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In situ electron-spin-resonand&SR) measurements of film growth of hydrogenated amorphous
silicon (a-Si:H) using a remote hydrogen plasma technique have been performed. The Si
dangling-bond signal im-Si:H during and after deposition has been detected, in addition to the
gas-phase ESR signals both of atomic hydrogen and radicals related with silane molecules. Dynamic
changes of the Si dangling-bond signal intensity have been observed in real-time, where the signal
intensity increases with deposition time and decreases after stopping the deposition due to a
structural relaxation. High potentiality @f situ ESR techniques for microscopic understanding of

film growth and surface reaction has been demonstrated19€¥ American Institute of Physics.
[S0003-695(97)03609-1

In the field of semiconductor technology, various kindsa remote hydrogen plasma system was (fs&be basic de-
of processing are utilized to fabricate devices. To get goodsign of the system was adapted for compatibility with the
quality films, surfaces, and interfaces, various probes such &SR apparatus. The sketch of our experimental setup is
infra-red, visible light, electron beam, scanning probes, etcshown in Fig. 1a). The hydrogen plasma discharge was sus-
have been introduced for monitoring microscopic processetined within a microwave cavity2.45 GH3, which is lo-
of growing or reacting surfaces. Infra-red reflection absorp<ated upward of th&-band ESR cavity. Molecular hydrogen
tion spectroscopy, spectroscopic ellipsometfy,scanning flowing through a high-purity vitreous-siliceHPVS) tube,
probe microscopyetc. provide information on film density, outer diameter of 6 mm, was dissociated into atomic hydro-
bonding configuration, surface atomic arrangement, and ottgen at the position of the discharge cavity. Silane gas was
ers. On the other hand, defect centers, whether they are in thigixed with atomic hydrogen in the ESR cavity and the pri-
bulk or at surfaces and interfaces, play an essential role iary reaction takes place there as follolws:
determining final device performaqc‘és;f. one can directly SiHg+H— SiHg+H,. (1)
observe the creation and annihilation of defect centers and

those dynamic bonding configurations during film depositionS @ result, a thin film of-Si:H was deposited on the inside
and surface reaction in real-time, it will give much more wall of an outer HPVS tube having an outer diameter of 10

important information for the improvement of device perfor- MM, as shown in the figure. The substrate temperature of this
mances. Initial attempts to measure defect centers by eleS€tUP Was room temperature. ESR measurements were made

tron spin resonancéESR technique during film growth Using the BRUKER ESP 300E system.

were carried out by Johnsoet al® for a-Si:H deposition The distance between the end of the inner tube and the
using the remote plasma system, and they detected ESR sigSR cavity was adjusted so that taeSi:H film was depos-
nals associated with hydrogen atoms aridcEnters of the | ed with its thickest point at around the center of the ESR
silica-glass tube. However, no Si dangling-bond centers ofictive region, whose thickness distribution with respect to

a-Si:H (D center$ could be detected, perhaps, because of

paucity of deposited material. | thickness (nm)

We performedn situ ESR measurements during deposi- discharge 0 50 100 150
tion of hydrogenated amorphous silicoa-§i:H) for a wide [ tube e ' '
range of deposition conditions and different geometrical re- H=—ST 0Ff
lationships between the ESR cavity and the remote plasma —
system. We succeeded in depositing a-Si:H film in the ESR ‘ = 2
cavity and observing D center signals from the film during E 4f
and after the deposition. In this letter, ESR signals not only i:i ‘
from the solid phase but also from the gas phase are pre- = 6F
sented with a tentative interpretation of their dynamical . ;g 8
changes. g g

For in situ ESR measurements of growiggSi:H films, ; 10]
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dpermanent address: Electrotechnical Laboratory. Electronic mail: pumping (a)
satoshi@jrcat.or.jp 14
YAlso at: Institute of Materials Science, University of Tsukuba, 1-1-1 Ten-
noudai, Tsukuba, Ibaraki 305, Japan. FIG. 1. (a) Sketch of experimental setufh) Film thickness as a function of
9Also at: University of Library and Information Science, 1-2, Kasuga, vertical positionx. The thickest point is at the end of an inner high-purity
Tsukuba, Ibaraki 305, Japan. vitreous-silica tube. The ESR active region is 0 mmx<< 10 mm.
Appl. Phys. Lett. 70 (9), 3 March 1997 0003-6951/97/70(9)/1137/3/$10.00 © 1997 American Institute of Physics 1137

