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Electric-field-induced transport of protons in amorphous SiO,
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The temperature and time dependence of electric-field-induced motion of thermally generated protons in 20
nm amorphous Si©films has been investigated. The short-time behavior is found to involve an activation
energy of~0.38 eV and a hopping distance ©0.55 nm. The activation energy is considerably smaller than
that found for radiation-generated proton motierD.82 e\j. The hopping distance is consistent with transport
involving motion between a bridging oxygen atom and a next-nearest-neigbbtarthe) bridging oxygen
atom; this suggests that motion is primarily via cross-ring hopping.
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Mobile protons have been generated in amorphous, SIO From the above discussion it is clear that we must be
films following irradiation(if the films contain quantities of concerned with the intimate details of the nature of the field-
H in some form,~* following room-temperature exposdre induced transport of protons in the amorphoas)GiO, film
of pre_irrasdigated films to an atmosphere containing Bnd  of which the gate oxide of the MOSFET is comprised and
following®™ annealing of sandwiched Si/Sj{3i structures e interaction of the protons at the interface, if any. We have
in N,-H, mixtures at temperatures in the range 500-800 °Consirycted MOSFET devices that have been subsequently
In the last case, if the sandwiched oxide layers were of theoionated thermally to induce the memory function. We
thermally grown type, an initial anneal at high temperaturé, e measured the transit time of the protons across the gate

(typically above 1000°Lin an inert or weakly oxidizing xide in the presence of an applied field through the switch-
atmosphere was necessary prior to the lower-temperatyre k

anneal. Buried oxide filni€ such as those manufactured by |9 of the inversion-layer current and have studied how this
ion implantation (separation by implantation of oxygen, transport time varies as a functlon_of the _dewce_temperature.
SIMOX) or by a process of bonding and etchbadonded From these data anq thglr comparison with available data on
and etchback silicon on insulator, BESOI or SMARTCYT Protons generated in SjCby different methods, a clearer
generally exhibit the proton generation phenomenon during RNysical picture of the protons and the nature of their diffu-

hydrogen anneal without the-1000°C high-temperature SIONn €merges. _ _ _
preconditioningB_ MOSFET devices having gate oxide thicknesses of 20 nm

Interest from an applied standpoint in the electric-field-were constructed in a manner described previotfsiyhe
induced motion of the mobile protons in Si@tems from starting Si wafer wap type so that the MOSFET’s manu-
concerns about the behavior of devices such as metal-oxidéctured weren channel. Although devices having gate
semiconductor field-effect transistaddOSFET’Y subjected  lengths(L) of 5 um and widthgZ) of 100 um were available
to irradiation. Radiation-induced protons may drift toward on our wafers, the presence of substantial fixed oxide charge
the semiconductor/oxide interface, where they generate inteend reduced mobile chargia the shorter-channel transistors
face states that can degrade the inversion-channel carrier mied us to study components having 2t gate lengths. After
bility and result in threshold voltage variation®'°On the ~ manufacture of the basic devices, a three minute 1050 °C
positive side, thermally generated mobile protons appear tanneal was carried out in flowing,Ngas both to activate the
be stable and to drift in the presence of an electric fieldgate, source, and drain dopants and to create the precursor
Furthermore, they do not interact at the interface to creatsites necessary for subsequent proton generation during a
interface states. This suggests that MOSFET devices migisecond anneal step. This anneal involved an atmosphere of
be constructed with incorporated mobile chafdeshich ~ N,/10% H, for 30 min at 700 °C followed by a fast pull to
transform them into transistors with an integrated memoryoom temperature. The device characteristics were measured
function. When the protons are placed close to theusing a Hewlett-Packard 4145 transistor tester. In the first
semiconductor/oxide interface they induce an inversion layeinstance, the gate was polarized with a voltage of +6
which conducts(i.e., the transistor is in the “on” staje  (—6) V with respect to the source contact for a period of 30
while when they are placed close to the gate electrode/oxide and the gate voltage then swept-t6 (+6) V in a period
interface they have no effect and the transistor can be engéf approximately 3 0.2 V step$. The source-drain current
neered to be “off.” In this case it is the retention time for (49 for a source-drain potentiaMgg of 0.1 V was moni-
which the protons remain “blocked” at the interfaces andtored during this sweep. A typical transistor hysteresis curve
the switching time required for the protons to move from oneis shown in Fig. 1. In the down-sweep mode, the initial posi-
interface to another that will dictate the real feasibility of tive polarization step drove the protons to the oxide/
the integrated memory transistor as a commercially viablesemiconductor interface where they induced an inversion
device. layer even in the absence of a potential on the gate electrode.
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FIG. 1. Typical hysteresis curve of the source-drain curtggt Time (seconds)

