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Hydrogen migration in doped and undoped polycrystalline and microcrystalline silicon

N. H. Nickel and I. E. Beckers
Hahn-Meitner-Institut Berlin, Kekuggr. 5, 12489 Berlin, Germany
(Received 29 March 2002; published 26 August 2002

Hydrogen diffusion in phosphorous and boron doped polycrystalline and microcrystalline silicon was inves-
tigated by deuterium diffusion experiments. Deuterium concentration profiles were measured as a function of
temperature, deuterium, and dopant concentrations. The effective diffusion coefficient is thermally activated
and varies from 0.01 to 1.69 eV in response to changes in the deuterium and dopant concentrations. This
variation is accompanied by a change of the diffusion prefactor by more than 15 orders of magnitude and is
even consistent with results reported on H diffusion in hydrogenated amorphous silicon. Using the theoretical
diffusion prefactor the ener@fA required to yield the diffusion coefficient was calculatgq.reveals a Fermi
energy dependence similar to that of the formation energy'ofiRid H in ¢c-Si. Based upon the experimental
data a unified microscopic model for H diffusion is proposed.
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[. INTRODUCTION trations, the substrate temperature, and the H concentration.
We find that the diffusion activation energ,, depends
Although polycrystalline silicon(poly-Si) is used in a significantly on the Fermi energy and the H concentration.
wide range of applications ranging from thin-film transistorsE, varies between 0.01 and 1.69 eV, which is accompanied
to solar cells one of its major drawbacks is a high defecby a change of the diffusion prefactor by more than 15 orders
concentration after growttthat makes it unsuitable for elec- of magnitude.
tronic devices. These defects, predominantly located at The paper is organized as follows: Sec. Il briefly de-
grain-boundaries, govern the electrical properties of poly-Siscribes the sample preparation and the hydrogen passivation
Grain-boundary defects were detected by electron spin resgrocedure. Deuterium concentration depth profiles measured
nance and identified as silicon dangling boAdE obtain by secondary-ion-mass spectromet®yMS) are presented in
technologically useful material these defects must be passBec. lll. The implications of the data for H diffusion in dis-
vated. Commonly, this is accomplished by exposing poly-Siordered silicon are discussed in Sec. IV. Finally, Sec. V sum-
to a hydrogen plasma at temperatures below 500 °C. Themarizes the main conclusions of this article.
incorporation of hydrogen improves the electrical properties

of poly-Si films and devices, for example, by increasing the II. EXPERIMENT
carrier mobilities and reducing leakage currettts.
Most of the previous research devoted to hydrogen in A. Samples
poly-Si was focused on the optimization of the H passivation 1. Polycrystalline silicon
conditions. A variety of hydrogenation sources and tech- i i ) ,
niques such as electron-cyclotron resonafE€R) plasma, The experiments described in this paper were performed

proton implantation, and electrochemical techniques wer@n Phosphorous and boron doped poly-Si films. The samples
examined® An enhancement of the hydrogenation efficiency W€® pr(_epared by the fo!lowmg procedure. Undqped amor-
was reported after postultrasound treatmrasd post- p_hpus silicon was depos¢ed on quartz and on _smgle-crystal
vacuum annealsBoth treatments release H that is not boungSilicon wafers covered with a thin thermal oxide by low-
to pre-existing Si dangling-bondsSubsequently, these H at- Pressure chemical vapor deposititPCVD) to a thickness

oms can be captured by deep H trapping sites at graian 0.3 um. Subsequently the samples were crystallized by a

boundaries lowering the grain-boundary defect concentrafurnace anneal in nitrogen atmosphere at 600 °C. Doping was

tion. achieved by multiple phosphorous or boron implantations.

Hydrogen passivation of poly-Si is governed by the dif- The dopants were f':\ctivated in a 30 min furnace anneal at
fusion properties of H atomisPrevious investigations on H 900 °C. Secondary-ion-mass spectroméB8yMS) measure-
diffusion in undoped poly-Si revealed that the diffusion pro_ments showed that the dopant concentrations are constant
cess can be explained in terms of a two-level mbdeht with sample thickness. According to transmission electron
originally was developed to describe diffusion in hydroge-TMiCTOSCOPY(TEM) the resulting poly-Si films are composed

nated amorphous silicdh° Applying the two-level model, of randomly oriented grains with an average grain size of

information on the H density-of-states was obtained. A dis-120 NM.

tribution of shallow and deep traps was found at 0.5 and
1.5-1.7 eV below the transport level, respectiely.

In this paper, the influence of dopants and thus the Fermi Electron-cyclotron resonance chemical vapor deposition
energy on hydrogen transport properties in poly-Si and mi{ECRCVD) was used to prepare microcrystalline silicon.
crocrystalline silicon is investigated. Hydrogen diffusion wasNominally undopeduc-Si and P and B doped specimens
studied as a function of the phosphorous and boron concenvere deposited at a substrate temperature of 325 °C using a

2. Microcrystalline silicon
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hydrogen dilution of silane of 98%. Doping was achieved by 10" — 3
premixing silane with either B45 or PH;. SIMS measure- E [P =10 em® 3
ments showed a doping concentration of approximately 7 10°] Tz CO ]
10?° cm~2 for P and the B dopegc-Si. According to Ra- g BN 350 3
man measurements all samples used for this study revealed a .§ 1020 N ]
crystalline fraction of approximately 68%. High-resolution g ]
TEM micrographs showed that the specimens were com- g o0l N ]
posed of columns with a diameter of approximately 100 nm. 8 - orfe
These columns are composed of single crystal grains with an § Wl 1
average grain-size 6£15 nm. £ E
2ol
B. Hydrogen plasma exposures E . 3
[ x,~24nm NN
Hydrogenation was performed by exposing the samples to e
monatomic hydrogen generated in an optically isolated re- 0.0 01 02 03 0.4
mote plasma. The samples were given a metal-oxide- Depth (um)

semiconductor grade detergent cleaning, and the native oxide
Wa_s rer_nrﬁved gwth d'IUtIe HF to avoid a t:jarrler to H |nc_orp}_c|)- line silicon (solid line9 doped with a phosphorous concentration of
rafion. Then the samples Were. exposed to monatpmlc a.LtO16 cm 3. The specimens were exposed to monatomic D for 5 min
elevated tempe_rature_s. TF’ obtain data at low and high hydr%{t the indicated temperatures. The dashed lines depict a least-
gen concentration diffusion the samples were exposed 19y ares fit to the convolution of an erfc with the SIMS depth reso-

monatomic H with and without a stainless steel mesh in thgtion function(Ref. 9. The dotted curve sketches the accumulation
gas stream, respectively. For SIMS analysis deuterium wags deuterium close to the sample surface.

