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In situ ESR study to detect the diffusion of free H and creation of dangling bonds
in hydrogenated amorphous silicon

U. K. Das?* T. Yasuda, and S. Yamasaki
Joint Research Center for Atom Technology, 1-1-4 Higashi, Tsukuba, Ibaraki 305 0046, Japan
(Received 23 October 2000; published 6 June 2001

In situ electron spin resonand&ESR was studied during exposure of hydrogenated amorphous silicon
(a-Si:H) films to atomic hydrogeriH) generated by a remote plasma. A high diffusion coefficient of free
atomic H (>10 *cn? s™Y) is observed ira-Si:H films at the very initial stage of H treatment. The H creates
additional dangling bonds~10'3cm™2) during in-diffusion. The diffusion mechanism of such free H is a
self-limiting process. The dangling bonds created at the very initial stage of H exposure act as the trapping sites
for the impinging H atoms. Consequently, the effective diffusion coefficiBng) reduces with H treatment
time. TheD ¢ for plasma in-diffusion of H with a relatively wide time span reported in literature is considered
to be the resultant of the diffusion coefficient of free H and the bonded H. The characteristic depth of
dangling-bond distribution decreases with increasing H treatment temperature. The activated rate constants of
db creation reactions dominate over the activated free-H diffusion to determine the distribution of additional
dangling bonds at different treatment temperatures.
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I. INTRODUCTION formation of microcrystallites in the amorphous matfix?
Alternate deposition oé-Si:H films and the H plasma treat-
Hydrogen and its isotopes are known to play importantment (commonly known as hydrogen “chemical anneal-
roles in modifying the optical, electrical, and structural prop-ing”) changes tha-Si:H film structure in a wide rang&*
erties of various semiconductors. In many cases, hydrogehhe optical gap ofa-Si:H films (in the range 1.7-2.1 eV
appears as an undesirable contamination in crystalline sem@nd the formation of crystallinity can be controlled only by
conductorgSi, GaAs, etd.and passivates the shallow accep-Vvarying the ratio of H plasma treatment time to film deposi-
tors and donor&:® Such a passivation of the intended elec-tion time* So all these experimental results suggest the cru-
trical activity of dopants is detrimental to the performance of¢i@l role of H in tailoring the structure of silicon-hydrogen
devices based on these semiconductors. On the other har@lio¥ films. On the other hand, H is suggested to be respon-

hydrogen and its isotopes are intentionally used to passiva ple for the creation of metastable defects under light illu-

the electrical activity of many deep defects. Some of themmation or current ir)jectior!. The motign 9f His suspecteq
venefal properties of hyogen o deuterdiD) are the 1 U5 he generaloof o orcarer nduced efecs i
!?assfwatl?nl of %l/Sl@m.terfa(;:e ?eﬁété t(t) mprtzve;?e qual- films may also anneal out the metastable defects at a tem-
'ty of metal-oxide-semiconduc d : ) transistor ;- pas- perature higher than 150 °C. The region over which hydro-
sivation of grain boundary defects in polycrystalline Si for

) S X . e ~" gen will have an influence and cause all the above-mentioned
improving its electrical propertiesand the passivation of Si phenomena is obviously related to its diffusion depth in the

dangling bondgdb's) in amorphous silicond-Si).”* Ow-  materials. Therefore, much research has focused on the state

ing to the large reduction of deep db’s(0° orders of mag-  f hydrogen and its diffusion process @Si:H films.

nitude in hydrogenated amorphous silicom-Gi:H), the The state and amount of bonded hydroger-i8i:H films

materials immediately found many applications in thin-filmis often quantitatively estimated by the nuclear magnetic

transistors, solar cells, image sensors, and many other optgesonancg NMR) measuremerft infrared-absorption(IR)

electronic devices. Thus the various effects of hydrogen oBpectroscopy®?® and hydrogen effusion measure-

semiconductors have a profound impact on devices. Therénents?®-31 On the other hand, the diffusion of hydrogen in

fore, studies on the interaction of atomic hydrogen with Sla_S|H films is genera”y studied by Secondary_ion mass

and the dynamic changes of Si matrices are of relevance tépectroscopy (SIMS).31** The concentration profile of

various Si technologies. In this work we confine our discusydrogen/deuterium in multilayers af Si:D/a-Si:H can be

sions to the role of hydrogen i&-Si:H thin films. obtained by studying the SIMS depth profile. The SIMS
The saturation of host db’s in amorphous Si, amorphougjepth profile for the thermally annealedSi:D/a-Si:H layer

Ge, and related alloys by H enables such hydrogenated mahows that the total concentration of D plus H remains al-

terials to contain 10—20 at. % bonded hydrogen and less thafost the same, whereas their individual concentrati@hs