as a function of gate-to-source voltagg , for a MOSFET with 20
um gate length, 10Qum gate width, and 20-nm-thick gate oxide FIG. 2. Time dependence of the source-drain current in MOS-
after protonation at 700 °C. In the down-sweep mode the gate waBET’s with 20 um gate length, 10@um gate width, and 20 nm gate
first biased for 30 s at-6 V and then potential was swept t66 V oxide thickness for different pulsed gate voltages. The gate voltage
in less than 3 s. In the up-sweep mode, the gate was biased a@s initially +6 V for more than 2 min. At 85°Q0), —2; (O),
—6 V for 30 s prior to sweeping te-6 V in less than 3 s. The —4;(A), —6V;at50°C(V) —2;(0) —4; (+) —6 V. The source-
hysteresis due to mobile protons is indicatedA, . The source- drain voltageVyswas 0.1 V in all cases.
drain voltageVys was 0.1 V.

plete” 144t,Vg,T) curves such as those shown in Fig. 2 but
Their presence at the insulator/substrate interface inducedWll ~ concentrate  on  the initial-slope  regime
negative threshold-voltage shift. In the up-sweep case, the dlg{t,Vs,T)/dt|;_o. Values of this parameter for differ-
application of a negative polarization prior to sweeping re-entVg andT are given in Table I.
sulted in the protons being placed at the gate electrode/oxide In the smallVysregime in which we have operatégi can
interface where they played no role as far as the inversiohe expressed 45
layer was concerned. The hysterestisvf) shown in Fig. 1
(~—2 V) enables us to conclude that2.2x 10 positive ladt, Ve, T)=(Z/L)Cox un(Ve— Vi) Vas, .y
mobile charges per chwere at the interface when the gate where y,, is the mobility of the inversion-channel carriers
was polarized positively. Hysteresis as large-&&5 V, has  (here electronsandC,, is the capacity of the gate oxid¥,
been obtained for similar transistors. Note that in Fig. 1 Weis the threshold voltage, which we will express in terms of

observe a gate-voltage-independent leakage curf0tuA.  the volume density of charge in the gate oxigéx,T,t),
This leakage results from the architecture of the transistor/Sid4

wafer substrate and its Ohmic nature was confirmed by vary-
ing the source-drain voltage. In a second set of measure- B
ments, a positive polarization was applied to the gate elec- Vi==(1Coy| (1doy) | Xp(x,T,)dX

trode for an extended peridd>2 min) and then the source- . . .
drain current measured using a pulsed gate-source potenti I.he mtegra! I|m|t§ are taken from=0 t0 do, (Wheredoy is
The pulse potential applied for a timgwas used to displace .?f gate_oxlde t?lckne}?sne%sured from the gate electrode.
the protons away from the oxide/substrate interface and durl:—) ifferentiation of Eq.(1) yields

ing the O V gate bias part of the pulsg was measured. By dlgdt, Ve, T)/dt], o= — (Z/L)Cop pnVasdV,/dt.  (3)
accumulating a large number of pulses a plotl gft,Vg)

was obtained. A similar pulsed technique was used in studies TABLE |. Variation of the source-drain current with time,
of SIMOX and SMARTCUT samples reported in Ref. 8. An di4(t,Vg,T)/dt|, o, deduced from data such as those shown in
example for applied voltages ef2, —4, and—6 V at 50 and  Fig. 2 for different temperatures and gate voltaggs The source-
85 °C is shown in Fig. 2. We observe a rapid dropl g{t) drain voltage for all experiments was 0.1 V. The units for
followed by a long-time “tail,” which characterizes charge dlg{t,Vg,T)/dt|;_o are uAs™.

