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Direct insertion of SiH; radicals into strained Si-Si surface bonds during plasma deposition
of hydrogenated amorphous silicon films
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We investigate the interaction of silyl (SiHradicals with hydrogenated amorphous silicea&i:H) films
using real timean situ infrared spectroscopy in a mode that can detect as littte@& ML of Si-H bonds. The
results are directly relevant to the growth @fSi:H by plasma-chemical vapor deposition. In this paper, a
remote silane plasma source is used to generate a pugeh®#in, without any contribution of H or SjH
Deuterated - Si:D) films are exposed to this beam and the change in the IR absorption caused by the loss of
SiD groups and the creation of SiH groups is measured in real time. At the beginning of exposurg to SiH
radicals, a hydrogen-rich layer is deposited on top of the deuterated sample, but no release of deuterium from
SiD surface groups can be observed. This is a surprising result, since it has been assumed in the literature that
SiH; radicals can easily abstract surface-bonded H atoms, and that abstraction must occur in order to create
dangling bond sites on which Siiadicals subsequently adsorb. Our results show that the reaction mechanism
with the largest rate coefficient must be the direct insertion of;Sadlicals into bonding sites at the film
surface, which leads to a hydrogen-rich top layer while preserving the preexisting SiD bonds. After completion
of one monolayer of surface Si-H bonds, deuterium atoms from the initial surface are released simultaneously
with the creation of SiH bulk groups. We propose a reaction scheme based on the direct insertiop of SiH
radicals into strained Si-Si bonds. This scheme also predicts that the surface-bonding configurations depend on
a dynamic balance between the rates of [Sdidsorption and thermal desorption, which is confirmed experi-
mentally as a function of Sigflux. We discuss the implications of this reaction mechanism for the growth of
a-Si:H from silane discharges, and for the growth of microcrystalline Si jndiuted SiH, discharges.
[S0163-182699)03508-0

[. INTRODUCTION the reaction mechanism for creation of SiH surface groups is
thought to involve the abstraction of deuterium from a SiD
Hydrogenated amorphous silicon filma-Gi:H) are gen-  surface bond followed by adsorption of a Sithdical at the
erally prepared from low-temperature plasma-chemical vadangling bond. Thereby the creation of SiH surface groups
por deposition using silane€® Understanding the growth should occur simultaneously with the removal of SiD surface
mechanism is important for predicting and controlling thegroups during adsorption of the first monolayer of surface
resulting film properties, including hydrogen content, film SiH.
morphology, and defect density. The dominant growth pre- In order to resolve the time dependence of the reactions at
cursor in silane discharges is the gikhdical, if the disso- the growing film surface, the loss and creation of SiD/SiH
ciation of the SiH source gas is kept below15%38 This  groups has to be measured with submonolayer resolution.
is consistent with plasma-chemistry calculatiéfisand has  This resolution is usually achieved in IR spectroscopy by
been experimentally verified using mass spectrontetry,sampling over a long period of time-1 h) and averaging
trench coverage experimerit$!®andin situ electron spin- the resulting spectra. However, during film growth the time
resonance experimentslt has been generally assumed thatfor sampling an IR spectrum has to be smaller than the time
incoming SiH, radicals attach to the growing film surface via for depositing a new Si:H monolayér-min).
adsorption at dangling bonds® It is well established that We obtain excellent IR signhal enhancement for SiH and
dangling bonds can be created by hydrogen abstraction froi&iD vibrational modes using a multilayer “optical cavity”
the film surface due to incoming atomic hydrogen, and it hasubstrateé?~1’ which consists of a double-polishedSi wa-
been assumed that the analogous reaction occurs with incorfer with a thermal-oxide thickness of 1040 nm on both sides
ing SiH,; radicals; however, no direct evidence has beerand an Al backside coating-'® We have shown that this
available. At substrate temperatures350°C, dangling type of substrate configuration provides superior signal en-
bonds are also created via thermal desorption of hydrdgen.hancement compared to metal substratesnd we recently
In this paper we obtain quantitative information about themeasured the depletion and repopulation of the hydrogen
reaction of SiH radicals with a hydrogenated amorphousdensity of states(HDOS) in a-Si:H with ~0.2 ML
silicon surface usingn situ real-time infraredIR) spectros-  resolution®” A key advantage of the optical-cavity sub-
copy. From the change in the IR spectra during exposure daftrate configuration is its equivalent sensitivity to both sur-
a deuteratedd-Si:D) film to a SiH; radical source, we de- face and bulk SiH groups. This is important since the con-
termine the temporal relationship between the loss of Silrentration of SiH groups can vary not only at the physical
groups and the creation of SiH groups. As mentioned abovesurface but also in the bulk of the growing film due to the
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FIG. 1. Schematic of the experimental setup.

