malfunction 

electrical isolation. 
Trulzsielzt dose effects occur whenever the ioniz- 

ing radiation dose rate from gamma and X-rays becomes 
high enough to cause a temporary circuit malfunction. 
Usually, this effect is detected first in binary storage cir- 
cuits (e.g., memory cells, latches) and, in turn, defines 
the logic upset capability of the process. (Logic upset 
results when radiation reverses the intended state of an 
internal circuit node.) 

Latch-up1 is a concern in a CMOS process 
because both NPN and PNP parasitic bipolar transistors 
are present. (NPN and PNP refer to the two basic types of 
bipolar transistors. In this context, they are called parasi- 
tic because they arise unintentionally from the struc- 
ture.) These devices are normally biased off (i.e., they 
conduct zero current), but transient radiation or cosmic 
rays may generate enough electrons and other free car- 
riers to activate them. If these bipolar devices become 
active, they may trigger a latching action that generates 
high, sustained current flow through the device. This 
anomaly can only be eliminated by turning off power to 
the device, but the IC may be permanently damaged as 
a result of the excess current flow. 

SEU occurs when a single cosmic ray or particle 
impinges on a device. The particle generates free 
charges as it passes through the semiconductor, and 
those charges are collected by junctions. The net effect 
is that the circuit is perturbed by an asynchronous noise 
pulse and may lose data. SEU has become an increasing 
concern as ICS begin to use increasingly smaller device 
geometries. At the 1.25ym level, transistor areas and 
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Panel 2. Milestones of the Radlation-Hardened Process 

3/86 Joint development project authorized 
12/86 Fist test chip lot completed at AT&T Device 

Development Laboratory (DDL) 
3/87 Design goals for 64-kbit/25&kbit SRAMS defined 
5/88 

7/88 
produced at DDL 

10/88 Began transferring process to Sandia Microelec- 
tronics Developement Laboratory (MDL) 

5/89 Fist 64-kbit SRAM lot manufactured at AT&T 
Production Fabrication (MOS V) 

10/89 First 64kbit SRAM lot manufactured at MDL 

9/90 Technical transfer to MDL completed 

First 64-kbit SRAM lot, functional die produced at 

First SA3300 microprocessor lot, functional die 
DDL 

nodal capacitances are so small that even a single cosmic 
particle can generate enough local charge to upset the 
logic state of a binary storage element. Although this 
damage is not permanent, data stored in these digital 
memory elements may be corrupted. 

Program Goals and Milestones 
The goal of this joint program was to develop a 

radiation-hardened 1.25pm CMOS technology that could 
be used in a new generation of digital designs. Panel 2 
lists the program’s major milestones. 

group of test structures and small circuits that could be 
used for process development. As soon as we established 
basic process modules, we designed a useful product - 
a 64-kbit SRAM. We also instituted methods for measuring 
acceptable fabrication yields. Our final goal was to trans- 
fer this technology back to the Sandia MDL and manufac- 
ture these devices. Table I shows the radiation-hardening 
levels achieved in this process. 

made in the AT&T baseline process to address each of the 
radiation concerns described earlier. To improve the total 
dose, we changed both the gate and field oxides. Although 
we altered the environment in which the gate oxide was 
grown, the resulting thickness remained the same. 

original AT&T commercial process that created the field 
oxide used a thermally grown oxide. In this process, the 

At the beginning of the project, we created a 

The Radiation-Hadened process. Changes were 

We also changed the field oxide process. The 

Table 1. Levels for a Radiation-Hardened Process 

I Major 
Phenomena 

Radiation 
Levels Achieved 

Total dose >1E6 rads (Si) 
Logic upset >1E9 rads (Si)/second 
SEU LET* threshold >20 MeVcm2/mg (without resis- 

LET threshold >lo0 MeV cm2/mg (with resis- 

No SEU or transient dose induced latch-up 

tors) 

tors) 
Latch-up 

*LET = linear energy transfer to a material per unit mass by a cosmic 
particle. LET = l/dE/dx or energy deposited per unit path length of the 
particle. 

radiation-hardened field oxide is deposited on the wafer 
instead of being grown thermally. The larger steps and 
steeper edges of this field oxide changed the topography 
of the underlying field structures relative to the ther- 
mally grown field. As a result, later processing of the 
metal interconnect layers became more difficult. 

To prevent latch-up and maximize transient 
upset levels, we added a thin epitaxial layer on a heavily 
doped substrate and then modified the circuit layout 
design rules. The heavily doped substrate was used to 
degrade the latch-up bipolar structures, thereby eliminat- 
ing the effect. This, in turn, raised the threshold at which 
logic upsets occur. In a high transient radiation environ- 
ment, ionizing radiation can generate several amperes of 
photocurrent in an IC measuring a quarter of an inch on 
one side. Modifying the layout rules lets the electrical 
contacts dissipate the photocurrent more effectively, 
thereby increasing resistance to logic upsets. The thin 
epitaxial layer also reduces the amount of photocurrent 
generated. 