used as a readily identifiable isotope that duplicates hydro-

gen chemistry. Since no significant difference in hydrogercontrast to previous diffusion studies on undoped poly-Si,

and deuterium transport has been found, the terms hydroggzhere an increase of the passivation temperature was accom-

nation_ and. deute_ration will be used interchangeably in th‘i)anied by a decrease 6f .8 However, this is not related to

following discussion. the presence of dopants but to the difference in the hydroge-
nation time. In Fig. 2 the deuterium surface concentration is

Ill. RESULTS plotted as a function of the deuteration tinbéWith increas-
ing deuteration timeC, increases until the H chemical po-

) . ) . Yential in the plasma equilibrates with the H chemical poten-
varying the following parameters: the degree of disorder. | . Do . )

: . tial in the poly-Si film. At a temperature of 200 °C this
(poly-Si or pc-Si), the dopantéboron and phosphoroliand ccurs after an exposure for 900 s. At lower temperatures the
their concentration, the deuterium concentration, and th%?I u xposu ' W P u

substrate temperature. Results obtained on poly-Si and mjime t0 reach the equilibrium increases since the equilibra-
crocrystalline silicon are presented in Secs. Il A and 111 B, 0N Process is governed by diffusion. Hence, a decrease of
respectively. Within each of these sections, the influence ofo With increasing temperature is expected for longer passi-
the deuterium and doping concentrations on H diffusion is/ation times {=>2000 s) similar to that observed for D dif-
presented. fusion in undoped poly-Si.

FIG. 1. Deuterium concentration depth profiles in polycrystal-

The results presented in this section were obtained b

R 107 ¢ .
A. Polycrystalline silicon E TCC

1. High deuterium concentration diffusion 200 ]

a. Phosphorous doped poly-SiTypical deuterium con- /9/_r
centration profiles in phosphorous doped poly-Si are shown
in Fig. 1. The samples were exposed to monatomic deute-
rium for 5 min at the indicated temperatures. With increasing
substrate temperatur€,;, deuterium diffuses deeper into the
bulk. At low temperatures the deuterium concentration de-
creases exponentially with depth with a characteristic slope
of Xg=~24 nm. At T,=206 °C the deuterium concentration
decreases according to a complementary error function, erfc. el .
Within the first 50 nm the deuterium depth profiles exhibit a 0 500 1000 1500 2000
surface peak indicated by the dotted curve in Fig. 1. In phos- t®
phorous doped poly-Si the D accumulation in the near- g, 2. Deuterium surface concentratiaBy, as a function of
surface region is attributed to the presence of deuterium stahe deuteration time for the indicated substrate temperatures. The
bilized platelets™*2 The increasing temperature also resultspoly-Si films were doped with a phosphorous concentration of
in an increase of the D surface concentratiég, Thisisin 10 cm™3,

C, (em?)
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FIG. 3. Deuterium concentration depth profiles in poly-Si doped  FIG. 4. Effective diffusion-coefficienD ., as a function of the
with the indicated phosphorous concentrations. The specimens wereciprocal temperature for higlopen symbolsand low(solid sym-
exposed to monatomic D for 5 min at 350 °C. The dashed line$ols) D concentration diffusion. The squares, circles, and triangles
depict a least-squares fit to the convolution of an erfc with the SIMSepresent diffusion coefficients in phosphorous doped poly-Si with
depth resolution functiofRef. 9. The arrow indicates the interface P concentrations of #f 107, and 108 cm™3, respectively. The
between the poly-Si layer and the substrate. diamonds represem 4 in undoped poly-Si from Ref. 8.

The influence of the phosphorous concentration on the & min. At low hydrogenation temperatures< 206 °C) the
concentration depth profiles is shown in Fig. 3. Simulta-p depth profiles decay exponentially with depth with a char-
neously, the samples were exposed to monatomic D &cteristic decay length of approximately 27 nm. At higher
350 °C for 5 min. The poly-Si film doped with a phosphoroustemperatures the depth profiles decay according to an erfc.
concentration of 1 cm2 reveals the highest D concentra- This behavior is similar to D diffusion in phosphorous doped
tion at the poly-Si/substrate interfacarow in Fig. 3. With poly-Si. However, deuterium diffusion in B doped poly-Si is
increasing P concentration deuterium diffusion decreases anghhanced compared to diffusion in P doped samfies-
specimens doped with a P concentration of'1@nd  pare Figs. 1 and)5In Fig. 6 the temperature dependence of
10'* cm® reveal identical D depth profiles. A similar but the D concentration depth profiles is shown for poly-Si films
more pronounced influence of the doping concentration ORjoped with a boron concentration of #@m3. The data
deuterium diffusion in single crystal silicofc-Si) was re-  show that an increase in the boron concentration results in an

ported previously’ As an explanation Herring and enhancement of the deuterium diffusion. It is interesting to
Johnsof® suggested that as the doping concentration in-

creases, the surface concentration of the dominating diffu- v
sion species decreases since more and more hydrogen inter- [B] =10' em”
acts with dopants and forms complexes. T 107

The effective diffusion coefficientD s, and the deute- ) N
rium surface concentration were obtained from least-squares 5 00
fits of the data to the convolution of a complementary error g
function and the resolution function of the SIMS analysis. £ 105l
In Fig. 4 the effective diffusion-coefficient is plotted as a S
function of the reciprocal temperatutepen symbols D . é 107 L
shows an apparent activation energy varying betwEgn £ NRWN
=0.26 and 0.35 eV. An increase of the phosphorous concen- = 10 VN
tration from 16%to 10'® cm™2 does not result in a significant F % ~om v
change oft,. Compared to deuterium diffusion in undoped 105 X" L,
poly-Si (open diamonds® the presence of phosphorous re- 00 o1 02 03 04
sults in a decrease &, by about 0.3 eV. Moreover, P dop- Depth (pm)

