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Direct observation of dangling bond motion in disordered silicon
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We report an unexpected temperature dependence of the electron-spin-resonance lithelyidtior the
silicon D-center resonance in polycrystalline silicon. Distinct temperature dependences were found in as-
prepared and hydrogen-passivated polycrystalline silicon. This observation invalidates the identification of this
resonance with a static dangling bond, and changes the perspective on Biro#ater resonances observed in
amorphous silicon, porous silicon, and at crystal silicon interfaces. We propose that motional averaging is the
principal mechanism for this effect, and illustrate this view with a calculation based on hopping bf the
center.[S0163-182608)01723-9

The relatively rare disruptions in ideal chemical bondingD-center motion, and hence promises an avenue for under-
of silicon largely control the electronic properties of disor- standing defect metastability effects.
dered silicons—amorphous, polycrystalline, interfacial, and Polycrystalline silicon films 0.55um thick were fabri-
porous. For over two decades the microscopic structure afated on quartz substrates by solid-state crystallization of
these bonding defects has been intensively investigated, p@morphous silicon films. Cross-sectional transmission elec-
marily using electron paramagnetic resonahdespite the  tron microscopy(TEM) revealed that the average grain size
rich array of conceivable defects, in each of these disordereddas 100 nm and the grains were randomly distributed. Hy-
silicons a prominent intrinsic resonance, thecenter, has drogen passivation of the grain-boundary defects was accom-
been observed. In each case, Bxeenter line shape is rea- plished by exposing the poly-Si films to monatomic hydro-
sonably consistent with an isolated “dangling bond” on agen created in a remote microwave plasma system. The
threefold-coordinated silicon atom, as was inferred over 3@assivation was performed through a sequerick lo expo-
years ago by Watkins and Corbett from studies of radiationsures at 350 °C until the defect density measured by
damaged crystalline silicoh. electron-spin resonand&SR) saturated at a minimum re-
This simplicity is difficult to reconcile with the enormous sidual value. Device grade hydrogenated amorphous silicon
range of properties for defects in disordered silicons; reconta-Si:H samples were deposited on quartz substrates to a
ciliation is particularly difficult for the notorious metastabil- thickness of 1Qum by glow-discharge decomposition of si-
ity of the D-center density in amorphous and polycrystallinelane at 230 °C.
silicon. Consequently, Stathis and Pantelides proposed that Electron-spin-resonance measurements were performed
the D center in amorphous silicon was mobile—a “floating using a commerciaX-band (10 GH2 microwave bridge.
bond.”® Subsequent work, however, found little direct indi- The D-center absorption spectrum was measured as a func-
cation for such mobility in amorphous silicn. tion of microwave power and temperature. The temperature
One hallmark of a highly mobile paramagnetic defectof the specimens was controlled between 100 and 550 K by
would be a temperature-dependent line shape. Dangling flow of either cooled or heated nitrogen gas. In order to
bonds with differing orientations relative to the externalavoid modulation-induced broadening of the resonance a
magnetic field resonate at differing frequencies, and give risenodulation amplitude of 0.4 G was chosen for all measure-
to an overall “inhomogeneously broadened” line shape.ments; the modulation frequency was 100 kHz.
However, if reorientation due to thermally assisted motion ESR spectra measured in hydrogenated amorphous silicon
occurs sufficiently rapidly, the line shape will show a and unpassivated polycrystalline silicon are shown in Fig. 1.
temperature-dependent “motional narrowing,” as is indeedThe ESR spectra show a resonance wjthalue for maxi-
commonly observed in magnetic resonance of nuclei andhum absorption at 2.0055; this is characteristic forC5i
radicals in liquids. centers. At room temperature the “peak-to-peak” linewidth
In this paper, we confirm previous reports of temperaturés AHpp=6.5 G fora-Si:H andAHpp=6.1 G for poly-Si.
independence for th®-center line shape of hydrogenated These results are consistent with earlier wotk.
amorphous silicond-Si:H,1°~2but for polycrystalline sili- For amorphous and polycrystalline materials Bveenter
con both as prepared and hydrogen passivated, we reportrasonance line shape is usually understood in terms of “in-
hitherto unsuspected motional narrowing effect in the linehomogeneous broadening” by two effects. The first one is
shape. Such an effect, although rare, has been seen occasiootational averaging: an individual defect has a resonance
ally in other systems such as color centers in ionic crysfals. determined by its orientation relative to the external mag-
The importance of the motional narrowing effect for disor- netic field, but the observed line shape involves the superpo-
dered silicon is that it offers direct experimental evidence forsition of “spin packets” from many defects with random
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FIG. 1. ESR spectra of hydrogenated amorphous silicon !
(a-Si:H) recorded at 294 K and unpassivated polycrystalline silicon 100 200300 400 500 600
(poly-Si) measured at 294 and 528 K. All spectra revegl @alue Temperature (K)

