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We report on the results of the investigation of surface morphology, structure and optical
properties of plasma deposited thin films of hydrogenated amorphous silicon determined by
atomic force microscopy, X-ray diffraction and UV-Vis and IR spectroscopy. The influence
of the both hydrogen dilution of silane plasma in the plasma deposition and the film thickness
on the film properties was investigated. The structure, the refractive index and the optical
band gap of the dilution series and the thickness series were analyzed. The changes are dis-
cussed and correlated with the changes of the surface morphology and the hydrogen to silicon
bonding. The results show that at dilution of ~30 the transition from amorphous to crys-
talline phase occurs and the sample becomes a mixture of amorphous phase, polycrystalline
phase with nano-sized grains and voids. The optical band gap becomes larger than that of the
undiluted sample.

PACS: 68.55 Jk, 78.66 Jg, 81.05 Gc, 81.15 Gh

1 Introduction

Unique properties of hydrogenated amorphous silicon (a-Si:H) such as the high light absorption,
lower defect density when compared with amorphous Si, the low temperature for deposition
(<250°C) on low cost substrates (glass, metals, plastics) favouring the growth of good quality
materials, make the material attractive for applications of considerable industrial interest, e.g.
in photovoltaics, electrophotographics, thin film light emitting diodes, photosensors, thin film
transistors etc.

It is known that Si:H thin film properties depend significantly on the deposition conditions.
Therefore, structural properties, hydrogen content, voids, optical and electrical properties have
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been analysed intensively. However, this dependence offers the possibility of tailoring processing
parameters to deposit a film with specific properties.

In thin film solar technologies based on a-Si:H the extensive and continuing research on im-
proving efficiency and resistance to light-induced degradation (Staebler - Wronski effect [1])
is evident. One of the most popular chemistries for Si film deposition is the plasma-enhanced
chemical vapour deposition (PECVD) with hydrogen (Hs) dilution of silane (SiH4) plasma re-
ported as improving both material and solar cell stability. The films prepared at the amorphous-
to-crystalline phase boundary consisting of small crystallites of 10 ~100 nm embedded in a-Si
network are recommended for manufacturing more stable solar cells [1-3].

The paper reports on the properties of Si:H thin films deposited on glass by PECVD under
various hydrogen dilution. The results of surface morphology studies by atomic force microscopy
(AFM), X-ray diffraction (XRD), UV-Vis and IR spectrophotometry are presented. The effect of
H, dilution of SiH4 and of the film thickness on film properties is under discussion.

2 Experimental

The samples of undoped a-Si:H were PECVD deposited at the Delft University of Technology,
the Netherlands [4], by the industrial rf 13.56 MHz excited parallel plate (15x15c¢cm?) deposi-
tion system from Hy diluted SiH4 plasma on Corning 1737 glass substrate. Other deposition
parameters were kept constant (substrate temperature 194 °C, total chamber pressure 200 Pa, rf
power 13.5 W) to avoid their affecting the film properties. The dilution D is a non-dimensional
quantity defined as the ratio of Ho/SiHy gas flows. Besides this deposition parameter, also SiHy
concentration defined as the ratio of SiH4 / (Hy + SiHy) gas flows is often used. The dilution
series with approximately the same thickness and thickness series deposited at the same dilution
were investigated (Table 1).

The surface morphology was investigated by the atomic force microscope NT - MDT SPM
Solver P7 LS measuring in air in the contact repulsive mode using a silicon tip cantilever. The
lateral resolution of AFM measurements was ~1 — 2 nm, the vertical resolution 0.01 nm. XRD
analysis was carried out with an X-ray diffractometer Bruker AXS D8 with a 2D detector using
CoKa radiation (Acoka = 0.179021 nm). The XRD patterns were collected by setting the detec-

Tab. 1. The description of the samples under study.

dilution series thickness series

sample | dilution SiHy thickness | sample | dilution SiHy thickness

D concentration [nm] D concentration [nm]
A 1375 0 100 390 A1380 20 4.8 98
A 1374 10 9.1 394 A 1379 20 4.8 198
A 1370 20 4.8 385 A1378 20 4.8 302
A 1371 30 32 388 A 1370 20 4.8 385
A 1399 40 24 402
A 1400 50 2.0 397




Applications of the wavelet transform in AFM data analysis 353
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Fig. 1. AFM image of the sample (a) A 1374 (D = 10), (b) A 1371 (D = 30), and (c) A 1400 (D = 50).
Scanning area is 2 x 2 pm?.

tor position at 30 deg and 55 deg of 29, with a counting time of 20 seconds at each position. The
sample — detector distance was set up to 15 cm.