10*cm™2 db defects in the fi|m§9_12 It was soon realized vary in thea-Si:H/a-Si'D |ayer with the distancéx) and

that H not only passivates the db’s @Si:H but also may time (t), according to

completely change the macroscopic structures of the

materials® Excessive admixture of hydrogen with Sikh a §

plasma-enhanced chemical-vapor deposi{iGvD) system _

results in the ordering of an amorphous network and the €=Co erfc{ 2(Deﬁt)132]’ @
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wherecy and D are the initial concentration of D/H in the (wall temperature of the 8-mm HPVS tubeom room tem-
a-Si:D/a-Si:H layer and the diffusion coefficient of D/H, perature up to 200 °C. A cylindrical ESR cavity with an inner
respectively. Their respective bond-switching processes casiameter of 20 mm was used to allow enough space for the
describe the diffusion mechanism of D/H in such casesN, gas to flow. The typical experimental conditions were a
However, this layer diffusion process of(Bl), which origi-  H, flow rate of 100 SCCM and a SjHlow rate of 10 SCCM
nates internally from the solid, does not adequately explairior deposition(where SCCM denotes cubic centimeter per
the diffusion of mobile KD) when it is introduced from a minute at STP A H, flow rate of 100 SCCM was used for H
plasma at the surface. In fact, the plasma deuteration dfeatment. Other parameters were the microwave power for
a-Si:H films results in a several orders of magnitude highersustaining H plasma of 50 W and the pressure-e1.5 Torr.
diffusion coefficient in the low-temperature range400°Q  The flux of atomic hydrogen during H treatment under the
with a significantly lower diffusion barriet** Several at- above plasma conditions was estimated to be3
tempts have been made to observe the effect of hydrogen ot 10*cm2s* from the measurements of gas-phase ESR.
deuterium plasma treatment @aSi:H films in real time by  The flux of atomic H to the film surface can be varied by
in situ ellipsometry andn situ IR studies. Then situ ellip-  changing the flow rate of JHand the microwave power. In
sometry results suggest that the diffusion coefficient ofour present experimental setup, the flux of H can be varied
atomic hydrogen generated by a filament heated jrgbs by about one order of magnitude. Thesitu ESR measure-
may be much higher thanx310 *°cn?s ' at 250°C®*® The  ments were performed during deposition and H treatment at
in situ IR studies show the formation of a Si-H plateletlike different temperatures using a BRUKER ESP 300E spec-
structure during H exposure in varioasSi:H films 3¢ trometer. To obtain the time evolution of Si db’s, the mag-
The mechanism of H incorporation and its influence onnetic field for ESR was set at the peak position of the first
the microscopic defects af-Si:H films remains unknown. derivative spectrum due to neutral Si dbiy={2.0055)4?
The kinetics of the creation, termination, and annihilation of To realize the spatial distribution of db’s & Si:H films
the db duringa-Si:H film growth and H plasma treatment during H treatment, we performed a thickness dependence
have recently been successfully realizedibysitu electron  study of H treatment at different temperatures. If the db’s are
spin resonanc€ESR studies using the remote plasma mi- created only at the film surface, the resulting additional db’s
crowave CVD method!~*° Our earlier experiments showed [i.e., the total db’s created in the film of thicknessue to H
that hydrogen creates additional db’sanSi:H films during exposure;ANs=ngnS(x,oo)dx, where Ang(x,) denotes
H exposure’® Moreover, it was observed that these excesshe value of the equilibratedng at film depthx] will be
db’s were created not only at the top surface but also at somadependent of film thickness. Otherwise, for a deeper spatial
regions below the surface, unlike the Ar plasma treatment odistribution of the db’s AN should increase with the film
a-Si:H films3® Recently, we found an unusually high diffu- thickness. H plasma treatment for 3 min was repeated after
sion coefficient of H ina-Si:H films at the very initial stage each depositiofinamely, at each film thicknessVe did not
of H, plasma treatment cd-Si:H films*" In this paper we observe any significant etching afSi:H film during 3 min
report in detail on the depth of the distribution of additional of H treatment under our plasma conditions. The ESR inten-
db’s[Ang(x,t), wherex is the depth of the-Si:H film and  sities were averaged over 1024 data accumulated during 84 s
tis the H treatment timiedue to H exposure, and the effect of to increase the signal-to-noise ratio. Th&l at each film
H treatment temperature on the distributionXfi. The D thickness were estimated from the ESR intensities during H
plasma treatment oa-Si:H films and the subsequent SIMS treatment, which were performed after 15 min of each depo-
depth profile for D has been recorded to understand the difsition. Also, we performed separate deposition and subse-
ference betweein situ ESR and previously reported results. quent H treatment to check for any influence of the repeated
The kinetics of the various reactions of H with the Si net-deposition and H treatment on tieN value, but theANg
work are discussed based on the experimental results. value was almost the same in both cases. For the SIMS depth
profile study, we deposited am Si:H film (thickness~165
Il. EXPERIMENTAL DETAILS nm) at room temperaturéRT). The film deposited at the
same run was cut into four pieces. Three of the pieces were
A remote plasma microwavé2.45 GH2 CVD method subsequently treated by,plasma at RT for 10, 100, and
was used to deposit the-Si:H films inside anX-band(9 1000 s, respectively, while the remaining piece was un-
GH2) ESR cavity. Hydrogen plasma was generated abovereated and used as a reference sample. The SIMS depth
the ESR cavity in aT-shaped high-purity vitreous silica profile of deuterium was recorded using‘Cas a sputtered
(HPVS) tube using microwaveéMW) power. The atomic H beam with a width of 148 224 mnt and a sputtering rate of
formed in the plasma was admitted into the ESR cavity0.4 nm/s.
through theT-shaped tubdouter diameter of 6 mim The
source gas silane (SjHwas introduced through another co-
axial HPVS tube with a larger diameténner diameter of 8
mm) and reacted with atomic H (HSiH,—SiH;+H,) in the A typical time evolution of ESR intensity during-Si:H
ESR cavity fora-Si:H deposition. The flow of SilHwas  deposition and its subsequent exposure to a flux ofdH, (
stopped for H treatment of the depositadSi:H film. The  =3x10%cm ?s™1) at 150°C is shown in Fig. 1. In this
experimental setup has been described elsewiefa flow case, the H treatment was performed after a long time
of hot N, gas was used to raise the substrate temperature-1500 min of deposition. The deposition temperatufig,

