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Molecular hydrogen evolution from bulk crystalline silicon pretreated
with thermal hydrogen atoms
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Temperature-programmed desorptieFPD) from Si(100), preexposed to gas-phase atomic hydrogen at
substrate temperature3 ) of 415 and 635 K, exhibits a new,Heak ;) at 850 K in addition to the
well-known B; (780 K) and B, (670 K) H, peaks. Dosing with D atoms after H atom exposure shows that H
in the B, and B, states, but not,, is replaced by D atoms, suggesting that the H, peak arises from the
crystalline bulk. Large H exposures Bf=635 and 415 K produce 3.2 and 4.2 ML hydrogen, respectively, in
TPD, which in combination with LEED data supports a model involving concomitant H atom diffusion into the
crystalline bulk and surface etching0163-182@9)02120-7

INTRODUCTION formed in c-Si by energetic plasma ions has been
proposed®?' H plasmas that contairr15 eV ions severely

Hydrogen chemistry on and in silicon, of great scientific damage sub-surface~(10° A deep regions of c-Si.**?2
and technological importance, has been studied extensiveWithin the damaged layer, H atoms can recombine to form
for the past two decadds?Electronic-grade amorphous sili- Molecular B and local pressures in voids can rise~+d0’
con hydride (a-Si:H) is obtained when dangling bonds in Pa, high enough to exfoliate silicon layérs:*
a-Si are H-saturated-Si:H is used in |arge_area app”cations The formation and Stablllty of mOleCUlarzl'at interstitial
such as thin-film transistor/active-matrix liquid crystal dis- Sites in void-freec-Si motivated the work reported here. We

plays(TFT/AMLCD’s),* solar cell$ and image scannefdd ~ Present temperature-programmed desorpti@®D), low-
incorporation in crystalline silicoic-Si) deactivates or pas- €Nergy electron diffractiolLEED), and D-for-H isotope ex-

sivates both donor and acceptor dopants and can lead ﬁpange evidence consistent with the penetration of thermal H

embrittlement such properties can have a negative impacfa.toms intoc-Si at T5:400_.7OO K'. 'the ' eco'mb|rl1at|ve trap-
ping of H as molecular Kat interstitial sites irc-Si, and the

on sub-0.1um silicon device characteristics. . .
: . . e gas-phase Hevolution of this trapped K (a,H,) at a tem-
Hydrogen has been intentionally introduced int&i by perature ~70 K higher than that derived from H atoms

H plasma, by implantation of-10? keV H ions, and by ;
high-temperaturg>1200 °Q treatments in kg).? Diffu- bound to surface Si atomg{Hs).
sion of H atoms withinc-Si occurs rapidly with relatively
low energy barriers, 0.2—1 e¥depending on dopant and
defect concentrations. Diffusion into silicon followed by re- Lightly P-doped (~2x10% cm™3, 14-20 Qcm),
combination to H at tetrahedral Ty) interstitial sites has  Czochralski-grown $100 samples(0.5 mmx12 mmx20

long been favored theoretically and experimentally®**  mm) were used. The backside was coated with 2000 A of
Calculations predict that molecular,tdt T sites is favored tungsten sandwiched between 200 A tantalum films to facili-
over two neutral interstitial H atoms by 1-2 é\Deuterium  tate linear direct-current resistive heating up to 1400 K. The
concentrations above that of the dopants have been measursubstrate temperature was monitored by a chromel-alumel
using secondary ion mass spectromé®8yMS), and theex-  thermocoupled glued into a small hole near the sample edge
cessdeuterium, immobile aT ;<400 °C and electrically and with a high-temperature ceramic glue. Afie 5 K/s heating
optically inactive, is generally attributed to trappedDThe  to 1300 K and subsequent 1 K/s cooling, a well-ordered
reported diffusion barriers for molecularldre much higher clean S{100-2x1 surface was obtained, as confirmed by
than those for atomic hydrogen and vary from 1.22 to 2.7Auger electron spectroscoppES) and LEED.