eventual transformation of the growth layer into #eSi:H
network.
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A sketch of the experimental setup is shown in Fig. 1. A frequency (cm™)

remote dc plasma source using i source gas is used to FIG. 2. Change of the extinction coefficient during growth of an

generate Sigiradicals, as described in Ref. 10. The pressurg,.s;:H fim from a SiH, radical-beam source without beam stop
in the discharge is-100 m Torr at a flow rate of 5.5 sccm. (high flux).

Using these parameters at a low dc power, the depletion of
the S||—h source gas in the discharge is smal10%), as ~5x10"4. The Change in the extinction coefficieatof the
is the dominant radical-® Through a small orificédiameter R during growth or exposure to atomic deuterium using a

3 mm in the grounded electrode, a directed radical beanfi9orous optical model An increase in reflectivity corre-
effuses into a growth chamber, which is equipped withiran spond_s to the removal of SiH/SID groups an_d a _decrease in
situ Fourier-transform infrared spectrometer. This directe eflectivity corresponds to the creation of SiH/SID groups.

beam can be blocked with a beam stop in order to reduce th he change in the extinction coefficiedik is plotted asA«
) : ... times film thickness in order to obtain a spectrum propor-
growth flux towards the substrate, i.e., only radicals with

S o . . tional to the areal density of hydrogen in the sample. From
low-sticking probability (SiH)) can reach the substrate via fiing the extinction coefficient to Gaussian peaks for the
multiple reflection off the Si-coated chamber walls.

individual SiH vibrations, the integrated absorption coeffi-

_ The pressure in the growth chamber is 2 mTorr duringcient for each vibrational mode is determined. The line po-
film deposition and the substrate temperature is 230 °C for allitiyns for the SiH and SiD surface and bulk groups are taken

experiments. In a previous paper we gravsi:H films with  ¢0m the literature 923 ~2000 cni L for the SiH bulk mode,
good electronic properties using this remote plasma sourcgnq at the surface-2083 cm? for the SiH monohydride
operating at the same discharge parameters listed alBove.,vzno cmt for the dihydride and-2140 cni* for the tri- ’
Uniform coverage of trench-shaped substrates was Observ%dride; ~1455 cmit for the SiD bulk mode, and at the
indicating that the remote plasma source produces radical§; iface ~1515 cnmit for the SiD monodeuteride~1525
with a small sticking coefficient, consistent with the effusion ..,-1 tor the dideuteride and-1550 cnit for the trideu-

of predominantly Sil radicals. . teride. From the integrated extinction coefficient the hydro-
To produce deuterated samplesSi:H films are depos-  gen areal density is calculated using known oscillator

ited by the remote plasma source and then exposed to atoMigength2? It should be mentioned that only the oscillator
deuterium, generated by a hot tungsten filament at @ moleCyyrengths of the SiH bulk and the SiH surface monohydride
lar D, pressure of 3 mTorr. The filament power4880 W o4es are known for-Si:H. Therefore, the oscillator

and the filament is mounted at a distance-@0 cm without  grengths for the SiD bonds are assumed to be the same as for
line of sight to the sample. The substrate temperature duringhe SiH honds, and the oscillator strengths for the SiH di-
exposure is also 230 °C. In a previous paper, we quantifiedn trihydride surface modes are assumed to be the same as