transport in a dispersive mediuthNote that the minimum
“off” current is not zero because evern @ V gate bias with dlgdt, Ve, T)/dt o,
the protons at the gate electrode the transistor was still par-

. (2

tially conducting(see the up-sweep curve of Fig.. Mea- Gate voltagdV) 30°C 50°C 85°C
surements of 4{(t,Vg,T) were carried out for devices held -2 5.15 21.6 68.5
at 23, 50, and 85 °C using a hot chuck facility installed on —4 17.8 60.5 156.8
the micromanipulator stage used with the HP 4145 transistor -6 36.8 139.1 337.4

tester. In the following analysis we will not use the “com-
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FIG. 3. Initial slope of the variation of the source-drain current  F|G. 4. Time dependence of the normalized source-drain current
with time, dl4{t,Vg,T)/dt|;_o, from Fig. 2 as a function of the | or interface state density as a function of time in MOSFET’s
pulse amplitude of the gate voltage) for various temperatures. supjected to similar electric field§V) source-drain current due to
The source-drain voltage was 0.1 V in all cases. thermally generated protons first driven to the 20 nm gate oxide/

substrate interface then subjected to an electric field~ofl
In consequence, measurementddfi(t,Vg,T)/dt|;_,o pro- MVcm™L (A) Interface states resulting from protons generated in
vides direct information on the time variation of the proton77 nm gate oxide by exposure of irradiated MOSFET's to a
distribution in the gate oxide under the influence of the ap-H,-containing atmosphere at room temperature. The electric field
plied gate voltaggand hence electric field Assuming that ~was +0.65 MV cmi * (Ref. 4. (O) and(0) interface states gener-
for short times the sheet of proton charge of den§iy- ated in 47.8 nm gate oxide MOSFET’s by protons created during

Composed Of the protons moves Wlth a VelomWT), then GOCO irradiation. The electric fields were-0.56 and +1.07
dV,/dt=Q+v(T) and MV cm™ 4, respectively(Ref. 3. The arrows indicate the time for a

50% variation,ty,.

dlgdt,Ve, T)/dt|io=—(Z/L) unVgsQu+v(T). (4 so that, using the value d®; together with the data from
Table |, we can estimat&,. We obtain the value oE,
Clearly, the temperature dependencelbi(t,Vs , T)/dtl, .o ~0.38eV, which is significantly smaller than the value of
and the electric fieldor V) dependence, if any, will be (.82 eV previously advancédor the activation energy for
contained inv(T). For simplicity we will assume that the diffusion of radiation-generated protons in SiGWe
v(T)=Rg/7 whereRy is the intrinsic hopping distance and muyst stress that our temperature measurements were per-
1/7 the hopping rate. . _ formed over a limited range of temperatui23—85 °Q so
In the first instance, the proton in the Si@etwork bonds  there will be imprecision in the determination Bf. We do
to an intertetrahedral bridging oxygen and can be treated as@t, however, anticipate the error to be as large as the factor
small pOlaron. The ]Ump rate for electric-field-assisted hop'greater than 2 Suggested by the numbers just cited.

ping is thert® The dispersive transport nature of chargpsotons and
holes in the amorphous Si© network has been well
R=1/7x[ 1/(4E kg T)*?] established:” All of the experiments involving “indirect”

detection of proton motion, which require, for example, a
reaction leading to the appearance of interface states at the
SiO,/substrate interface, suggest that proton motion through

