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Abstract— A mechanism for enchanced low dose
rate sensitivity (ELDRS) is described in which
the key process is the competition between hydro-
gen creation of interface traps and dimerization.
Dimerization dominates at high dose rates, leading
to reduced degradation.
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I. INTRODUCTION

Ionizing radiation often has a deleterious effect on
Si-based microelectronics. For bipolar transistors, the
main effect is a reduction in the transistor gain, and
this gain reduction has been found to be enhanced
as the dose rate is decreased for a given total dose.
[1-3] This dependence on dose rate is called enhanced
low-dose-rate sensitivity (ELDRS).

The gain reduction occurs because the base cur-
rent is increased. The primary mechanism appears
to be increased carrier recombination at the Si/SiC>2
interface near the emitter-base junction. [4-7] This en-
hanced recombination is ascribed to an increase in the
density of interface traps. For NPN transistors, an ad-
ditional contribution is the enhancement of the recom-
bination rate of the existing traps. [8] This increased
recombination occurs because the electron concentra-

Sandia is a multiprogram laboratory operated by Sandia Cor-
poration, a Lockheed Martin Company, for the United States
Department of Energy under contract DE-AC04-94AL85000.

H. P. Hjalmarson is with Sandia National Laboratories, Al-
buquerque, NM 87185 USA (telephone: 505-844-8888, e-mail:
hphjalm@sandia.gov).

S. C. Witczak is with Sandia National Laboratories, Al-
buquerque, NM 87185 USA(telephone: 505-284-5479, e-mail:
scwitcz@sandia.gov).

P. A. Schultz is with Sandia National Laboratories, Albu-
querque, NM 87185 USA (telephone: 505-845-7771, e-mail:
paschul@sandia.gov).

D. J. Bowman is with Sandia National Laboratories, Albu-
querque, NM 87185 USA (telephone: 505-844-0237, e-mail:
djbowma@sandia.gov).

D. M. Fleetwood is with Vanderbilt University, Nashville,
TN 37235 USA (telephone: 615-322-1507, e-mail:
dan.fleetwood@vanderbilt.edu).

tion at the interface is increased by the electric field
arising from positive trapped charge in the oxide over-
lying the base. [8]

Earlier work on the microscopic mechanisms for EL-
DRS has not produced a complete explanation. One
effort has focused on a mechanism for a dose rate de-
pendence of trapped positive charge. [9] This "space
charge" explanation builds on the fact that electrons
migrate out of the oxide much more rapidly than the
holes. The Coulomb potential of the remaining holes
has two effects. One, it hinders the migration of addi-
tional holes and thereby reduces the number of holes
that are trapped, leading to fixed charge. Two, it hin-
ders the outward migration of electrons and thereby
increases the probablility that these electrons recom-
bine with trapped holes or compensate the trapped
holes by being trapped nearby. This increased re-
combination reduces the net density of fixed positive
charge. In other work, the space charge mechanism
has also been used to interpret experiments that mea-
sure capacitance to examine the dose rate neutraliza-
tion of dopants in the Si substrate. [10] The inter-
pretation has been that the protons, ionized hydro-
gen atoms, are released by the ionizing radiation, and
these atoms neutralize some of the dopants in the Si.
[10] Another proposed mechanism for ELDRS was in-
ferred to be coupled chemical reactions based on time-
dependent data for transistor degradation. [11] In this
study, the time-dependent transistor performance was
measured during and after irradiation. The data were
interpreted in terms of two or more chemical species
of unknown origin. [11]

Our report describes a mechanism for ELDRS that
follows well-known mechanisms that are incorporated
into a computational model to be described. This
model incorporates the well-accepted hydrogen mech-
anism for the creation of interface traps by hydrogen
released from sites in the oxide. [12-14] In consider-
ing the dose rate effect, an important mechanism in
our model is the empirically known reaction of two
hydrogen atoms to form hydrogen molecules, a dimer-
ization reaction. [15] A key consequence is that radia-
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tion effects are reduced at high dose rates because an
increasingly large fraction of the hydrogen atoms par-
ticipate in the dimerization reaction instead of defect
reactions. In the remainder of the paper the com-
putational model will be described, and this ELDRS
mechanism will be illustrated by calculations.

The scope of the paper will be to focus on the
essence of the model in explaining the ELDRS ef-
fect. As will be discussed, our model is based on
a set of defect reactions in the oxide. For complete-
ness, our model includes reactions needed to compute
well-known phenomena such as the buildup of trapped
positive charge following irradiation. These reactions
have been considered in survey calculations to test
the computational model and its physical parameters.
However, the physical phenomena, such as buildup of
trapped charge, and their relation to the reactions will
not be described in this report. Furthermore, detailed
comparison of the interface trap density to experimen-
tal data will not be attempted in this report.

