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ABSTRACT 
Concentrations of low-field hydrogen transport through irradiated bipolar oxides are estimated 

from dopant passivation measurements. Metastably trapped charge reduces oxide degradation at 
high dose rates by inhibiting the transport of hydrogen ions. 

I. INTRODUCTION 
Radiation-induced degradation of many types of bipolar transistors[ 121 and circuits[3] is more 

severe following low dose rate exposure than following high dose rate exposure. Since microelec- 
tronic devices in space are generally subjected to low dose rate irradiation, this complicates the hard- 
ness assurance testing of linear circuits and can lead to an overestimation of device lifetime in space. 
Previous work examining the physical mechanisms responsible for this dose rate effect has focused 
primarily on oxide trapped charge[4,5]. Reduced net positive oxide trapped charge densities at high 
dose rates and zero bias have been attributed to space charge effects from slowly transporting holes 
trapped metastably at 0 vacancy complexes[4,5]. Decreasing the dose rate or increasing the irradia- 
tion temperature leads to an increase in net positive oxide trapped charge near the Si-SiO, interface 
by reducing these space charge effects. 

In this work, concentrations of hydrogen transport through two types of bipolar oxides are esti- 
mated from dopant passivation measurements in MOS capacitors. For unbiased irradiations, hydro- 
gen passivation of substrate acceptors is greatly reduced at high dose rates compared to that at low 
dose rates or elevated temperatures. Consistent with other widely accepted models[6], it is argued that 
fewer interface traps are formed by high dose rate irradiation under zero bias, because fewer H' ions 
can drift to the Si-SiO, interface and react with trap precursors. Similar to hole transport in these 
oxides, drift of the H ions is inhibited at high dose rates by space charge accumulated in the oxide 
bulk. 

11. EXPERIMENT 
A. DETAILS 

Hydrogen transport through irradiated bipolar oxides was characterized via measurements of 
dopant passivation and/or compensation in the underlying Si as a function of dose rate and irradia- 
tion temperature. Hydrogen is known to neutralize many types of shallow acceptors (especially B) in 
Si primarily through two mechanisms[7,8]. In the case of acceptor passivation, atomic Ho can deacti- 
vate B by occupying a bond-centered position between a substitutional B site and a neighboring Si 
atom along a < I  11> axis[7]. In the case of acceptor compensation, Ho can donate an electron to the 
Si conduction band (becoming H )  and complex directly with a B- ion through Coulombic interac- 
tion[8]. 'In either case, the result is a reduction in the net concentration of electrically active impuri- 
ties and a decrease in the semiconductor capacitance. 

Acceptor neutralization was observed in MOS capacitors from Analog Devices' RBCMOS and 
RF25 processes through high-frequency (1 MHz) C-V measurements. Capacitors and transistors 
from both of these processes were shown previously to be sensitive to dose rate[1,2,4,5]. Both ca- 
pacitor types employ wet thermal oxides grown on B-doped Si substrates. The oxides were subjected 
to similar ion implant and high-temperature anneal steps known to create oxygen vacancies and va- 
cancy complexes[9]. The RBCMOS capacitors have an oxide thickness of 55 nm and a pre- 
irradiation surface doping of 8 x IO" ~ m . ~ .  The oxide thickness and pre-irradiation surface doping 
of the RF25 capacitors are 570 nrn and 2 x 10l6 cmS3, respectively. All capacitors in this work were 
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irradiated under zero bias with 6oCo y-rays. The C-V measurements were performed by sweeping the 
capacitors from inversion to accumulation at a ramp rate of 60 mV/s. 

B. EFFECT OF DOSE RATE ON DOPANT PASSIVATION 
A representative set of C-V curves for an RBCMOS capacitor irradiated to several total doses is 

shown in Fig. 1. The irradiation was performed at room temperature and a dose rate of 0.1 rad(Si)/s. 
Following irradiation, the C-V characteristics undergo a parallel shift due to net positive oxide 
trapped charge and a (small) stretchout due to interface traps. In addition, the capacitance measured 
in depletion and inversion decreases commensurately with dose. This decrease in capacitance is a 
direct indication of hydrogen passivation and/or compensation of acceptor impurities in the Si sub- 
strate[7,8]. 

In Fig. 2, C-V curves are shown for RBCMOS capacitors irradiated to 400 krad(Si) at dose rates 
of 0.1 and 294 rad(Si)/s. A pre-irradiation C-V curve is included for comparison. The radiation- 
induced decrease in capacitance is less dramatic at the high dose rate than at the low dose rate, im- 
plying decreased hydrogen transport into the Si substrate at the high rate. Furthermore, the decrease 
in capacitance occurs over a wide range of gate biases, indicating that hydrogen neutralization of ac- 
ceptors occurs within the entire depletion region. 

