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A B S T R A C T 

Tills paper describes the development of a radiation­

tolerant field oxide compatible ~ith both MOS and bipolar 

technologies. Da ta is presented which illustrates that 

nonguardbanded Jevlces utilizing conventional field oxide 

structures cannot be expected to survive an ionizing radia­

tion dos e abov e approximately 5 . x 10 4 rads (Si) due to 

inversion of p-typc silicon surfaces under metallized areas. 

The radiation hard e ned oxide was e v al u ated with both al umi­

num and pulycry s talline silicon gate MOS structures and 

they conclusively demonstrate that this oxide eliminates 

the field inversion problem for radiation levels in excess 

of 10 6 rads (Si). 
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INTRODUCTION 

A major limitation of CMOS, N-channel MOS and bipolar 

integrated circuits in ~n ionizing radiation environment 

is the. build-up of fixed charge in the oxide unde·r metallized 

areas which result.s ~n inversion of the surface over p-type 

regions. In the MOS technologies, this inversion layer 

degrades the isolation between N-channel transistors·, thus 

increasing the circuit leakage curreni and ultimately 

preventing functional operation. 

typically employ .heavily diffused 

Hardened MOS circuits 

guardbands around the 

N-channel devices xo prevent surface inversion, which 

~oncommit·antly decreases the circuit packing densities 

and, for a silicon gate technology, ·can add several 

process steps to the circuit fabrication. For bipolar 

technologi~s, the radiation induced inversion layer typically 

·inc r·e as e s the base 1 e aka g e ·current . This can dra~atically 

reduce the device gain for both high gain and low current tran­

sistors wh~ch are typically used in linear integrate~ circuits. 

The purpose of this work wai to investigate the radiation­

induced threshold shifts in conventional field oxides with 

both aluminum anJ.polycrystalline silicon gat~ electrodes, 

.arrd to develop a radiation hardened field oxide which was 

compatible with botl! MOS and bipolar technologies. 

EXPERIMENTAL PROCEDURE 

MOS capac~tors were used for characterization of the 

field oxides. in an ionizing radiation environment.' The 

capacitors were fabricated on both .8-l.l ohm-em phosphorous 

doped and 3-5 ohm-em boron doped silicon' wafers. with dry, 

steam, deposited, and radiation hardened· oxide dielectrics whose 

thickn(!~Sel:l .ranged from .·1 to 1 micron. Both aluminum and poly-

cryst~lllne silicon gate electrodes were used in ·these experiments. 
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The metal gate capacitor electrodes were formed by 

shadow masking a high purity .aluminum "deposition from an 

ind.uction source eva~oration. Polycrystalline si~icon 

electrodes were deposited ·undoped by chemical vapor deposi­

tion, and then doped: by a phosphorous diffus.ion to. a sheet 

resistivity of ap.pro~ima~ely 50 ohms per .square. Contact 

to the polycrystalline silicon was made with induction 

sourte evaporated· aluminum. Back contacts to all of the 

wafeis were·f~bricated by ~vaporating chromium/sold onto 

the backs of th~ wafers. 

The flat-band and threshold voltages for the MOS capacitor 

structures were determined from the high frequency capacitance­

voltage characteristics taken on at leaBt f6ur representative 

capacitors from.each p~ocess variation. The iame c~pacit6rs 
6 0 . . 

were then irradiated in Sandia's Co gamma irradiation. facility 

(GIF). During the irradiation, 6ne capacito.r was .biased at +10 

volts, while a second, adja·cent capacitor was biased at -10 volts. 

The radiation induced flatband and threshold voltage shifts were 

then determined from the post-irradiation htgh-frequency capaci~ 

tance-voltage characteristics·of the capacitors. 

In order to· more thorou~hly characterize the radiat~on 

hardened ·field oxide, CMOS inv~rters were fabricated using 

the hardened field oxide fbr the. gate ~ielectric. The inverters 

had no · g a t e p r o t e c t ion d i o d es s o t h a t s u f" f i ·c i en t g a t e v o l t age . . . . 
. . . 