IIl. RESULTS
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FIG. 1. Time evolution of the ESR intensity duriagSi:H film o » , .
deposition and the subsequent H treatment of the deposited film at F!G- 3. Variation of total additional db’sAN,) created in the

150 °C. The inset shows the time evolution of the ESR intensity ag~Si:H films due to H exposure as a function of film thickness at
the very initial stage of the H treatment. treatment temperatures of 120 °C and 150 °C. Note that the deposi-

tion temperature was the same as the treatment temperature.

was the same as the H treatment temperatligg. (The ESR ) ) .
intensity rises sharply at the initial stage of deposition, which/@lué of AN is almost independent oby, in the range of
may be attributed to the formation of a film surface with high8x 10"°cm™?s™* to 7x 10"°cm™?s™".
db’s. After the formation of the film surface, the ESR inten-  Figure 3 shows the variation &fN; as a function of film
sity (in other words, the number of diy’&ncreases continu- thickness for thea-Si:H films treated at 120 °C and 150 °C.
ously due to the growth of the bulk film. The ESR intensity The incident flux of atomic H was 810'*cm™?s™. The
decays with time after stopping the film deposition due to thefigure shows that\Ng increases up to a film thickness of
structural relaxation. The details of the deposition processes 100 nm and remains constant for the thicker films. Thus
and the mechanism of the db decay after deposition will béhe thickness dependencedlN, suggests that the impinging
discussed elsewhere. The ESR intensity rises sharply as sobhon the film surface can diffuse into the bulk of the film and
as the film is exposed to atomic H. The decrease of the ESRdeed create additional db’s. It is worth mentioning here
intensity after H treatment is quite similar to the decay of thethat we did not observA N at temperatures below 80 °C in
ESR intensity observed after film growtRig. 1). The inset  our present experimental conditions. Failure to obseriig
of Fig. 1 shows the time evolution of the Si db signal at theat lower temperature&<80 °C) might be due to the follow-
initial stage of H exposure. A rapid increase of ESR intensitying reason. The relaxation of the db’s after deposition be-
(with time constant less than 1 ®llowed by the saturation comes slower at lower temperatdfeTherefore the large
of the ESR signal is observed during H exposure to theiumber of db’s, which remain even after 15 min from the
a-Si:H film. We estimate the amount of additional dAd\l deposition-off time, masks the creation of additional db’s
due to H exposure, which were performed after 15 min ofdue to H exposure.
deposition, by subtracting the ESR signal during H exposure In all the experiments mentioned above, the substrate
to the ESR signal before H treatment, as shown in the insgemperatures during film depositioi ) and during H treat-
of Fig. 1. ment (T,) were the same. Therefore, the different amount
To observe the dependence ®dN, on the flux of H, we and spatial extent oANg at temperatures of 120°C and
deposited a film of thickness400 nm at 150 °C and treated 150 °C(Fig. 3) may be argued to be an effect of a different
it by different incident flux of H. Figure 2 shows the varia- film structure caused from the differemf and not an effect
tion of ANg with ®. Interestingly, we observed that the of T,,. To clarify the effect of the film structure on theng
distribution, we performed the film deposition and H treat-
ment at different temperatures. In one case, we deposited a

same temperature of deposition and H treatmgizt, T,
T,=200°C, andTy, T,=100°C.) On the other hand, Fig.
0 L 1 y L 4(b) compares the films witiiy=150°C, T,=100°C and
the films with Ty, T,=150°C andTy, T,=100°C. Figure
4(a) shows that the data df3=200°C, T,=100°C (open
FIG. 2. Dependence of additional db’aKl) that are created Circles closely resemble the data of4=100°C, T,
during H treatment at 150 °C on the incident flux of atomic H. The =100 °C(filled circles. Figure 4b) shows the resemblance
flux of H was varied by changing the MW power and the flow rate of Tq=150°C, T,=100°C (open circleg with the data of
of H,. T4q=100°C, T,=100°C (filled circles. Thus Figs. 4 sug-

~ 4f Tp = 150°C film at 200°C (T4) and treated it by H at 100 °CT(,). In

'g another case, the film was deposited at 150 °C and treated at
o 3 - I 100 °C. Figure &) compares the data of the films witfy

S 2t s =200°C, T,=100°C, and the data of the films with the

g

H flux (10%¢m2 s
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FIG. 5. The deuteriuniD) depth profiles as seen by secondary-

‘\-‘; 6 T TP €O ion mass spectroscopysIMS) in the a-Si:H films treated by B
S (100, 100 plasma at RT for 10, 100, and 1000 s. The D depth profile for an
% 4 .(150: 150 untreateda-Si:H film is also shown for referendgsolid line).
;;, 0(150,100)
<

unlike the generation of additional db’s due to in-diffusion of
free H (inset of Fig. 1.

