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The structure ofa-Si:H, deposited at rates in excess of 100 A/s by the hot wire chemical vapor
deposition technique, has been examined by x-ray diffractkiRD), Raman spectroscopy, H
evolution, and small-angle x-ray scatteritf®AXS). The films examined in this study were chosen

to have roughly the same bonded H contépt as probed by infrared spectroscopy. As the film
deposition ratdr, is increased from 5 te-140 A/s, we find that the short range ordigom Raman,

the medium range orddéfrom XRD), and the peak position of the H evolution peak are invariant
with respect to deposition rate, and exhibit structure consistent with a state-of-the-art, compact
a-Si:H material deposited at low deposition rates. The only exception to this behavior is the SAXS
signal, which increases by a factor fL00 over that for our best, low H content films deposited at
~5 A/s. We discuss the invariance of the short and medium range order in terms of growth models
available in the literature, and relate changes in the film electronic struttdvach edge, as-grown
defect densityto the increase in the SAXS signals. We also note the invariance of the saturated
defect density versu®,, measured after light soaking, and discuss possible reasons why the
increase in the microvoid density apparently does not play a role in the Staebler—Wronski effect for
this type of material. ©2001 American Institute of Physic§DOI: 10.1063/1.1407317

INTRODUCTION come inferior, but also the light induced metastability, or

. . Staebler—Wronski effedtSWE), increases. It is, therefore,
During the last several years, an intense effort has been

_— . » an open scientific question as to whether a significant in-
initiated to raise the deposition rat&y{) of hydrogenated per q . g

. o . g ; crease inRy can be accompanied by a preservation of state
amorphous silicora-Si:H films without sacrificing material

quality! The a-Si:H grown for industrial purposes is typi- of the art structural and electronic film properties as well as

cally grown atRy’s from 1 to 3 A/s, and most of the viable device performance.

manufacturing processes still grawSi:H at rates below 10 In previous studies related @-Si:H deposited by the
Als2 The ability to grow films at higher rates with a preser- N0t wire chemical vapor depositidifWCVD) technique, a

vation of both material and device performance would not?-8% device efficiency for a laboratory device was reported
only reduce the industry’s up-front and total capital equip-With thei layer deposited at 16.5 Afsthis remains a record
ment costs, but would also reduce materialsurce gasex- initial efficiency for a device whoskelayer was deposited at
penditures. To date, little information is available on the electhis (high) rate. The electronic properties of these films, in-
tronic and structural properties of higwy films, and those cluding the saturated defect densities, have been reported
that do exist are mainly on films prepared by new and/oelsewhere€.More recently, the first results were presented on
novel deposition techniques which have not yet been adoptetie electronic properties of HWCVD films deposited at much
by industry. When higtR, deposited films have been incor- higher rategup to 150 A/ using multiple W filament&.” In
porated into devicegsolar cellg, the results has typically these articles, it was shown that a light/dark conductivity
been that not only does the initial device performance beratio of >10° could be preserved up #y’'s exceeding 130
AJs. Further, while the initial state defect densities did in-

dAuthor to whom correspondence should be addressed; electronic maifrease gradua”y W!th 'ncreas_m@d d the' Saturatedl'ght' )
hmahan@nrel.gov soake(l defect densities remained invariant over this entire
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TABLE |. Deposition conditions and selected material propeiiiés C,;, conductivity valuesfor films used

in this study.
Filament
Deposition No. SiH, | (Amps)
Film rate spacing Ty Pen flow per Cq 01,0
No. (Als) (cm) (°C) (mT) (sccm filament (at. % (Slend)
HW47 6 1/5 380 10 20 15 23 421078,
6.9x 10 *?
LO16 17 1/5 302 17 75 16 6.3 71075,
4.8x107 11
L043 34 2/4 300 20 50 15 6.6 471075,
5.3x10° 1
L032 40 2/5 325 45 50 15 27 78078,
4.4x10°10
L113 71 2/3.2 315 35 50 15 73  &H0°,
4.6x10° 10
L103 87 2/3.2 315 50 50 15 10 5¢710° 5,
5.3x10°1°
L117 94 2/3.2 316 50 75 15 6.8 X805,
2.7x10°1°
L095 109 2/3.2 400 50 75 15 71 %4075,
1.1x10°°
L106 111 2/3.2 350 50 75 15 8.0 X405,
5.0x 10710
L105 114 2/3.2 350 50 75 15 7.7 X105,
2.8x10°10
L093 124 2/3.2 385 70 75 15 47 X205,
5.4x10°1°
L192 132 2/3.2 326 70 75 15 6.4 X105,
2.0x10°1°
L096 144 2/3.2 385 90 75 15 6.4 X205,
4.6x10710