eV 81314 Recently, H stretches at~3600 cm* (Ref. 19 Atomic H was generated by a h6t 1900 K) spiral tung-

and 4158 cm? (Refs. 15 and 1Bhave been identified using sten filament positioned in front of a 0.64-cm-diam, tubular
Raman spectroscopy, suggesting two binding sites. Thstainless-steel Hgas doser facing the sample surface from a
lower frequency is in the range of some, but not'af!  distance of 3 cm. When the W filament is heated to 1900 K,
theoretical calculations for Hlocated inTy sites!’"*®* To  thermal-energy £ kT) atomic hydrogen is produced with a
account for the higher frequency,rapped in microvoids H, cracking probability of a few perceft:?® Because the K
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T ' ' ' ' ' ' estimate assumes a unity sticking coefficient upe=0.7
i ML (1 ML= 6.78x 10* atoms/cr).?**° TPD gives thes,
(780 K) and B, (670 K) H, TPD peaks arising from mono-
EXPOSURE (L) hydride and dihydride surface specteSimilar saturation for
360000 doses near 600 K gives 1 ML coverage di2k1) LEED
patternt?"?8observations reproduced in our workX4.0° L

curve in upper pangl

120000 W For much larger doses, two striking features appear in
- 20000

210000

H," QMS Intensity (Arb. Units)

XK Fig. 1: (i) the B, and B,H, desorption peaks grow more
2000 A* slowly; and(ii) a shoulder peakd;) at higher temperatures
300 ‘ - : . ‘ — emerges as exposures in thé 10regime are employed. The
400 600 800 1000 intensities in the3; peak grow by a factor of 1.8..9 ML) at
635 K and 2.8(3.7 ML, B; plus B5) at 415 K as the dose
increases from 10to 1& L (of H,). When the intensity of
a4 is added, the coverages are 3.2 ML at 635 K and 4.2 ML
at 415 K for the highest doses in Fig. 1.

For surface Si atoms on @00, the maximum uptake is
two H atoms per Si2 ML) but steric repulsion between
neighboring dihydride units make it difficult to achie¥e®?
While most published maximur#, values lie in the range of
1.5 to 1.9 ML for T;=300 K1?728333%ye find coverages
~2.8 ML (Ref. 39 while others findg,=3.2 ML,® the lat-
ter based on nuclear reaction and Rutherford backscattering

| ‘ | ‘ | B | channeling measurements. Increased surface areas caused by
200 500 800 1000 etching® anda-Si H film formatior™ have been proposed to
account for these large H uptakes fog<300 K. For the
conditions of Fig. 1, there was no evidence #&6i:H for-

FIG. 1. Top panel: HTPD spectra after dosing @00 held at ~ mation, and while etching contributes and accounts for the
635 K (T,) with atomic hydrogen formed on a hot tungsten filamentincreasedg,; and B,H, intensities, to account for the;
from 1x10™* torr H,. The H atom dose is proportional to the intensity we propose jevolution from interstitial sites in
measured hlexposurgl L=10"° torr seg. Also shown for H cov-  bulk ¢-Si. Etching was confirmed by noting Sjldesorption
erage ¢,=1.33 ML) calibration is the H TPD spectrum obtained at ~600 K in TPD for surfaces exposed to atomic HTat
for a 1.4<10°-L H, exposure atT,=415 K (see text The 2 =415 K (inset of Fig. ). T-dependent efficiency and
X 10*L H, TPD spectrum after dosing at 635 K thus correspondsmechanisms of surface etching aa®i:H formation will be
to #,=1ML. Bottom panel: TPD spectra of Hor 1.4x 10°*-L and reported elsewher®.
2.4X10°-L H, exposed all =415 K. LEED patterns for exposures corresponding to the TPD

spectra show that the initially sha(px1) LEED pattern did
Cl’acking efﬁCiency and H atom flux to the substrate SUrfaCQ]ot Change appreciab]y until the surface was exposed to very
can only be estimatetsee below, H, exposures in Lang- |arge amounts of atomic H at;=635 K. It became diffuse
muirs (1 L=1x10"° torr seg are reported and used as a with a strong background at the X&0° L H, exposurgtop
measure of H atom fluences. TPD measuremént/sed |eft picture in Fig. 2. The spot broadening and strong back-
were made with a shielded, differentially pumped quadruground of the LEED pattern suggest high step and point
pole mass spectrometéMS) through a 3-mm-diam coni- defect densities. On the other hand, the LEED pattern
cal aperture positioned 1 mm in front of the sample. Thechanged from(2x1) to (3% 1) to (1x1) with increasing H
ultrahigh-vacuum system with a base pressure 6f10°'°  exposures af,=415 K. A diffuse(1x 1) LEED pattern was
torr was pumped by a combination of turbomolecular, Tigptained for the surface exposed to atomic H ob214P L
sublimation and ion pumps. Turbomolecular pumps for theq, at T,=415 K. From these LEED pattern changes, we

QMS and main chambers were separately backed by diffusonclude, consistent with TPD, that the surface was exten-
sion and rotary pumps in series in order to maintain thesjvely etched.

