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The interface state induced by 25-keV eleciron bearn irradiation in MOS eapacitors having p- and a-type
substrates with several different doping concentrations have been studied. For radistion dosage on or above
the order of 1 107* C/em?, alf of the radiation-induced interface-state distributions tend to have a similar
shape which is asymmetrical sbout the midgap, independent of the type and concentration of the silicon
dopants, and independent of the initin] interfacestate distributions. The states in the upper half of the
silicon baad gap are acceptor type which peak around 8.2 ¢V from the midgap, whereas the states in the
lower half of the band gap are donor type with & lower deusity. For radiation dosage below 11077 Clom?
the postradiation interface states aye proportional to their imitial values. An explanation based on the

broken bond model is preseated to acoount for the observations.

PACS numbers: 61.80.F, 85.30,, 73.20,, 85.50.N

it is known that exposure to ionizing radiation can
cauge an Increase in the density of electronic states
located at the silicon—silicon-dioxide intexface.'™* A
huildup of such states causes a decrease in the {rans-
conductance of MOS {ransistors. It also contributes to
a change in threshold voltages. In this letter we report
the generation of interface states in MOS capacitors
with p~type and »n-type silicon substrates having several
different doping concentrations,

Three boron-doped p-type wafers (doping concentra-
tion 1x10M, @x10™, and 5x10"°/cm®, respectively) and
two arsenic-doped n-type wafers {doping concentration
4%10% and 3x10**/em®) were used in this experiment.
All wafers had a (100) surface orientation. Appro¥imate-
ly 500~4 thermal oxides were grown in dry O, at 970°C
for 80 min, followed by a 30-min in sifu N; aaneal,
Then, approximately 5000 A of pure Al was evaporated
from 2 heated Ta boat throuph a metal mask producing
a2 10x10 array of 20-mil-diam dots. Afier annealing the
dots at 400 °C for I h in a8 mixture of hydrogen and
nitrogen gas, high-frequency and quasistatic C-V data
were taken to detertnine the preexposure interface-
state density’ which was found to be in the mid 10!°/cm*
range, After the measurdments, the wafers were irra-
diated by a 25-ke¥ electron beam. During the irradia~
tion the metal gates were left floating, Each wafer
received four different doses: 1x107%, 1.8x10°% 8.8
x10™ C/om?, and “stray” irradiation, on different
quadrants of the wafer.® After the exposure, the high-
frequency and quasistalic C-¥ measurements were
made again to determine the postexposure interface-
gtate distribution.

Figure | shows the postexpesure interface-state dis-
tribution as a function of energy in the silicon band gap
for five different samples. The radiation dose used in
this case was 1.6x107° C/cm®. However, the following
discussion holds for the other two doses used in the
experiment ag well, The salient feature of Fig. 1 is
that all five samples show a peak in the upper haif of the
band gap cenfered around 0. 2 eV from the midgap de-
spite their different dopaat types and concentrations.
The small differences in the peak energy locations may
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be due to experimental errors. There does not seem io
be a simpie relationship between the magnitude of the
peaks and the type or concentration of the substrale
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FIG, 1. Interface-state distribution after eleciron-beam irradi-
atfon (domage ~ 1. 6x 1070 ©/cm?) as a function of energy in the
silicon band gap for three p-type and two a-type MOS samples
having different doping concentrations, The states in the upper
half of the band gap are believed ¢o be acceptor fype and those
in the loweyr half of the band gap to be donor type. The preir-
radiation distribution for a p~type M5 is also shown for
comparison,
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F1G. 2. Radiation-induced interface-state digtribution for a
p-type MOE for three different doses,

dopants. In fact, as will be shown, the magnitude de-
pends strongly on the exposure dosage so that variations
of the beam current during exposure could easily wash
out any subile difference, if any, arising Erom the dif-
terent dopants.

Figure 2 shows the dosage dependence of the post-
radiation interface -gtate digtribution for a p-type sam-
ple which ig typical of all the samples tested.