the HD eégbgnge in very thim-Si:H films using these {4 the SiH surface monohydride mode. If any of these os-
parameters’™"" The abstraction and replacement of surfaceg;jator strengths is different, then the calculated concentra-

bonded H atoms by gas phase D atoms was detected atgns must be rescaled, but the conclusions of this paper re-

level of 1.5x 10'*atoms/cm. main unchanged.
IR absorption spectra are measured in reflectance mode
using 128 scans if the radical beam impinges directly on the Il. RESULTS
substrate, and using 500 scans if the beam stop is closed. o )
This takes~36 s at 128 scans and98 s at 500 scans. The A. Growth of a-Si:H films from the radical source

infrared background spectra are taken with 1000 scans prior An a-Si:H film is deposited on the optical-cavity sub-
to initiating film growth. The signal-to-noise ratio iSR/R  strate using the radical source with the beam stop open, and
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FIG. 3. Increase of the areal density of hydrogen in SiH bulk SiD, bulk: . SiH, bulk/ @ -
groups, SiH monohydride, and higher hydride surface groups dur- SiD’ SiD, SiH'® SiH,
ing growth of ana-Si:H film from a SiH; radical beam source. SiD, SiH,
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the IR reflectance spectra are measured in real time. The

corresponding changes in the extinction coefficient are fit frequency (cm'1)
with Gaussian peaks for the SiH bulk and surface modes, as
shown in Fig. 2. Up to 144 s, absorption peaks~&083, FIG. 4. Change in reflectivity during exposure of the as-grown

2110, and 2140 cit become visible, which correspond to a-Si:H film to atomic deuterium.
the creation of surface SiH mono-, di-, and trihydride groups,
respectively. During further film growth, absorption at 2000 starts to decrease, corresponding to the onset of the HD ex-
cm ! also becomes visible, which corresponds to the creehange. The reflectivity at-1550 cm* does not decrease
ation of SiH bulk groups. The maximum of the spectra aftereven though the reflectivity at2140 cmi® increases; this
180 s is at~2080 cm %, indicating that the dominant surface indicates that no Sipgroups are created during exposure to
group during steady-state growth is monohydride. The inatomic deuterium. The change in the IR backgroyndt
crease in the areal densities of hydrogen in the bulk monoshown corresponds quantitatively to the etching of 7-nm of
hydride, surface monohydride, and higher hydride groups i$ilm during exposure for~3000 s. Summarizing, the inter-
determined from the changes in the extinction coefficientsaction of thea-Si:H film with atomic deuterium leads to the
and shown in Fig. 3. Approximately>210'-cm 2 SiH sur-  formation of SiD bulk and SiD surface monohydride groups
face groups are created before the onset of the formation afia the HD exchange, whereas the higher hydrides at the
SiH bulk groups at 144 s. The contribution of surface mono-physical surface are etched away. The preferential etching of
hydrides increases during bulk-film growth, whereas the conhigher hydrides during exposure afSi:H to atomic hydro-
tribution of higher hydrides saturates at a value-e2.5  gen is fully consistent with findings in the literatuf&:>°
x 10 cm™?, indicated by the dotted line in Fig. 3. The data HD exchange experiments on crystalline silicon have
can be explained as follows: at the onset of film growth ashown that the total hydrogen coverage remains close to
hydrogen-rich Si:H layer is formed consisting of SiH mono-, unity (0.68< 10"°cm?) during atomic H or D exposurg.
di-, and trihydride groups. SiH bulk groups are formed onlySince thea-Si:D is created by exposing amSi:H film to
after deposition of 1-2 ML of this hydrogen-rich layer. The atomic deuterium, we assume that the monodeuteride at the
increase in surface monohydrides scales linearly with growtiphysical surface consists 6£0.7x 10*cm™2 D atoms, and
time, i.e., film thickness, which indicates that the bulkthat the local structure is similar to thex2l reconstruction
a-Si:H film contains internal surfaces. The higher hydrideof Si(100), since this represents the stable configuration for a
modes, however, exist only at the physical film surface anchydrogen-terminated silicon surface exposed to atomic H at
saturate at-2.5x 10°cm™2 This is consistent with 1 ML of  a substrate temperature of 230*C.
SiH, or SiH;. This variation of the hydrogen content during
growth is in excellent agreement with the results of
Toyoshimaet al. using real-time reflection IR and a metal
substrate, which provides high sensitivity to surface modes Thea-Si:D film described above is then exposed to $iH
only 25-27 radicals generated by the remote-plasma source with the
This a-Si:H film is then exposed to atomic deuterium. beam stop open, and @ Si:H film is deposited on top. The
The changes in the IR spectra are shown in Fig. 4. Afteimeasured changes in the IR spectra are shown in Fig. 5. The
98 s, the reflectivity around-2100 cm! increases, repre- decrease in reflectivity at2100 cm ! after 36 s corresponds
senting a removal of SiH surface groups from the film. How-to the formation of 0.94 10*>-cm™2 SiH surface groups.
ever, the reflectivity around 1500 crhdoes not decrease, The decrease in reflectivity at2000 cmi® after 72 s indi-
which indicates that the SiH groups are removed by etchingates the formation of SiH bulk groups. During further ex-
the film surface rather than by creation of SiD groups via theposure, the amount of created SiH bulk and surface groups
HD exchange. After 196 s the reflectivity around 1500 ¢m increases continuously, indicating steady-state film growth.