T T T T T T T

HatTg=415K

H," QMS Intensity (Arb. Units)

240000 L

o1t
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Temperature (K)

background H pressure low. A series of LEED pictures were taken after successive
isochronal annealing to the indicated temperatui@35—
RESULTS AND DISCUSSION 1200 K) for a surface exposed to the atomic H associated

with 3.6x10° L H, at Ts=635 K. It is interesting that the

Si(100 surfaces saturated with H atoms-a#00 K ex-  diffuse (2x1) pattern of the as-exposed surface transforms to
hibit a (3X1) LEED pattern with 1.33 H atoms per surface a(1x1) pattern, followed by increasingly sharpéix 1) pat-
Si, i.e., §y=1.33 ML?"?® The bottom panel of Fig. 1 terns up to 900 K. Thé2x 1) pattern of a clean reconstructed
shows B TPD after a dose of 1X410° L H, for which a  Si(100) surface is not recovered until the surface is annealed
well-developed(3X1) LEED pattern is observed. A lower to 1200 K. In the 700—-900 K regime, where tf#@x1) to
limit for the H atom flux is 0.23 H atom per second per (1X1) transition occurs, all thg; and «;H, desorb leaving
surface Si atom at ajpartial pressure of X104 torr. This  a clean surface.
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FIG. 2. Top panel: LEED patterns taken for H-exposed &)
successively annealed to the indicated temperatures for 1 min. The -
clean S{100-2x 1 surface was exposed to atomic H of 8.50°-L +;g:'l:';
H, at T,=635 K prior to annealing. Bottom panel: LEED patterns ! (D)
taken for a Si100) surface exposed to atomic hydrogen of I L L J L !
3.6xX10°-L H, at T;=750 K and after a 1200-K annealing. All 600 800 1000
LEED npictures are taken near room temperature following each Temperature (K)
annealing with a primary electron energy of 55—-65 eV and a cam-
era exposure of 20 sec at dnumber of 5.6. FIG. 3. TPD spectra of K HD, and D, labeled 2, 3, and 4 for

Si(100 successively exposed to H and D for the indicated times—

From the diffuse(2x1):H LEED with a strong back- (P)=(d) dosed afT,=635 K and <10 * torr Hy (D) pressure.
Also shown in(a) are TPD spectra of 20-sec H, 20-sec D, and

ground (top left picture in Fig. 2, we conclude tha2x1)- ; . =
ordered terrace domain widths barely exceed the LEED CO?(;T(;LI—:;;(posure times &l,;=635 K and H (D) pressure of