) o 8 o .
ing of poly-Si results in an enhancementiq, €.g., in P FIG. 5. Deuterium concentration depth profiles in boron doped

doped poly-Si the gﬁectlve dlffuspn-coefflment excelsy poly-Si (solid lineg. The boron concentration amounts to
of undoped material by approximately a factor of 25 atjyis ;-3 The specimens were exposed to monatomic D for 5 min
250°C. at the indicated temperatures. The dashed lines depict a least-

b. Boron doped poly-Si: Deuterium concentration depth squares fit to the convolution of an erfc with the SIMS depth reso-
profiles in boron doped poly-Si are shown in Fig. 5. Thelution function (Ref. 9. The dotted lines indicate the exponential
specimens were deuterated at the indicated temperatures fidecays with a characteristic length xaf~27 nm.
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FIG. 6. Deuterium concentration depth profiles in poly-Si doped  FIG. 7. Effective diffusion-coefficienD ¢, as a function of the
with a boron concentration of #®cm™3. The samples were ex- reciprocal temperature for higlopen symbolsand low(solid sym-
posed to monatomic D for 5 min at the indicated temperatures. 0ol D concentration diffusion. The squares, circles, and triangles

represent diffusion coefficients in boron doped poly-Si with B con-
note that the specimen deuterated at 158 °C revadd ac- centrations of 18, 10", and 168 cm™2, respectively.

cumulation in the near-surface region similar to that of phos-

phorous doped specimens. In this case, however, the D agoncentration by about two orders of magnitude which is
cumulation is not due to the presence of platelets sincégndependent of the phosphorous concentration. Furthermore,
platelets are only observed in undoped ametype the deuterium concentration profiles decay exponentially
material*>*?In case of boron doped poly-Si the D accumu-with depth with a characteristic slope &=34 nm. The
lation in the near-surface region could be due to the formaeecrease of the D concentration is accompanied by a de-
tion of other deuterium complexes such as interstitial mo-crease of the effective diffusion coefficient by a factor of
lecular D, or B-D. 5-7. Similar results were obtained at lower deuteration tem-
The temperature dependence Df; for various boron peratures. The temperature dependencP gfis shown by
concentrations is shown by the open symbols in Fig. 7. Théhe solid symbols in Fig. 4. The effective diffusion coeffi-
apparent activation energy 6.4 decreases frork,=0.34  cient is thermally activated with an activation energyEof
to 0.12 eV as the B concentration increases from16  =0.1-0.14 eV. Compared with low D concentration diffu-
10'8 cm™3. The decrease of the activation energy with in-Sion in undoped poly-Sisolid diamonds in Fig. Aphosphor-
creasing doping concentration is more pronounced in boroRUS doping results in a decreasefof by approximately 1.6
doped poly-Si than in phosphorous doped material. AIso,eV'
comparing the effective diffusion coefficients for P and B
doped poly-Si reveals thdD.; in p-type samples exceeds 107 ¢ ' '
D in n-type samples by about a factor of 3¢d&pen circles
and triangles in Figs. 4 and.7These results indicate that the
presence of either free electrons or holes plays an important
role in the microscopic diffusion process of hydrogen.

T=350°C

2. Diffusion from an attenuated plasma

In the diffusion experiments discussed in the previous
section, a change in the deuterium concentration occurred
always in conjunction with a change in the deuteration tem-
perature. In order to study the influence of the deuterium
concentration on the diffusion properties separately, the D
surface concentration, and thus the D flux into the speci- 10‘500 o PR o
mens, was attenuated by inserting a stainless steel mesh into ’ ) Do th )
the monatomic deuterium flux. In Fig. 8 the curves labeled pth ()

“attenuated” represent typical D concentration depth profiles k|G, 8. Deuterium concentration depth profiles in undoped and
in phosphorous doped poly-Si obtained a5 min expo-  p doped poly-Si after a plasma exposure for 5 min at 350 °C. The
sure to an attenuated deuterium plasma at 350 °C. The curvegrves labeled “normal” display the D concentration profile after a
labeled “normal” represent D depth profiles in P-doped andstandard plasma exposure, and the profiles labeled “attenuated”
undoped samples without attenuating the deuterium flux. Atwere obtained by attenuating the D flux into the specimens using a
tenuation of the D flux results in a decrease of the D surfacstainless steel mesh.

Deuterium concentration (cni’)
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FIG. 9. Deuterium concentration depth profiles in boron doped F|G. 10. Deuterium concentration depth profiles in undoped

poly-Si after a plasma exposure for 5 min at 350 °C. The curve,c_sj. The specimens were exposed to monatomic D for 4 min at
labeled “normal” displays the D concentration profile after a stan-tne indicated temperatures.

dard plasma exposure, and the profiles labeled “attenuated” were

obtained by attenuating the D flux into the specimens using a stain- . . . .
less steel Xwesh g P g "B-concentration diffusion. The D concentration decays expo-

nentially with depth and with increasing passivation tem-

. . e . perature the characteristic slopgg increases from=25 to
Identical low concentration diffusion experiments were o0 hm

carried out in boron doped poly-Si samples. D depth profiles, , . L
The accumulation of D in the near-surface region is simi-
measured after an exposure to an attenuated D plasma I%tr to that observed fan-type poly-Si(Fig. 1) suggesting the
350°C for 5 min, are plotted in Fig. 9. Similar to P doped ype poly g- 99 9

samples the D surface concentration decreases by aboutPsesence of H_ §tabi|ized platellets. Thi:?‘ is consistent with
orders of magnitude. However, only for the lowest boron™-tYP€ conductivity and a Fermi energy in the upper half of
concentration the depth profiles exhibit an exponential deca§’® Pand gap typically observed in nominally undoped
with xo~18 nm. With increasing B concentration the deute-4C-Si. The fast diffusion component at low D concentra-
rium concentration in the bulk of the specimens increasefons most likely is due to the structural composition of the
and the depth profiles decay according to an erfc with deptisamples. While grain boundaries act as efficient sinks for H
This is accompanied by an increaselnf; with increasing B~ and diminish the diffusivity;'®> microcrystalline silicon, and
concentration. The concentration dependenc®gfis less LPCVD-grown poly-Si consist of columnar grains that act as
pronounced in boron doped material than in phosphoroudiffusion pipes due to a lack of grain boundaries perpendicu-
doped and undopégboly-Si. From the data presented abovelar to the columné.

it can be concluded that the concentration dependenbgpf The temperature dependence of the effective diffusion co-
is important for understanding the microscopic processes thaifficient is shown by the open triangles in Fig. 11. High
govern H diffusion in disordered silicon. concentration H diffusion reveals an activated behavior with