range ofRy's (1.5—4x10°cm™2), and approach those of sure reasonable film thickness uniformity over substrate area
the best HWCVD material grown at 5—8 A/s. (4 cmx 2.5cm). Depositions were made simultaneously on
In this article, we describe the first detailed results on thel 737 Corning glass;-Si, and stainless ste€$S substrates;
structural properties of these HWCVD films deposited atin contrast to the HWCVDi layers used in device
very highRy's. The films examined in this study were chosenfabrication?® the present films were pulled into the load-lock
to have roughly the same bonded H conte@i. Under immediately after deposition, and were cooled rapidly in an
these conditions, the structural ordering of these films, aé&r atmosphere. Using the light/dark conductivity ratio as a
probed by x-ray diffractiofXRD), Raman, and H evolution preliminary gauge of material quality, we identified a series
measurements, remain almost completely unchanged with iref films of similar (~1 um) thickness and H content which
creasingRy, and again approach those of the best HWCVDspanned the deposition range between 18 and 144 A/s. While
material grown at 5-8 A/s. The only exception to this-  the conductivity ratio was observed to decrease with increas-
variany structural behavior is a sizeable increase in theing Ry, ratios> 10> were nevertheless achieved Ry's as
amount of small angle x-ray scatterit§AXS), which is a  high as 133 A/s. The major factors contributing to the in-
measure of the film inhomogeneity typically associated withcrease irR, were the change from one to two filaments and
microvoids® We discuss the invariance of the film structural the decrease in filament/substrate spacing. To preserve mate-
order with increasing, in the context of growth models for | quality at the decreased spacing, the deposition chamber
a-Si:H, and the possible effects of this increasing microvoidyessure and substrate temperature, and to some extent the
density on both the Urbach edge and tietial, saturatedl  gjjane flow, were increasédThe deposition parameters for
defect densities reported earlier. these films are shown in Table I. We note that @¢s of
these films, as obtained from infrared spectroscopy, ranged
primarily between 6 and 8 at. %. Infrared data for a typical
In this work we used the same, isothermally heatechigh HWCVD Ry film (deposited at 114 Ajsare shown in
HWCVD deposition reactor in which the device work was Flg 1. Within the detectability limits probed by the infrared
previously doné but this time using two parallel W fila- technique, such films do not contain any bonded H exhibit-
ments heated t0~2000°C, where the filament/substrate ing an infrared signature at 2100 ¢ For the constant
spacing was varied between 3.2 and 5.0 cm. When we dgphotocurrent measuremei@PM) and conductivity measure-
creased this spacing from the 5.0 cm value used previouslynent, Cr coplanar contacts were evaporated onto the films.
the distance between the filaments was also changed to e®n some films variable spacings were used to characterize

EXPERIMENT
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*
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E In separate depositions using identical deposition conditions,
~ 400 X ix films were deposited either on high purity, 1®a-thick Al
" foil or thin (~70 um) Si wafers for SAXS measuremerits.
< « Since an isothermal chamber was used for all depositions,
'35300 ” careful clamping of the Al foil around a SS substrate, needed
g to ensure that the foil reaches the desired temperature when
% X an external substrate heater is used, is not crucial here. We
200 % % comment that the films deposited on the Si wafers give
SAXS results similar to those deposited on the Al foil, and
100 % *x that XRD showed no evidence of Al-induced crystallization
* « on any of the SAXS samples. To investigate whether the
** * increased SAXS intensity was due to either the increase in
0 x*l 2K Ry or the doubling of filaments used for thigher rate
by 18 1850 1900 1950 2000 2080 2100 2150 depositions, films were deposited using either one or two
Wavenumber (m ) filaments at the sam®,. In the one notable exception to the
FIG. 1. Infrared absorption spectra, for a film deposited at 114 A/s, showin constant _fllm Ch mentloned abov_e, a IQV@H (2 at. %9 .
absorption in regions corresponding ta) the Si—H wag mode an®) the WCVD film deposited at-5 A/s using a single filament is
Si—H stretch mode. included in the SAXS data, as it plays an important role in

the discussion that follows.

We note that the substrate temperatures of our films, as
the light scattering effects and to correct the measured dataonitored by thermocouples mounted at various positions
for light scattering’® To obtain structural information, the within the isothermal deposition chamber, increase with time
medium range ordefMRO) was determined by XRD from during deposition. This is due to exposure of the growing
the width of the first diffraction peak for the samples depos-ilm surface to radiation from the filameg). This increase
ited on SS''~13while the short range ordéSRO was ob-  in temperature with exposure time is shown in Fig. 2, with
tained by Raman spectroscopy, for films deposited on théhe temperature of the isothermal chamber set at 335 °C.
glass substrates, from the half width at half maximumWhile the increase in temperature is minimal for th2000
(HWHM) on the high wave number side of the amorphousA thick layers typically used in device fabricatiqa-5 °C
Si—Si transverse optical peak centered-a80 cmi 2.* The  rise in 20 s for a deposition rate of 100 A/& may rise more
invariance of Raman data for thick films deposited on differ-than 60—70°C in the time needed to deposit anm-thick
ent substrates has been noted evolution measurements film at high Ry’s. Therefore, because of this substrate tem-
on selected samples deposited @i$i also provided infor- perature increase with deposition time, the temperatures
mation on the structural properties versus Byeincreasé®  given in Table | reflect the initial set temperatures of the
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FIG. 4. H effusion spectra for HWCVD films depositedRy¢s of 17 and
B‘ 8 114 AJs, respectively. The temperature ramp rate is noted.
2
L
= 7 deposited at widely differenRy’s (5 and 110 A/s In par-