herence lengtti~100 A). Surface Si diffusion is known to
be greatly inhibited by the presence of adsorbedl Mhus,
dimer vacancies and roughness would not begin to anne&#cets with widths of order 100 A or larger. Moreover, large
out until the surface H desorB%This would keep ordered concentrations of much smaller facets cannot be reconciled
(2x1) domains from forming and the surface would exhibit awith the assumed desorption af, from (111) facets since
(1x1) LEED pattern until the surface is smoothed and re-they would form at the expense of tiE00 domains?® con-
constructed by defect clustering and step bunching for evetrary to the evidence.
higher T, annealing. For an exposure of X@0° L H, at One other possibility for the; state involves carbon con-
T,=750 K, a(1x1) LEED pattern is recordelower part of  tamination; a high-temperature shoulder followiégH, has
Fig. 2 like that found with annealing at 750 Kipper part of  been reported for carbon-contaminate@l860).*2 After large
Fig. 2 and it converts to g2X1) pattern after a 1200 K H exposures, we found no evidence for accumulation of car-
anneal. We believe that t{&x 1) pattern is not indicative of bon, based on AES. Although AES is relatively insensitive to
an ordered unreconstruct¢tio0 surface caused by subsur- C, to account for the nearly 1 Mk,H, desorption, carbon
face hydrogen ¢, state because th€1x1) pattern persists contamination would have to be well above the AES detec-
even after a 900 K anneal, a temperature at which the mdion limit. Since thea;H, peak is observed only for these
jority of the hydrogen has desorbed. large exposures, we rule out carbon contamination as its
Since(111) facets are often formed on($D0 as a result source.
of an extensive surface etchifg?®*%“4ve consider whether ~ Taken together, these TPD, LEED, and AES results are
the a1H, desorption could arise frorfi11) domains. To ac- consistent with the proposed model that attributes the large
count for the largen;H uptake(~1 ML) such facets must H, uptakes to a combination of surface etching andfdi-
comprise a relatively large fraction of the total surface areanation at interstitial sites ire-Si. To further elucidate the
while, at the same time, there can be no decrease i@  origin of the «;H, peak, D-for-H isotope exchange experi-
domain area since thg-H, intensity increased. In LEED, ments, Fig. 3, were performed. Reference spectradfps,
we did not observe trajectory crossing of LEED spots as the=1 ML [the 20 s H and 20 s D exposures in Fida)3
primary electron beam energy is variduling out S{111)  formed atT,=635 K and 12X 10 * torr H, or D, show that
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the mass spectrometer sensitivity fos B 1.9 times that for internal surfaces of Ar-created voids in silicon evolved out
H,. The reference 60 min H spectrum exhibits the expecteds H, in TPD at the same temperatures as the surface-
B1 and a, peaks. Three other experiments are showB)}— adsorbed H. The P in samples doped with phosphorus can be
through(D)—in which 60 min doses are comprised of vari- hydrogenated but this hydrogen is liberated during a 423-K
ous H doses followed by D doses. The curves labeled 2, 3inneaf Further, contrary to our observations, highly
and 4 depict desorption profiles for,HHD, and D, respec- P-doped Cp=4x10Y° cm™2 or p~0.02 ML) Si(100) sur-
tively. For a long dose of H59 min) and a short dose of D faces exhibit significantly less H(8,; and B8,) desorption
(1 min), it is immediately clear that, compared to 60 min of and up to 40 K higher TPD peak&*’ Not surprisingly, the
H, B1H, is largely replaced by, D, while most of theayH,  effects of P doping are undetectable in our experiments.
remains. Thus, once formed;;H, is much more difficult In Czochralsky(CZ)-grown Si crystals, bond-centered in-
than B; monohydride to replace with D. This conclusion terstitial oxygen atoms () are incorporated in the range of
persists for the shorter H and longer D exposure results10t’—10'® cm~3.4849Hydrogen introduced into these crystals
B.D, emerges much more rapidly thanD,. The increasing by annealing at~1200 °C in atmospheric {gas ambient
relative intensity ratio otx;-D,/B1-D, with longer D doses has been suggested to occupy interstitial sites in its mo-
further illustrates that D continues to penetrate into ¢& lecular form. These K molecules exhibit infrared-active
while surface H atoms become depleted. The increasin@;-H stretches at 37891), 3731 (,), and 3618 cr'
B1D, and decreasing;HD are consistent with the etching- (v3).*® The »; andv, intensities first increased upon anneal-
and abstraction-induced increases of surface areafgnd ing at 340—380 K, and then decreased with 380—590 K an-
respectively. nealing, while thev; intensity first increased with the low-

Adsorbed hydrogen atomg; state, are abstracted by gas- T, annealing, remaining constant with annealing g 420
phase H(or D) with a probability of 0.3—0.4° Were thea; K. Pitchardet al*® attributed ther,; and v, modes to two
state hydrogen at the surface, its activity would have to bepes of @-H, complexes formed by association with, H
more than 100-fold less than tig state to account for the that had migrated fronT, sites, and the/; stretch mode to
above results. The isotope exchange, the high dose requirgy, trapped at defect sites. This assignment was based on the
ment, and the LEED data all point to hydrogen beneath the,ct that thew, stretch was observed only in float zone-
surface as the source oh. _ _ grown silicon crystals with a very low[Q;] of

