PHYSICAL REVIEW B VOLUME 54, NUMBER 21 1 DECEMBER 1996-I

Time-resolved EPR of spin-polarized mobile H atoms in amorphous silica:
The involvement of small polarons
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Time-resolved pulsed electron paramagnetic resonéBB&® was used to study the formation and decay
kinetics of spin-polarized mobile H atoms in “wet” fused silica containir@200 ppm of SiOH groups. The
H atoms were produced using 5—-100 ns pulses of 3 MeV electrons. The EPR polarization pattern of these H
atoms indicates the occurrence of chemically induced dynamic electron polarization in spin-selective reactions
of H atoms with other paramagnetic species. The EPR kinetics observed from 180 to 530 K are independent of
the dose absorbed per pulse and exhibit fast exponential growth and slow exponential decay. The slow
component with activation energy of 15—18 kJ/mol corresponds to diffusion-controlled scavenging of H atoms
by metastable paramagnetic center8x 10" cm3) generated by electron irradiation. At room temperature,
the diffusion coefficient is 10°—10"¢ cn?/s. The fast component with activation energy of 6—8 kJ/mol
corresponds to the decay of a mobile radigah) partner of the H atom. It is argued that this partner is a small
polaron(intrinsic hole in amorphous silicalS0163-182806)07845-9

[. INTRODUCTION the low-temperature data; it also implies that the H atoms
move through the channels ia-SiO, without interaction

Annealing of metastable radiation-induced paramagnetitvith the network. The activation energy of such diffusion
centers by freely-diffusing H atoms in “wet” fused silica is must be considerably lower than the obsergag.
the prime cause of the remarkable ability of this material to  In this work, we revisit this problem and demonstrate that
withstand continuous exposure to penetrating radiation withthe diffusion of H atoms is not much faster than was esti-
out deterioration of its optical and mechanical properties. mated by Griscorft.At 180-530 K, the activation energy of
Little is known about these annealing reactions at temperdis diffusion is close to that observed at 77-120 K. The
tures above 150 K. The EPR studies on H atoms trapped &€c@y of mobile H atoms is mainly due to reactions with
77-120 K showed thatl) the decay kinetics of H atoms are metastable spin centers, as at low temperatures. The fast

dose independenthe H atoms are reacting with stable de- component in the spin polarization kinetics of H atoms ob-
fects rather than each other2) these kinetics can be served in Ref. 11 cannot be due to these slow reactions. It

fit by stretched exponential dependences H][ comes from spin—'selectiv'e reactions of H gtoms with a short—
—H ~[kt]#), typical for di ve diffusi t t _ lived paramagnetic species, whose diffusion has thre_e times

[ ]t:.OeXp( [k1]"), typica for diSpersive difiusive trans- 4 e activation energy. We speculate that these mobile spe-
port, with 5~0.37,(3) the activation energ@, of diffusion  ijes are the small polarons observed in the dc conductivity
is the same in any time regime and~<5-16 kJ/mol, both

et N _ experiments, by Hughés.
for H andD atoms?~’ This activation energy is close to the
estimate obtained using Frenkel's forméila,
Qu=Gd(dy—d)? where G=3x 10 N/m? is the elastic Il CIDEP IN RADICAL REACTIONS

