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Structural changes ina-Si:H film crystallinity with high H dilution
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Using infrared absorptiorir) spectroscopy, H evolution, and x-ray diffractigkRD), the structure of
high-H-dilution, plasma-enhanced chemical vapor deposgiddi:H films “on the edge of crystallinity” is
examined. From the ir Si-H wag mode peak frequency and the XRD results, we postulate the existence of very
small Si crystallites contained within the as-grown amorphous matrix with the majority of the bonded H
located on these crystallite surfaces. Upon annealing, a low-temperature H-evolution peak appears, and film
crystallization is observed at temperatures as low as 500 °C, which is far below that obseraeSifdrfiims
grown without H dilution. While the crystallite sizes and volume fraction are too small to be detected by XRD
in the as-grown films, these crystallites catalyze the crystallization of the remainder of the amorphous matrix
upon annealing, enabling the evolution of H at low temperatures. The large spatial inhomogeneity in the H
bonding thus produced throughout the film is suggested to be one of the reasons for the reduced Staebler-
Wronski effect observed in solar cells utilizing these films.

Hydrogenated amorphous silicor-Si:H), deposited by sorption peak profile§.H evolution was performed using
plasma-enhanced chemical vapor depositBECVD) using  final anneal temperatures of 400, 500, and 700 °C, with the
high H dilution, has become increasingly important from aramp rate adjusted such that all films were in the evolution
technological as well as scientific point of viéwt is well  furnace for the same tim@ h). When the ramp temperature
established that the improved stability @fSi:H films and reached the desired value, the films were promptly removed
solar cells, deposited using H dilution, has been obtainefrom the furnace, and all measurements were done at ambi-
using films deposited “on the edge of crystallinity’® In ent temperatures. No uptake of oxygen was observed upon
spite of several experimental factbrand the narrowness in annealing. The XRD measurements were carried out with a
deposition space needed for film deposition, new informatiorsiemensD-500 diffractometer operating with Ckia radia-
is starting to emerge on the structure and electronic propetion in the Bragg-Brentano geometry. Long counting times
ties of such films:*~* enabled good signal-to-noise ratios.

_In this paper we report the results of infraréd), x-ray Figure 1 shows ir absorption curves for the Si-H wag
diffraction (XRD), H evolution, andpartia) annealing mea- mqodes versus H dilution. These films were deposited on the
surements on a series afSi:H films deposited with increas- rough side of thec-Si substrates, with thicknesses0.9—

ing H dilution. We find that, although the XRD shows 10 y o5 \m Both H dilution samples were seen by scanning
evidence of c_rystalhmty, the ir peakiarqequeljcy of t_he Si-H electron microscopySEM) to lift off from their substrates
w.ag_m(.)del shifts downvyar_d to .6.20 cmwith increasing H while remaining intact structurally. As can be seen, the film
dilution; this frequency is identified as due to H bonded ON, content C.) is changed only slightly with increasing di-

crystalline Si surface¥. By considering the inclusion of ) . . )
crystallites of various sizes and shapes into the predomil-unpn’I apg the full \?_”dth ?t 2?” maX|m_aEWHMs) areo
nantly amorphous matrix, we show that the only way to si-typical of device-qualitya-Si:H films containing 8-10 at. %

multaneously satisfy the XRD and ir results is for the crys-H'll The stretch mode frequencies for all filrfrsot shown
tallites to be very small and randomly oriented. We confirm@re centered around 2000 cfif indicating predominantly
their presence by annealing experiments, and relate their eRoonohydride(Si-H) bonding. Of interest is the wag mode
istence to recent structural and electronic film property obPeak frequency. This shifts from 635-640 chto ~620
servations. cm ! for the “high-dilution” sample. While the former peak

