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Electric-field-induced transport of protons in amorphous SiO2

R. A. B. Devine
Center for High Technology Materials, University of New Mexico, 1313 Goddard SE, Albuquerque, New Mexico 87106

G. V. Herrera
Sandia National Laboratories, Mail Stop 1045, P.O. Box 5800 Albuquerque, New Mexico 87185-1405
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The temperature and time dependence of electric-field-induced motion of thermally generated protons in 20
nm amorphous SiO2 films has been investigated. The short-time behavior is found to involve an activation
energy of;0.38 eV and a hopping distance of;0.55 nm. The activation energy is considerably smaller than
that found for radiation-generated proton motion~;0.82 eV!. The hopping distance is consistent with transport
involving motion between a bridging oxygen atom and a next-nearest-neighbor~or farther! bridging oxygen
atom; this suggests that motion is primarily via cross-ring hopping.
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Mobile protons have been generated in amorphous S2
films following irradiation~if the films contain quantities o
H in some form!,1–3 following room-temperature exposure4

of preirradiated films to an atmosphere containing H2, and
following5–8 annealing of sandwiched Si/SiO2/Si structures
in N2-H2 mixtures at temperatures in the range 500–800
In the last case, if the sandwiched oxide layers were of
thermally grown type, an initial anneal at high temperatu
~typically above 1000 °C! in an inert or weakly oxidizing
atmosphere was necessary prior to the lower-temperatur2
anneal. Buried oxide films5,6 such as those manufactured b
ion implantation ~separation by implantation of oxygen
SIMOX! or by a process of bonding and etchback9 ~bonded
and etchback silicon on insulator, BESOI or SMARTCUT®!
generally exhibit the proton generation phenomenon durin
hydrogen anneal without the.1000 °C high-temperature
preconditioning.8

Interest from an applied standpoint in the electric-fie
induced motion of the mobile protons in SiO2 stems from
concerns about the behavior of devices such as metal-ox
semiconductor field-effect transistors~MOSFET’s! subjected
to irradiation. Radiation-induced protons may drift towa
the semiconductor/oxide interface, where they generate in
face states that can degrade the inversion-channel carrier
bility and result in threshold voltage variation.1–3,10 On the
positive side, thermally generated mobile protons appea
be stable and to drift in the presence of an electric fie
Furthermore, they do not interact at the interface to cre
interface states. This suggests that MOSFET devices m
be constructed with incorporated mobile charges11 which
transform them into transistors with an integrated mem
function. When the protons are placed close to
semiconductor/oxide interface they induce an inversion la
which conducts~i.e., the transistor is in the ‘‘on’’ state!,
while when they are placed close to the gate electrode/o
interface they have no effect and the transistor can be e
neered to be ‘‘off.’’ In this case it is the retention time fo
which the protons remain ‘‘blocked’’ at the interfaces a
the switching time required for the protons to move from o
interface to another that will dictate the real feasibility
the integrated memory transistor as a commercially via
device.
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From the above discussion it is clear that we must
concerned with the intimate details of the nature of the fie
induced transport of protons in the amorphous (a-)SiO2 film
of which the gate oxide of the MOSFET is comprised a
the interaction of the protons at the interface, if any. We ha
constructed MOSFET devices that have been subseque
protonated thermally to induce the memory function. W
have measured the transit time of the protons across the
oxide in the presence of an applied field through the swit
ing of the inversion-layer current and have studied how t
transport time varies as a function of the device temperat
From these data and their comparison with available data
protons generated in SiO2 by different methods, a cleare
physical picture of the protons and the nature of their dif
sion emerges.