modulus of amorphous Si(a-Si0,), dy is the van der In this work, mobile H atoms were observed by time-
Waals diameter of the H atonf0.32-0.36 nm®'° and  resolved pulsed EPR within I8-t0-1073 s after their gen-
d~0.3 nm is the diameter of the site-connecting channelgration in a radiolytic pulse. These H atoms exhibit nonther-
(estimated from the data on solubility and diffusion of mal population of their electron spin states caused by
atomic gases® Using his low-temperature EPR ddta, chemically induced dynamic electron polarization
Griscom estimated that the diffusion coefficiebf; of H (CIDEP).3 Briefly, there are two causes of CIDE) trans-
atoms is given byD,,=Dqexp(—Qu/kT), whereQy~17.4  fer of polarization from a short-lived triplet precursor to the
kd/mol andD,=10* cm?s, which gives an estimate of product radicalgtriplet mechanismand(ii) polarization due
D,=8%10"8 cn/s at 300 K. to spin correlation in a radical pair formed on dissociation of
We have previously reported the observation of spin-a precursor or in a random encounfeadical pair mecha-
polarized short-lived H atoms generated in the room-nism(RPM)].
temperature radiolysis adi-SiO, with ns electron pulse$. In the high magnetic field of the EPR spectrometer, only
At 300 K, the formation of polarization was complete in 5 one of the triplet states of the radical pdiy, is close to the
us. Using the estimates of radiolytic yield of H atoms from singlet stateS. Hyperfine interactionghfi) of electrons with
the data on trapped H atofnwe explained the observed rate nuclei induce rapid spin transitions between these two states.
of the formation kinetics assuming that the H atoms decay byn close pairs, the electron spin exchang@ between the
cross recombinatiofas suggested by Griscofn® with Dy, radical partners enlarges the energy gap betweers thed
in excess of 10* cnf/s. This estimate is inconsistent with T, states and slows the hfi-induced transitions down. The
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so-calledS T, RPM originates in the interplay of hfi and spin dissociation, the non-Boltzmann polarization of the triplet
exchange driven by modulation df by diffusion* In the  can be passed to the radicéisplet mechanisth The corre-
ST, RPM polarized radicals, the high and low-field halves ofsponding polarization in the fragment radicals can be emis-
the EPR spectra have opposite polarization, eiféy (here  sive (E) or absorptive §), depending on the initial polariza-

E is for emission and\ is for absorptiohor A/E, depending tion of the triplet and the sign of its zero-field splitting
on the sign ofJ and the initial spin state of the pair. In the parametet? We expect that the triplet precursor in reaction
singlet-born pairs the polarization &/E if J<0 andE/A (1) is not spin-polarized, i.e., the initial absorptive polariza-
otherwise; in the triplet-born pairs the polarization is oppo-tion in the H atoms is close to thermal.

site in phase. Th&T, RPM polarization in pairs formed in

random encounters of radicals depends on the spin sorting: if Il. EXPERIMENT
the singlet pairs recombine faster, as is usually the case, then ) )
the polarization isE/A (for J<0). The EPR spectra were obtained at 9 GHz using a pulsed

In encounters of H atoms with other radicals, 8@,  Microwave(uw) bridge described elsewhefe.g., Ref. 1§
RPM results in the EPR spectrum of H atoms in which theo—100 ns pulses fro a 3 MeV Van de Graaff electron ac-
Ms=+1/2 line is in emission and thsl,=—1/2 line is in ~ Celerator were used to radiolyze tud&D 6 mm) or rods(4
absorption. According to th&T, RPM theory, these two Mm) made of Suprasil [3x10" cm™® SiOH groups. The
lines should have approximately equal intensitfhe asym- ~ repetition rate of the electron pulses was varied from 60 Hz
metry ~AgugBo/Ay results from the differencAg intheg ~ t0 720 Hz to keep the average current ofu. The time
factors of the H atoms and their partnétayhere A,~51  resolution in our experiment was10 ns: the ring down time
mT is the hfi constant of the H atonag is the Bohr's mag-  Of the EPR spectrometer was 0.444. The suprasil samples
neton, andB,~0.3 T is the magnetic field of the spectrom- Were inserted in a sapphire jacket; compressed dry air was
eter. passed at the rate of 1—3 dmin through the sample assem-

Additional spin polarization of H atoms via RPM is bly to regulate the temperature from 90 K to 550 K. On
caused by hfi-driven transitions in the region of avoidedradiolysis, sapphire does not yield EPR signals with2, so
crossing between the singleB)(and the lowest triplet state the EPR signals were observed from the Suprasil sample
(T_) in radical pairs(ST_ RPM, J<O 15 The ST mecha- only. To observe thg EPR signals f_rom H atom; we either
nism yields theM ;= +1/2 line in emission £+ E/A). Inthe ~ used 90°+180°- spin echo(where 7 is the delay time be-

continuous diffusion model, th& T, RPM polarizationpsy ~ tween 90° and 180° microwave pul$es integrated a part of
«[Ayrp]¥? and the ST. RPM polarization psr the free induction decayfFID) detected after the excitation

) ) o with a single 90° pulse.