ticular, the HWHM on the high wave number side of the
Si—Si transverse optical mode is also invariantRgsis in-
creased to>100 A/s. We note that the HWHM values in Fig.
3(b) (~32 cm'}) are close to the narrowest values reported
in the literature fora-Si:H.*1517

i i i i
500 200 400 600 800 1000 In Fig. 4. we show H effusion results for two films: one
Raman Shift (cm!) deposited at the rate recently explored in device fabrication
®) (17 Al9) using one filamefit'® and the other at 114 A/s

FIG. 3. (a) X-ray linewidth FWHM (29) vs film Ry. The deposition sys- using _tWO filaments. In Comp‘?‘gt'S“H*_ only_ong eVOIgt'On
tems used to deposit which films are indicated, and are described in Ref. f€ak is observed, whose position varies with film thickness;

(b) Raman spectra for films deposited at 5 and 110 A/s, respectively. for a 1 um thick film, this position is roughly at 550 B Ag
can be seen, the peak position for the 17 A/s film is identical
isothermal chambebefore the substrate is exposed to radia—to th!s value., and all other meqsurements on this f|(|)m are
tion from the filament qonS|stent w_lth a compact material. T.hc_a law, (1—2 at. /b
films, deposited at 4—8 A/s, also exhibit spectra identical to
the one for the 17 A/s film shown in Fig.Xd Turning to the
data for the higher (114 A/8) film, we also observe the
Figure 3 shows the results ¢f) the XRD and(b) Ra-  existence of only one evolution peak, with its peak position
man measurements on the HWCVD deposited films as alose to that for the 17 A/s film, but approximately 15°C
function of increasingR,. While the XRD peak widths higher in temperature. Such a feature again is indicative of a
(29~5.4°-5.5°) lie approximately midway between the compact material. We do note the existence of a small shoul-
value for plasma enhanced CMPECVD) a-Si:H deposited der on the low temperature side of the main peak. We do not
without H dilution and the narrowest value measured to datdelieve this feature indicates the existence of some additional
for a fully amorphous sampfé;*?the values are invariant as microstructure; rather, it is most likely due to the formation
the Ry is increased from 18 to 144 A/s. A similar FWHM of pinholes(blisters during the effusion procegs.
[Fig. 3(A)] is also observed for a film containing7 at. % H In Fig. 5@ we show SAXS data for our films, once
which was deposited at-6 A/s using a single filament again plotted versuy. The integrated SAXS intensity
placed 5 cm from the substrate. The saineariany trend is  (Qy) is due to nanostructural featurésiere, in contrast to
seen in the Raman measurements for two HWCVD filmsFigs. 3 and 4, there is a clear distinction between our low