The concentration profile of D with film depth does not
exactly follow Eq.(1) for our short-time deuterium plasma
treatment case. The depth profiles rather decrease exponen-

FIG. 4. Comparison of the thickness dependence\df, for  tially with the film depth from the top surfadelecays almost
different deposition and treatment temperature®) Deposition  linearly in the semilogarithmic plot as shown in Fig). 5
temperature Ty) of 100°C, H treatment temperaturelf) of ~ However, a deliberate attempt to fit the SIMS data to @&g.

100 °C(filled circles; T4 of 200 °C, T, of 200 °C (filled square} is shown by dashed lines in Fig. 5. From the fitting, the
T4 of 200 °C,T,, of 100 °C(open circles  (b) T4 0f 100°C,T,of  values of the effective H diffusion coefficienD¢g) are
100 °C(filled circles; Tq4 of 150 °C, T, of 150 °C (filled square} roughly estimated. The effective diffusion coefficients of
T4 of 150 °C,T,, of 100 °C(open circles The solid lines are the fits  deuterium for 10, 100, and 1000 s plasma treatment appear
of the data points to E¢(10). to be 1.410 'cm?s™! 1.4x10 ¥cnfs™!, and 1.7

x 10" ¥cn? s71, respectively. Therefore, it appears from the
gest that the amount and the spatial distributionsof, ~ SIMS depth profile that the amount of incorporated D in the
mainly depend on the H treatment temperattFg) ( There- film and the diffusion coeff|C|enDeﬁ, both strongly depend
fore, any possible change in film structure due to diffefient on the plasma treatment time.
has a negligible effect oA Ny in the temperature range of
80°C—-200 °C. IV. FREE H DIFFUSION AND CREATION OF DANGLING

Until now, we have described the resultsiofsitu ESR BONDS IN a-SiH
during H treatment which illustrates the evolution of Si dan-  The in situ ESR studies during H treatment af Si:H
gling bonds due to the in-diffusion of free H into theSi:H  fiimg suggest that the additional db’s are created not only on
films. The amount of bonded hydrogen would also be exyhe film surface but also in the bulk region of the fil&g.
pected to increase in the film during H treatment. To observ%)_ Primarily, a H atom can create a db @ Si:H films by a
Fhe _chapge of the amount of hydrogen in the film _due O umber of competitive processes.
in-diffusion, we performed a Pplasma treatment oa- Si:H
films and observed the SIMS depth profile for deuterium.
Figure 5 shows the SIMS depth profile of D in theSi:H H+ =Si—Si(s) —~H-Si=(s)+=Si—(s), 2)
film deposited and treated by,[plasma at RT for 10, 100,
and 1000 s. The depth profile of D for an untreated film has
also been included in the figure as a reference, which exhib-
its the background concentration of deuterium in ausi:H
films is ~10®¥cm 3. Even for the 10 s Pplasma treatment,
the film contains greater than 2@m 3D at the film surface H+=Si—(s)—=Si—H(s) (4)
and deuterium is detectddreater than 1¥cm™3) at a film ’
depth of~12 nm. The concentration of D atoms at the film where g, s, H, and =Si—(s) denote the gas phase, solid
surface increases te-3x10%'cm 2 for 1000 s treatment, phase, free hydrogen, and a Si db, respectively.
while the distribution of D atoms extends up to a film depth  (iii) The annihilation of two nearby db’s mainly by ther-
of ~20 nm. Therefore, it is evident from Fig. 5 that the total mal reconstruction. Although it is not directly related to the
concentration of D in the film increases with thg plasma interaction of H, it contributes ta Ng,
treatment time. Therefore, the concentration of in-diffusing
D does not attain a steady state within a short treatment time, =Si—(s)+ — Si=(s)—=Si—Si=(s). (5)

1 1 1
0 100 200 300 400 500 600
Thickness (nm)