E,~0.29 eV for nominally undopegkc-Si. Because the
samples shown-type conductivity, with a Fermi energy of
E.—Er~0.3 eV, the activation energy has to be compared
1. High deuterium concentration diffusion with E, of P-doped poly-Si. In poly-SiFig. 4) E, decreases
a. Undoped microcrystalline silicon: The influence of from 0.35 to 0.26 eV with increasing P concentration. These
the host material on hydrogen diffusion properties was invesvalues are similar t&, for high H concentration diffusion in
tigated by repeating the diffusion experiments in microcrys-nominally undoped microcrystalline silicon.
talline silicon (uc-Si). The main differences to poly-Si are  b. Phosphorous doped microcrystalline silicorDeute-
the crystalline structure and an average hydrogen content efum concentration depth profiles in phosphorous doped
6.5 at. % in the as-grown materi4l. uc-Si are shown in Fig. 12. At low temperatures200 °Q
Deuterium concentration profiles measured in nominallythe depth profiles are independent of the passivation tem-
undopeduc-Si are plotted in Fig. 10. In contrast to D depth perature. At higher temperatures D diffuses somewhat deeper
profiles measured in poly-$see abovethe data in Fig. 10 into the sample. Compared with D diffusion in phosphorous
exhibit a kink at a depth of approximately 70 nm. A similar doped poly-Si, diffusion in.c-Si is strongly diminishedsee
behavior was reported for H diffusion in LPCVD-grown Figs. 1 and 3 Moreover, for all passivation temperatures,
poly-Si, previously? For D concentrations above axm~2  the concentration depth profiles in Fig. 12 decay exponen-
the temperature dependence of D diffusion is infinitely smalltially with depth with a characteristic slope of~8 nm.
This is in contrast to the temperature dependence of lowowever, this low value ok, is determined by the SIMS

B. Microcrystalline silicon
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FIG. 11. Temperature dependenceDgf; in nominally undoped FIG. 13. Effective diffusion-coefficientD, as a function of
uc-Si for high (open symbolsand low(solid symbol$ D concen-  the reciprocal temperature for higbpen trianglesand low (solid
tration diffusion. triangles D concentration diffusion. The samples were doped with

a phosphorous concentration offi@m-3.
depth resolution. _ ) _ o
Figure 13 shows the temperature dependence of the effed=0-1#m) is observed. As in poly-Si, the D accumulation is
tive diffusion coefficient. The open triangles represBry not relateq to ?he presence of pIa'FeIets, but most likely, the D
for high D concentration diffusion. The activation energy of @ccumulation is due to the formation of D complexes such as
Eo~0.01 eV obtained from a least squares fit of the datdnterstitial H, or BH. Compared with undoped and phosphor-
indicates that H diffusion in highly phosphorous doped©Us dopeduc-Si, diffusion in boron doped samples is en-
wc-Si is independent of temperature up to 350 °C. This in-Nanced. At temperatures above 200 °@ arD concentration
dicates that all D atoms entering the specimens are trapped ff @Pproximately 210'® cm™ the deuterium profiles ex-
the near-surface region forming complexes most likely Withhlbn a kink and dewate_ from the erfc fits. The_ D concentra-
phosphorous atoms. Since the P concentration ipc-Si tion decays exponentially with a characteristic slope of
exceeds the P concentration in poly-Si by 2 orders of magiw73_9_O nm. ) _
nitude it is conceivable that H diffusion in poly-Si doped N Fig. 15 the open triangles represedi; for high D
with the same P concentration would show a similar tem-concentration diffusion. The small activation energyEof
perature dependence Df;. ~0.07 eV indicates that H diffusion in. highly boron. doped
c. Boron doped microcrystalline siliconDeuterium con- uc-Si is independent of temperature in the accessible tem-
centration profiles measured in boron doped microcrystallin@€rature range.
silicon are shown in Fig. 14. For all passivation temperatures

a D accumulation in the near-surface region (depth 1022§ T T T
o ol
0"y E WA T,00xmm 3
: ~10” (em®) ] g f 350,73
2 w0 =1 3)_' £ 10} ]
S 10*} 350 g 10k
= E 3 E
g \NN—" - g8
3 3 = E
§ | 200 ' g
E 1013:_ 150 ] é 1017;
£ F[B]=10" (em’)
g 1 1016 \ 1 R 1 LN .
z 107 3 00 02 04 06 08
enm 3 Depth (umm)
1015 . 1 L .
0.0 0.1 0.2 0.3 FIG. 14. Deuterium concentration depth profiles in boron doped
Depth (um) umc-Si. The dashed lines depict a least-squares fit to an erfc and the

thick solid lines indicate an exponential decay of the D concentra-
FIG. 12. D concentration depth profiles in P doped-Si. The  tion. The specimens were exposed to monatomic D for 4 min at the
samples were deuterated for 4 min at the indicated temperatures.indicated temperatures.
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FIG. 15. D as a function of the reciprocal temperature for high ~ F!/G. 16. Deuterium concentration depth profiles in undoped
(open trianglesand low(solid triangle$ D concentration diffusion.  #€-Si afte a 4 min plasma exposure at the indicated substrate

The samples were doped with a boron concentration & & 2. temperatures. The D plasma was attenuated using a stainless steal
mesh.

2. Diffusion from an attenuated plasma
In this subsection we present data obtained from low '_Fenuated D plas_mat_he depth distributions fo_r low and high D
concentration diffusion experiments in doped and undope(gsir:jceenqtﬁﬁgz gggs;inngrtieczrf?gciir\?glgiﬁzzilgnbgggf??SiZnetlLSO
microcrystalline silicon. Undoped, P-, and B-dopgd-Si g_he values ofD4 for high (open symbolsand low (solid

samples were exposed to an attenuated D plasma, simult symbolg D concentration diffusion amount to approximately
neously. The temperature dependence of the D depth distr 012 e/ independent of temperatufig. 15.