RESULTS
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deposition rate, lowCy films (~5 A/s) with a very low mi-
crovoid density(~0.01%, which is near the detection limit FIG. 6. (a) CPM absorption spectra for selected samples, Rijfranging
of the SAXS techniqueand all of our highR, films depos-  between 17 and 144 Aigb) E,, obtained from the slope of the CPM
ited with either one or two filamentébut with varying  SPectra vRy.
filament/substrate spacindndeed, it is seen that all our high
Rq(>20A/s) films exhibit integrated SAXS intensities that
correspond to apparent microvoid volume fractiolg)(in exponential Urbach eddg, versus filmRy. As can be seen,
the range of~1%-3%. While we note on the one hand thatboth the optical absorption in the subgap, defect-connected
V; can be reduced for the higRy films by increasing the region around«) at 1.2 eV and the slopE, increase with
substrate temperatufsee Fig. 5, these SAXSV;'s for the increasingRy. In the case of the Urbach edffeéig. 6b)], E,
high deposition rate films identified for this structural studyincreases from a value of 42 mV follow H contenj
(deposited at constant initial temperafuege again nearly HWCVD films deposited at-4—8 A/s?! to ~55 mV for
independent oR, . The observed slight variations, which are films deposited at 87 A/s. From Fig(a8, the E, slopes for
often outside the experimental uncertainty of about 10% fothe films deposited at aRs>87 A/s are indistinguishable
these highQy films, can be attributed to differences in pre- from each other, indicating a saturation iy versusRy;
ferred orientation of a columnar-like microstructure, as de-hence, thesesaturateyl values for R4>100A/s are not
tected by tilting the films relative to the x-ray directimn ~ shown in Fig. @b).
particular, the observed reductions @y upon 45° tilting A comparison of the present structural results with those
range from factors of 3—10, indicating significantly oriented of other highR, a-Si:H is sketchy at best, due to the lack of
features. This also means that the indicated may be too research and/or publications regarding this subject. Those
high by factors of about 2.5-5, based upon an ellipsoidathat are available are data fromSi:H deposited by the ex-
shape. In Fig. &) we show measurements of the microvoid panding thermal plasméETP) technique. In particular, for
radius versuRy. As can be seen, this radius, measured inETP a-Si:H deposited at~70 A/s, the Ramar/2 is 33
the plane of the film, is fairly large and is also roughly inde-cm™?, the Urbach edg&, is 53 mV, and while the ETP film
pendent of filmRy, ranging roughly from 20 to 50 A. exhibits aCy similar to that of the present HWCVD films
Finally, we plot in Fig. 6a) the optical absorption coef- (~6—8 at.%, the infrared parameteR* is ~0.20%? The
ficient spectra as measured by CPM, d@bdthe slope of the definition of R* (=[2070]/([2070+[200Q])), and its asso-
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ciation with some type of microstructure, is discussedpefore(>70% for a film deposited at aRy~60A/s)’ Al-
elsewheré? though the structural measurements suggest thaf iSistill
the dominant Si containing radical contributing to film
growth, this increased gas depletion has several conse-
guences. We argue that the atomic H will still react with most
We first comment on the preservation of ordering param-of the available Silj to produce SiH in the usual manner.
eters(Figs. 3—4 with increasing HWCVDR,. We do thisin  The question is what happens to the Si that is also evaporated
the context of growth models available in the literature.(besides the atomic)Hrom the filament under the high fila-
Models of film growth have evolved considerably in the lastment temperature conditions. Since the mechanisms that en-
20 yrs. Although the first modelusing a thermodynamic abled the “disappearance” or “neutralization” of Si also in-
approach was indeed successful in explaining a variety ofvolved its reaction with Sii§?®it is possible that a small flux
experimental resultésuch as théE, and defect densiti¢$*  of Si atoms could also reach the growing surface and thus
they were not very explicit in explaining how film growth contribute to film growth, since such reactiortahich
took place, and so will not be used here. More appropriate toeliminate” Si) would also be reduced due to the higher
this discussion is the model of Matsuda, Gallagher, and PeisjH, depletion. Therefore, while awaiting definitive experi-
rin (the MGP model*>~*"which discusses film growth in the mental results in this regard, we suggest that growth of
presence of the Siigrowth precursor. The central assump- HWCVD a-Si:H at high rates is still dominated by the SiH
tion of this model is the existence of a weakly adsorbe%recursor, but with the possibility of minéSi) species con-
(physisorbegistate, allowing the Sikiradical to diffuse over tributing in some fashion.
the surface with a low sticking coefficient, and thus be in- \ye next attempt to link microvoid formation to this dif-
corporated “in well spaced and coordinated Sit€S;In ferent mix of radical species. Microvoid formation has been
other words, at sites of optimum structural order, presum_abl)é puzzle for those modeling-Si:H growth. In the MGP
as measured by Rama&and XRD. We note that when this model(with SiH; as the only gas precurgoit is suggestedl

gdrowth.mgdel is applied t% device quality PdECfDSti)_H that film surface smoothnesalong with the consequent lack
(deposited, e.g., at 1-3 A/sgrown at standard substrate of microvoid formation does not naturally follow from the

temperatures, what results structurally is a film possessinguncace diffusion of Sikjonly. This can be seen from the fact

optimum structural parameters similar to those seen in Figs[h . ; S .
" 815 X at since dangling bon@B) creation is random on the film
8—4.+ “Turning now to HWCVD, the growth precurdey of surface, film growth will also be random, as the $idicals

a'S':.H grown at 4_8 Als have alsq been investigated, . can only stick at thes@gandomly positionedDB sites. If, on
and in this case SipHwas also determined to be the predomi- 4 .
the other hand, any uneven film growth has previously oc-

nant radical growth specie. From the above discussion, this

also leads to films with optimum structural properties, ascurred, such as that caused, i.e., by island formation in the

seen in Figs. 3—4. The invariance of the structural propertieE]ItIaI Stﬁgis of f”r; g.rlc')Wth% ]E.hzr.] thggﬁ wcr)]ult?rlneed”to
of the present films witlR, (up to rates exceeding 100 A/s ave a higher probability of finding DBS in the film valleys

leads us to suggest that the present HFRGhHWCVD films Lo ensure surface smloothness; fromf.;che modil, this does n((j)t
must also be deposited with Silds the main gas precursor NaPPen. Consequently, any uneven film growth, once started,