(Au2/Bg)7p, Where 7,=R, /Dy is the lifetime of the A typical experiment was performed with 20 nC electron
contact raolllscal pair an®y is the radius of the closest ises at the repetition rate of 120 Hz. Using the stopping
approacht*!® From these formulas, the ratipst /pst,  power of 1.64 MeV criig and linear energy transfer3.8
should decreasewith temperature(that is, Dy;). This was  MeV/cm/electront® the sample-averaged dose rate is 0.8
observed in many radical pair systefis. kGy/pulse. This strong flux of electrons results in the forma-

In a-SiO,, however, the relative weight of tH&T_ polar-  tion of stable paramagnetic centers, such Eds centers
ization in H atomsincreaseswith temperaturgsee below. (=Si-*Si=) (Ref. 20 and oxygen hole centers=SiO.),'’
This peculiar behavior can be qualitatively explained inwhoseg factors are close to 2. Their EPR signal reaches the
terms of the site-to-site migration of the H atoms in glassessteady-state level after a cumulative dosé1£5)x10° Gy.
The ST_ transitions are effective only withint0.05 nm  The total concentration of stable paramagnetic centers was
from the point where theS and T_ terms cross. In low- determined by correlation df, the decay parameter k-
temperature glass, these sites may not be accessible for 4. - spin echo from theE!, centers E(7)=exp(—2b7), with
atoms. By contrast, th&T, polarization is formed in the the fiip angles.?! For instantaneous spin diffusion caused by
region where the spin exchangebetween the H atoms and  gipole-dipole interactions of paramagnetic centers
their partners is less thal, ,** which is a large sphere ca. 2
nm in diameter. Since a typical diameter of the void in b=const+ 472/9V3(gug)>NgSir?(6/2), )
a-Si0, is d~0.3 nm® there are many sites inside this sphere ) ] ) )
that are accessible to H atoms and, thereforeSmHeRPM is where Ny is the number den5|ty7 of §g|n centers._ From this
always efficient. As the temperature increases, the networfermula we found_thaNsw3><101 cm . A comparison be-
starts to breathe, and theST_ crossing” sites become more fWeen the ESR signals from metastable spin centers and H
accessible to the H atoms. Since the diffusion of H atoms a@toms mdma:_)tes E@at the maximum magnetization of H atoms
these higher temperatures is still rather slow, the hfi-induce#$ ~1-9%X 10" cm™® Boltzmann units(for the 20 nC pulse
transitions occur before the H atoms leave the active site/Sing the reporte@ value of 0.02 trapped H atoms per 100

and theST_ RPM is efficient. eV® the initial concentration of H atoms is estimated as
In a-Si0;, the most likely precursor of the H atoms is the ~2X 10" cm . Taking into account the uncertainty of these
=SiOH group interacting with free triplet excitons: estimategwhich can be~2-3 timeg, we can only conclude

that the spin polarization due to RPM is not greater than

=SiOH + 3exciton-3=SiOH—=Si0- + H. (1)  Several Bolzmann units.
In Ref. 11 we reported that the EPR kinetics were depen-
If the spin-lattice relaxation in the triplet occurs prior to its dent on the dose absorbed per radiolytic pulse. This result
dissociation, the polarization in the radicals is 4/3 of thewas interpreted in terms of the cross recombination of H
Boltzmann polarizatio® If the relaxation is slower than the atoms. In this study it has been determined that the kinetics
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are actually dose independent at any temperature, but in
some samples the kinetics are dependent oavieeage dose

rate. Apparently, in those samples there is a relatively long-
lived metastable spin center reacting with H atoms; the "
steady- state concentration of this center depends on the dose

rate but not the doseer se In most of the samples, the

kinetics are independent both of the dose per pulse and the e- MW o M=-1/2
dose rate(providing that the cooling of the sample is ad- M=+1/2 k r £ i
equate. Ek

To measure the tim&@,; of spin-lattice relaxation for H e V
atoms, an inversion-recovery experiment was perforfidd.
short 180°uw pulse was applied at a delay tirhg, after the B

radiolytic pulse in order to invert the longitudinal magneti-
zation M (t) of the H atoms. Due to the spin-lattice relax-
ation, this magnetization quickly recovers. This recovery was Abs.
measured by integration of the FID detected after excitation
with a 90° uw pulse(applied at a delay timeafter radiolytic

pulse. The curves obtained with and without the 180% Em. W

pulse were subtracted, and the difference tradteg(t) were
fit by

Mredt) =2M(t)exd — (t—tig0)/T1]. )