B. Reaction of SiH; radicals with a-Si:D
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FIG. 6. Change in the reflectivity during exposure of 1&i:D
However, the increase in reflectance arounil515 crﬁl, film surface to the radical beam source with beam stow flux).
indicating the removal of surface-monodeuteride groups, ighe SiH/SID bulk and surface modes are fitted with Gaussian
only visible beginning at 72 s. The loss in surface-peaks.
monodeuteride groups corresponds to X40°cm™? after
72 s and to 0.68 10"°cm 2 after 144 s, equivalent to the
removal of 1 ML of SiD. During further film growth, no produces only Siklradicals. With the beam stop in place,
more SiD groups are released. This supports our assertiginy residual contribution of ions or radicals with large stick-
that the flux emanating from the remote-plasma source dodfg coefficient—such as SiH SiH, or Si—can be com-
not contain atomic hydrogen, since it would produce a faspletely excluded, since they cannot reach the sample after
HD exchange reaction with the bulk of tieeSi:D film, as  several wall collisions. The beam stop reduces the flux to-
we have previously observed using an atomic-hydrogemvards the surface by one order of magnitude.
source>*¥ This would be manifest by a fast initial increase A fresh a-Si:D film is prepared by exposing tre Si:H
in reflectivity at ~1455 cmi* due to the loss in SiD bulk film of Fig. 4 to atomic deuterium until saturation. This film
groups, which is not detected. is then exposed to the radical source with the beam stop in
We interpret the spectra as follows: @aSi:H film is  place. Figure 6 shows the resulting changes in the reflectivity
deposited on top of tha-Si:D film by adsorption of Sifl  spectra, which are taken with 500 scans to achieve a better
radicals. SiD groups from the physical surface of h8i:D  signal-to-noise ratio. The decrease in reflectivity~z2090
film are removed either by abstraction from the incomingecm™? after 98 s indicates the creation of SiH surface groups
radical flux or by the transformation of the initia-Si:D  consisting predominantly of monohydrides; the decrease in
surface into bulk film. As shown in Fig. 5, the increase inreflectivity at~2000 cm* at 392 s indicates the creation of
reflectivity at ~1515 cm* indeed corresponds to the re- SiH bulk modes and corresponds to the onset of bulk-film
moval of 1 ML of SiD surface groups. growth. This is the same sequence as shown in Figs. 2 and 3.
However, the detailed time sequence of the creation offhe increase in reflectivity at 1515 cthindicating the re-
surface SiH groups vs the removal of surface SiD groups isnoval of SiD surface groups becomes visible only after 392
difficult to resolve from the spectra in Fig. 5 because thes, and saturates after 780 s. The reflectivity at 1455'%cm
growth rate is relatively large. Therefore we reduce the fluxincreases slightly during longer exposure times, indicating a
of incoming radicals by placing a beam stop between thalow release of SiD bulk groups.
radical source and tha-Si:D film. Since SiH radicals have The spectra are converted tox and fit with Gaussian
a surface-loss coefficient of only0.26 ona-Si:H films and  peaks for the SiH and SiD bulk and surface modes. For this
the chamber walls are coated wiéhSi:H, the radicals are quantification we use only one Gaussian peak for the
able to survive several wall collisions and still reach theSiH(SID) bulk mode and the sum of the SiBID) surface
substraté~® This is, of course, exactly what happens whenmodes. The resulting changes in the areal density of
a-Si:H uniformly coats a trench of high-aspect ratio andhydrogerideuterium are shown in Fig. 7. Initially,~0.5
small dimensions compared with the mean free path in the< 10'>-cm™2 SiH surface groups are created before the onset
gas phasé’ We have already argued that the plasma sourcef the formation of SiH bulk modes. Interestingly, the onset
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This would lead to an increase in reflectivity at 1515 ¢ras
shown by the calculated dotted line, but the data show no
such change well within the measurement uncertainty.
Therefore, the dominant mechanism for Sildsertion dur-