A series of intrinsic films was deposited by PECVD onto frequencies are typical for “standardd-Si:H,** the latter
(100-orientedc- Si substrates, at varying levels of H dilution lies distinctly outside this frequency range and is consistent
and film thicknesse€0.5—1.05um), at a deposition tempera- with monohydride(Si-H) bonding onc-Si(100) surfaces?
ture of 300°C. ir measurements were performed using &Vhile H bonded in othef SiH,,(SiH,),] configurations on
dual-beam Perkin-Elmer 580-B spectrometer, with an instrue-Si can show a wide variety of peak frequencigfor pure
mental resolution of 2.3 cht. Transmission data, after ap- monohydride bonding only one peak frequency is observed.
propriate baseline substraction, were transformed into abA/e thus assert that the frequency shift for the high-dilution
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S m rowing of the first XRD FWHM’ From XRD, all samples
|~ nodiuton | . [e5at%] L appear to be fully amorphous.
E Ir?iwhdciilillmt?:n \/ To reconcile these results, we must understand, for the
il /. \ high-dilution film, how to incorporate enough crystallinity
[02at%] // 82at%| [ into the film to enable enough_ H. bonding on the crystallite
r r surfaces to account for the majority-5 at. %9 of the bonded
Ng \\\ r H (thus satisfying the wag mode peak frequency ghifhile
800 \ B T at the same time not generating any detectable crystalline
] 7( \k& \ r features in the XRD pattern. We address this by considering
600 ] ][ ’ crystallite size. We estimate from the Scherrer fornflihat

X r large c-Si crystallites, with a grain size-50 A, will yield

1400

1200

~ 1000
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absorption (cm

X r relatively sharp diffraction peaks and can thus be distin-

400 : ///( x\m . : guished from anybroad amorphous diffraction signal with

200 -] j 3 a sensitivity of 1-2% in crystallite volume fractiaiVF).

r Looking first in the scattering regionf225°-35°, we note
\SHQG - that the first XRD peak FWHM for the high-dilution film is

A B B AU L ~5°7 Thus, if the dimension of any crystallites contained
500 550 600 650 700 within the film were hypothetically reduced to15—20 A,

wave number (cm ) the FWHM of any[(111)-oriented c- Si crystallites observed

in this region now becomes comparable to that of the amor-
phous signal* As a result, crystallite detection is now more
difficult than before, enabling an upper “adjustment” in the
VF detection limit. We assume that similar arguments hold
for other scattering regions where theSi (220) and (311
crystallographic peaks would appear. Going further with this

these crystallite surfaces. _ argument, the existence of very small crystallites, on the or-
These results are contrasted with XRD results on the SaMfar of~10 A in diameter. which produce even broader XRD

samples, seen in Fig. 2. Also noted are the angular positiong 5y res, would be even more difficult to detect. Thus, size

where the first three peaks in powdereandomly orientefl 55 ments alone can enable the existence of a considerably
c-Si [the (111), (220, and(311) crystal orle_ntatlon]swould larger real crystallite volume fraction than that given by our
occur. The only features observed for all films are the strong;io estimate(1—2 %.

(first amorphouspeak occurring at roughly 28.5°, and a less
intense (second amorpholispeak occurring at~51°. The  |54i0ns we assume an upward sliding scale in VF versus de-
s_ubstrate referencg IS mcludgd for comparison. Th‘? only NOgreasing crystallite size, with a VF sensitivity limit ranging
ticeable change with increasing H dilution is the slight nar-¢.o 204 for crystallite sizes 0f-50 A to 8% for crystallite
sizes of 10—15 A. The XRD FWHM's are noted in Tabl&.
Assumirg a H coverage density of 10 cm 2 on c-Si
surfaces; we estimate the total amount of H on these crys-
tallites versus the number of Si atoms/crystallite. We con-
sider three different crystallite shapg@tisks, spheres, cylin-
derg, with representative dimensiondength, diameter

\A ‘ noted in A. For crystallites with a large eccentricity, we as-
. high dilution sume a random orientatidand take the average of the three
dimensions to be the size detected by XRD. The scatter in

the data reflects different surface area/volume ratios for crys-

FIG. 1. ir wag mode absorption spectman 1) for threea-Si:H
samples grown using different H-dilution conditions.