As a further test, we also performed the following seriess v 1015 ¢y 3 The v5 mode has also been detected by Ra-

of experiments:(i) the surface was first exposed to 3.6 ; ; 0
. man spectroscopy and is attributed to the vibration ¢f H
X 10° L H, at 635 K;(ii) after TPD to 870 K, the sample was P Py 15,21 °

cooled to 635 Kjiii) the surface was exposed to atomic D mo_:_ehcules Itlraf]ped ‘.i;d 3|tes.. di hat H K .
(6x10° L D, at T¢=635 K); and(iv) finally, TPD to 1270 us, all t € evidence in icates t ai. 2 peaxs arise
K. After TPD to 870 K in step(ii), the surface showed a from the d_gsorptlon of molecularztrapped inc-Si, I_|kely at
(1x1) LEED pattern, in agreement with the annealing LEED T interstitial sites. Thex,H, peak breadtlisee Fig. &)]
series in Fig. 2, indicating that the roughened surface is notud9ests that the thermal evolution of bulk i limited by
smoothed by the 870 K anneal. The DPD spectra from bulk dlffusmn through the !nterstltlal space, not by surface
step(iv) was very similar to that of the 210° L D, at T,  desorption. H TPD following large H exposures afs
=635 K on a smootli2x 1) surfacesee Fig. 8)]. No a;D, =750 K showed only one shallow and broad peak at 930 K.
desorption was detected. If thg state were a surface state, This H, peak is attributed to Hevolution (a;) from deeper
we would have observed,D, desorption as well ag,D, interstitial sites inc-Si, consistent with a diffusion-limited H
desorption. This result further confirms that the state is a  €volution model. Assuming first-order kinetics and a preex-
bulk state, accessible only by a prolongetDiexposure. ponential factor of 18 sec’?, a diffusion activation energy
According to the proposed model, during lengthy H ex-of 3.5 eV is estimated from Fig.(B). Markevich et al*°
posures afl ;=415 and 635 K, a measurable fraction of H obtained a much lower value 0£0.8 eV, which was esti-
atoms diffuses with low activation barrié® into the bulk  mated by the increased infrared absorption for the O-H com-
where recombination and trapping occurs leaving stalle Hplex stretching mode with annealing in the 300-420 K
at tetrahedral ) interstitial sites->~2>17=21Thjs molecular range. We speculate that their small activation energy re-
H, would move very slowly af ;=415 and 635 K since the flects the diffusion ofT4H, within the close proximity of
H, diffusion barrier would be high1.2—-2.7 eV.281314H,  interstitial oxygen (@), which might be an accelerated pro-
trapped in platelets, which are often formed by H plasmacess rather than diffusion through tleeSi lattice. Further
treatment, has been reported to be stable up to 52Bd.  investigation of these different energy estimates is needed.
22) or 673 K?! but the low energie$~0.16 eV} of the The B, HD desorption peak is about 20 K higher than
thermal H atoms employed in this work are incapable ofg,D, in spectra(b)—(d) in Fig. 3. We ascribe this to the
creating platelet defects ie-Si bulk. The amount of H effects of surface etching which produces, for exam{dl&))
trapped at defect and dopant siteii would be too small  nanofacets where Si-H bonds are slightly strorfdemd re-
to contribute significantly to the Hdesorption because the quire somewhat higher temperature for efficient abstraction
doping level of our sample is low (210" cm 3). More- by D(g).>° We also speculate that H indiffusion, in addition
over, these internal H atoms are expected to evolve out att® H abstraction, by subsequent D atoms occurred. It is likely
T, significantly lower than thgg;H, peak temperature, con- that atomic H arriving from the gas phase both penetrates
sidering their shallow trap depths and high mobility ininto the bulk directly and induces preadsorbed H to diffuse
c-Si2*1n our early work*® we showed that adsorbed H on into the bulk. We suppose, that, as on metallic surfaces, e.g.,
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Cu, Ni, and Pd, atomic H first saturates the surface siteffom atoms first bound at the surface. Based on other work,
before diffusing into subsurface or bulk sités? the most likely bulk binding sites in void-free crystalline
silicon are the tetrahedral interstices between Si atoms.

SUMMARY
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