ing the initial exposure of am-Si:D film does not require
deuterium abstraction.

Therefore, we propose an alternative reaction pathway for
SiH; adsorption, namely, thdahe preferred adsorption sites
are strained Si-Si bonds at the film surfatteis known that
atomic hydrogen can easily insert into strained dimers at the
2X1 reconstructed $100 surface to form the X1
reconstructiort? At elevated substrate temperatures this 1
X1 reconstruction transforms spontaneously back into the
2x 1 reconstructio? We propose that the incoming SjH
: radical follows an analogous reaction pathway. The insertion
1.0+ R SiD surface of a SiH; radical into strained Si-Si bonds on the growing

5 a-Si:H film surface will form at first a transition state con-
sisting of a pentacoordinated Sjldite:

SiH3(g) + Si-Sis)— Si-SiHz—Sig , 1)

H atoms (10" cm?)

05

0.0

S the indices(s) and (g) denote the surface and gas phase,
0 500 1000 1500 2000 2500 3000 respectively. The existence of pentacoordinated silicon at-
time (s) oms is well known as a transition state in nucleophilic sub-
stitution reactions, and these types of chemical reactions
FIG. 7. Variation of the areal density of hydrogen during expo-have been recently proposed for the dissociative adsorption
sure of the deuterated film to a Sjihdical source(a) Increase of  of Si,Hg at dangling bonds on crystalline silicon
the areal density of SiH surface groups and SiH bulk grodps;  surfaces?~>° The role of the nucleophile reactant is played
decrease in the areal density of SiD surface groups and SiD bulby the open surface bond, which acts as the donor for the
groups. charge transfer and the silicon atom int&j acts as the
acceptor® The pentacoordinated silicon atoms are bonded
) through their dsporbitals as known for fivefold coordinated
of the removal of SiD surface groups after 392 s occursg; compounds in the gas pha€én the case of adsorption of

simultaneously with the creation of the SiH bulk modes, i.e..gjh, at the hydrogenated surface, this situation is reversed,
the onset of bulk-film growth. The loss of SiD surface groupsgijnce now the dangling bond of the SiFadical acts as the

saturates exponentially during film growth as illustrated byyonor and the silicon atom on the surface acts as the acceptor
the solid line in Fig. 7. The data taken at small radical fluxesg, the charge transfer during bonding.
thereby confirm the interpretation of the data taken at a large \ye assume that the lifetime of the pentacoordinated; SiH