\?vLilttrllogal[g fli ggnoze:gr;;' pl‘lsassrrrllgvvenxplmgszllf%g 1% ct:hoéng:fd Similar to H migration in poly-Si the results presented in
terium surface concentration decreased by almost 2 orders H?'S ggctlon dempnstrate that H dlﬁusmn_m:—& IS very
Sensitive to doping and thus, to the position of the Fermi

magnitude. In addition, plasma attenuation prevents the a Diffusion in b d Si i h d
cumulation of large amounts of D in the subsurface regionenergy' Piffusion n boron opefic-Si is enhanced com-
(depth<0.1xm). The D concentration decreases exponenpared with nominally undoped and phosphorous doped ma-

tially with depth andx, increases with increasing tempera- t‘?”a'- Mor'e'over,. In highly dopeg.c-Si the effective d'|ffu-
ture. However, the values of, are somewhat smaller com- sion coefficient is independent of temperature for high and

pared with those obtained from normal plasma exposuréow D concentration diffusion. Most likely this is due to an
(Fig. 10 enhanced H complex formation rate with phosphorous or

The temperature dependence @f; is depicted by the boron.

solid squares in Fig. 11. The data indicate activated behavior

with Ep~0.42 eV. This activation energy is larger thER 107 . - . —
in n-type poly-Si(see Fig. 4. i _ 3]
Low concentration deuterium depth profiles in phosphor- "g 107 L (7] =10 cor’y 4
ous dopedguc-Si are shown in Fig. 17. Again, plasma attenu- < i ]
ation resulted in a pronounced decrease of the D surface ,§ 10 L ]
concentration. For all temperatures the D concentration de- g E
creases exponentially with depth arg~8 nm reflects the § 10° & T, O ]
SIMS depth resolution. The temperature dependence of the g :
effective diffusion coefficient is depicted by the solid tri- o el h— 350
angles in Fig. 13. In the experimentally accessible tempera- g 107 250 3
ture rangeD . is independent of temperature. The effective £ 200
diffusion coefficients for high and low concentration diffu- & 107 150 P
sion are alike suggesting that the governing diffusion mecha- X, ~8nm
nism is complex formation with dopants. 10“00 E—— 012 —
Figure 18 shows D depth profiles in B dopgad-Si after ) i)epth (“m)' ’

an exposure to an attenuated D plasma for 4 min at the in-
dicated temperatures. As in the other specimens, plasma at- FiG. 17. Deuterium concentration depth profiles in phosphorous
tenuation resulted in a decrease of the D surface concentrgoped uc-Si afte a 4 minplasma exposure at the indicated sub-

tion. In addition, the near surface peak, observed for high Btrate temperatures. The D plasma was attenuated using a stainless
concentration diffusion, disappeared. However, despite an asteal mesh.
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107 ¢ —T ; 10° . . . ,
E o 100+
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g 10k 2 0
5 F ST ;
o 51 O pe-Si
ERUN 3 10 A poly-Si |
g i ¢ Beyer |
§ 107 f 10 O Street
E _ 0 K 14 R L R ' R I R I
P [B]=10" (em”) Woo 05 10 15 20
1016 N 1 N 1 . 1 L
0.0 0.2 04 0.6 0.8 E, (eV)

Depth (jum) FIG. 19. Diffusion prefactoD, vs activation energf,. The

dIriangles and circles represent poly-Si apd-Si data from this
work. The diamonds and squares are obtained from diffusion data in
%gworphous silicorfRefs. 17, 18

FIG. 18. Deuterium concentration depth profiles in boron dope
uc-Si after an exposure to an attenuated plasma for 4 min at th
indicated temperatures. The dashed lines depict least-squares fits

the. CO.nVOIL.’t'O.n of an erfc and th.e SIMS depth resolution. The.th'CkactorDo that is independent of experimental parameters such
solid lines indicate an exponential decay of the D concentration.

as hydrogen concentration, H density-of-states distribution,

IV. DISCUSSION Fermi energy, and _macroscopic structutamorphous,
micro-, or polycrystalling
A. Temperature dependence of the diffusion coefficient The prefactoD, was estimated by extrapolating the tem-

In the past, two significantly different models were pro- P€rature 7dlepend.ence Bfert (Figs. 4, 7, 11, 13, and 150
posed for hydrogen diffusion in amorphous and polycrystalL/T=0K"". In Fig. 19, D, is plotted as a function of the
line silicon. Theequilibrium modelassumes that hydrogen activation energye,. The circles and triangles depict data
motion is a quasiequilibrium process where the hydrogerd’om wc-Siand poly-Si, respectively. In additioBo andE,
chemical potential defines the filling level of the H density-data from hydrogen diffusion experiments performed in
of-states and determines the concentration of hydrogen afSi-H are included from Refs. 18 and 19. With increasing
oms in the transport states. This model does not require th@ctivation energyD, increases by more than 15 orders of
presence of deep hydrogen trdf? On the other hand, the magnl_tude.. Mo.reover, it is striking that all data points I|.e on
trapping modeiis based on the assumption that shallow and® Straight line independent of the degree of disorder in the
deep hydrogen states are not in equilibrium. Hydrogen in th&0st materiala-Si:H, wc-Si, poly-S). This phenomenon is
shallow or transport states is trapped and released as it mitell known as Meyer—Neldel pehqv?Brand has belen ob-
grates through the semiconductor. Hydrogen equilibrate§erved for hydrogen diffusion ia-Si:H, previously:* The
within the shallow trap distribution during typical diffusion- data plotted in Fig. 19 clearly show that the prefadiy
experiment time scales. Separated in energy from these statd@Pends on the experimental conditions. Hence, the activa-
are deep hydrogen states. These traps capture and reledi§d energies obtained from the temperature dependence of
hydrogen on time scales long compared to the diffusion exPe do not correspond to the energy of deep or shallow H
periments. The hydrogen chemical potential separates tHEPPING sites. _ _ ) )
filled from the empty state¥:'® Model parameters such as 10 elucidate the microscopic mechanism of hydrogen dif-
the energy of deep trapping sites with respect to the transpofésion, we propose the following analysis of the diffusion
states are estimated from the temperature dependence of tfiata. Theoretically, the diffusion prefactdd,, should be
hydrogen diffusion. In analogy to charge transport it is asindependent of H concentration, dopant concentration, and
sumed that in a simple hydrogen density-of-states distripythe degree of disorder of the host material. The microscopic
tion the effective diffusion coefficient is given by diffusion prefactor is given byy=1/6ra’, wherew is the

attempt frequency and is the mean free path. Reasonable
=N assumptions ob~10'? Hz anda~0.3 nm lead to an esti-
Der=Doexp — KT/ @) mate of the theoretical diffusion prefactor oD}
~10" 2 cn?/s. With this prefactor the diffusion activation

with a prefactorD,, an activation energE_A, the tempera-  energy can be calculated using the relation,
ture T, and the Boltzmann constakt Previously, it was ar-

gued that this equation is valid even for broadened density- — off

of-states which exhibit peaks in the occupied densities-of- Ea= _len(F)- @)
states centered at various band energies, and therEfpre o 0

should correspond to the energies of shallow and deep trapa Fig. 20,E, at T=350°C is plotted as a function of the
ping levels®® In this approach the key assumption is a pref-Fermi energy. The solid triangles represent poly-Si data
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using the temperature and time dependence of H diffusion. In