II. THE COMPUTATIONAL MODEL

Our computational model attempts to explain the
key radiation effects phenomena in silicon dioxide fol-
lowing exposure to ionized radiation. We consider
the two main types of effects, the creation of traps at
the interface and positive charge in the oxide. Our
approach is to develop a computational model whose
foundation is the well-known two-step hydrogen radi-
olysis model. [12] To do this, we define the minimum
set of reactions that forms a computable model and es-
timate the parameters governing these reactions. To
estimate parameters, we use electronic structure cal-
culations based on density functional theory [16] to-
gether with empirical information and simple approx-
imations based on insight.

The interface traps are assumed to be caused by
F6-centers, the well-known defects at the Si-SiO2 in-
terface. These defects are the dangling bonds of Si
atoms that failed to bond with the oxide; these dan-
gling bonds can trap carriers that then recombine with
carriers of the opposite sign. Thus these defects are
also called interface traps. Annealing of P&-centers in
a hydrogen environment causes hydrogen to bond to
these Si atoms. The resultant PbH defects are called
passivated because they cannot trap carriers How-
ever, atomic hydrogen can react with the passivated
defect thereby recreating the original Pb defect. Stud-
ies have shown strong evidence that these phenomena
are governed by the following exothermic reactions

[17]:
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The practical result for the semiconductor industry is
an annealing procedure which reduces the trap den-
sity [Pb] to acceptable levels. The effect of the ioniz-
ing radiation, as envisioned in the hydrogen model, is
to drive reaction R2 forward. This "depassivation"
process produces interface traps, the P^-centers.

The model also includes positive charge trapped at
oxygen vacancies. These defects may exist in several
forms. [18]. The defect of most concern is the E' de-
fect, an oxygen vacancy that has trapped a hole; we
denote it by VQ . This defect is formed by the capture
of hole p:

Vo+p^V+. (R3)

At room temperature this reaction can be considered
irreversible, thus the trapped holes lead to "perma-
nent" positive charge.

At this point we consider the radiolysis effects of hy-
drogen. In the two-step hydrogen model, the hydro-
gen has an important radiolysis effect because it can
be released by ionizing radiation and then it can mi-
grate to the interface and de-passivate the Percenter.
[12] The radiolytic effects of hydrogen follow after elec-
trons n and holes p are created by ionizing radiation;
this process can be written as a reaction in which R
represents radiation:

R-^n+p. (R4)

The first stage is the release of hydrogen from a site
within the bulk of the oxide. One postulated release
mechanism is the capture of a hole at a defect site.
[12,19]

Once released, the second-stage in the model is the
migration of the hydrogen to the interface and the de-
passivation of the Pft-centers. [12] Experiments using
electrical bias during the transport stage have led to
the conclusion that the transporting hydrogen species
is the proton, H+. [12,20]

Our model builds upon this basic two-stage model
by including these reactions as well as other spe-
cific reaction that are needed to create a computable
model.

We begin by considering a specific source for hy-
drogen and a release mechanism. Candidate sources
include non-bridging oxygen defects and peroxy rad-
icals; however, the source and its release mechanism



are not well-known. [19] Thus we assume a generic
defect site X that acts as a source for the hydrogen.
The reaction for the assumed formation process is

X + H <-> XH. (R5)

Our assumption is that the main conclusions of this
work are independent of the details of the hydrogen
source or release mechanism.

We assume hydrogen is released in a two-step
process. First, a hole is captured:

p*->XH+. (R6)

Next, the resultant trapped species XH+ dissociates
by releasing a proton, H+:

XH + (R7)

The free protons can migrate to the interface under
the influence of the electric field and react with the
dangling bond defects.

Conservation of charge is an important consider-
ation in the reactions. At this point we encounter
some ambiguity in constructing a model because var-
ious charge transfer reactions can be envisioned. For
simplicity, we consider only the case in which the pro-
ton is neutralized by electron tunneling when it comes
near the interface:

H+(at interface) + e —• H. (R8)

An important phenomenon that must be predicted
by a model is the effect of hydrogen annealing. In
this effect, molecular hydrogen annealing of an oxide
containing trapped positive charge leads to the forma-
tion of interface traps. [21,22] These experiments have
been interpreted in terms of a mechanism whereby
molecular hydrogen is "cracked" to release atomic hy-
drogen that forms interface states. In our model, this
mechanism is included by the reaction

H2 <-> VOH + H+. (R9)

This specific reaction we propose is motivated by elec-
tronic structure calculations using QUEST. [16]

Now we focus on reactions that can lead to the
dose-rate dependence that is the focus of this report.
Thus we consider bimolecular reactions. For example,
the direct recombination of electrons and holes must
be considered in seeking a dose rate effect. At high
carrier density, these could be expected to recombine
without causing permanent radiation effects. How-
ever, the outflow of electrons is rapid, and thus this

contribution can be expected to be small. Another
bimolecular reaction, which we find important, is the
dimerization of hydrogen:

H + H (RIO)

This is a well-known reaction. [15] Our calculations
show that the competition of this reaction with reac-
tion R2 can lead to a dose rate effect.