sample indicates the presence of crystallites contained withi
the amorphous matrix, with the majority of the H bonded on

In Table | we summarize these arguments. In these calcu-

100 T ¥ T T

low dilution tallites of different shapes, yielding different H coverages.
M% However, the overall trend is easily seen. For large crystal-
lites we are unable to put enough bonded H on the surfaces
10 dilation to satisfy the ir results, while for small crystallites containing
<100 Si atoms, we exceed our 5-at. % H limit for all three
m shapes. We note that long and very thin cylinders, similar to
the “linear objects” observed previously by transmission
N electron microscopybut on a much smaller scale, also sat-
l isfy this additional ir requirement.
We (indirectly) confirm the existence of these crystallites
L ] ! 1 by annealing and XRD experiments. If small crystallites al-
20 30 40 50 60 ready exist in an as grown film, there is no nucleation barrier
Two-theta (degrees) to overcome upon annealinfand crystallization can be ex- .
pected to occur at lower temperatures. The results are seen in

FIG. 2. XRD patterns for the identical samples whose ir spectral able Il, using the annealing procedure previously described
are shown in Fig. 1. on thinner(~0.5 um), identically prepared films. While the
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TABLE I. Estimation of total amount of H on crystallite surfaces versus number of Si atoms per crys-
tallite. The XRD FWHM is calculated from the Scherrer formula, and the upward sliding scale in VF reflects
the reduced XRD sensitivity to broadened crystalline features in relation to the amorphous features.

Crystallite type No. Si atoms/ XRD VF limit
(length, diameter crystallite FWHM (deg (%) Cy (at. %

Disk (20 A, 80 A 5000 1.25 2 0.6
Sphere(50 A) 3262 1.4 2 0.4
Cylinder (200 A, 20 A 3140 1.0 2 0.8
Disk (20 A, 40 A) 1250 2.5 2 0.8
Sphere(30 A) 675 2.7 2 0.8
Disk (2.5 A, 80 A 628 1.5 2 3.4
Disk (5 A, 40 A) 314 3 2 2.0
Cylinder (20 A, 20 A) 314 4 4 2.4
Disk (10 A, 20 A) 157 5 5 4.8
Cylinder (50 A, 8 A) 125 4 4 4.4
Sphere(15 A) 85 5 5 4.0
Cylinder (50 A, 6.5 A 83 4 4 4.9
Cylinder (20 A, 10 A 79 6.5 6 6.0
Disk (4 A, 20 A) 63 5 5 7.5

Disk (2.5 A, 20 A 40 5 5 10

Cylinder (50 A, 4 A) 31 4 4 8
Cylinder (30 A, 5 A) 30 7 6 9.6
Sphere(10 A) 25 8.5 7 8.4
Cylinder (20 A, 5A4) 20 8.5 7 12.6
Sphere(7.5 A) 11 10 8 19.6

high-dilution film remains amorphous after the 400 °C an-rapid growth of the crystallites with moderate annealing, and
neal, crystallinity is already observed at 500 °C, and after théhe evolution of the H along the suddenly accentuated grain
700 °C anneal the film appears to be almost fully crystal-boundaries, either directly to the surface or to a columnarlike
lized. From the ir results, 40%75%) of the bonded H is lost microstructure, as detected by small-angle x-ray scattéfing,
after the 400 °Q500 °Q anneal, and no bonded H remains and then to the surface. However, these are not grain bound-
after annealing at 700 °C. This is contrasted with results foaries in the traditional sense, as they exhibit only one of the
standard no-dilution films, which lose almost no bonded H atwo ir signaturegthe wag mode shift We note, however, no
400°C and crystallize only at very high temperaturescontradiction to the existing literature, as Rath, Barbon, and
(>750°0.Y In addition, lowCy films deposited by the hot- Schropp® have shown that grain boundaries with the stretch
wire (HW) technique, which exhibit a similar narrowing of mode peak position at 2000 crhcan occur in microcrystal-
the first XRD peak;'® also show no crystallinity when ex- line Si.
amined in a similar fashion. Secondly, they provide a plausible mechanism to enable a
We now comment on how the existence of small crystaldarge H spatial inhomogeneity within the present films. We
lites in an amorphous matrix relates to several recent obseemphasize again its magnitude—that the crystallite VF is
vations. First, they provide an explanation for the existenceertainly <10%, and yet the majority of the bonded H is
of the low-temperature H evolution pe&kor such a peak to located on these crystallite surfaces. Before discussing the
occur, some sort of connective path to the surfao&cro-  present data, and its effect upon film properties, we review
voids, grain boundarigsis needed. In the as-grown high- another case where such an H inhomogeneity has been de-
dilution films, the crystallite VF is too small to provide such finitively observed. In lowC, (1-2 at. % films deposited by
a path unless the crystallites are highly oriented; howeverthe HW techniqué® NMR measurements revealed that H
this is not seen to occdrA more likely explanation is the clustering in these films was so enhanced, and@heso