16 X - . ) X
I | the following discussion we propose a different interpreta-
151 1 tion of E4 taking into account the charge state of the migrat-
I ! ing H species, trapping and release of H from deep trapping
14} y sites, and the influence of the hydrogen chemical potential.
=13t 1
l;f: B. Diffusion of charged hydrogen
127 i The charge state of hydrogen plays an important role for
11' the microscopic diffusion process. From hydrogen diffusion
) ' i and drift studies irc-Si and first-principles calculations it is
Lol L known that monatomic H diffuses in the positive {Hand
00 04 08 12 16 negative charge state (Bl in p-type andn-type silicon,

EE, (eV) respectively’>~2° The lowest-energy state of H in silicon is
formed by exchanging electrons with the Fermi level. Thus,
FIG. 20. E, as a function of the Fermi energy at 350 °C. Data the formation energies of charged hydrogen depend on the
obtained fromuc-Si are shown by squares. The circles and dia-Fermi energy. For instance, to change the charge state of a
monds were obtained for H diffusion &Si:H from Refs. 18 and neutral hydrogen (B to a negatively charged atom (B an
19, respectively, after analyzing the data according to @y.E  electron has to be removed from the Fermi level to tRelH
denotes the mean energy of the electronic states*ofhtd H™ in p-type silicon this process costs more energy than-tyipe
silicon. The arrows indicate the approximate positions of conducsamples. Therefore, the negative charge state will be more
tion and valence bands of poly-Si apct-Si with respect to the stable inn-type silicon. The neutral charge state is never
band gap of-Si:H. stable which is characteristic for a “negatitg-center. The

. . S dashed line labeleH in Fig. 20 indicates the Fermi energy at
WTIIIe thel squares ?}IedeCt data from H dlfcfjusmnclin ml(‘;rfcficrys'which monatomic H changes from being nearly all positive
talline silicon. In addition, temperature dependent diffusion 4+y ¢ v all ti H): in ¢-Si and polv-SiE
data on doped and undopeeSi:H from Refs. 18(circles Eesi&esarga_rgje\?zezga ve (F); in c-Si and poly-Si

: ) 0. ;
f”‘”‘lj égéd]ar?]ondlss w_le_:rr]e etx)nalgzeﬁd accﬁord!!ﬂl_? to IECE)_ anc:j Hydrogen transport occurs by surmounting a barrier be-
Inciuge In the pot. de an ohse;s” l1-H, poly- d" an F tween minimum energy positions. According to first-
pc-Si were estimated using the following procedure. Orprinciples calculations, in-type c-Si the global minimum is

a-Si:H and poly-SiE, increases as the Fermi energy movesthe tetrahedral interstitial sitd&y, with a migration barrier of
away from the band edges. The maximumEf occurs at E,,=0.25 eV betweefM sites. On the other hand, ptype

Er—Ey~0.98 and~0.58 eV ina-Si:H and poly-Si, respec- silicon the bond-centered sit@C), was identified as the
tively. In poly-Si this value coincides with the mean energy,global minimum withE,,=0.2 eV ?® These migration barri-

E, for the electronic states of Hand H  complexes in ers are slightly smaller than the activation energy of 0.5 eV
Sing|e Crysta| S|||COﬁ2 The band gaps o-Si‘H and p0|y-S| obtained from hlgh temperature diffusion eXperimentS of

were adjusted aE. This leads to a reasonable conduction-H - *° Once hydrogen diffuses in the transport states the dif-

band offset of approximately 0.4 eV for amorphous andeSior_l actjvation energy in disorder.ed. Sfi”CO@OIy'Si’
uc-Si, a-Si:H) should be the same as @sSi since the short

olycrystalline silicon. Arrows in Fig. 20 indicate the posi- 2 i AR s
pocry g P range order in disordered silicon is similar to thatH$i. In

tions of the conduction and valence bands of poly-Si. N o .
Independent of the host materEJ\ exhibits a significant fact, in situ conduc_tlwty measureme.nts' pgrfqrmed during
) A plasma hydrogenation showed that in intrinsic gmtype
dependence on the Fermi ener@y increases from~1.05  poly-Si hydrogen diffuses in the positive charge state.
to 1.5 eV and then decreases+d.3 eV as the Fermi energy \oreover, since the charge state does not change along the
moves from the valence band to the conduction band. It igjiffusion path® the diffusion barrier remains independent of
interesting to note that the observed chang&gfwith the  the Fermi energy for H as well as for H. Hence, the

Fermi energy is comparable to that of the formation energyphserved Fermi energy dependenceEqfshould be attrib-
Efom, for H and H'; the latter quantity changes with a yted to a Fermi level dependence of the formation energy of
slope of+1 and—1 for H" and H™, respectively® interstitial hydrogen.

Previously, it was assumed thaf represents an estimate  The experimentally observed activation energies for H
of the hydrogen chemical potential with respect to the Hdiffusion in disordered silicon are significantly higher than
transport states, name, — .21 The H chemical poten- the migration barriers for interstitial H. This is indicative of
tial is determined by the occupation of the H density-of-H capture and release at deep statesc-Bi hydrogen is
states distribution and the quasichemical potential of thé&nown to form large two-dimensional clustérsSinterstitial
monatomic H gas assuming that H in the solid is in approxi-diatomic H,%° and H-dopant complex&sthat slow down
mate equilibrium with the monatomic H in the plasma gas.the diffusion process. Disordered silicon provides additional
This allows the estimate of trap levels and the position of theorominent deep H traps namely, silicon dangling bohtls.