III. FORMALISM

The reactions are incorporated into continuity
equations describing reactive transport:

(1)

In this equation, n$ = nj(r, t) is the density for each
species i as a function of position r and time t, Jj is
the species current density (flux), Ri is the reaction
rate, and U{j is the stoichiometric coefficient giving the
contribution from reaction j to species i. [23] In our
application of this formalism, the mobile species are
electrons n, holes p, hydrogen molecules H2, neutral
hydrogen atoms H, and protons H+. Each species
contributes to the diffusion current, and the charged
species contribute to the convective current. The
boundary conditions for the mobile species are set to
allow the electrons, holes, molecular hydrogen to flow
out of the sample; however, the molecular hydrogen
density is assumed to be determined by an external
vapor pressure. The atomic hydrogen was not al-
lowed to escape. Poisson's equation is solved to de-
fine the time-dependent electric fields governing con-
vective transport. Each reaction contributes forward
and reverse terms to the kinetic equations. The re-
action coefficients are estimated using transition state
theory and simple approximations. Finally, the equa-
tions are solved using special techniques to handle the
differing time scales of the kinetic phenomena.

IV. RESULTS AND DISCUSSION

The calculations to be described are one-
dimensional, time-dependent solutions to the reactive
transport equations for an oxide with a thickness of 1
/xm. The electrons and holes are uniformly injected
with a rate go for a time duration to- The initial elec-
tron and hole densities are set to be zero. For some
species, the total concentration is fixed and indepen-
dent of time. For example, the total interface trap
density, [Pb}total — [Pb] + [PbH], remains constant in
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Fig. 1. Shows the time-dependent density of various
species at the oxide-semiconductor interface during ir-
radiation for a dose rate go =10~2 rad/sec and a du-
ration to =104 sec. For this case, the interface trap
density rises because of depassivation by hydrogen.

Fig. 2. Similar to Fig. 1 but for a much larger dose rate,
5o = 102 rad/sec The increased hydrogen dimerization
reduces the amount of atomic hydrogen available to
de-passivate the interface traps. This leads to the low
dose rate effect.

time. This trap density is nonzero only at the bound-
aries of the oxide. At the boundaries, [Potato! — 1017

cm"3; this corresponds to a areal density of 1012 cm'2 .
Fig. 1 shows the calculated density of various

species at the interface as a function of time for a dose
with rate go = 10~2 rd(SiC>2)/s and duration to = 104

s. Thus the total dose NT = goto = 100 rd. The
figure shows that the hole density rises to a constant
steady state value after an initial transient. The elec-
tron density, not shown, also rises to a steady state
value but it much smaller than the hole density be-
cause the electron mobility is larger. After the pulse
ceases, the hole density rapidly drops due to diffusion
out of the oxide.

The figure also shows the density of the various hy-
drogen species. The H, H+, and XH+ densities
increase with time during the pulse. The Hi density
remains constant because it is set by external bound-
ary conditions; the XH density also remains approx-
imately constant.

By examination of the reactions, the sequence of
events is the following. Hole capture by the initial
population of XH leads to the formation of XH+.
Subsequently, H+ is released, and then it is neutral-
ized at an interface producing H that diffuses through
the oxide. Finally, the neutral H is recaptured by the
X sites restoring the initial XH population. Thus,

the series of reactions triggered by ionizing radiation
tends to restore the original source density except for
hydrogen that forms hydrogen molecules.

Fig. 1 shows that the Pb density, the interface trap
density, increases as function of time.Initially, [Pb] = 0
but this density rapidly rises during the pulse and then
remains constant after the pulse ceases.

To examine dose rate dependence, the dose rate go
was varied in a series of calculations in which the total
dose NT was fixed. For these calculations, NT =100
rad. For each go, the duration io was obtained from
the relation NT = goto- Figure 2 shows the same in-
formation as Fig. 1 except the dose rate has been
increased to go — 102 rad/sec, a factor of 104 larger
than the dose rate used for the results in Fig. 1. In
general, the higher dose rate leads to higher popula-
tion densities but the final Pj, density is smaller than
the density reached Fig. 1.