(~ositive 3nd neeative) could be applied to tuin both the 

N-ch~nnel and the P-channel device~ pn, The threshold voltage~ 

for .these devices were determine.d from /Inn versus Vc plots 

by meas~ring the drain curr~nt (Inn) at Vob lOV while the 

·gate was ramped positive and n·egative to tu·rn· the N'-channe1 

and the P-·ch.annel d~vice·s on respectively. ·nuring·irradiation, 

t h e g a t e .1 n d V o D \H: r e b i. a s P. d a t + 1·0 V w i t h r e s p e c t . t o V s s ( g r o u n d ) • . 

EXPERIMENTAL RESULTS 

·Th~ radiation induced N-channel and P-channel threshold 

shiftM measured on. metal gate capacitor structuies with 

conv~ntional field oxides ar~ sho~n in Fig. l. 7he dry 

oxJrles shown in Vlg. la offer approximately a factor of two 
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improved hardness over the steam (Fig. lb) and deoo~ited 

(Fig. lc) field oxides. However, it. is impractical 
0 

consider growing dry oxides-greater than 5000 A to 

to 
0 

6000 A 

thick due to the ex~essively long. oxidation time required. 

All of the conventional field oxides exhibited a linear 

dependence of threshold shift on the oxide thickness for o~ide 
0 

thicknesses greate~ than approximately 2000 A. Also, both 

the N-channel and P-chanriel th~eshold ihifts were large and. 

negativ~ resulting in inversion of the sutface over the p-type 

substra~es, and accumulation of th~ surface oyer then-type 

substrates. The pre-irradiatian threshold v6ltage for the 

N-channel capacitors were all less than +25 ·volts for the 

oxide thicknesses investigated in this work. Therefore, 

without the use of heavily doped guardb~nds, circuits fabricated 

using these field o~ides would have exce~sive leakage, and 

probably would not function for ionizing radiation dose~ in 

··--.,---~~cess of approximat~:!: .... L2. x 10'~ rads (Si) Co 60
• 

The threshold shifts of polycrystalline silicon gate 

capacitors were similar to thos~ of the metal gate capacitrirs 

for .the conventiorial field oxides. Figure 2 shows the 

radiation induced threshold shift as a function at total d~se 
0 

for a 6000 A steam field oxide with a polycrystalline silicon 

gate~ Th<:!oe data agree well with the metal gate/steam field 

oxide data (Fig. lb"), --
The rad~ation ind~ced threshold shifts for aluminum gate 

and polycryst~lline silicon gate capacitors with the radiation 

hardened field. oxide were investigated as a function of· oxide 

thickness and radiation dose. Far· t~e aluminum gate capacitors, 

theN-channel threshold shift wa~ positive, while the P~channel 

threshold shift was negative. This results in accumulation· 

of the surface over both the n-ty~e and p-type substrates. 

At 10
5 

rads (Si), the radiation induced threshold voltage 

shift was almost i-ndependent of oxide thickness from .6 to 1.2 

microns, unlike conv.en-tional oxtdes; 

0 
The_ polycrystalline silicon gate, with _an 8. 6 KA hardened 

field ukld~ d1electric
1 
capacitor data is presented as ·a function 

of t-otal· dose in Fig. 3. For these silicon gate_structures, the 

N-:-channel thresl1olu shift is small and negative for doses <10 6 

• 
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rads (Si) C6 60
. The maxim~m N~channel threShold shift of -3.5 

v o 1 t s o c c u r s . a t: a t o t a 1 do s e o f a p p r ox i m a t e l y · 5 .x 1 0 4 tad s ( S i ) . 

The threshold" s:hift then turns around, becoming positive at a 

dose slightly gr~ater than. 1 ~ 10 6 rads (Si). 