Downloaded-10-Jul=-2006-t0-133.51.28.61.-Redistribution-subject-to-AlP-license-or-copyright,~see=-http://apl.aip.org/apl/copyright.jsp



e @ oI - ‘ ]

Si dangling bond \

306.8 307.0 357.8 358.0

| (b) ©

7.4 mT-hf VV i
b E' center

magnetic field

ESR signal intensity (arb. unit)

ESR signal intensity (arb. unit)

" Il " " | n L 1 L n | L
330 340 350 360

T T

T
FIG. 2. ESR spectra after film depositiqa) ESR spectrum of D centers in ©)

a-Si:H after deposition with pressure of 5 Torr, silane flow rate of 5 sccm,
hydrogen flow rate of 50 sccm, discharge microwave power of 20 W. The
peak-to-peak width and g-value are 0.7 mT and 2.0055, respectii®ly.

ESR spectrum for the case of relatively low pressure deposition. Dangling
bond signal ina-Si:H, E' center(dangling bond signal of Si§) and hydro- ‘ . . . . L - . ‘ L

gen hyperfine structure with splitting of 7.4 mT related withdenters are 336 340 344 348 352
seen.

magnetic field (mT)

the end of the inner tube is shown in Fin)l. The position FIG. 3 ESR spectra during depositiéa) a dqublet hyperfine strugturg of

. . . . atomic hydrogen, an¢b) a single peak of spin centers related with silane
of x=0 mm is referred to at the end of inner tube. A typical gas.(c) The second derivative curve of ESR absorption during deposition
ESR spectrum after deposition is shown as cugyen Fig. being the in-phasea component of a modulation. This signal was clearly
2. The spin density is around ¥oecm=3. The present depo- observed even after stopping deposition and was confirmed to be identical to
sition condition was with a gas pressure of 5 Torr, a silanghat of theD centers.
flow rate of 5 standard cubic centimeter per min(BECM),
a hydrogen flow rate of 50 SCCM, and a discharge microneed more intensive research for the final identification.
wave power of 20 W. The spectrufe) is identified as a D Another independent structure is also seen at the position
center ina-Si:H because its peak-to-peak width apdalue  of g=2.0055 superposed on the large gas-phase signal of
were found to be 0.7 mT and 2.0055, respectively. This isFig. 3(b), as is marked by a circle in the figure. To see the
quite different from the report of Johnsat al® They ob-  detailed shape we took a second derivative curve of absorp-
served spectra of the'Ecenter associated with a dangling tion being the in-phase «2 component of a modulation,
bond of SiQ (Ref. 8 as well as a hydrogen hyperfine struc- which is shown in Fig. &). This signal was clearly observed
ture with a splitting of 7.4 mT related with'Eenters'®and  even after stopping deposition and was confirmed to be iden-
speculated that those signals originated from the film resulttical to that of the D centers. Since the signal intensity is
ing from a reaction between silane—hydrogen plasma anthcreased with the increase of deposition tirfwehich is
oxygen extracted from a HPVS tube. This difference be-shown in Fig. 4 the ESR signal is considered to originate
tween the present data and those of Johretaal. might be  mainly from the bulk region. After stopping the plasma, a
caused by the difference of plasma conditions, although itong-lasting decay ofD center signal was observed in
their paper, detailed plasma conditions are not given. Actuvacuum, as shown in the figure. According to a tentative
ally, we observed almost the same signals as theirs using a
plasma condition of much lower gas pressgte 1 Torr),
which is also shown as curyb) in Fig. 2. Even for this case,
D centers were observed in addition to the signal related with
E’ centers. This kind of spectrum was also observed from the
system after exposure to the hydrogen plasma in the absence
of silane flow.