In Figs. 3(a) and 3(b), changes in minimum capacitances at room temperature are examined as a 
function of total dose for RBCMOS and RF25 capacitors irradiated at several dose rates. Corre- 
sponding changes in the net doping concentrations, computed from the ratios of minimum and oxide 
capacitances[lO], are shown on the right ordinate axes. The net doping changes provide lower 
bounds on the amount of hydrogen transport, since it is assumed that not all of the hydrogen enter- 
ing the Si passivates acceptors[7]. Each data point represents an average of data taken on several ca- 
pacitors, where the capacitances are normalized by gate area to account for different capacitor sizes. 
For either capacitor type, the net concentration of electrically active dopants decreases monotonically 
with total dose. For a given dose, the net doping concentration changes less dramatically with in- 
creasing dose rate, indicating that the amount of hydrogen entering the Si substrate is reduced at the 
high dose rate. 

C. EFFECT OF IRRADIATION TEMPERATURE ON DOPANT PASSIVATION 
Representative C-V curves for RBCMOS capacitors irradiated at three temperatures between 25 

and 100°C are shown in Fig. 4. Each of the capacitors received a total dose of 800 krad(Si) at a dose 
rate of 294 rad(Si)/s. A C-V curve for an unirradiated capacitor is included for comparison. The 
magnitude of the radiation-induced change in inversion capacitance increases markedly with tem- 
perature. This decrease in capacitance suggests that hydrogen transport through the base oxide is 
accelerated at elevated irradiation temperatures. Because the stability of B-H complexes in Si is tem- 
perature dependent[7], it is expected that some of the capacitance reduction at elevated temperatures 
results from an improved efficiency in the B neutralization process. A comparison of these data with 
results from thermal activation studies of hydrogenated B-doped Si[ 1 I] suggests that the majority of 
acceptor neutralization in these samples is due to increased hydrogen transport. 

Fig. 5 shows changes in the minimum capacitance per unit area as a function of total dose, where 
irradiation temperature is a parameter. Similar to before, the corresponding changes in net doping 
concentration are shown on the right ordinate axis. At any irradiation temperature, the net concen- 
tration of electrically active dopants decreases monotonically with total dose. For any given dose, the 
reduction in net doping concentration grows more dramatic with increasing temperature due to accel- 
erated hydrogen transport. Levels of hydrogen transport inferred from the passivated dopant con- 
centrations at 100°C and the high dose rate are quantitatively similar to those ascertained at 
0.1 rad(Si)/s and room temperature. 

111. DISCUSSION 
The strong dependence of hydrogen transport on dose rate and irradiation temperature in these 

oxides allows us to provide a more complete physical model for mechanisms contributing to dose 
rate dependent degradation. At low dose rates, the degradation of bipolar oxides essentially follows 
the usual models for irradiated MOS oxides[6] with the exception that charge transport is considera- 



bly slower. Due to material work function differences, radiation-induced holes transport slowly 
through 0 vacancy complexes (such as E&' centers) to the Si-SiO, interface[4,5], where a fraction of 
them are captured by deep traps and contribute to changes in the Si surface potential. H ions, coin- 
cidentally produced by the cracking of Hz at broken bond hole traps[l?], drift by similar retarded 
interactions to the Si-SiO, interface, where they eventually react with trap precursors to form interface 
traps. This mechanism for interface trap buildup is similar to one suggested elsewhere for latent in- 
terface traps in MOS devices having high 0 vacancy densities[ 131. 

At high dose rates under zero bias, the accumulation of space charge in the oxide significantly 
alters the transport of both radiation-induced holes and IT ions. As the space charge accumulates, it 
eventually dominates the localized electric-fields in the oxide and prevents a portion of newly created 
holes and/or H' ions from ever reaching the Si-SiO? interface. As a consequence, radiation-induced 
densities of interface traps and positive oxide trapped charge are reduced. In addition, space charge 
in the oxide can increase the number of compensating electrons in the bulk, leading to a further re- 
duction in Si surface potential[4,5]. At sufficiently elevated irradiation temperatures, significant 
amounts of space charge do not accumulate in the oxide bulk due to the accelerated transport of '  
holes and H'ions[5,14]. 

Trends in the transport of hydrogen observed in these oxides support the use of high dose rate ir- 
radiation at elevated temperatures to simulate low dose rate degradation of bipolar circuits and de- 
vices[ l,?]. In addition, these results suggest that dopant passivation in the p-type emitters of pnp bi- 
polar transistors may be an important mechanism for radiation-induced current gain degradation 
previously not considered. 
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Fig. 1. Effect of total dose on the C-V Characteristics of 
the RBCMOS capacitor. 
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Fig. 3(a). Effect of dose rate on the net doping concen- 
tration of the RBCMOS capacitor. 
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Fig. 4. Effect of irradiation temperature on the C-V char- 
acteristics of the RBCMOS capacitor. 
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Fig. 2. Effect of dose rate on the C-V characteristics of 
the RBCMOS capacitor. 
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Fig. 3(b). Effect of dose rate on the net doping concen- 
tration of the RF25 capacitor. 
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Fig. 5. Effect of irradiation temperature on the net dop- 
ing concentration of the RBCMOS capacitor. 
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