radical flux shown in Fig. 5: during exposure of anSi-D  ransition state should be sufficient to lead to a nonzero
film to SiH, radicals, SiH surface groups are creab&dore  geady-state coverage at the growing film surface. It is known
deu_tenum f_rom SiD surface groups is released. In_ the folihat adsorbed SiHican only dissociate to form adsorbed
Iowmg section, we present a reaction scheme that is able tgin and adsorbed H if a dangling bond is neafBylhis
explain this result as well as the consequencesak®i:H  |eads 10 a lifetime of minutes at room temperature for silicon
film growth. surfaces with a large hydrogen coverage corresponding to a
low density of dangling bond Since thea-Si:H film sur-
IV. DISCUSSION face remains hydrogenated during groftr?’" such that
the surface-dangling bond concentration is smaller than
It has generally been assumed that the attachment of SiHL%,* the assumption of a finite lifetime for an isolated $iH
radicals to the growing film surface occurs via chemisorptiorsite is reasonable.
at Si dangling bonds. These dangling bonds are thought to be We postulate further that neighboring Siklites can re-
created when incoming SiHadicals abstract hydrogén®  construct by directly forming a surface monohydride and re-
However, the exact reaction mechanisms are unknown, dueasing two H molecules:
to the lack of detailed experimental data. The creation of 1 2Si-SiHy-Si(s)— Sip-SiH-SiH-Sh )+ 2Hy(g) - 2
ML of SiH groups implies the removal of 1 ML of SiD, if it
is necessary to create dangling bonds by deuterium abstrathis mechanism has important implications for the surface
tion from the initial film surface. The experimental results, asconfigurations during Sikladsorption. In general, an amor-
shown in Figs. 5 and 7, directly contradict the above assumpphous film surface is different than a crystalline surface;
tion: SiH surface groups are created with no release of sufiowever, it is reasonable to assume that the same reaction
face SiD groups. This asymmetry is illustrated in Fig. 6 formechanisms occur on the local atomistic scale. To illustrate
the spectrum taken after 294 s: 0:650'>cm™2 SiH mono-  the reaction pathway for adsorption of Sikadicals, we
hydride groups are created and according to the reactiotherefore use the 21 reconstructed and H passivated
scheme 0.5510"cm™2 SiD groups should be released. Si(100) surface as a model system.
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FIG. 9. Change in the extinction coefficient at the time corre-
FIG. 8. Reaction scheme for the insertion of Sitddicals into  sponding to the formation of the hydrogen-rich overlayer in the case
strained surface bonds on th&2 reconstructed §100 surface. of (&) no beam stofglarge flux of SiH radical$ and (b) with beam
stop(small flux of SiH; radicalg. The insets show surface configu-

. . R rations Il and IV as illustrated in Fig. 8.
The reaction scheme is illustrated in Fig. 8 by three reac- g