TABLE II. Crystallinity observed, by XRD, versus sample type after ramp anneal in evolution furnace to
indicated final temperatures.

Sample type 400°C 500°C 700°C
High-dilution None Some Almost
PECVD a-Si:H complete
Standard PECVD None None None

a-Si:H (no dilution
Low-Cy HW a-Si:H None None None
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low, that there existed large spatial regions without apprehigher C, a-Si:H films) has been demonstrated. This was
ciable H?' The consequences of the generation of such Hirst postulated to occur by Tset al® and has been recently
deficient regions are twofold. First, the film exhibits better confirmed, using XRD, by Guhet al’ In particular, the
lattice ordering. XRD measurements have shown that thesgairowy XRD FWHM for the present ‘high dilution’
low Cy HW films were better ordered compared either ©0pecyD films is identical to that for the lo@, HW films.”
‘standard’ a-Si:H films deposited by the PECVD process | aqgition, as mentioned earlier, solar cells deposited using
(containing~10 at. % H or to HW films containing similar - o g dilution’ films have also demonstrated a signifi-

. 18 . .
I(ergz)ly%? .spaStilglcrzgtir:)isl?/:/Ailtﬁgu :'::)/pl;lclarcr:];b?ereH Cﬁ?;przi‘as%n_cantly improved stabilitfreduced SWE Therefore, these H
able to assert that these H deficient regions, as probed bdef|C|ent regions may play a role similar to that of crystallites

XRD, are better ordered, since XRD is a volume meas;ure'—>4 pe-Siin reducing the magnitude of the SWE. While we

ment. Thus, the generation of theeetter orderedH defi- do not kr?o_w the_ pr_eci:se_ extent of the H inhomogeneity in the
cient regions results in a narrower XRD FWHM. The secondPresent h'gh dilution” films, we argue that the presence of
consequence of this H inhomogeneity relates to the reducdd® crystallites enables a plausible mechanism for such an
Staebler-Wronski EffectSWE) observed in such lowCy inhomogeneity to occur. Furthermore, the identical XRD
HW films 22 It has been suggested that better orddradre ~ FWHM as well as the reduced SWE for the two cases sug-
crystalline like spatial regions can tolerate recombinationdests that better ordered, H deficient spatial regions, may
events without damagé.e., defect creationmore easily €Xist in these ‘high dilution’ films as well.

than regions which are less well ordered, and thus may be

less susceptible to SWE degradatfdnin the HW case, The authors thank W. Beyer for many stimulating discus-

therefore, these better ordered regions may be those contaiﬁi-Ons and ideas relating to this work, and F'_ Hasoon for SEM
ing minimal H. measurements. The research at NREL, United Solar, and the

We propose that the same thing is happening in thé&-olorado School of Mines was supported by the U.S. DOE
present ‘high dilution’ films, but for a different reason. Cer- Under Subcontracts Nos. DE-AC36-98-G0O10337, ZAK-8-

tainly better lattice orderingagain compared to ‘standard’, 17619-09, and XAF-8-17619-05, respectively.
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