}Nhire kB. IS Boltznt]gnnls consttaltntﬁa the acta/]atlon tenerglyt the oxide is relatively slow. In experiments where the proton
or hopping, andj the elemental charge on the proton. Plo “motion is sensed “directly” via the effect of its charge, for

ting the data from Table | in Fig. 3, we see that as afunctionexample on the threshold or flat band voltage and hence
of Vg the absolute value of the initial slope increases Withinversion’-layer current 4 [Eq. (3)], it appears orders of
voltage(equivalent to electric fieldin a logarithmic manner. magnitude more rapid gl'shis is. iIIus'érated in Fig. 4, where we
Taking the logarithm of Eq(5) we see that the slope of the show time-dependent. data for radiation-indu;:e(,j and ther-

anéd}dzit,T\/é; ’T)lligcglr:rrfr]]evg;?ésri\r;%nag)ltO::t,f r\,(\),gotr;ig: ﬂetgucemally generated proton motion. Care must be exercised in
fi' ©RB 1 Mox comparing the results from the two types of experiment
0.53<R;=0.55 nm. From Eqs(4) and (5) we have paring i P

shown since they do not sense the same quantity. For ex-
ample, from Eq.(2) we see that the threshold volta¢end
In[d14dt,Ve, T)/dt; o] hence the source-drain currehf) due to mobile charges
12 . depends upon an integral that is the first moment of the
#IN[1(4EakeT) ]~ EalksT + qERy/2KgT charge distribution at any time. The interface state density,
(6) due to the arrival of protons at the interface and a charge

X ex —(4E,— qERy)?/(16E.ksT)], ©)
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conversion of interface states, measures the time dependenceFinally, we address the problem of the atomic nature of
of [1—[p(x,T,t)dx] (where we assume the integral is nor- proton motion. In the Si@network, the intratetrahedral O-O
malized to unity at time=0). The full significance is seen if distance, or suggested shortest proton hop distanee).i26

we consider the case of charges moving as a sheet. If tH&M- In the present work we have determined that the funda-
sheet is initially at the gate electrode/oxide boundary, ndnental hopping distanceR) is at least twice the intrinsic

interface states are measured at the substrate/oxide imerfa%?—neares_t-nmghbor-o distance. Calculatibassuming the
i . ) shortest-distance hop suggest that the associated activation
until the entire charge sheet has crossed the oxide and cr

ghergy is k=E,<1.2eV, a satisfactory range of values
ated them, whereas ER) suggests that a threshold voltage given the previously assumed activation energg.82 eV.

shift (source-drain currenwill be detected immediately the The significantly lower value of activation energy obtained
weighted integral becomes finite. We therefore conclude thgh the present experiments and the larger hop distance can-
the “indirect” measurements actually sense an effective monot, then, be reconciled with first-nearest-neighbor hopping.
tion of the protons that is modulated and apparently slowedAn alternative explanation is required. The results would ap-
This is because of the localized spatial nature of the proton{ear to indicate that a lower-energy diffusion path is avail-
interface-state reaction necessary to show that the protor@le, perhaps involving O-next-nearest-neighbor-O dis-
have arrived at the interface. Intuitively we might anticipatetances (cross-ring hopping™ More detailed theoretical
that this “slowed” motion would yield an effective, higher, Studies of this point are required.

activation energy for motion, which may explain why

previous activation energies~0.82 e\) are substantially The authors are extremely grateful to Professor David
larger than the value ascertained in this w¢rk0.38 eV).  Emin of the Physics Department of the University of New
We furthermore underline that in the present work we haveMexico for helpful discussions and comments. Part of this
obtained a value for the activation energy in the early stagework was supported by the U.S. Department of Energy under
of proton motion, whereas radiation-induced proton meaContract No. DE-AC04-94AL85000. Sandia is a multipro-
surements involved the late stages of proton motion whergram laboratory operated by Sandia Corporation, a Lockheed
the full influence of the dispersive nature would be felt. Martin Company, for the U.S. Department of Energy.
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