specie. Along these lines, we note that Kessels arrived at thiould be accentuated with growing film thickness, leading to
same conclusion for the higRy ETPa-Si:H,22 and the simi- resultant shadowing and probable microvoid growth. Avoid-
lar RamanT'/2 values observed for the higRy films lend ~ @nce of these shqdovying effects is usuglly argued in models,
additional support to the suggestion that Sisithe predomi-  PY: I-€., surface diffusion of DB enabling them to gather
nant radical contributing to film growth in the present &t the film steps and valleys of the growing film surface, Wlth
HWCVD case. the consequent growth at these areas which would otherwise
On the other hand, while Si-may be the dominant gas Not be accentuated. _ _ .
phase Si-containing specie contributing to film growth, in ~ On the other hand, it is easier to evoke microvoid for-
contrast to the MGP model it may not be the only gas Simation if some(small percentage dfrowth precursors have
specie. That is, secondary species may exist which play & high sticking coefficient. Such precursors will obviously
role in the microvoid formation that is present at high stick where they land on the film surface, and growth from
HWCVD Ry's, even for a film which otherwise exhibits op- such species has been shown previously to contribute to in-
timum structural order. This is due to the following argu- ferior film quality, both in a structural as well as in an elec-
ment. For HWCVDa-Si:H deposited at low ratéd—8 A/,  tronic sensé>**Following the argument of Berntsen, but for
the gas depletion is estimated to be similar to that for devic& different precurso we propose thatfrom the abovgthe
quality PECVD a-Si:H (10%-25%), and hence there is large majority of film growth of the present hidky films is
ample SiH in the gas ambienfthrough the gas phase reac- dominated by Siklprecursors, and that microvoid formation
tion H+SiH,— SiHs+H,)?® to contribute to film growth. Itis is enhanced at places where precursors with a low surface
worth noting once again that these films, deposited with; SiHmobility (Si) attach to a surface atom. Consequently, the
as the predominant gas phase Si precursor, exhibit the lowesverall structure of the bulk material is still determined by
SAXS microvoid density measured in the literature to datethe high surface mobility of the predominant Gikadicals,
for a-Si:H.% However, for HWCVD films deposited at rates and the microvoid volume fraction is determined by the
>50-60 A/s, the gas is considerably more depleted thagsmal) Si radical flux hitting the film surface.

DISCUSSION
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In all prior discussions about film growth in this article, We now address the issue of the cause of the increase in
the assumption has been made that the growing film surfadg, with increasing filmRy, as seen in Fig. 6. It is generally
is saturated with H. For the loRy HWCVD case discussed agreed that with increasing bond disorder, the density of
above, we see no reason to deviate from this assumption, dggrained bonds, as reflected iy, increases* The cause of
to the excellent agreement between the MGP growth modehis increased disorder has again been the subject of debate.
(assuming only Sikiradical film growth and the state of the In the thermodynamic models, H certainly mediates the
art structural properties exhibited by these I8y films®'*  strained bond to broken bond reaction process, with the
which are consistent with this model. On the other hand, dueninimum disorder limited by network constraintermal
to the high gas phase depletions, film growth at Higtmay  disordei,®* but again no specific mechanism was presented.
be a different matter. In addition to themal) flux of Si  Schubertet all” then examinedE, versusI/2 for a wide
atoms that may contribute to microvoid formation, there isvariety of film systems 4-Si:H,a-SiN:H,a-SiC:H), and al-
also the issue of an atomic H flux to consider. In particularthough correlations were observed between an increasing
not only may a portion of the unreacted Si flux reach theramanr/2 (increased bond disordeand an increasing,,
growing film surfacgand contribute to microvoid formation, no unique correspondence was observed. Also observed were
as discussed aboyebut a considerably larger flux of unre- very different data for PECVIR-SiC:H, whereE, broad-
acted H atoms may reach the growing film surface as wellgpeq significantly without any widening d#/2. Different
How this impinging atomic H affects the growing film sur- tynes of film microstructure were suggested to be the cause
face is a matter of conjecture. If the H abstraction reactionyf his nonuniqueness, but no specific details regarding this
(by H) is important® then more surface dangling bonds microstructure were given. As an aside, we note that the
would be created than in the loRy HWCVD case; this in gnomalous data for the PECVE-SiC:H system was cor-
turn would not only “free up” more surface sites to enable .o porated elsewherE.In a very recent model, RobertsBn

faster film deposition, but would also suggest a reduction iy 55 jinked the H elimination reactidin the H rich growth
the surface mobilities of the major Si containing radical SP€%0ng to the strainedweak bond distribution(overall net-

cies (primarily SiHg) that contribute to(this fastey film | disordey, and suggested that plasma conditidie.,

ghrow;_f;. Werghth|s to occur, the MGITdmodell Wl?'u'd prechCtion bombardmentcan also affect the value &,. We prefer
It att :cms \mt poore: rs]_tructutre v;/oul resutt. oweé/er, &0 stick to the MGP model, but with an additional refinement.
east from the present higRy structural measurementRa- In the MGP model, certainly radicals with higher sticking

man, XRD, H evolutiopthis is ngt the case, as the resuIFs of coefficients(along with energetic particle bombardmpeint-
such measurements are consistent with films of optimum