In these experiments, the 180° pulse was applied at the fall-

ing part of the kineticgas shown in Fig. § so thatM (t) was 04 mT
approximately exponentidkee below. x2
178 K "
IV. RESULTS
The EPR signals of H atoms indicate the occurrence of

CIDEP (Fig. 1). The EPR spectra obtained below 220 K
immediately after the radiolytic pulse exhibit the EfA FIG. 1. EPR spectrd9 GH2 of mobile H atoms in “wet”
pattern(Fig. 1 bottom. The E/A contribution is certainly due a-SiO, observed at=50 ns after the end of the 100 ns electron
to ST, RPM, which suggests that the H atoms have a triplebeam puls€178 K to 400 K. The spectra are obtained by boxcar
precursor to account for the excess absorption. This absorprtegration(BC) of free induction decayFID) following the exci-
tion cannot be due t&T, or ST RPM. No known spin tation of H atoms with 90° microwave pulsés30 ns widg. The
center has g factor sufficiently different from that of the H oscillations in the field domain are due to transient nutation of the
atoms to provide for the asymmetry more than 5%, whereagagnetization. The splitting between thig=+1/2 (low-field) and
the asymmetry observed at 190 K is ca. 15%. Thus we beMs=—1/2 (high-field lines is 51.4 mT(these two lines were
lieve that the absorption is due to a transfer of thermal poScanned individually The exact field positions of thil ==x1/2
larization in dissociation of triplet=SiOH groups[reaction ~ résonances are shown by shadows; these signals were used to ac-
(1)]. At higher temperatures the pattern gradually changegu're_the_ EPR kinetics. As the temperature increasesEtier A
from E/A+A to E/A+E (Fig. 1, from the bottom to the polarization pattern transforms to tl#A+ E pattern.
top); at 400 K the asymmetry is ca. 35%. The most likely . 1 1
explanation of the emissive polarization is that at thesePove 350 K,bg increases from 1210° s to 2x10° s
higher temperatures tH&T_ mechanism becomes operative. &t 500 K(Fig. 2). The decay parametérof spin echo in the
Indeed, the net emission can be observed many microseg-domain exhibits the same behavior.
onds after the radiolytic pulse which suggests that this polar- 1his dependence can be understood in terms of two con-
ization is formed in random encounters of H atoms with spintfibutions to the phase relaxation in H atoms caused by mag-
centers, similarly to the long-ter®T, polarization. The lat- n_etlc |r_1teract|qns with metastable spin centers. For_ dlp_ole—
ter contribution can be extracted by subtracting the intensitfliPole interaction, the rate constant of phase relaxation is
of Mg=+1/2 line from the intensity of thé1,=—1/2 line.
Only these multipleS_(t) kinetics will be considered in the Toq ' [(gue)?n]?NeRy ~?Dyy ! 4
following.

The spin echdS_(t) kinetics do not evolve in the do-  (the proportionality coefficient depends on the model of
main; the normalize_(t) kinetics obtained by integration diffusion).?® For exchange interactict,
of different parts of the FID are also the same. The phase
relaxation in H atoms does not depend on their concentration T, 1=27RyDyNs. 5)
and is determined by magnetic interactions with metastable
spin centers. Following the 90%w pulse excitation, ThusT,y ! decreases anfl,, ! increases wittD, (that is,
FID « sin(Qt)exp(—bgt). Below 350 K,br decreases from temperaturge From Egs.(4) and (5), we estimate that the
3.5x10° s ! at 230 K to the minimum value of 1:210f s™X.  diffusion coefficientD,, at 350 K must be~10"° cn/s.
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FIG. 4. Arrhenius plot for the fast and slow components of

FIG. 2. Temperature dependence of the decay fdgtoof FID ) I o A
biexponential fits to th&_(t) kinetics (the same sample as in Fig.