MOSFET devices having gate oxide thicknesses of 20
were constructed in a manner described previously.12 The
starting Si wafer wasp type so that the MOSFET’s manu
factured weren channel. Although devices having ga
lengths~L! of 5 mm and widths~Z! of 100mm were available
on our wafers, the presence of substantial fixed oxide cha
and reduced mobile charge7 in the shorter-channel transisto
led us to study components having 20mm gate lengths. After
manufacture of the basic devices, a three minute 1050
anneal was carried out in flowing N2 gas both to activate the
gate, source, and drain dopants and to create the prec
sites necessary for subsequent proton generation durin
second anneal step. This anneal involved an atmospher
N2/10% H2 for 30 min at 700 °C followed by a fast pull to
room temperature. The device characteristics were meas
using a Hewlett-Packard 4145 transistor tester. In the fi
instance, the gate was polarized with a voltageVG of 16
~26! V with respect to the source contact for a period of
s and the gate voltage then swept to26 ~16! V in a period
of approximately 3 s~0.2 V steps!. The source-drain curren
(I ds) for a source-drain potential (Vds) of 0.1 V was moni-
tored during this sweep. A typical transistor hysteresis cu
is shown in Fig. 1. In the down-sweep mode, the initial po
tive polarization step drove the protons to the oxid
semiconductor interface where they induced an invers
layer even in the absence of a potential on the gate electr
©2001 The American Physical Society06-1
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Their presence at the insulator/substrate interface induc
negative threshold-voltage shift. In the up-sweep case,
application of a negative polarization prior to sweeping
sulted in the protons being placed at the gate electrode/o
interface where they played no role as far as the invers
layer was concerned. The hysteresis (DVt) shown in Fig. 1
~;22 V! enables us to conclude that;2.231012 positive
mobile charges per cm2 were at the interface when the ga
was polarized positively. Hysteresis as large as25.5 V, has
been obtained for similar transistors. Note that in Fig. 1
observe a gate-voltage-independent leakage current;20 mA.
This leakage results from the architecture of the transisto
wafer substrate and its Ohmic nature was confirmed by v
ing the source-drain voltage. In a second set of meas
ments, a positive polarization was applied to the gate e
trode for an extended period~.2 min! and then the source
drain current measured using a pulsed gate-source pote
The pulse potential applied for a timetp was used to displace
the protons away from the oxide/substrate interface and
ing the 0 V gate bias part of the pulseI ds was measured. By
accumulating a large number of pulses a plot ofI ds(t,VG)
was obtained. A similar pulsed technique was used in stu
of SIMOX and SMARTCUT samples reported in Ref. 8. A
example for applied voltages of22, 24, and26 V at 50 and
85 °C is shown in Fig. 2. We observe a rapid drop ofI ds(t)
followed by a long-time ‘‘tail,’’ which characterizes charg
transport in a dispersive medium.13 Note that the minimum
‘‘off’’ current is not zero because even at 0 V gate bias with
the protons at the gate electrode the transistor was still
tially conducting~see the up-sweep curve of Fig. 1!. Mea-
surements ofI ds(t,VG ,T) were carried out for devices hel
at 23, 50, and 85 °C using a hot chuck facility installed
the micromanipulator stage used with the HP 4145 transi
tester. In the following analysis we will not use the ‘‘com

FIG. 1. Typical hysteresis curve of the source-drain currentI ds

as a function of gate-to-source voltageVG , for a MOSFET with 20
mm gate length, 100mm gate width, and 20-nm-thick gate oxid
after protonation at 700 °C. In the down-sweep mode the gate
first biased for 30 s at16 V and then potential was swept to26 V
in less than 3 s. In the up-sweep mode, the gate was biase
26 V for 30 s prior to sweeping to16 V in less than 3 s. The
hysteresis due to mobile protons is indicated byDVt . The source-
drain voltageVds was 0.1 V.
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plete’’ I ds(t,VG ,T) curves such as those shown in Fig. 2 b
will concentrate on the initial-slope regim
2dIds(t,VG ,T)/dtu t→0 . Values of this parameter for differ
ent VG andT are given in Table I.

In the small-Vds regime in which we have operatedI ds can
be expressed as14

I ds~ t,VG ,T!5~Z/L !Cox mn~VG2Vt!Vds, ~1!

where mn is the mobility of the inversion-channel carrie
~here electrons! andCox is the capacity of the gate oxide.Vt
is the threshold voltage, which we will express in terms
the volume density of charge in the gate oxide,r(x,T,t),
as14

Vt52~1/Cox!F ~1/dox!E xr~x,T,t !dxG . ~2!