(i) The creation of dangling bonds,

H+=Si—H(s)—Hxg)+=Si—(s). (3

(i) The termination of dangling bonds,
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(iv) The effusion of molecular FHfrom two nearby Si-H. We tentatively assume that the square term of [Bgy.de-
Although it does not control the evolution of the db, it is an scribes the annihilation of two db’s due to thermal recon-
important process for stabilizing thee Si:H matrix;*® struction. The dominating terms in E§/) and (8) will be

determined by the reaction rate constants and the local den-
=Si—H(s) +H-Si=(s)—»=Si—Si=(s)+H,. (6) sities of the reacting species. At steady staii;/dt
. _ i . i =JAng/dt=0. We categorize the following two regions.
_ A net increase in the ESR intensity during H treat_ment Region I(near the vicinity of film surfade when H(x) is
(inset of Fig. } suggests that process@ and/or(3) domi-  |5rge “the reaction rates of the db creation and termination
nate over processed) and (5) during H exposure of the [reactiong2)—(4)] are large and therefore the annihilation of

a-Si:H films. The reverse reaction of Eq8) and(4) may be 0 nearby db’s will be negligible. In such a cagey, will
argued to be significant to terminate or create db’s. The repq independent ofl; . From Eq.(8) we get

verse reaction of Eq3) suggests the termination of Si db’s

by a H, molecule to form an atomic H and an Si-H bond. kqNsi.si+ KoNsi

However, it is well known that molecular thardly reacts Ang=—""— . 9

with Si db’s in a Si(111) 7X 7 surface unlike the case of 8

reactive atomic H. Actually, we observed much less reactivTherefore, AN, will increase linearly with the depth of the

ity of H, with the Si db’s(adatom db’s on the crystalline  film (x) in the vicinity of film surface(low-x region, andH;

Si(111) 7X7 surface in our ultrahigh vacuutHV) ESR  will diminish exponentially from the surfadérom Eq.(7)].

during molecular H exposure. Therefore, we think that the  Region Il (at a finite depth of the fillm when the db

reverse reaction of E¢3) will not play an important role in  creation and termination term in E@®) becomes comparable

determiningA N during H treatment oa-Si:H films. Onthe  to the db annihilation term, thAn, distribution appears to

other hand, the reverse reaction of E4). implies the ther-  be much more complicated. We assume that the valu;of

mal desorption of hydrogen from a Si-H bond to create a dbreduces significantly and the annihilation rate becomes domi-

However, we believe that the desorption of H is negligiblenant over the termination terfmeaction(5) dominates over

for our temperature range<200 °Q of studies and on the reaction(4)] to make the steady state between the db creation

time scale of our interest. and the db annihilation. Thetn will be proportional to the
The relaxation processéS) and (6) may occur even in  square root oH, which decays exponentially with the film

the absence of the flux of H, i.e., after stopping the H treatthickness(d). Reasonable fits of the experimental data are

ment. The processes are strongly dependent pand their  obtained(solid lines in Figs. 3 and)4using

rates increase witfT, as observed after switching off the

plasma’® Procesg6) should have a large influence on equili- d

brating the H concentration in the film during H treatment ANSZ(ANS)sa[l_eXF< - X) , (10)
and on determining the amount of bonded H in the film after

H treatment. where (ANg)s4is @ constant that depends ©p and\ is the

The spatiotemporal variation of additional db’s characteristic depth of thang distribution. Note that the
[Ang(x,t)] due to the in-diffusion of H can be described ascharacteristic diffusion depth ¢f; will be \/2, sinceAng is
follows. The densities o0& Si-Si= and = Si-H are consid-  proportional to the square root éf;. The expression fok
erably larger than the concentration of free H;J and Si  can be approximated from Eq&) and (8),
db’s. Therefore, these densities are considered as constants.

The H; diminishes as H diffuses from the surface into the / D¢

bulk due to the reaction§2)—(4). The rate of change of A=2 m (11)

H:(x,t) and the variation ofAng(x,t) due to the reactions - :

(2)=(5) can be simultaneously expressed as The values of are estimated from the fitting and plotted
H 2H as a function gﬂ-ﬂ in (Ij:ig. 6. Thhe values ok are very sen-
ot _ 52t ) o 4 sitive to T,,, which reduce with increasing H treatment tem-

.~ Drgxz ~HilkinNsisitkapNsinl —Hikidns perature(Fpig. 6). Thus, from Eq(11) and Fig. 6 we conclude

(7)  that the activation energy of either or bothlgf, andKgpsis
larger than the activation energy of the free H diffusion co-
efficient (D). The denominator term of Eq11) is denoted

dANg by the average rate constants for db creafgimen by reac-

7 =H [ KinsNsi-si+ KapdNsi-— KiAng] — 2K, (Ang)?, tions (2) and (3)] times the average density of tlze Si:H
) network k.X N, for the sake of simplicity. We estimated
the difference of activation energies for the rate constants of
whereki.s, Kans: Ki, andk, are the reaction rates for the db the db creationK.) and for the free H diffusion coefficient
creation by the “insertion” of H into Si-Si bondgeaction (D) using Eqg.(11). The inset of Fig. 6 shows the variation

(2)], the db creation by “abstraction” of H from Si-H bonds of 1/\? as a function of 10007, . The fitting of the curve to

[reaction(3)], the db terminatiofreaction(4)], and the db an exponential function gives an estimate &AF,— AEp) as

annihilation[reaction(5)], respectively. ThéNg;.q; andNg;. ~0.4 eV, whereAE, andAE are the activation energy for

are the concentrations e&f Si-Si= and= Si-H, respectively. k. andDs, respectively.

and
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FIG. 6. Variation of the characteristic depth of the db distribu-
tion (A\) as a function of treatment temperatur€;Y. The inset
shows the Arrhenius plot for 1f. The activation energy is the
resultant of the activation energy for the db creatidrE() and the
activation energy of the free H diffusion coefficieEp).