. : . duce growth in a “noncrystalline morphology”—that is,
structural quality. From this observation, we can draw two g 4 P 9y

distinctly disparate conclusions. The first is that the structur rowth eXhlpltmg more film disordéf. And certamly growth
. ; - . y such radicals can, as suggested above, contribute not only
measurements are relatively insensitive to the magnitude

e T . . 0 enhanced surface roughness but also to microvoid forma-
the surface diffusion of the impinging Si radical species .. . o .
SiH, and/or Sj if H does indeed abstract surface H in at|on. In. previous publicationg,, obtained by photothermal
manner claimed above since, as mentioned above thegeeﬂectlon spectroscop§RD$, was plotted for a variety of
measurements are consistent with a film of optimal structura"imlorpro?hs S.nytem?(S.l'H’ ta'st'C'Hf’ a—f&Ge.H) v;;ésus
quality. The second conclusion is that, in addition to the H"© oln y he Idn rare ?;‘?rps ruc ureﬂ rac.|ondpara.m h
abstraction reaction, the impinging H could also etch thé)Ut also the enﬁlty E'ngggom_ otaﬂ_gn lensnyf mea-
weak surface bonds created by the lower surface mobiIitie§u“35"”_3%3”35_as Wedas t i > microvoid volume dractlon
of the impinging Si-containing radicals, thus preserving the" - Itis noted that these investigations covered a range