Although the N-channel shift is negative for the silicon 

gate structures,"the magnitude of the shift i~ sufficiently 

small that the p-t~pe surfa.ces will not· invert. Also, the 

P-channel (n-type s~bstr~te) thr~shold shifts for these silicon 

gate structures are negative, but significantly smaller than_ was 

observed "for corr~soondine metal eate stru~tures. There is an 

indication of satur~tion ef~ecta beginning to occur in the 

P- c h a n·n e l s t r u c t u res above 1 x 10 5 r atfs ( S i) . 

~1gur~ 4 shows the radiation induced ~ and P chanriel 

threshold shifts as a furiction of dose for CMOS· inverter circuits 
0 . 

wi.th a 10 KA radiation"harden~d oxide g~te dielectric, and an 

aluminum gate ele_ctrode. Again, we observed a positive N-channel 

threshold shift, and a negative P-chann~l threshold shift, consis-

tent with the measurements on capacitors. The positive N~channel 

threshold shift and the negative P-channel threshDld shift are 

both in the proper direction tb prevent iriversion o.f. the surfaces. 

Howe v e r , t h e h e a v y a c c u m u 1 a t i o n o f t he s u r f a c e· s f o r 1 a r g e 
. . 

radiation doses may affect the surface breakdown character-

istics of some device structures. 

Inverter circ~its using an 800 R thi~k radiati~n 
harden E! d gate ox 1 de It ave a l s u lJ t::.e i"l fa b r i e: ate d . · Pre 1 imina r y 

radiation re~ults on these devices display _the same general 

behavior ·observed in the field oxides, with a +1.6 volt· 

(+10 volt bias) N-channel ~hift, and -0.9 volt (0 volt bias) 

P-channel .~hift f6r a 10 6 rads (Si) exposure. 

The radiation ·hardened oiide is fabri~ated with conventional 

silicon integrated circuit process techniq'ues and does not 

degrade under subsequent thermal (up to ll00°C) stresses. 

The process i.s also comp"atible with general bipolar and MOS 

t e c h n-o 1 o g i e s i n u s e t o d a y . 
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CONCLUSIONS 

We have demonstrated that it is possible ta f~bricate 

a radi~tion harden~d field oxide for inte~rat~d circuits and 

it eliminates th~ radiation induced fiel~ inver~ion obse.rved 

with conventional field oxides. It can therefore eliminate 

guardbands in MOS circuits so that signif~cant improvements 

in speed-and cir~uit density may be realized • Also, it will . 
be possible to harden exi~ting nonguardbarided circuits in both 

metal a~d silicon gate· technol6gies. In the bipola~ area~. 

it will prevent the gain d.egradation due to :an ionizing 

radiation envirbnment in many bipolar integrated circuits, 

especially in linear circuits. 

More work is being done to characterize the hardened 

field oxidis' transient annealing behavior, and the· effects 

of process variations on the radiation characreristics of 

the oxide. Work is also in progress .to determine ~he appli-

cab i 1 i t.y of the h a r d·e ned fie 1 d oxide to various integrated 

circuit ·technologies: 
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FIG U IU~ CAPT IONS 

F1!$ure l 

Radiation induced N-channel and P-channel thresh~ld &hift· 
as a functi~n ·or oxide thickness for dry, steam, and deposited 
o~ides dielectric MOS capacitors with aluminum·~etal gates. 

Figure 2 .. 
N- c h an n e l t ll r e ~II o l d s hi f t a· s · i1 f u n c t ion o f i on i z in g r ad i a t ion 
dose for 6000 ~ steam oxide dielectric MOS capacitors with 
n-type polycrystallin~ silicon gates. 

·Figure.] 

N-channel and P-channel threshold shift as a funct~on of
0

ionizing 
radiation dose for silicon gate capacitors with an 8600 A 
radiation hardened field oxide dielectric. 

Figure 4 

N-channel and P-channel threshold shift as a funct.ion of ionizing 
radiatl0n

0
dose fo"r aluminum metal gat·e CHOS. invert.ers with 

a 10,000 A radia~ion hardened oxide used. as a gate dielectric. 

·I 
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