The dependence on dose rate can be seen in Fig. 3
which shows the interface trap density as a function
of accummulated dose for the two dose rates shown in
Figs. 1 and 2. Clearly, the Pb density is largest for
the lower dose rate.

The dependence of interface trap density [Pb] on
dose rate can also be seen in Fig. 4. This figure
shows the final trap density reached for each of several
calculations for which the total dose is 100 rd(SiC>2).
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Fig. 3. Shows the interface trap density as a function of
total accumulated dose. The low dose rate irradiation
leads to larger interface trap density.

Fig. 4. Collected results showing the dependence of inter-
face trap density on dose rate.

This figure shows that the interface trap density be-
comes independent of dose rate at the lowest rates;
however, at the higher rates, the interface trap den-
sity decreases with increasing dose rate.

The dose rate dependence shown in Fig. 4 can be
understood by examining the reactions. The essence
of the mechanism can be understood by examining
the two reactions that generate hydrogen molecules
as a function of hydrogen density. For this simplified
analysis, we assume that the only effect of ionizing
radiation is to generate neutral hydrogen at a rate
proportional to the dose rate. At low density, which
corresponds to low dose rate, the forward portion
kf(2)[Pt,H}[H] of the harmful reaction, R2, will dom-
inate because it has a linear dependence on hydrogen
density whereas the forward portion kf(10)[H]2 of the
harmless dimerization reaction, RIO, has a quadratic
dependence on hydrogen density. However, as the
dose rate and hydrogen density increase, the harmless
reaction, RIO, will dominate. The domination by the
harmless dimerization reaction is the essence of the
dose rate effect.

Greater insight can be gained by considering the ki-
netic equations. This approach is necessary for the
more general case we consider in which hydrogen mi-
grates and is allowed to be retrapped at the source.
The phenomena can be understood by examining the
following approximate kinetic equations:

& ~ -VjH + gH-kf{2)[PbH\[H]- (2)

kf(5)[X)[H]-kf(10)[H}2

^ 2 kf(2)[PbH][H}. (3)

The equation for H consists of a migration term V J#,
a generation term gn, and the recombination terms.
The migration term can be ignored because the gra-
dients are small in the calculations described in this
report. The generation term depends on the details
of the hydrogen sources; it is proportional to XH+.
Using these approximations, the kinetic equation for
H leads to an initial transient followed by a steady
state solution,

[H]ss =
9H

kf(2)[PbH] + kf(5)[X]
(4)

Fig. 1 shows that this approximation is very good at
low density; Fig. 2 shows that other nonlinear effects
start to become important at high density, the high
dose rate case.

The time-dependent density [Pb] can now be com-
puted approximately using this steady state solution.
The kinetic equation for Pb leads to a density that
increases approximately linearly in time following an
initial transient because both the PbH and the H°
densities are approximately constant. Thus,



[Pb{t)]^kf(2)[PbH][H)sst. (5)

Figs. 1 and 2 show that this approximation is rea-
sonable but is becoming invalid as the dose rate in-
creases.

This solution can be approximated by inspection in
the low and high dose rate limits. In the low dose
rate limit,

\P(t\] c kf(2)[PbH]gHt0

kf{2)[r%i2\ + fcf{o)[X\
cokf(2)[PbH}NT

kf(2)[PbH] + kf(5)[X}

in which the relations gjj = c^go and NT = 5o*o have
been used. Thus in this case there is no dose rate
dependence. In the high density limit,

[H}ss 2* (7)

and thus

gokf(io)
kf(2)[PbH]NT. (8)

This result explains the 1/y^o behavior at high
dose rate shown in Fig. 4.

An important consequence of our mechanism is that
the dose rate dependence shown in Fig. 4 is not uni-
versal because its shape depends on parameters that
can vary from sample to sample. As can be seen in the
reactions, these parameters include the source density
[X], the hydrogenated source density [XH], and the
passivated interface trap density [PbH]. For exam-
ple, increasing [PbH] tends to shift the dose-rate curve
bodily if the H re-trapping is controlled by the source
density. However, if the hydrogen density is instead
controlled by the dimerization and by the passivation
reactions, then the main effect of increasing [PbH] is to
extend the low-dose rate region to higher dose rates.
Thus one can expect that no dose rate dependence
will be seen for certain sets of sample parameters.