The integral limits are taken fromx50 to dox ~wheredox is
the gate oxide thickness! measured from the gate electrod
Differentiation of Eq.~1! yields

dIds~ t,VG ,T!/dtu t→052~Z/L !Cox mnVdsdVt /dt. ~3!

as

at

FIG. 2. Time dependence of the source-drain current in MO
FET’s with 20mm gate length, 100mm gate width, and 20 nm gate
oxide thickness for different pulsed gate voltages. The gate volt
was initially 16 V for more than 2 min. At 85 °C~h!, 22; ~s!,
24; ~n!, 26 V; at 50 °C~,! 22; ~L! 24; ~1! 26 V. The source-
drain voltageVds was 0.1 V in all cases.

TABLE I. Variation of the source-drain current with time
dIds(t,VG ,T)/dtu t→0 , deduced from data such as those shown
Fig. 2 for different temperatures and gate voltagesVG . The source-
drain voltage for all experiments was 0.1 V. The units f
dIds(t,VG ,T)/dtu t→0 aremA s21.

Gate voltage~V!

dIds(t,VG ,T)/dtu t→0 ,

30 °C 50 °C 85 °C

22 5.15 21.6 68.5
24 17.8 60.5 156.8
26 36.8 139.1 337.4
6-2
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In consequence, measurement ofdIds(t,VG ,T)/dtu t→0 pro-
vides direct information on the time variation of the prot
distribution in the gate oxide under the influence of the
plied gate voltage~and hence electric field!. Assuming that
for short times the sheet of proton charge of densityQH1

composed of the protons moves with a velocityv(T), then
dVt /dt5QH1v(T) and

dIds~ t,VG ,T!/dtu t→052~Z/L !mnVdsQH1v~T!. ~4!

Clearly, the temperature dependence ofdIds(t,VG ,T)/dtu t→0
and the electric field~or VG! dependence, if any, will be
contained in v(T). For simplicity we will assume tha
v(T)5Rfi /t whereRfi is the intrinsic hopping distance an
1/t the hopping rate.

In the first instance, the proton in the SiO2 network bonds
to an intertetrahedral bridging oxygen and can be treated
small polaron. The jump rate for electric-field-assisted h
ping is then15

R51/t}@1/~4EakBT!1/2#

3exp@2~4Ea2qERfi!2/~16EakBT!#, ~5!

wherekB is Boltzmann’s constant,Ea the activation energy
for hopping, andq the elemental charge on the proton. Plo
ting the data from Table I in Fig. 3, we see that as a funct
of VG the absolute value of the initial slope increases w
voltage~equivalent to electric field! in a logarithmic manner.
Taking the logarithm of Eq.~5! we see that the slope of th
ln@dIds(t,VG ,T)/dtu t→0# versusVG plot is proportional to
qRfi/2kBTdox . From the experimental data we then dedu
0.53<Rfi<0.55 nm. From Eqs.~4! and ~5! we have

ln@dIds~ t,VG ,T!/dtu t→0#

} ln@1/~4EakBT!1/2#2Ea /kBT1qERfi/2kBT

~6!

FIG. 3. Initial slope of the variation of the source-drain curre
with time, dIds(t,VG ,T)/dtu t→0 , from Fig. 2 as a function of the
pulse amplitude of the gate voltage (VG) for various temperatures
The source-drain voltage was 0.1 V in all cases.
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so that, using the value ofRfi together with the data from
Table I, we can estimateEa . We obtain the value ofEa
;0.38 eV, which is significantly smaller than the value
0.82 eV previously advanced1 for the activation energy for
the diffusion of radiation-generated protons in SiO2. We
must stress that our temperature measurements were
formed over a limited range of temperature~23–85 °C! so
there will be imprecision in the determination ofEa . We do
not, however, anticipate the error to be as large as the fa
greater than 2 suggested by the numbers just cited.