of 2.0055 characteristic of a silicon dangling-bond defect. The ) ) .
broadest resonance is observed arSitH (AHpp=6.5 G. In FIG. 2. Linewidth(a) andg value(b) as a function of tempera-

poly-Si the linewidth is 6.1 G at room temperature and decreases tbiré- Hydrogenated amorphous silicon is represented by the open
46 G atT=528 K. diamonds. The solid triangles were obtained on unpassivated poly-

crystalline silicon and the open squares represent hydrogenated
orientations. The second mechanism is the intrinsic inhomopolycrystalline silicon. The lines are guides for the eye.
geneity of similar defects with slight differences in local
atomic structure. The fact that poly-Si exhibits a narrowe
resonance line shape thamSi:H presumably reflects a
smaller intrinsic inhomogeneity for grain-boundary defects
compared td centers in an amorphous structure.

As illustrated in Fig. 1, for the poly-Si specimen the line-
width decreases tAHpp=4.6 G as the temperature is raised .
to T=528 K. This is unexpected because neither of the inPrevious 'results reported by Lee qnd Schf. )
homogeneous broadening mechanisms noted above is obyi- [N €arlier work on theD center in crushed single-crystal
ously temperature dependent. In Fig. 2, we show measuréilicon and abradedc-Si surfaces, annealing-dependent
ments of the temperature dependence of the linewAdty, ~ Changes in line shape were obser¥edhese line shape
for a-Si:H, unpassivated poly-Si, and hydrogenated poly-changes accompanied twofold and larger changes in spin
crystalline silicon(poly-Si:H). In a-Si:H the D-center reso- density, and were also affected by the ambient gas environ-
nance has a width oAHpp=6.5 G and is independent of ment during preparation of the sample. The line-shape
temperature. In unpassivated poly-Si the width of thechange may thus be an aspect of the inhomogeneity ddthe
D-center resonance exhibits an unusual, nonmonotonic tengenters:D centers removed by annealing contribute differ-
perature dependence. Passivated poly-Si:H exhibits a sinently to the line shape than those that remain. The present
pler, monotonic decline in linewidth as the temperature wasneasurements are reversible measurements of a temperature-
raised. dependent ESR signal; no irreversible, annealing effects

In Fig. 2(b), the valueg, corresponding to maximum ab- were found in the temperature range of the ESR measure-
sorption of theD-center resonance is plotted as a function ofments. Additionally, we found no significant effect of sample
the measurement temperature for unpassivated polyySs.  temperature upon the spin density. It is interesting that the
independent of temperature, and hence is unrelated to trerong annealing effects reported for the crushedi
narrowing and broadening of the linewidt, was similarly  samples are not found in our samples of polycrystalline Si
independent of temperature for hydrogenated poly-Si and foprepared froma-Si:H. Presumably, this reflects the very dif-
a-Si:H. The total spin densitiNg was obtained by double ferent preparation procedures.
integration of the measured ESR spectra and calibration us- Some limited temperature-dependent line-shape measure-
ing room-temperature secondary standards and assumimgents by Chung and Hanemanare in interesting con-
Curie-law behavior. The unhydrogenated poly-Si samplesrast to the present measurements. These authors reported a
had spin density ofNg=9.4x10" cm 3. Exposing the 15% broadening in thB-center linewidth in crushed-Si as

rspecimens to monatomld at 350 °C resulted in a decrease
of the spin density tdNg=2x10' cm™3. In both states,
before and after hydrogen passivation, and de®i:H the
spin density didnot change with temperature to within our
accuracy of about 20%. Fa@-Si:H this is consistent with
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the temperature rises from 77 to 300 K. The effect, which T T T T T
was ascribed to the decrease in spin-relaxation with increas-
ing temperature, has the opposite sign of the effect of prin-
cipal interest—which is a narrowing of the line shape with
increasing temperature.