structural integrity of the growing filmés measured by Ra- ©f Vi'S (@ndEy’s) much larger than that for the present films.
man, XRD, and H evolution Although the methodology used in those publications to ob-
Regarding the issue of the source of the decreased KRN theEq values has since been greatly improved., the
surface coverage, it has also been suggested that, at the higftM technique yields significantly narrowgs when both
TJ's used for the higiRy HWCVD films, H thermal desorp- ©PM and PDS measurements are made on the same device
tion would begin to occut® leading to additional surface DB quality a-Si:H films 3% the trends were nevertheless clear in
formation and possibly higher microvoid volume fractions. that both plots yielded an increasetty for all samples with
We discount sut a H desorption related microvoid forma- an increase in microstructure measured either by infrared
tion process for two reasons. First, low deposition fdte8  (IR), flotation, or SAXS. In the present case, siiReis ~0
Als), low H content(1-2 at.% HWCVD films have been for all samplesFig. 1), we now refer back to Fig. 6, where
deposited at similachigh) fim Tgs (~380-400°Q, and the CPME; is plotted versus filnRy . While we caution that
exhibit SAXS signals at the detection limit foa-Si:H  itis difficult to make an exact correlation betwelgpand the
(~0.01% microvoids® And second, should H thermal de- SAXS Qy because of the directionally of the microvoids
sorption play a significant role in microvoid formation, then previously mentioned, the trends are clear here as well. That
depositing films at even highdr, (400-500 °Q should re- is, from a comparison of the data in Figs. 5 and 6, it is seen
sult in increased SAXS signals. However, from Fig. 5 this isthat bothE, and the SAXSV; increase rapidly at lowRy’s
not the case, as the film series deposited~a00 A/s at  (~up to 40 A/3, and are roughly constant with further in-
varying T show a reduction in the SAXS intensities as thecreases inRy. Based upon these correlations, we suggest
film T is increased. that the large majority of these strain@geak bonds(which
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contribute directly to the higheE, valueg lie on or near Furthermore, it is interesting to note that the stabilized
these microvoid surfaces. defect densitiesNg), measured by capacitance techniques
While noting the precedence for this suggestion in theon rudimentary devices deposited using identical deposition
literaturé®*! as well as the zero value &* for the present conditions, do not depend on the SAX§. In a previous
films*? we comment that relating the presence of thesepublicatiod we showed that th&lg’s, measured using drive
strained(weak bonds to microvoid surfaces also enables udevel capacitance profiling after either a 1000 h light soak
to explain why the Urbach edge reflects an increased disounder AM1 or under accelerated light soaking conditions,
der with increasing microvoi®/; while the structural mea- were invariant with respect to filnkRy. That is, for films
surements do not. Phrased another way, why isn't the exisdeposited in a wide range &;'s, from 5 to >130 A/s, the
tence of such a largé; (where at least some Si—Si bonds on Ng values ranged between 1.5 and 20'cm ™2 while, from
the inner surfaces of the microvoids are weaker, and thubig. 5, the SAXSV; increased by more than a factor of 100.
exhibit more disorderreflected in more overall film disorder A sizeable literature exists relating the SWE to the pres-
as measured by Raman and XRD? To answer this questioence of microvoids. Carlson first presented a model involv-
we consider the present higRy a-Si:H material to be a ing the motion of H on the internal surfaces of microvoid
void—substance compositeconsisting of bulk regions with surface$?*! based on the assumption that holes can be
optimum order, and microvoid regions exhibiting more dis-trapped on weak Si—Si bonds existing near these surfaces.
order on their surfaces; that is, excess disorder higher thaBsawa et al*® provided experimental evidence for this
that exhibited for the optimum compact, low deposition ratemodel by correlating an increased light-induced electron spin
films (with E,~42mV).2! We further assume that if the resonance spin density with the fractional H content evolved
number of weakdisorderedl bonds on these microvoid sur- at low anneal temperatures; this evolving H was suggested to
faces is more than 10% of the total number of bonds, thee clustered H bonded in some fashignono-, dihydride
Raman or XRD should detect a more disordered matrix. Folen (interconnected microvoid surfaces. Bhattacharya and
lowing the argument advanced earlier for tlaeSiC:H Maharf® then showed, usindR*, that samples with more
alloy® it is easily seen, for elliptically shaped microvoids microstructure showed an increased light induced effect. No
exhibiting (averagetl major and minor axis dimensions of specific information about the exact nature of these micro-
200 and 40 A, respectiveljsee Fig. )], and comprising voids was claimed in either publication. Other, more recent
~2% of the total sample volume, that the number of weakworks continue to correlate the SWE with either Sibr
bonds(assumed to be within 1 monolayer on these micro{SiH,), bonding® In several recent reviews, film micro-
void surfacep is much too small to be detected by either structure continues to play a key role in attempts to explain
Raman or XRD, both of which sample all bonds. Only if we material stability*’*
allow the weak bonds associated with these microvoids to The same arguments initially carried over to device deg-
extend well below the microvoid surfacésome 10’s of A  radation. Guhat al. deposited both devices and companion
into the film bulk would we expect to observe some effect SAXS films atRy’s ranging from 1.4 to 14 A/s, and noted a
on (broadening of the Raman and XRD measurements. correlation between an increased SAXS signal and a deterio-
In an argument similar to that used above, we suggesiation in device performanc®.In particular, when the higher
that it is also possible that the increase in the as-grown defe®j films, containing larger microvoi¥; , were incorporated
density (N5) with film Ry (or the excess irN, over its  into device structures, these solar cells showed an increased
“minimal defect density” value of 2—%10'°cm 32! is  degradation upon light exposure. The increasingly inferior
also due directly to the increase in SAXS, and that these behavior of the devices in their initial state with increasing
“excess” dangling bonds must also lie on or near the micro-SAXS V; was also noted. It may be important to note that
void surfaces. From the equilibrium arguments presented bthe size of the microvoids in these films were quite small
a variety of growth models\, must trackE,; therefore, if  (~9 A in diametey. Yanget al>® reached a similar conclu-
the increase iiky is caused by the increased microvoid vol- sion in a subsequent study in which the filrfer SAXS
ume fraction, then the increasehl), also must be caused by measurementsand devices were deposited using different
the same mechanism. This argument is consistent with thsubstrate temperatur¢$75 and 300 °Cand varying H di-
CPM data seen in Fig.(8). In particular, the absorptioa at  lutions (low, high).
1.2 eV increases systematically wiy, ranging from~0.1 However, exceptions to these trends have since been
cm tat5 A/s*to 0.3-0.6 cm? for films deposited from 17 noted. Williamsof found thata-SiGe:H devices, deposited
to 40 A/s, and then finally to 1—2 cm for all films depos-  using high H dilution and exhibiting an improved device
ited at higher rates. Since the bulk ordering in the films, astability, exhibited a strong SAXS signal. This was due to
probed by Raman and XRD, is invariant with increasityg highly elongated and oriented features which were quite
there is no reasoa priori why the bulk regions of the films large. It was suggested that the highly oriented nature of the
should suddenly contain more strained bonds as well as moefects parallel to the charge transport direction in cells may
defects. However, from the estimates of the microvoid surnot have a significant effect on cell performance. On the
face bonds presented above it is clear, following this arguether hand, Yangt al, while noting the deterioration in de-
ment, that only a small fraction of the microvoid surfacesvice performance with increased SAXS scatterifgge
have incomplete reconstruction or unpassivated bonds, retbove,*® also measured the defect densities on companion
sulting in excess surface DB's. films by CPM, and found that alllayers saturated at about
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the same value<{3x 10"°cm™3). No explanation was given particular, for the present loRy HWCVD films containing
for this behavior. ~2 at. % H, NMR results have shown that a large fraction of

The present results would seem to corroborate the CPNe film volume(~80%) contains minimal H, and that the H
results of Yanget al.*° but in a different systenithat is, that is contained in the film is confined only to a small frac-
variations in filmRy's and not H dilution. While not directly ~ tion (20%) of the total volume. Should such a film inhomo-
disputing the results of many articles linking the SWE with geneity not only exist in the present hity films but also
microvoids per se, two possibilities arise. First, as mentionegontribute significantly to the SAXS intensity, then the
above, it is possible that the SWE may be more intimatelySAXS V¢ would be much larger than previously quofsee
linked with smaller microvoidgi.e., multivacancies* as op- ~ Fig. %@]. In addition, such an interpretation might also re-
posed to larger microvoids, and the SAXS technique may notolve the “peculiar” nature of the microvoids mentioned
have the sensitivity to detect these very small microvoids irfboVve; that is, questions relating to the lack of a low tem-