tion steps, which connect surface configurations | to (IV/:
two neighboring dimers on the>1 reconstructed $100)  dride groups, respectively. This is in good agreement with
surface;(Il) two SiH; radicals insert into the strained Si-Si the areal densities in model configuration 1V, illustrated in
surface bonds and form pentacoordinated ;Stkansition  the inset, which has 0.3410'>-cm ? hydrogen in SiH
states;(lll) neighboring pentacoordinated Sildites recon- monohydrides and 0.5210"-cm™2 hydrogen in pentacoor-
struct to create a new strained Si-Si surface bond and releasénated SiH sites. As stated earlier, we use oscillator
two H, molecules; andIV) one SiH radical inserts in the strength of the monohydride mode to quantify the higher
new strained Si-Si surface bond. Overall, this reaction pathhydrides modes. This might overestimate the higher hydride
way leads to the attachment of three Sitddicals, the re- population, since higher hydride groups usually have a larger
lease of two H molecules, and the relaxation of two strained oscillator strength than monohydride groups in gas-phase
bonds on the initial film surfaceéNo hydrogen abstraction molecules.
from the film surface and no creation of dangling bonds is Figure 9b) shows the change in the extinction coefficient
involved in this reaction scheme. after completion of the hydrogen-rich overlayer in the
The surface configuration IV represents the maximal conelosed-beam stoflow flux) experiment. The spectrum is fit
centration of SiH surface groups in the absence of H abstraavith Gaussian peaks of the same peak positions and widths,
tion, because naeighboringpentacoordinated Sifbites are  yielding the creation of 0.4, 0.1, and 0040™-cm ™2 hy-
then available and no further reconstruction can occur. Howdrogen in SiH mono-, di-, and trihydride groups, respec-
ever, the pentacoordinated Sikite in IV is metastable and tively. This quantification is in good agreement with the ar-
can thermally dissociate by the reformation of a strainedeal density in model configuration 1ll, shown in the inset,
bond and the desorption of the Sikadical back into the gas which has 0.3% 10'>-cm™2 hydrogen in SiH monohydrides
phase. We therefore postulate an equilibrium for the surfacand no higher hydrides. The spectra show that the hydrogen-
between configurations Il and 1V. This equilibrium dependsrich overlayer contains much less higher hydrides in the limit
on the relative rate of thermal desorption of the Sibdicals  of low SiH; flux than in the limit of high SiH flux. There-
vs the rate for SiH insertion, which is a function of the fore, we conclude that an equilibrium does exist between
incoming flux of SiH, radicals. This equilibrium should be configuration Ill, which dominates in the case of a small
observable in the IR spectra because configuration Il conSiH; flux, and configuration IV, which dominates in the case
sists solely of SiH monohydride groups, whereas IV contain®f a high SiH flux.
SiH monohydride groups as well as higher hydride groups. In Fig. 9a), the change in the extinction coefficient at
Figure 9a) shows the change in extinction coefficient af- 2110 cm ! indicates the formation of Sijgroups, although
ter completion of the hydrogen-rich overlayer in the openthe reaction scheme illustrated in Fig. 8 includes only SiH
beam stop(high flux) experiment. The spectrum is fit with and SiH; groups. The Siklgroups might form by the follow-
Gaussian peaks for the surface hydrides. The quantificatioimg additional reactiongi) An incoming SiH; radical might
of the data yields the creation of 0.53, 0.42, and 0.4%abstract a hydrogen atom from the pentacoordinated site to
X 10*-cm™2 hydrogen atoms in SiH mono-, di-, and trihy- form a surface-dihydride grougii) Two neighboring penta-
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coordinated sites might reconstruct by the formation of two (v) The electronic properties &-Si:H films are usually
SiH, sites and the release of g hHholecule.(These two sites optimized at substrate temperatures between 200-300 °C.
could further reconstruct by the release of a secondnbl-  ¢-Si (100 surfaces have the>21 reconstruction in this tem-
ecule and the formation of the stable-surface monohydride perature range; under H exposure at lower temperatures the
(i) A SiHz might insert into a strained Si-Si bond and di- surface becomes X1 reconstructedadditional H atoms
rectly form a stable Sikigroup and a free hydrogen atom. preak the Si-Si dimejs which reduces the number of
The hydrogen atom would presumably be able to abstract grained bonds. Assuming the same behavior for local recon-
neighboring surface-hydrogen atom, which would reduce th&tryctions ora-Si:H implies that the surface diffusion length
deuterium coverage during initial SjHadsorption on of adsorbed Sikiradicals should decrease at temperatures
a-Si:D. However, the latter is not observed experimentally,<200 °C because the number of strained bonds decreases. At
SO reaction(iii) must be unfavorable. And of course, the substrate temperatures:goo °C the hydrogen therma“y de-
surface morphology of the growing-Si:H film must be  sorbs; this also diminishes the surface-diffusion length be-
more complex than the @00 2Xx 1 reconstruction, allow- cause incoming radicals can easily adsorb at surface-
ing bond rearrangements that we have not considered. dangling bonds and then cross lifform Si-Si bonds as