We report briefly on our investigations of spin-relaxation
effects in the regime of the strong temperature dependence
for poly-Si:H; motional narrowing involves a temperature-
dependent competition between spin relaxation and defect
motion. We measured the saturation properties of the spec-
trometer signal as a function of microwave field amplitude
H, for varying sample temperature. We estimated a “char-
acteristic” relaxation timer from the value foH1 at which )
the signal had fallen 50% below its low-field, linear depen- ¥ poly-Si
dence. For poly-Si at room temperature we estimated O poly-Si:H
=2x10 ' s, which is comparable to results both in poly-Si R T S
and a-Si:H based on the same methddAt 360, 460, and 250 300 350 400 450 500 550
530 K we estimatedr=6x10"8, 1.6x10°/, and 4.1
x 10 8s, respectively. It is interesting that the relaxation
time in unhydrogenated poly-Si shows the nonmonotonic F|G. 3. Section of the linewidth vs temperature of poly-Si and
temperature dependence we found for the linewitithyp . poly-Si:H. The solid and dashed lines show the effect of thermally

The fairly rapid decrease of linewidth with temperature activated, motional narrowing upon tie-center linewidth.
seen in both poly-Si and poly-Si:H is suggestive of some

. . 9,20 . . .
type of motional narrowmé. One mechanism for temperature-dependent line shapeDotenters in polycrys-
such an effect is hopping of the paramagnetic defect fromyjine silicon. The exact microscopic mechanism for this

site to site; such hopping might involve the breaking andyqion remains unknown, and in particular we do not know

reformation of silicon-silicon bonds, as envisaged for float-,hether the effect is best explained by genuine diffusion of
ing bonds, or may be mediated by motion of an electron or ofy, o p center, or simply by exchange of an electron of a

a hydrogen atom. For simplicity let us assume that this hoppygrogen atom between a pair of defect sites. The first pos-
ping involves only two sites; if hopping occurs slowly com- gjijity”is particularly exciting, since it addresses the un-
pared to the characteristic spin-lattice relaxation time, therl’(nown origins of defect metastability in a new way.

each of the two sites will contribute an independent *Spin e spriking “peak” in the linewidth/temperature relation
packet” to the line shape of the dangling bond system. Wheg,, “as-crystallized” poly-Si is unexplained. Somewhat

the hopping occurs rapidly, the pair of sites contributes &;nijar hehavior was reported years ago for the FGoh in
single packet to the final line shape near the mean position q{CLzz where an increase in linewidth with temperature was

the independent packets. . _ _ _associated with thermal activation of a paramagnetic defect
This argument can be quantified using a simple hopping, excited states with a different line shape; motional narrow-
rate expressiomy, = voexp(—~E/kT), wherek is Boltzmann's 4 then set in at still higher temperatures. For the present

constant,T is the temperature, anff is the energy barrier  gystem it may seem remarkable that hydrogen passivation,
between two sites. In a first-order approach, the resultingyhich only modestly diminishes the total spin density, so

inhomogeneous linewidth can be estimated using completely suppresses this peak. However, an interesting as-
pect of hydrogen in disordered silicon is that far more is

AHpp(T)~AHq/(1+vyTy), (1)  bonded inside the material during passivation than can be

where T, is the spin-lattice relaxation time and the low- g:ﬂgl{;zeod Abgigr?il;igg:]etsilr(]);ngg ir:h?hepgrrwae?aigtjgre“;f ;Ireafiﬁd

temperature linewidthAH,~6.1 G Using the spin- boundary bonding is thus quite possible following hydroge-
relaxation times estimated from the saturation measurements y 9 q P g hydrog

AH,, (G)

Temperature (K)

we fitted the decline in linewidth as illustrated in Fig. 3. For hation.

both poly-Si and poly-Si:H and energy differenBe=135 The authors would like to thank D. K. Biegelsen, J. B.
meV proved satisfactory. The prefactey is 6.8x10° s Boyce, and R. A. Street for many stimulating discussions.
for poly-Si, and 2.%10° s for passivated poly-Si:H. We also thank R. H. Silsbee for pointing our Ref. 22. This

In conclusion, we are satisfied that motional averagingvork was performed at the Xerox Palo Alto Research Center,
provides an adequate starting point for understanding th8333 Coyote Hill Road, Palo Alto, CA 94304.
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