The dispersive transport nature of charges~protons and
holes! in the amorphous SiO2 network has been wel
established.1–7 All of the experiments involving ‘‘indirect’’
detection of proton motion, which require, for example,
reaction leading to the appearance of interface states a
SiO2/substrate interface, suggest that proton motion thro
the oxide is relatively slow. In experiments where the prot
motion is sensed ‘‘directly’’ via the effect of its charge, fo
example, on the threshold or flat band voltage and he
inversion-layer currentI ds @Eq. ~3!#, it appears orders o
magnitude more rapid. This is illustrated in Fig. 4, where
show time-dependent data for radiation-induced and th
mally generated proton motion. Care must be exercised
comparing the results from the two types of experime
shown since they do not sense the same quantity. For
ample, from Eq.~2! we see that the threshold voltage~and
hence the source-drain currentI ds! due to mobile charges
depends upon an integral that is the first moment of
charge distribution at any time. The interface state dens
due to the arrival of protons at the interface and a cha

t FIG. 4. Time dependence of the normalized source-drain cur
I ds or interface state density as a function of time in MOSFET
subjected to similar electric fields.~,! source-drain current due to
thermally generated protons first driven to the 20 nm gate ox
substrate interface then subjected to an electric field of;21
MV cm21. ~n! Interface states resulting from protons generated
77 nm gate oxide by exposure of irradiated MOSFET’s to
H2-containing atmosphere at room temperature. The electric fi
was10.65 MV cm21 ~Ref. 4!. ~s! and ~h! interface states gener
ated in 47.8 nm gate oxide MOSFET’s by protons created dur
60Co irradiation. The electric fields were10.56 and 11.07
MV cm21, respectively~Ref. 3!. The arrows indicate the time for a
50% variation,t1/2.
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BRIEF REPORTS PHYSICAL REVIEW B 63 233406
conversion of interface states, measures the time depend
of @12*r(x,T,t)dx# ~where we assume the integral is no
malized to unity at timet50!. The full significance is seen i
we consider the case of charges moving as a sheet. If
sheet is initially at the gate electrode/oxide boundary,
interface states are measured at the substrate/oxide inte
until the entire charge sheet has crossed the oxide and
ated them, whereas Eq.~2! suggests that a threshold voltag
shift ~source-drain current! will be detected immediately the
weighted integral becomes finite. We therefore conclude
the ‘‘indirect’’ measurements actually sense an effective m
tion of the protons that is modulated and apparently slow
This is because of the localized spatial nature of the prot
interface-state reaction necessary to show that the pro
have arrived at the interface. Intuitively we might anticipa
that this ‘‘slowed’’ motion would yield an effective, highe
activation energy for motion, which may explain wh
previous1 activation energies~;0.82 eV! are substantially
larger than the value ascertained in this work~;0.38 eV!.
We furthermore underline that in the present work we ha
obtained a value for the activation energy in the early sta
of proton motion, whereas radiation-induced proton m
surements involved the late stages of proton motion wh
the full influence of the dispersive nature would be felt.
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Finally, we address the problem of the atomic nature
proton motion. In the SiO2 network, the intratetrahedral O-O
distance, or suggested shortest proton hop distance, is;0.26
nm. In the present work we have determined that the fun
mental hopping distance (Rfi) is at least twice the intrinsic
O–nearest-neighbor-O distance. Calculations16 assuming the
shortest-distance hop suggest that the associated activ
energy is 1<Ea<1.2 eV, a satisfactory range of value
given the previously assumed activation energy;0.82 eV.
The significantly lower value of activation energy obtain
in the present experiments and the larger hop distance
not, then, be reconciled with first-nearest-neighbor hoppi
An alternative explanation is required. The results would
pear to indicate that a lower-energy diffusion path is ava
able, perhaps involving O–next-nearest-neighbor-O d
tances ~cross-ring hopping!.17 More detailed theoretica
studies of this point are required.
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