After completion of this hydrogen-rich surface layer, fur- more hydrogen evolves. Thereby a large surface diffusion
ther growth can only proceed if deuterium is abstracted fromength of SiH is only expected in the temperature range
SiD groups on the initial film surface. The rate coefficient for petween 200 and 300 °C, and surface diffusion is believed to
deuterium abstraction must be smaller than for Siber-  pe favorable for the formation of high-quality films.
tion; indeed, the data shown in FIgS 3 and 7 indicate that the (VI) The hydrogen-rich Over|ayer is etched by an incom-
hydrogen-rich overlayer forms 4-5 times faster than the ratéhg flux of atomic hydrogen as shown in Fig. 4. The conse-
of continuous film growth. quence is a surface with a large coverage of strained bonds,

The fact that direct insertion of SiHtadicals into strained  which is the stable surface under atomic hydrogen exposure
Si-Si surface bonds is the dominant adsorption pathway hagt this substrate temperatu230 °Q. The deposition of mi-
several consequences for our understanding-&fi:H film  crocrystalline silicon from hydrogen-diluted silane dis-
deposition: charges corresponds to the simultaneous interaction of

(i) The existence of a hydrogen-rich surface layer followsatomic hydrogen and SiHwith the film-growth surface. In
directly from the large rate coefficient for Sjlihsertion into  such depositions the strained bond density at the surface is
strained bonds: Sikiis attached without abstracting existing expected to be considerably larger than in pure silane dis-
surface hydrogen, thereby increasing the hydrogen conceharges, due to the permanent reetching of higher hydrides.
tration at the growing film surface. Consequently, the surface migration for adsorbed; Sitdi-

(ii) The creation of the hydrogen-rich overlayer is a self-cals through strained surface bonds is facilitated; high-
limiting process, since the insertion of SiHadicals into  surface diffusion has been postulated to promote the evolu-
strained bonds consumes adsorption sites. In the case oftian of crystallinity, along with a certain hydrogen coverage
crystalline surface, this limit is reached after adsorption ofand the absence of a higher hydridé&°
the second monolayer.

(iii) The hydrogen-rich overlayer consists of isolated pen-
tacoordinated Siklsites, as illustrated in Fig. 8. However, V. CONCLUSION
the steady-state creation of bidkSi:H requires the removal
of hydrogen from the SiH surface groups. The present ex- We analyzed the interaction of Sjtadicals, produced by
periments do not rule out the possibility that Sikhadicals a remote silane-plasma source, with a deuterat&i.D film
can, at a small rate, abstract hydrogen from the surface, cr@t 230 °C usingn situ real-time IR spectroscopy. 1-2 ML of
ating a dangling bond and a Sjkholecule. However, it is SiH surface groups are created during adsorption of; SiH
probable that this abstraction reaction can be blocked by theadicals before the removal of deuterium from the surface is
presence of the hydrogen-rich overlayer, which implies thabbserved. This experimental observation directly conflicts
the morphology of the growing film surface influences thewith the assumption that SiHradicals abstract surfade
rate of hydrogen incorporation in the film. atoms and leave open dangling bond sites on which other

(iv) The SiH; radicals, which have inserted into strained SiH; radicals attach. This experimental result is explained by
Si-Si surface bonds, may be mobile. We suggest that theqeostulating a reaction scheme based on insertion of; SiH
adsorbed Sikiradicals are able to migrate through the bondradicals into strained Si-Si surface bonds forming metastable
centers of the strained Si-Si bonds; this is a direct analogy tpentacoordinated Si-Sybi sites. These metastable sites can
the diffusion of hydrogen through bond-centered sites irfurther reconstruct by the desorption of Fholecules. This
c-Si.383° This provides a possible reaction path for surfacereaction mechanism leads to a hydrogen-rich overlayer
diffusion, which is necessary to explain the observation ofpresent during film growth, which is observed in this paper
nucleation phenomerf4.The surface diffusion length would as well as in the literature. This reaction scheme forms a new
depend on the density and morphology of strained bonds obasis for the development of realistic growth models for
the film surface. Om-Si surfaces, hydrogen diffusion is fast a-Si:H growth from low-temperature silane discharges, as
along the dimer rows and slow perpendicular to the dimemell as for the evolution of microcrystallinity in Hdiluted
rows?? SiH, discharges.
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