During deposition of the-Si:H film, two kinds of sig-
nals were observed, which are shown in Fig. 3; a doublet
hyperfine structure of atomic hydrogen, (@,!* and a single
peak related with silane gas {b). Both signals are thought
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to originate from gas-phase, because they are seen only dur- — 200 min.
ing deposition and their intensity and shape are influenced by . ,Jedeposiion | @0 <—
plasma conditions. The latter signal intensity increases with )

an increase of silane gas-flow rate and line shape seems to be elapsed time

dominated by pressure broadening. This signal could be r °IG. 4. D center ESR intensity as a function of elapsed time during and

lated With Sik rad.icals’ _because in this rem0te plasma sysxfer fiim deposition. During deposition the signal intensity increases with
tem SiH; is the main radical of plasma reaction, although wean increase of time, while it decreases after stopping deposition.
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analysis, the decay curve comprises fast and slow compdhe gas-phase signals related with silane and hydrogen. This
nents. It is speculated that the slow decay is related witlexperiment opens up the possibility of directly observing the
structural relaxations in a bulk region depending on the deptldynamic process of defect creation or annihilation, along
from the surface and the fast one is due to a relaxation in theith its detailed bonding configuration, on the growing sur-
vicinity of the surface. Details of the post growth signal in- face as well as in the bulk region undergoing structural re-

tensity decay will be published in the near future. laxation. One can also discuss the microscopic reaction pro-
For this measurement a film with high spin density wascesses between the gas phase and the surface.
deposited to observe the dynamic chang® afenters. Even The authors thank A. Matsuda, G. Ganguly, and J.

for a device-quarilya-Si:H sample after deposition it is well Hanna for valuable discussions. This work, partly supported
known that there exists a high spin density region around &y NEDO, was performed in the Joint Research Center for
surface by~10' cm™2. Since the typical area of this system Atom Technology(JRCAT) under the joint research agree-
is ~3 cn?, this spin number is in a detectable range for ESRment between the National Institute for Advanced Interdisci-
measurements, although the noise level during deposition iglinary Research(NAIR) and the Angstrom Technology
larger than that of plasma-free conditions. Partnershig ATP).

During the growth ofa-Si:H film a variety of chemical
reactions are expected to occur at the growing surface
such ,aSESI_(S)+S|H3(g)_,>ESI_S”—h(,S)' ESI_H(S) +_H(g) 1y, Toyoshima, K. Arai, A. Matsuda, and K. Tanaka, J. Non-Cryst. Solids
—=8i<(5)+H,(g),  =Si—H(s)+=Si—H(s)—=Si-Si=(s) 137&138 765(199)).
+H,(g), =Si(s9)+=Si-(s) —=Si—-SkE(9), etc., where(g) 2W. Collins, I. An, H. V. Nguyen, Y. Li, and Y. Lu, irPhysics of Thin
and (S) denote “gas—phase” and “surface.” respectively Films, Optical Characterization of Real Surfaces and Filmdited by M.

S ¥ " H. Francombe and J. L. Voss¢Academic, San Diego, 1991pp. 565—
and =Si-(s) represents & center at the surface. For these 620,
surface processes, hyperfine interactions betwearenters  3m. G. Lagally, Y.-W. Mo, R. Kariotis, B. S. Swartzentruber, and M. B.
and hydrogen atoms and/or other interactions betweenWebb, inKinetics of Ordering and Growth at Surfaceadited by M. G.
Dcenters should be involved. However, as is seen in Fig,,-agally (Plenum, New York, 1990 p. 145.

. . L. . K. L. Brower, Phys. Rev. B3B42, 3444(1990.
3(c)_, no discernible characteristic signals echpttenter_s N s\ M. Johnson, J. Walker, and K. S. Stevens, Appl. Phys. 682631
a-Si:H have been observed. Reasons why such signals ag1991.
related with hyperfine and/or electron spin—spin interactions’See, for example, G. Lucovsky, D. V. Tsu, R. A. Rudder, and R. J. Marku-
are absent might be the fast reaction time of surface pro- nas, inThin Film Processesedited by J. L. Vossen and W. KefAca-
. e - mic, San Diego, 1991pp. 565-620.

cesses, because a fast reaction causes Ilfetlm_e broadening Qg jones, S. D. Macknight, and L. Teng, J. Phys. Che@.407
the ESR spectra, and/or paucity of their density. In order to (1973; E. R. Ausin and F. W. Lampebid. 81, 1134(1977.

clarify this, similar experiments at low substrate tempera-zR- A. Weeks,dl Non-Cryst. Solids79, 1 (1994. " (198

: : T.-E. Tsai and D. L. Griscom, J. Non-Cryst. Solid$ 170 (1987).
tures will be d_one in the futu_re. . 10 B. Triplett, T. Takahashi, and T. Sugano, Appl. Phys. LBf. 1663
In conclusion, the ESR signal associated vittcenters (1987).

has been observed from a growiagSi:H film in addition to A, A. Westernberg, Prog. React. Kingt. 23 (1973.
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