To improve SEU performance, we added a resis- 
tor in the feedback path of binary circuit elements. With 
nodal capacitances, this resistor slows the feedback 
response after a cosmic ray strike. Transistors can then 
be restored to normal node voltages before the binary 
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2-pm arsenicdoped 
epitaxial layer with a 

resistivity of 10 Q-cm 

N+ antimony substrate 

Figure 1. Cross section of the doublepolysilicon, doubie- 
metal process for CMOS V. 

circuit is inadvertently upset to the opposite state. Dur- 
ing this process, we added a second polysilicon layer to 
the device, along with an additional contact layer to con- 
nect the resistors. As we increased the size of the resis- 
tor, the circuit became slower during normal operation, 
but more immune to SEU. Circuit designers must balance 
these constraints to achieve both acceptable circuit 
speed and SEU immunity. 

We also changed the baseline process in minor 
ways. For example, free hydrogen is known to affect the 
radiation stability of oxides. To minimize the free hydro- 
gen present, we modified the deposition process for the 

top passivation glass. Figure 1 shows a cross section of 
the resulting double-polysilicon, double-metal process, 
called CMOS V at Sandia. 

Hardened Device Characteristics. Using the CMOS V 
process, Sandia has designed a family of microcontroller, 
microprocessor, and peripheral devices. The SA3300 
microprocessor is a radiation-hardened version of the 
NS32C016 l&bit microprocessor, produced under 
license from National Semiconductor. AT&T produced 
the SA3300, and Sandia has delivered devices to such 
programs as the California Institute of Technology’s 
Mars Observer Camera project and the International 
Solar Terrestrial Physics project at the National Aeronau- 
tics and Space Administration’s Goddard Space Flight 
Center in Greenbelt, Maryland. Data collected from the 
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Maximum 
frequency 5% 10% 16% 

Pre-radiation 1E5 1E6 
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performance of the SA3300 represents what can be 
achieved using the CMOS v process. 

As total dose accumulates in a device, there is a 
gradual reduction in the maximum operating frequency. 
Figure 2a shows the maximum operating frequency of 
the SA3300 as a function of accumulated dose. The 
device fails when the operating frequency drops below 
that required for normal system performance. The 
SA3300 has a measured logic upset threshold of 1E9 
rads (Si) /second. Latch-up was not observed within an 
effective LET of 200 MeVcm2/mg.2 

SEU testing was performed at the Brookhaven 

Figure 2. (a) Degradation of the SA3300 mlcroprocessor max- 
imum operating frequency as a function of total dose accumu- 
lation. Typical preradiation operating frequencies are 20 to 30 
megahertz. (b) SEU response of the Sandia SA3300 and the 
National Semiconductor NS32016 microprocessors. Note the 
major decrease In cross section of the SA3300 with resistors 
compared to the same part without resistors and to the com- 
mercial part (NS32016). (The NS32016 data was published 
by D. K. Nichols, et al., in Jet Propulsion Labs Publication 
88-17.) (c) SEU error rate for a typical earth orbit for the 
Sandia SA3300 and the National Semiconductor NS32016 
microprocessors. 
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Figure 3. Maximum frequency of operation for the SA3300 
microprocessor over the military temperature range for 
several SEU resistor values. Rfb Is the feedback resistor and 
VDD is the operating voltage, In this case 4.5 volts. The mid- 
dle curve ( Rfb = 160 kR) corresponds to the design and 
resistor-hardened part shown in Figure 2. 

National Laboratories SEU Test Facility.2 To examine the 
tradeoff between the operating frequency and SEU immun- 
ity, we fabricated SA3300s with a variety of resistor values. 
Figure 2b shows the error cross section and LET threshold. 

If no feedback resistors are used, the LET thres- 
hold is about 22. For a feedback resistor of 160 kilohms 
(kQ), the LET threshold is increased to about 160. No SEU 
was observed when the feedback resistor was increased 
to 400 ks2. Figure 2c shows the real effect of SEU immun- 
ity, displaying both the error rate for the commercial 
microprocessor, the SA3300 without resistors, and the 
SA3300 with 160-kQ resistors. To complete the analysis 
of resistors, we compared the maximum frequency of 
operation as a function of the SEU resistor value. The 
results are shown in Figure 3. 

A comparison of the data in Figures 2c and 3 
reveals that the SA3300s with 160-kQ resistors meet a 
minimum system operating frequency of 10 megahertz 
(MHZ) and exhibit an error rate of less than one error in 
100 years. 
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Conclusions 
Sandia and AT&T have jointly developed a pro- 

cess for producing a 1.25-ym, double-poly, double-metal, 
radiation-hardened CMOS. Devices built with this process 
can be used in radiation environments that are several 
orders of magnitude more severe than those that can be 
withstood by similar, commercially available devices. By 

using an existing AT&T process as a baseline, this 
radiation-hardened process quickly showed acceptable 
product yields. 

excellent radiation tolerance were successfully built dur- 
ing the first two years of the program. Two examples of 
this successful joint venture are the SA3300 microproces- 
sor, which incorporates over 70,000 transistors, and the 
64-Kbit SRAM, with about 400,000 transistors. 

enhanced when the cooperating organizations use identi- 
cal wafer fabrication equipment. If different equipment is 
used, the IC processes must be reengineered to achieve 
the same results. The use of identical equipment is s u p  
ported by the semiconductor industry’s trend toward 
combining prototype development and device production 
in the same facility. 

Another key factor in this development was the 
face-to-face interaction between the semiconductor engi- 
neers at AT&T and Sandia, who combined their expertise 
to produce timely, technically correct solutions. The syn- 
ergy generated by this collaboration enabled both organi- 
zations to achieve timely, cost-effective technical success. 
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Functional, complex integrated circuits with 
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