H chemical potential within the context of a two-band modelThe presence of deep H traps results in a significant decrease
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(2) (b) dependence oE, with slopes of+1 and —1 for Er—E,,

H,D <E andEg—Ey=E, respectively, as observed in Fig. 20.
E I E, can be written as

m

EA: Em+ Eform(H+/H_) - Eform( HT)a (3)

whereE,m(H"/H™) is the formation energy of Hor H™,
. y and E¢,,,(Hy) is the formation energy of H_ in a deep trap
H traps state. The donor and acceptor levels of HiBi, located at
~0.2 eV and ~0.56 eV below the conduction band,
FIG. 21. lllustration of the microscopic diffusion mechanism of respectivel\?? allow a determination of the relative forma-
H and D atoms in disordered silicoB,, is the migration barrier for  tion energies of |Ql H*, and H, and their dependence on
interstitial diffusion.(a) and(b) illustrate H trapping and detrapping E_. As explained in Ref. 32 the relative formation energies
at a deep site, respectively. can be placed on an absolute energy scale by referencing
them to the energy of a free H atom. For the migration bar-
rier for interstitial H diffusion we use the experimentally
etermined activation energy &,=0.5 eV for H diffusion
¢-Si. Thus, the only unknown in Eq3) is E¢ym(H7).
The variation of E¢m(Hy) with the Fermi energy is

of the diffusivity; grain boundaries in poly-Si act as efficient
traps for H and D, effectively reducing the diffusivfty?

Thus, the microscopic diffusion process can be described b)
three processesi) migration of charged interstitial H in the
transport states over a barrigy,, (i) capture of H at deep T . .
trapping sites, andiii) the release of H from deep states into shown in Fig. 22 for poly-Si angc-Si. The zero of energy

interstitial transport states. These processes are sketched Y rresponds to a free H atom. The values are in the range of

Fig. 21. In the following example we will considerHdif- I_t'.z tot—2.6_3 eV tvv?er?, aﬁcordlng ?arll‘;rst-lzprmc!ples calcu-
fusion in p-type samples; the microscopic picture for H ations trapping states Tor H may occuli-or =ermi energies

diffusion is equivalent. In undoped ansitype samples H close to the conduction band values &y, (Ht) are lower
diffuses in the positive charge-state" HWhen H' is cap- by about 0.3 eV compared ¢ close to the valence band.

tured in a deep trapping site, like a Si dangling bond, the A careful look at the calculated energies for H configura-

capture of an electron is required to form a Si—H bond. Disilons In ¢-Si reveals that alEqm(Hy) values are located

sociation of this complex occurs through the wagging vibra-bet""een the energy for H at an isolated Si dangling bond

tion of the Si—H bond. When the H atom approaches thé_z'17 eV and H accommodated at a Si dangling-bond in a

_ 32 i .
adjacent Si—Si bond center defect levels move from the Conyacancy( 3.15 eV).*" However, an assignment of the for

duction and valence bands into the gap. These states Cgp]ation energies of deep H trapping states to relevant H com-
capture charge upon which the Si—H bond dissoci&teav- plexes cannot be made since the first-principle energies for H
ing behind a Si dangling-bond and a neutral H. Thgpe COMPlexes such as i H;, and H at isolated dangling

nature of the semiconductor requires a change of the charg®nds are lower, while the energy for H at a pre-existing Si
state to H. The latter mechanism should account for thedangling-bond is much largérthan Eqom(Hy). For a thor-

dependence OEA on the Fermi energy. However, if the ough comprehension &;,,,(Hy) it is important to estimate

Fermi energy is close to the valence band a second charqtehe position of the hydrogen chemical potential and its influ-

e .
transfer from the Si dangling bond should occur to form a hice on the diffusion process.

positively charged defect. Accordingfg, should change
twice as fast in response to a shift of the Fermi energy; the
slopes of the lines in Fig. 20 should be2 and —2. This, In analogy to the Fermi energy one can define a chemical
however, is not the case. Possible reasons might be potentipbtential for hydrogeny. The H chemical potential is in-
fluctuations at grain boundaries or temperature dependenc®pendent of concentration over a large H concentration
of the theoretical diffusion prefactdag, range; uy is pinned for most H concentratiotiswhich is

An important result comes from electron paramagneticconsistent with a negative-model of H and the idea that H
resonancédEPR measurements performed on phosphorousforms Si—H bonds in pairs. Pinning @fy occurs due to a
boron, and undoped poly-Si. The P and B concentrations ofeversed order of the single and double occupied states for H
the investigated samples were about®idn3. Independent in silicon. The single occupancy configuration is positioned
of the doping concentration the Si dangling bond concentraaboveuy and the zero and double occupancy states are lo-
tion varied between % 1018 and 7.7 10 cm™3. This ob-  cated belowuy .3
servation demonstrates that a change of the Fermi energy In Eq.(3) the migration barrieE,, andE¢,(H"/H™) are
does not result in a change of the charge state of Si danglingdependent of the H chemical potential. The only term that
bonds®* Therefore, the following microscopic picture depends onuy is the formation energy of a deep H trap,
evolves for poly-Si anguc-Si:H. A Si—H bond dissociates Esm(Ht). Therefore, the properties &,m(Hy) should be
into a neutral Si dangling bond and a neutral H atom. Subgoverned byuy. In Fig. 23 Eq,m(Hy) is plotted as a func-
sequently, only the charge state of the H atom changes intion of the peak H concentration near the surface. In undoped
H* or H™ depending on the Fermi energy of the semicon-poly-Si (diamond$ E;,(H7) changes about 0.2 eV when
ductor. The latter process is reflected by the Fermi energthe H concentration is increased from the mid®1@m 3

C. Hydrogen chemical potential
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E-E, (eV) undoped and P doped poly-Si afle) B doped poly-Si. The solid

FIG. 22. Formation energy of H traps as a function of the Fermi‘lenOI open symbols represent low and high D concentration diffu-