(the rate of phase relaxatipfor H atoms in “wet” a-SiO,, mea-
sured att=1.25 us andt=5 us after radiolytic pulse. At lower 2).

temperatures, the phase relaxation is dominated by dipole-dipole , . . S . .
interactions with metastable centers dnddecreases wit,, . At which is close to the activation energy of H atom diffusion as

higher temperatures, the electron spin exchange is fasterband d€términed Dby low-temperature E'%F?' The in_vlersion-
increases wittDy, . The difference in theby for different delay ~ '€COVery EPR experiment&ig. 5 indicate thatT , “~2ks

timest of the 90° uw pulse(at T>350 K) is due to attenuation of OVer the entire temperature range. Apparently, Theelax-
FID by the decay of H atoms. Immediately after the radiolytic ation of H atoms is due to electron spin exchange with meta-

pulse, the H atoms decay faster than later in time, due to reactiorgable centers whose polarization is thermal. The factor of 2
with short-lived polarongsee the text is expected since recombination occurs only in singlet en-
counters(1/4 of encounters are reactjyavhereas the spin
The signal from polarized H atoms grows linearly with €xchange occurs in eveiys and fa encounter(that is, in
the radiolytic dose absorbed per pulse. At any temperature’l,/Z of encountels Our observations indicate that the slow
the kinetics can be fit by two exponential functions stretchingcomponent in the kinetics is due to diffusion-controlled re-
over 2—4 decades in timéFig. 3. Figure 4 shows the actions of H atoms with scattered metastable spin centers.
Arrhenius plot for the fast and slow componerfwith  Using the equatioks= 7R,DyNs, whereR;;=0.2-0.5 nm,
pseudo first-order rate constarks andk;). The activation ~We obtained; which are~10 times greater than estimates
energy of the slow component is 15—18 kJ/nfthle uncer-  given in Ref. 4.

tainty is mainly due to the sample-to-sample variations The fast formation component with_the activation energy
of 6—8 kJ/mol cannot be explained in terms of geminate
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FIG. 3. NormalizedS_(t) kinetics as a function of temperature FIG. 5. Inversion-recovery EPR experiment with tig=—1/2
(55 ns electron pulse, FID detectiorA pseudologarithmic sweep line of H atoms in “wet” a-SiO, at 300 K. The inverting 180%w
of delay timet was used to obtain these kinetics. The solid linespulse is applied atg5=5 us after a 20 nC radiolytic pulse. The
drawn through the points are biexponential fitsS_(t) recovery of magnetizatiol .{t) due to spin-lattice relaxatiofthe
=exp(—[kt]#){A—Bexp(—[kt] #)} with B=1. Using stretched ex- difference trace, broken linavas observed by scanning the 9@%
ponential functions with3~0.8—0.9 and corrections for thi, re- pulse and integration of FID using a boxcar averager. The recovery
laxation further improve the fit quality. is exponentialM {t) = M (t)exd —(t —t1g9/T1], with 1/T~2ks.
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recombination of H atoms witk=SiO- centers and must kJ/mol for the activation energy of hopping. However, his
involve some short-lived paramagnetic species. This speciaata can be fit using the estimate of 8.2 kJ/mol obtained from
(P) need not have very high mobility in order for the forma- the studies on dielectric relaxation in “smoky” quartz, in
tion kinetics of polarization to be fast, or the activation en-which the hole hops between the bridging oxygens at the
ergy to be low, as long as the concentratiorPa high and  aluminum centef® The latter estimate is close to our result.
its lifetime is short. Since the elimination of radicddscom-  Our estimate is also close to 7.7 kJ/mol obtained for diffu-
petes with their(relatively slow reaction with H atoms, the sive migration of short-lived relaxed excitons in crystalline
latter are polarized with the rate equal to that of the decay oénd vitreous SiQ.*°
their partners in a side reaction. Assuming that the decay of McLean has proposed that the reaction of small polarons
H atoms and their partners is pseudo-first order and the fowith H atoms in the oxide layer of MOS structutés
mation of ST, polarization is second order, one obtains
H + =Si—0-"S= — =Si-OH"—Sk&= (9)
dMy /dt=kKyppup[ P1+Ksppc—T1 H(My—1), (6) : . .
yields slowly-hopping protons whose accumulation in the

d[P]/dt~—k[P] (7) Si/SIG, interface compromises the performance of electronic
’ devices’>~3*If our assignment of the partner of H atoms is
d[H]/dt=~—kJH]=—kycNJH] ®) correct, spin-sorting reactiof®) also polarizes the H atoms.
S Sl ]

Assuming that the scavenging radius of small polarons by
where My, is the polarization per H atorfin the units of neutral defects is 0.2 nm and using the mobilities given by
thermal polarizatiop kp andk,c are the rate constants of Hughes? we estimate that the concentration of polaron-
encounters of H atoms witR and metastable center€),  trapping defects is ca. ¥cm 3, which is close to the con-
pup and pyc are theST, polarizations per encounter. The centration of=SiOH groups.