V. DISCUSSION

In this work we recorded the ESR signigresumably, the
isolated Si dangling bongiduring H exposure ta-Si:H

PHYSICAL REVIEW B 63 245204

The time constant for the evolution ANy is too small(pos-
sibly, much less than 1) 4o be resolved in our present ex-
perimental conditions and the time resolution of the ESR
setup.

The thickness dependenceMdN, (Fig. 3) suggests that H
diffuses to some deptl~100 nm of the a-Si:H film and
results in the additional db'svith the time constant less than
1 9. Therefore, considering the fast saturation of dite
time constant is less than ] during H treatmentthe inset
of Fig. 1) and theA N distribution of ~100 nm(Fig. 3), the
diffusion coefficient of free HID;) appears to be larger than
10 %cn? st [L=(Dst)¥? wherelL is the diffusion length
andt is the diffusing timé. This result is in contrast with the
usual activated type of H diffusion ia-Si:H films observed
by thermal/plasma treatment and SIMS measurenients.

Table | shows typical values of the effective H diffusion
coefficient D¢g) in c-Si anda-Si:H materials reported in
the literature. Most of the earlier diffusion experiments were
done at much higher temperatures200 °Q compared to
the present study. Therefore, the valuesDof; shown in
Table | are extrapolated to 200 °C for comparison. The co-
efficient for interdiffusion of H and D in a layered hydroge-
nated and deuterated a-Si is  very low

films and we attempted to discuss the diffusion coefficient of ~10 *°cn? s71).32454€ For the plasma hydrogenation of

free H. The creation of some extra dangling bonds
~10"cm™2 (referred to as additional dangling bonds in this
papei during H exposure, is evident from our result. After

stopping the H treatment, the db density in the films reduces-10" *°cn?s™

due to the db annihilation given by reacti@b). Also the
reaction (6), i.e., the effusion of hydrogen from the film,

a-Si:H films, D¢ increases by several orders of magnitude

with a subsequent decrease in the diffusion activation
energy’13334 Beyer etal. observed a value ofD
1in a-Si:H films afte 2 h of deuterium
plasma treatment at 250 °C with a diffusion activation energy
of 0.77 eV at temperatures less than 40G4@beleset al.

takes place after H treatment to determine the bonded tdbserved plasma in-diffusion activation energy for deuterium

content®®

of less than 1 eV with diffusion coefficient of 1é&*cm? s !

The additional db’s are created within a very short timeat 160 °C* An et al. suggested from thein situ ellipsom-
(with a time constant less than 1 s; see the inset of Big. letry studies during hot filament generated atomic H treat-

due to the in-diffusion of atomic H and its reaction with the
a-Si:H network[reactions(2)—(5)]. The value ofAN; for a

ment on a-Si:H films that Do may be higher than 4
X 10" **cn? s 1.3 From all these prior reports, it is sug-

fixed film thickness is almost independent of the incidentgested that the value @ for plasma in-diffusion is much

flux of H (dy), as predicted from Eq9) and shown in Fig.
2. However, the time evolution &fNg (hence the time con-
stant for theANg creation should depend o® [Eqg. (8)].

larger than that for layer diffusion. Also a range Df
(>10 1—10 ¥cn?s™?) for plasma in-diffusion was con-
jectured from various types and duration of experiments

TABLE |. Diffusion coefficients of hydrogen ie-Si anda-Si:H films measured by various techniques.

Diffusion coefficient

Material Measurement technique (cmPs™Y Refs.
c-Si Mass spectrographic detection of hydrogen ~7x10°8 44
(extrapolated to 200 °C
a-Si:H Interdiffusion of H and D by SIMS in layered ~6x1071° 32, 35, 46
structure ofa-Si:H/a-Si:D (extrapolated to 200 °C
a-Si:H D plasma treatment o&Si:H and subsequent 10 5-10716 33, 34
SIMS depth profile study (extrapolated to 200 °C
a-SiH D plasma treatment oa-Si:H and SIMS ~1x10 %4 47
depth profile study at 160 °C
a-Si:H Diffusion coefficient of mobile H studied >4x10"14 35
by in situ ellipsometry at 250°C
a-Si:H Diffusion coefficient of free H speculated ~10°6 48
from theoretical model at 200 °C
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(Table ). The activation energy for such plasma in-diffusion (i) A small amount of H may have a high diffusion coef-
of H varies in a wide range from 0.2 to 0.8 &¥23344950  ficient even for the films with high surface dangling bonds
It is generally observed that “post hydrogenation” of and permeate into the deeper regionae8i:H films. Those