energy. The data points were obtained by fitting the data of Fig. 250" respectively.
to Eq. (3). The zero of energy corresponds to a free H atém. ) ) )
denotes the mean energy of the electronic states’oshtd H i dence. In Fig. 24,(Hy) is shown as a function of the
silicon. The arrows indicate the approximate positions of conduchydrogenation temperature for the doping and passivation
tion and valence bands of poly-Si apct-Si with respect to the conditions described in the previous sections. Except for low
band gap ofa-Si:H. D concentration diffusion into undoped poly-Si, which is
represented by solid diamondsy,,(Ht) increases roughly
level to about mid-18 cm™2. In P doped samples a smaller at a rate of—0.0015=0.0005 eV per K. This value agrees
change ofE,m(Hy) of ~0.1 eV is observed. On the other quit well with the rate of change gfjjasmawith temperature.
hand, in B doped poly-Si an increase ©f,,(Hy) with in- The formation energy of deep H trapping states can be writ-
creasing H concentration is observed only for B concentrat€n as
tions smaller than 13 cm™3. At low H concentrations there
is a clear difference between H diffusionprtype andn-type
poly-Si; according to Hall effect measurements nominally
undoped poly-Si revealsi-type conductivity. In p-type
poly-Si the formation energy for H trapping states whereE¥(Hy) is the actual formation energy of deep H trap-
[Etorm(HT)=—2.5€eV] is smaller than im-type specimens ping sites,Ny is the density of H transport sites, afy, is
[Eform(HT)~—2.4 t0 —2.3 eV]. the concentration of H atoms residing in the transport states
Assuming that H in the solid is in approximate equilib- during the diffusion experiment. Usirﬁ?(HT)= —1.65eV
rium with the monatomic H in the plasma gas, then the quaand Ny~10?cm 2 the temperature dependence of
sichemical potential of the monatomic H g@&asma deter-  E; . (H;) was calculated. The value &(Hy) corresponds
mines the position of. . The rate of change prlassmaWith to the first-principles energy for H®? In Fig. 25, fits and
temperature amounts {@pjasmd T= —0.0016 eV/K” There-  qata of one B, one P, and the undoped poly-Si sample are
fore, Eorm(Hy) should reveal a similar temperature depen-shown. For clarity the other data sets shown in Fig. 24 were

0 Ny
Eform( HT) = Ef ( HT) —kTIn C_H> ) 4

omitted in the plot. Fit and data are in excellent agreement.

20 o wmdeped T The only fitting parameter i€, . In Fig. 26,Cy is plotted as
" [B| [P] conc.(cm) a function of the Fermi energy. Ip-type poly-Si E—Ey,
21 s a4 W0 YO <0.5eV) Cy is in the range of 15—10"" cm~2 while in
om0t N @ undoped ana-type sample€y, is about 1-2 orders of mag-
22t -

EI'orm(I-I'l‘) (eV)
X

nitude higher. A similar concentration of ¥cm™ 2 H atoms
in the transport states was observedrinsitu conductivity
measurements during plasma passivatiop-tfpe poly-Si?’
In addition, it is interesting to note an asymmetry @y

. comparingn-type andp-type poly-Si. This is reminiscent of
L 5 o the asymmetry of the formation energy of Hand H in
250 00 a c-Si2®
I Assuming a simple two-level density-of-states, presented
26 i in Fig. 27, the position of the H chemical potential can be
107 10° 10 10”107 estimated. In Fig. 27 the migration saddle point is repre-
H concentration (cm’) sented by the enerdy,, which is considered to be roughly

FIG. 23. E,m(Hy) at 350 °C vs the peak H concentration near constant throughout disordered silicon. BelBy is a distri-

the sample surface.

bution of shallow trapping sites nedéfpcr,. In @ micro-

075211-11



N. H. NICKEL AND I. E. BECKERS PHYSICAL REVIEW B66, 075211 (2002

T T T T A

16} A [BIF10%em® - Energy (eV)
r v [P=10%m” |
-1.8 < undoped E, —-0.55
s 20 < e R EEEEEE -1.05
2
@ 22} .
; B T
o 24l S Moo T - 135at500 K
=
261 0 Ry SR ~1.65
28 N fl N 1 s 1 N 1 N
0 200 400 600 800 1000
T®
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L R FIG. 27. Schematic H density-of-states distribution in disor-
scopic picture these transport states correspond to Si-Si bo%%red siliconE,,, Egcr., andE? denote the energies of the mi-
, .

center and tetrahedral interstitidly sites in p-type and . : e . . ,
n-type material, respectively. As mentioned in Sec. IV B thegratlon saddle point, the Si—Si bond center position or the intersti-

’ ! h : tial T4 site depending on the Fermi energy, and deep H trapping
height of the mlgra_tlon barrler_depends_on the Ch‘?‘rge state %ﬁes, respectively. The occupation of the various levels is deter-
H. However, like in the previous section we will use the

g mined by the H chemical potenti . The zero in energy corre-
experimental value off,,=0.5eV?® Thus, the transport Y P P i

o sponds to a free H atom.
statesEpc/r, are located around-1.05 eV. In equilibrium

the H chemical potential separates the filled from the empty

states. Hence, the H chemical potential resides between ) .

Egcrr. and EQ(Hy). This leads to an energy range of,= port in doped poly-Si angkc-Si is enhanced compared to
1 1dto 1 5f eV. An other estimate qf,, can be obtained undoped material. The effective diffusion coefficient is ther-

- . - . . H

from the quasichemical potential of the monatomic H as mally activated and varies between 0.01 and 1.69 eV in a
d P ". response to a change of the H and dopant concentrations.

At a typical passivation temperature of 500 K and an atomi . . . .
H concentration of & 105 cm2 (Ref. 36, zpjagmeaMounts Cl'h(_a variation ofE, is accompanied by a change of the dif-
fusion prefactorD, by more than 15 orders of magnitude.

to ~0.8 eV. Assuming thattpasmain the near-surface region _ _ o _
of the samples is approximately identicald@ the H chemi-  Using the theoretical diffusion prefactor the enefgy nec-
cal potential resides at approximatehy1.35 eV at a hydro- essary to yield the observed diffusion coefficient was calcu-
genation temperature of 500 K, which is in good agreemenfated. The largest values f@&, were obtained for H diffu-
with the energy range of 1.1 to —1.5 eV estimated above. sjon in undoped poly-Si. Independent of the degree of

V. SUMMARY disorder (a-Si:H, ,uc_-Si, or po_Iy-_S) E, reveals a depen_—
dence on the Fermi energy similar to that of the formation
In summary, we have presented a detailed investigation oenergy of H and H™ in ¢c-Si. The data support a model for
hydrogen diffusion in poly-Si angk.c-Si. Hydrogen trans-  yap_jimited H diffusion, in whichE, is the sum of the mi-
r T T ] gration barrier for interstitial H and the H chemical potential,
10°L 0 4 and the difference between the formation energies for a hy-
: ] drogen interstitiaH* or H™, depending on the Fermi en-
I ] ergy), and for H at a deep trapping siIEé)(HT). An analysis
0%} O 3 of the experimental data yielded an energy-cf.65 eV for
m’; i the H trapping site and the H chemical potential was esti-
= ol 1 mated to reside at approximatelyl.35 eV at a typical pas-
G0 o 3 sivation temperature of 500 K.
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