An important consideration is the temperature de-
pendence of the mechanism. The effect of tempera-
ture on the dose rate effect can be seen in curves shown
in Fig 5. These curves show that the increasing the
temperature increases the trap density but reduces
the dose rate dependence. This can be understood
by examining the approximate solutions using the fact
that the dimerization reaction is nearly temperature
independent. Thus as the temperature increases, the

10" 10" 10"2 10"1 10° 1
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Fig. 5. Collected results showing the dependence of inter-
face trap density on dose rate for three temperatures:
(a) 300K, (b) 350K, and (c) 400K. This figure illus-
trates dose rate dependence and its reduction as the
temperature increases.

terms kf(2) and &/(5) in (4) become dominate just as
they are in the low dose rate limit. Thus, in this case,
increasing the temperature is equivalent to reducing
the dose rate.

The overall increase with increasing temperature
seen in Fig. 5 arises because the fc/(5) term be-
comes dominate for the parameters used in these cal-
culations. If the kf(2) term were dominant, then
[Pb(io)] —*• CQNT at high temperature. The tempera-
ture dependence can also be affected by the temper-
ature dependence implicit in the parameter CQ. In
general, the overall temperature dependence may be
complicated.

V. COMPARISON WITH DATA

Before considering data, it is worthwhile to con-
sider some of the limitations of the calculations. Do-
ing calculations to long irradiation times and large
total doses is difficult because of computational prob-
lems that arise from the differing time scales of the
kinetic phenomena. Thus the calculations have not
been performed to the realistic irradiation times cor-
responding to the low dose rates.

Thus the scope of the present study is to describe
the essence of the mechanism. Realistic comparsion
with data will be deferred to a future publication.
Thus we rely results from short simulations and we
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Fig. 6. Compares the calculated interface trap density
with excess base current data [24]

also ignore the contributions of trapped charge. How-
ever, a few simulations to long times have been per-
formed. Also, a few simulations of hydrogen anneal-
ing of trapped positive charge have also been done to
eliminate unphysical surprises.

Direct comparison with transistor measurements is
not attempted in this report; future studies will com-
pare transistor simulations with data. An indirect
comparison can be made using the fact that excess
base current for PNP transistors is proportional to
the change in interface trap density. [7, 25-27] Fig.
6 compares the calculations with excess base current
data. [24] Clearly, the general shape agrees with the
data if one takes into account that trapped charge
and geometrical effects are not considered in our crude
comparison with data.

The dependence on sample paramters such as
[PbH], the passivated trap density, as seen in (5), il-
lustrates the fact that our theory predicts that the
ELDRS is not universal. This observation is consis-
tent with the fact that ELDRS is not observed in all
bipolar transistors. [1-3]

An important consideration is the temperature de-
pendence of the low dose rate effect. This has been
studied experimentally for capacitors and transistors.
[9,24] Both studies have suggested that irradiation at
an elevated temperature at high dose rates is equiva-
lent to room temperature irradiation at a low dose
rate. Fig. 5 suggests that an elevated tempera-
ture tends to remove the dose rate dependence. This
is consistent with the data. [9, 24] However, it also
shows an overall increase, an upward shift of each

curve. This effect occurs for two reasons. One, the
computed interface trap density does not saturate be-
cause the irradiation times are overly short. Two, the
numerator and denominator of (6) are controlled by
different terms that do not cancel. This follows be-
cause the activation energy for interface trap creation
(Ef (2) = 0.5 eV) is larger than the activation energy
for hydrogen recapture (Er(5) = 0.25 eV). Our mech-
anism may be consistent with the data but further
study is needed

VI. FURTHER DISCUSSION

The effects of an electric field can be expected to be
similar to the effects associated with the well-known
hydrogen radiolysis model that is the basis for our
computational model. [12] In future work the calcu-
lations investigating the effects of an electric field will
be discussed. The calculations that have been done
reveal that the physical parameters such as the trap
cross-sections can have a large effect on the qualita-
tive results. The details of the boundary conditions
on hydrogen transport may also have a large effect on
the results.

The effects of trapped charge and hydrogen anneal-
ing have been considered but will not be presented in
this report.

The dimerization mechanism can also explain the
results of experiments that have shown that irradia-
tion leads to dose rate dependent deactivation of ac-
ceptors in MOS capacitors. [10] In our explanation,
dimerization reduces the density of atomic hydrogen
at high dose rates, and this reduces the deactivation
of hydrogen. These results are sensitive to hydrogen
transport boundary conditions, and thus a compari-
son with data will be deferred.

VII. CONCLUSION

In conclusion, we have described a theory of the
effects of ionizing radiation on interface traps in mi-
croelectronic oxides. From model calculations we have
shown that the competition between hydrogen reac-
tions, dimerization and defect formation, can lead to
an enhanced low-dose-rate sensitivity (ELDRS) that
is consistent with experiments.
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