a-Si:H films often increases the bondeictontent in the film  small amounts of hydrogen<(10*8cm %) are perhaps suffi-
and changes the film structure significantly. Therefore, theient to make a steady state between the annihilation term of
deeperAng distribution (~100 nm observed in this study reaction(5) and the creation term of reactio(®) and(3) to
may be argued to be due to large modification of the filmmaintain the deep db distribution in the filregion I1].
structure during H treatment. Tlae Si:H film surface region (i) The H cannot diffuse in to the deeper regien100
may expand due to the presence of much H during treatmentm) after the creation of a large amount of dangling bonds at
and free H may penetrate into the deeper region of the bulkhe film surface. However, the dangling bonds that are cre-
film through the modified and expanded network. The SIMSated in the deeper region at the initial stagel s) take a
depth profile for the short-time Dplasma treatmenr(Fig. 5 long time (much longer than our treatment time of 3 mat
shows that the incorporated amount of D increases witlour experimental temperature range to be annihilated or ter-
treatment timgwhich is the usual observation for this kind minated by another hydrogen. Actually, we observed a slow
of SIMS experiment Therefore, it is expected that the net- decrease of dangling bonds for a longer H treatment time
work expansior(or structural modificationdue to hydroge- (~30 min) (Fig. 2 in Ref. 39. However, that decay does not
nation is a continuous process as long aglH treatment confirm our above argument, since for longer treatment,
continues. Consequently, a continuous increase of addition#there might be some etching of the filtwhich can reduce
dangling bonds is expected during H treatment with timethe number of dangling bonds as welWe believe that rea-
unlike the saturation o Ng within a short timg(<1 s). Thus  son(i) is more probable than reas@n because Fig. 5 shows
the fast saturation af Ng cannot be the result of the network that D can diffuse into the film even at RT for the films
expansion during H treatment. Rather, the macroscopic netleposited at RTwhich are expected to contain a large num-
work modification is the result of the db creation, termina-ber of db’g.

tion, and annihilation due to in-diffusion of H. The creation of metastable dangling bonds by breaking

In order to correlate our preseint situ ESR results with  the weak or normal Si-Si bond is perhaps the first step for the
those of earlier reports, we carried out the fdasma treat- modification of film structure due to H treatment anSi:H
ment for a short timedfor 10, 100, and 1000)son a-Si:H  films. However, a small amount of H, which is below the
films at room temperature and studied the SIMS depth prodetection limit for most of the practical cases and SIMS ex-
files ex situ The following important information was found periment, may have a high diffusion coefficient and permeate
from the SIMS depth profile study. into the deeper region @&-Si:H films. Those small amounts

(i) The number of incorporated D) (>10°cm 3for 10  of hydrogen (10" cm™3) are sufficient to create a detect-

s of D, treatmenk at the surface region is higher than the able amount of dangling bonds in ESR.

observed additional dangling bonds<{0"°cm™®) created Therefore, considering all the above experimental results,
by H (D) treatment at the temperatures in the present studywe distinguish two different steps in which H interacts with
In fact, the creation of db’s by H is a competitive processthe a-Si:H matrix. In step |, free H diffuses very fasD¢
between the creation, termination, and annihilation of the>10 °cn?s™!) into the film and creates db’s during in-
dangling bondgas discussed in Sec. JVSo, effectively the diffusion by reacting with the Si:H network according to
number of dangling bonds created by H can be much loweprocesses(2)—(5). Such a high diffusion coefficient
than the incorporated amount of H. (>10 Ycn?s 1) of H is indeed reported in crystalline $i.

(i) A small amount of H €10 cm™3), however, may In step Il, after the creation of db’s within a short tirel s,
diffuse into the bulk regiori~100 nm and create sufficient the diffusion coefficient of H decreases due to the presence
dangling bonds € 10" cm™3) to be detected in ESR. Figure of a large number of db’s. Then the effective diffusion coef-
3 shows that the increase of additional db from 50 to 100 nnficient of H (mixture of H in-diffusion and H diffusion by
is ~102cm™2 bond switching might be less than 13*cm?s ™! through

Therefore, the conjecture regarding fast saturatioAf  the modified network following the usual H diffusion pro-
is that, when H treatment starts on an as-deposit&®i:H  cesses explained elsewhéte®~%
film (which has a low dangling-bond dengityH diffuses The fast diffusion of H and the creation of db’sanSi:H
very fast and creates additional dangling bonds that have #ims may have a correlation with the light-induced degrada-
particular spatial distributiofi.e., exponential decrease from tion processes ima-Si:H, since the motion of atomic H is
the film surfacg In this case, perhaps almost each H atomassumed to be responsible for light-induced degradation in
creates a dangling bond. After the creation of dangling bondsarious model$°~2% In fact, Branz speculated such a high
within a very short time(<1 9, the film contains a large diffusion coefficient 10 7 cn?s ) of mobile H to ex-
amount of dangling bonds near the surface. Then the H difplain the metastable degradation @fSi:H films by pulsed
fusion will be impeded by the increased trapping probabilityillumination*®
at the dangling bonds in the vicinity of the surface. Thus Regarding the interactiotmore specifically, the trapping
such a free H diffusion process is self-limiting and reducesf H in weak or normal Si-Si bondof H in a-Si:H films,
with treatment time(as estimated from Fig.)5The steady we observed that the dangling bonds are created at a shal-
state in the dangling-bond creation might occur due to eithelower depth at higher treatment temperat(Fey. 6). Figure
or both of the following two reasons. 4 confirmed that the db formation at a deeper pléien
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depth of ~100 nn) is not due to any possible pogvoid- tially means that the diffusion mechanism for free H is per-
rich) structure of the as-deposited film caused by lowgr  haps different from the diffusion of H usually reported in the
Thus Fig. 6 and Eq(11) imply that the trapping probability literature.
of free H (in other words, the reaction rate between H and Considering the activated type of free H diffusion and
the Si-Si network increases with the increase of treatmentAEp<0.5eV, we estimate that the activation energy for the
temperature. The increase of rate constants for the db crélb creation rate is within 0.4 to 0.9 eV. Le¢al. estimated
ation reactions at highdF, result in the higher trapping den- the activation energy of less than 0.6 eV for the db creation
sity of free H and the formation of db closer to the film N @Si:H films from ESR mea§ur_eme_r?ﬁs.'l_'he formation
surface. The process thereby shortensithe distribution at ~ €N€rgy of 0.5-0.7 eV for Si db’s ia-Si:H films was esti-
higher temperatures. Also, the valuesAd., will be higher mated from theoretical calculations by several autfor!
at the near-surface regidregion ) at higherT,. However, Zstgref?rg,.theh.rangedai.Ek.vaIues (0'§|9KAEK<O'9GV)h H
our present ESR signal-to-noise ratio for a small film thick- Imated in this study IS in reasonable agrgerr’]er)t \.'_V't the
. . ... reported values of the formation energy of Si db’saisi:H
ness(~10 nm is not enough to discuss the rate of initial