sufficient quantities if the larger microvoids are also presenPerature H evolution peak and the zero valu®bffor a film
in the films®2 In particular, evidence for very small micro- With such a large SAXS/¢. However, we end this discus-

voids (i.e., multivacanciesin a-Si:H does exist in the sion with the following comment. That is, if the inhomoge-
literature®>* and several SAXS studies yield microvoid di- Neity were to be of similar proportiong80% of the film
mensions (diameter ranging from extremely small and Volume containing minimal Hfor the present higiRy films,
spherical(~10 A)* to quite large and elongated-(0 A which typlc_ally contain more bonded _IfB—8 at. % than
% 1700 A) & Thus, it may be possible that these large micro-those mentioned above-2 at. %9, then this would mean that

voids may be involved to a lesser extent in the SWE than th&h® remaining 20% of the sample volume would contazb
smaller, multivacancy-typé~10 A) microvoids. at. % H. Were this to be true, then we would expect that a
Second, the nature of the microvoids themselves neednsiderable (Sib), bonding component would be observed
to be carefully examined. Normally, the presence of a sizell the 'R'SS and this we do not observe. Certainly this is an
able SAXSV; is accompanied by not only a low temperature INtéresting area for future research.
H evolution peak(having a peak position at about 400 °C
which is invariant with film thicknegsbut also a “sizeable”
value for R* (that is, significant dihydride and/or polyhy-
dride bonding.>*-*65°However, the present films exhibit nei- The structure of HWCVDa-Si:H, deposited at rates in
ther(Figs. 1 and 4 The lack of a “standard{i.e., at 400°¢  excess of 100 A/s, has been examined by a variety of tech-
low temperature evolution peak is all the more surprising inniques, including XRD, Raman spectroscopy, H evolution,
view of the fact that the microvoids are elongated along theand SAXS. AsRy is increased from 5 to>140 A/s, we find
film growth direction. The lack of such a low temperature that the SRQfrom Raman, the MRO (from XRD), and the
evolution peak may indicate, similar to tlee SiGe:H case peak position of the H evolution peak are invariant with
discussed above, that the microvoids are isoléted inter-  respect toRy, and exhibit structure consistent with a state-
connectegl and thus do not serve as fast transport paths foof-the-art, compacta-Si:H material deposited at loviRy
H, to get to the film surface. The other feature of interest(<10 A/9). The only exception to this behavior is the SAXS
concerns the value d&®*, which is definitely~0. This is the  signal, which increases by a factor fL00 over that for our
highest SAXSV; observed to date for aa Si:H film where  best, lowC, films deposited at-5 A/s. We propose that the
no (minimal) SiH, and/or (SiH), bonding is observe@see invariance of the short and medium range order can be ex-
Fig. 1. This may suggest, while the weak bonds that conplained by the MGP growth model, in which film growth is
tribute to the increase iy and the as-grown defect densities dominated by the highly mobile SiHadical specie. At the
N, can still lie on the microvoid surfaces, that minimal same time, however, the present high HWCVD growth
bonded H may reside on these surfaces. In one respect, thizkes place at high SiHlepletion. This in turn suggests that
minimal bonded H on these internal surfaces may not beaot all the Si that is evaporated from the filamémsulting
surprising in view of the fact that film deposition has oc- from the SiH, decompositiopis “reacted away” in the gas
curred afT¢'s near, or even above, that where surface desorpphase, and that some small fraction of this highly reactive
tion of hydrogen from(interna) surfaces takes place; that is, specie reaches the growing film surface. We suggest that it is
the H which would normally decorate these microvoid sur-this “minority component” of film growth that contributes to
faces has already evolved during film deposition. Howeverthe large SAXS intensity that is observed at high. While
this observation may be significant, because the lack ofhis increasing SAXS intensity is not reflected in measure-
bonded H on these surfaces could explain not only the lacknents of the overall structural order, it does influence the
of a standard low temperature H evolution peak, but couldilm electronic structure Ey,N,). In particular, we argue
also be an additional reasdaside from the microvoid size that, since the overall structural order is invariant with film
for the “lack of participation” of these microvoids in the Ry, there is no reasoa priori why the bulk regions of the
SWE. films should suddenly contain more strained bonds as well as
We do acknowledge, however, that another interpretatiomore defects. However, if these strained bonds and defects
may exist for the integrated SAXS intensity; that is, that thecan be associated withie on or near the micovoid surfaces,
objects detected by SAXS are not microvoids per se, but arthen we have a plausible reason for the increase in Bgth
H-rich regions of nonzero electron dendltfome support andN, with increasing microvoid density. Finally, we note
for this interpretation does exist in the literatdt€®®”In  the invariance of the saturated defect density veRsuisand

CONCLUSIONS
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discuss possible reasons why the increase in the microvoidSchramm, and M. C. M. van de Sanden, Thin Solid Fil8&3 154
density apparently does not play a role in the Staebler— (2001.

Wronski effect for this type of material.
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