It should be noted that the shape of the initial surface~
state distributions before the irradiation (dotted curve
in Fig. I, for example} in general are quite different
from the postradiation ones. This seems to disagree
with the observations of 8ivo et al., * who reported that
the radiation-induced increases in the interface-state
density are proportional to the preirradiation density
at each energy location. A close examination of their
paper, however, revealed that the radiation dosage used
in their experiments (Figs. 3, 4, and 5 in Ref, 4) was
always below 5x10° rad which is 2 orders of magnitude
lower than the dosage in our experiment {= 5x107 rad},
To confirm that the apparent digcrepancy is a result of
the much higher dosage, we then plotied out the inter-
face-gtate distribution for a few dois that only received
“stray” irradiation.® Figure 3 shows a typical result of
such a dot. The dosage in this case is estimated to be
below 1x10° rad which is well in the range of Sivo
et al.’s experiment.® Note that apart from the over-all
inerease of a factor of 3, the postradiation curve ig
almost 2 replica of the initial curve. A systematic ex-
periment i& being conducted to investigate the limit of
the dosage range above which the surface-gtate distribu-
tien beging to show the high-dosage effect.
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From the shape of the high-frequency -V curves,
the surface states in the upper half of the band gap
were determined 0 be acceptor type, while those in the
lower half of the band gap were determined to be donor
type, for ail the » and p samples examined. The charged
acceptor states could cauge a positive shift in the flat-
band voltage, while the charged donor states could
cause & negative shift. @Zince the densitieg of the post-
radiation interface states are very high, one mnst be
very careful in the interpretation of radiation effect
results based solely on the flat-band shift data. For
example, only negatively charged aceeptor states be-
tween the Fermi level and the midgap would contribute
to the flat-band ghift (positive shift) in an n-type sam-
ple, while only positively charged donor states would
contribute negative ghift) in & p~type sample. Further-
more, the asymmetiry of the interface-state distribution
would fend to affect the n-type sample more than the
prtype sample. These points will be elaborated on in a
subsequent paper,

At present, the origin of the radiation-induced inter-
face siates is nol clear. The resulis of the present in-
vestigation, however, appear to be consistent with the
broken bond model” or the structural modification
model® which suggests that the interface states resulting
from exposure to radiation are cauged by structural
modifications of the BiQ); layer. This change in struc~-
ture of the SiQ,; film causes many of the bonds at the
8i0,-8i interface {o be broken, which in turn produces
interface states. It was also suggested that electrons
with such a low energy could only break bonds thal were
initiatly strained.” In accordance with this model, the
following is proposed to explain our present results:
Initially, due to the nature of the thermal growth pro-
cess, there may exist many more strained bonds {per
unit volume) near the $i0,-8i interface than in the bulk
Si0, film. These strained bonds near the interiace are
likely to gather around the interface-state centers which
themselves are “dangiing’ bonds. Therefore, siatisti-
cally speaking, thege sirained bonds near the interface
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14, &, Interface-state distribution in the silicon band gap be-
fore and after low~dosage electron beam irradiation (dosage
< 1x 1077 €/ em?).
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are affected sooner than those in the bulk 510, film;
that is, these strained bonds are broken even belore
any major structural modification of the SiQ, film takes
place. Since these newly broken bonds are assumed o
be located near the initial “dangling” bonds, they are
likely to have similar energy levels to the initial inter-
face states owing to thelr similar surrounding physical
environment, AS a consequence, one ochserves a pro-
portional increase in the radiation-indoeced imterface-
state distribution as shown in Fig. 3. As the radiation
dosage is increased beyond a certain level, however, a
large number of the strained bonds in the 510, bulk are
broken, resulting in a shrinkage of the film™® which in
turn cauges many more initially “normal” bonds at the
interface to be broken. Congequently, many moere inter-
face states are generated which de not track the initial
distribution as evidenced in Fig, 1. 8Since, to first
order, the latter mechanism is eggentially independent
of the type and the doping concentration of the silicon
subistrate, one should nol expect the radiation-induced
interface states to depend on the dopant type and con~-
centration of the silicon, which ig consistent with our
ohservations.

Another possibility cannot be completely ruled out;
that is, that the original BiCG; might be hydrated as a
result of the postmetatization anpeal. During the elec~
tron bombardment, & hydrogen-related center at the
8i0,-5% interface might capture an electron which broke
the bond between the hydrogen and the center permitiing
the hydrogen to escape, as degeribed by Nicollian
et al. ¥ Conseguently, many interface states were
formed in thig fashion. While such a mechanism is not
unlikely, many of our resulis cannot be satisfactorily
explained by this model (which will be referred to as
the “hydrogen model”). For example, it is not clear,
based on the hydrogen model, why the radiation-gener-
ated interface-state digtribution for the low-dosage
glectron beam should track their initial shape {as in
Fig. 3}, while those for the high-dosage beam should
consiatently approach a different shape {as in Fig. 2).
In addition, the hydrogen model calls for 4 large num-
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ber of electrons trapped at the interface!® (on the order
of the number of interface states), which have never
been obgserved. Furthermore, we have observed that
the density of the electron-beam-induced interface

. states depends strongly on the oxide thickness. For a

given electron dousage and for the same guality dry
oxides, the density of the radiation-induced interface
elates increasss significanily as the oxide thickness
increases from 00 to 900 A.1! This result again cannot
be simply related to the hydrogen model. On the other
hand, most of the presented data are consistent with the
broken bond model mentioned earlier, including the
oxide-thickness resulis which will be discussed in more
detail in a subsequent paper.
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