. films.
increase ofANjs.
The difference of activation energies of db creation rate VI. CONCLUSION
and the free H diffusion coefficientAE,—AEp) is esti- ) ) -
mated to be 0.4 e\(inset of Fig. 6. The value of the acti- [N conclusion, we observed an unusually high diffusion

'] _ 0 — . . .
vation energy for free H diffusionAEp) can be written as ~ Coefficient ©;>10 Pcn?'s™) of free atomic H ina-Si:H
films during H treatment. The activation energy for such free

H diffusion coefficient is less than 0.5 eV, which gives an
AE~=kTIn @) (12) estimate for the db creation energy of 0.4—-0.9 eV. At the
b D¢/’ very initial stage(<1 9, the fast diffusion of H results in
additional db’s that are spatially distributed in the bulk
~100 nm of a-Si:H films. Such a fast diffusion of free H is

wherek andD are the Boltzmann constant and the diffusion
prefactor, r;aspecti\llely. Considering the theoretical value o self-limiting process as db’s created near the surface

Do (~10 710”‘23 ) (Ref. 29 and Dy of greater than |ess than 1 kact as trapping centers of the impinging H.
10" *%cn?'s ™, the value ofAE,, appears to be less than 0.5 Consequently, the effective diffusion coefficient of H re-
eV. Thus the activation energy of free H diffusion is much qyces drastically .4+<10"‘*cn?s 1) for longer treatment.
less than the activation energy1.5 eV) for the layer dif-  The usual long-time B plasma treatment and subsequent
fusion of H observed by Carlsoet al®* and the activation SIMS depth profile study give an estimate of the resultant
energy(~0.8 eV) for the plasma in-diffusion of H observed diffusion coefficient for free H and bonded H. Thus the dif-
by Beyeret al3* The relatively high activation energy and fusion coefficient of H for plasma in-diffusion reported in the
low diffusion coefficient observed by Beyet al®* and by literature appears to be less than the free H diffusion coeffi-
Jacksonet al 2 for the plasma in-diffusion of H by SIMS cient but more than the H-layer diffusion coefficient. The
could be due to the combined effect of the free H diffusiondepth of the db distribution due to the fast diffusion of H
and the layer diffusior(possibly through a bond-switching reduces with an increase of treatment temperature. Therefore
process For the case of long-tim@ h) D, plasma treatment it is suggested that the activation energy for a db creation is
at greater than 200 °C, the contribution of the bonded D difhigher than the activation energy for a free H diffusion co-
fusion (similar to the layer diffusionmight be significant. In efficient. The a_ctlvated type of rate constant for the creation
fact, that combined effect of two kinds of H diffusion of db’s determines the spatial distribution of db’s.

(namely, the diffusion of free H and the diffusion of bonded
H) may also explain the reported substantial variation of the
coefficient and activation energy for H plasma in-diffusion in ~ The authors are grateful to Professor K. Tanaka, Dr. S. D.
various types and duration of measureméefitble ). A low Baranovskii, Dr. John Robertson, and Dr. W. Beyer for their
activation barrier of free H diffusion is, however, estimatedencouragement and valuable comments on the paper. The
from theoretical calculation and speculated from the D tracework, which is partly supported by NEDO, was performed in
diffusion by BranZ®® It may also be pointed out that the the Joint Research Center for Atom TechnoldgRCAT)
usual Meyer-Neldel rule for the H diffusion coefficient and under the joint research agreement between the National In-
activation energy observed for thee Si:H films®! deviates  stitute for Advanced Interdisciplinary Resear¢hAIR) and
significantly for such a case of free H diffusion. This essen-the Angstrom Technology PartnersiigsTP).
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