EPR signalM(t)«My[H]. Equations(6)—(8) account for It has been suggested that in radiolysis of “wet” silica the
the observed bi exponential kinetics in thelomain. H atoms and oxygen hole centers are produced mainly in

The “tails” of the EPR kinetics in Fig. 3 can be simulated reaction(1).}’ In this case one needs to assume that only
with better accuracy if the exponential functions are replacegbaired =SiOH groups can fragment, since in “wet” silica
by exp(—[Ks t]?) with g8 increasing ad/Tg, Tg=~300 K, every oxygen hole center includes a neighboring proton. The
at T<Tg. In hydrogenated amorphous silicon the dispersioralternative mechanism considered by several authors is the
parameter3 was also found to increase &/Tg, with  reaction of=SiOH with mobile holege.g., Robertsof):
Tr=600 K2*

=Si—0-"S= + =Si—OH

V. DISCUSSION — =Si—OH"-S&= + =Si—0- (10)

The thermal activation energy of 6—8 kJ/mol correspondsyr results indicate that reactiqt0) may indeed occur in
to the energy of a single phonon. The only paramagneu%_Sioz_

species which are relatively long-lived, mobile, and have low
activation energies of diffusion are hopping charges. Since
electrons ima-SiO, are rapidly trapped in deep wefl3?°the

only candidate is the intrinsic hole, i.e., a small polaron. At 180-530 K the H atoms ia-SiO, are not particularly
Only polarons can have the initial concentration comparablenobile. At 300 K, the diffusion coefficient of H atoms is on
to that of the metastable centers, which explains why thehe order of 10°-10 ¢ cn/s, and the activation energy of
formation of ST, polarization in theH + P encounters is pre-  this diffusion is 15—18 kJ/mol. The slow decay of H atoms
dominant. Our supposition is corroborated by the followingobserved on the time scale of 1%to-10"2 s is due to
observations. diffusion-controlled reactions with dispersed metastable spin
(1) The onset for the observation of polarized H atoms iscenters. The paramagnetic relaxation in mobile H atoms
170-180 K, though the EPR signals from trapped H atomsghoth spin-spin and spin-lattités due to magnetic interac-
appear only below 150 K. According to Griscdmself-  tions with these centers.
trapped hole$=Si-O- "Si=) in EPR spectra of X-irradiated  Rapid formation of spin polarization in H atoms must be
a-Si0, and the holes trapped in the oxide layers of Si-basedue to their encounters with some abundant short-lived para-
metal-oxide-semiconductdMOS) structures anneal at 180 magnetic species. The decay reactions of these species ex-
K. No other spin centers iy-irradiateda-SiO, have anneal-  hibit rather low activation energy of 6—8 kJ/mol. We present
ing temperatures below 300 K2 several arguments that the radical partner of the H atoms is a
(2) Hughes studied the mobility of small polarons in MOS small polaron and that the nonthermal polarization is gained

structures and detgrmined that this me”'Wéb:_2><.1075 in spin-selective reactio9). The fast decay of small po-
cn?/V s(Dp~5x10"7 cnf/s) at 300 K while the lifetime of |arons can be explained in terms of their trapping by

small polarons is-70 ns(increasing to fis at 175 K.!* This  =Sj-OH defects via reactioflL0).
lifetime is controlled by impurity and defects; in the bulk of
fused silica the concentration of traps is much less than in the
“steam” oxide layers studied by Hughé$The mobility of
small polarons abruptly changes at 180(¢a. 1/3 of the We are grateful to Dr. D. M. Bartels and Dr. D. W. Werst
Debye temperature foa-SiO,) in full accordance to the for stimulating discussions. This work was supported by the
theory of Emin?® Hughes gives a preferred value of 13.5 BES DOE Contract No. W-31-109-ENG-38.
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