UV-Vis transmittance and reflectance spectral measurements were performed with Pye Uni-
cam/Philips PU 8800 spectrophotometer in the double beam mode and the spectral region (300
—900) nm with 2 nm slit at nearly normal incidence and at room temperature. The probed sam-
ple areas were ~0.2 cm?. A freshly evaporated aluminium sample was used for the reference
reflectance data collection. FTIR - DIGILAB FTS 3000MX Excalibur spectrophotometer in the
internal HATR (horizontal attenuated total reflection) mode with ZnSe crystal and 7 multiple
reflections was used to measure the infrared spectral absorbance.

3 Results

3.1 Surface morphology

Contact mode AFM surface analysis of the sample frames 2 x 2 pm? shows microcrystalline
features appearing on the surface with increasing dilution as can be seen in the 3D AFM images
in Figs. 1(a), 1(b), and 1(c). The visual inspection of AFM images indicates the isotropic surfaces
with no textures and no directions related to the surface roughness.

As AFM can sense vertical deviations of the sample surface vertical relief structure can be
determined from AFM data by the calculation of the average roughness (arithmetic mean surface
roughness) and rms roughness (root-mean-square roughness) (Figs. 2, 3). The rms and average
roughness in the dilution series (Fig. 2) show the maximum at ~ D = 30 at which for the
samples under study the amorphous-to-crystalline transition may be expected. This increase
may be connected with growing crystalline grains according to the geometrical model of conical
microcrystalline conglomerates [4, 5]. The thin film prepared at this dilution may be considered
as the film on the boundary between amorphous and crystalline phase. The lateral dimensions
of the largest features are ~200 nm for the films prepared at D = 30 (Fig. 1(b)) and they are
separated by amorphous tissue. With D increasing over this value the lateral size of grains
decreases (~100 nm for the samples A 1399, A 1400 at D =40, D = 50), they finally touch to
form smoother surface (Fig. 1(c)) resembling visually the amorphous sample (e.g. Fig. 1(a)).

In the thickness series (Fig. 3) the depth of features according to average and rms roughness
decreases slightly with increasing thickness being under 1.5 nm for all members of the series.
The crystalline grain growth seems to be negligible at D = 20 in spite of increasing thickness
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Fig. 2. Average and rms roughness of the dilu- Fig. 3. Average and rms roughness of the thickness
tion series. series.

of the films up to ~400 nm. For all samples under study the rms roughness does not exceed the
value of ~6 nm.

3.2 Structure analysis

XRD scans of the first three members of the dilution series at D < 30 show no diffraction lines
of crystalline Si. We conclude that the samples are either amorphous or with negligible part of
the crystalline phase. The XRD scans of the samples of the dilution series at D > 30 are in
Fig. 4 and show the evolution of three diffraction lines. These predominant peaks are ascribed
to (111), (220), and (311) planes of crystalline silicon structure suggesting that the films become
polycrystalline silicon (polysilicon). For the comparison the XRD scan of the amorphous glass
substrate is added to the plot in Fig. 4. The XRD scans of the thickness series (Fig. 5) resemble
the scan of the glass substrate with no apparent presence of the crystalline phase.
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Fig. 4. XRD scans of the dilution series samples  Fig. 5. XRD scans of the thickness series samples
prepared at D > 30 and of the glass substrate. prepared at the same dilution D = 20.
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Tab. 2. Residual stress — macrostress and microstrain.

sample dilution D | diffraction | line position grain average
[deg] size [nm] | microstrain

A 1371 30 33.73 55.88 | 66.23 10+3 0.02

A 1399 40 34.16 56.09 | 66.19 10+£3 0.02

A 1400 50 33.63 55.81 | 66.25 40+5 0.005

standard 33.15 55.28 | 66.25

biaxial stress tensile tensile | compressive

Owing to the crystalline lines detected in the diffractograms, the samples A 1371, A 1399
and A 1400 deserve further analysis considering residual stresses in the films by the procedures
outlined in [7]. From the shift of the diffraction lines in consideration to the position of the stan-
dard diffraction lines, the biaxial lattice stress (so-called macrostress) was calculated (Table 2).
The reference interplanar spacings were calculated “ab initio” from the structure model for the
strain free state. From the broadening of diffraction lines the average microstrain (relative mi-
crodeformation) and the average size of the coherently diffracting domains can be deduced. The
size of the coherently diffracting domains or simply the grain size is defined as the average size
of crystallites perpendicular to the diffracting plane. For the calculations, ceramic AlsOs from
NIST (National Institute for Standards and Technology) was used as an instrumental standard.

The size of crystalline grains determined from the XRD analysis (Table 2) is much smaller
than that of surface features inspected by AFM measurements. We can conclude that features
seen by AFM are aggregates of nanocrystalline grains detected by the XRD analysis for the
samples prepared at D > 30 (A 1371, A 1399, A 1400).

Obviously, these samples become mixed phase films also according to the Raman spectra [8].
We calculated the ratio . = I520/(I520 + I4s80) of the maximum intensities of the Raman peaks
at 520 cm ™! belonging to the crystalline Si and that at 480 cm ™! of amorphous Si. This quantity
is considered as a figure of merit of the degree of the film crystallinity. For our dilution series,
the degree of crystallinity increases with increasing dilution as follows: . =0 % (D =0), z. =
61 % (D =30), x. =73 % (D =40), x. = 82 % (D = 50). Thus, Raman spectra provide the same
observation of the progressive formation of crystalline Si with increasing D as AFM and XRD
data.

3.3 Optical properties

We studied the effect of the structure on the optical properties of the dilution and thickness series.
For the determination of optical properties — the refractive index and the Tauc’s optical band gap
- the model of a quasi-ideal single homogeneous layer with the thickness d with smooth parallel
interfaces on the thick incoherent substrate was used.

The spectral reflectance and transmittance are non-linear functions of optical properties and
the wavelength [9]. They were compared with the experimental data by the optimization method
based on the genetic algorithm optimisation procedure VIMSO [10]. by point to-point processing
without any dispersion model with the aim to determine the optical properties. Spectral refractive
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Fig. 6. Refractive indices of the dilution series. The

film prepared at D = 40 reveals approx. the same Fig. 7. Refractive indices of the thickness series.
spectral refractive index as the film at D = 50.
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Fig. 8. Optical band gap versus the dilution. Fig. 9. Optical band gap versus the film thickness.

indices of the dilution and the thickness series are in Figs. 6, 7. The refractive index decreases
with increasing dilution therefore we deduce that the density of films prepared at higher dilution
decreases. This may be probably due to the voids - sites with missing radicals of SiH4 — Hs
decomposition.

The values of the optical band gap energy E, were found from Tauc’s plot [plot of (aF)'/?
versus photon energy E extrapolated to zero absorption]. The absorption coefficient o was de-
duced from transmittance spectra in the vicinity of to the absorption edge in the interference free
zone. Fig. 8 shows the relationship between the optical band gap and the dilution, Fig. 9 the
relationship between E, and the film thickness. More significant change of the optical bad gap
was found as a function of the dilution than as a function of the film thickness. The band gap
appears to increase with increasing D. As can be seen in Fig. 8, the dilution opens the optical
band gap with respect to non-diluted film of about 0.25 eV. Besides this, similar optical proper-
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Fig. 10. Vibrational absorption peaks of the dilution ~ Fig. 11. Deconvolution of the vibrational absorp-
series. tion peaks of the sample A 1371 (D = 30).

ties of the films prepared at dilution D = 40 and 50 were found. This is thought to be due to the
stabilization in the evolution of the network structure.

The hydrogen content is well known to affect the apparent band gap of a-Si:H. H atoms
remove dangling bonds and thus reduce tails increasing apparently the band gap. It was reported
that the shift of E, toward higher photon energies occurs with increasing H content [11-13].
Therefore, we can expect an increasing amount of hydrogen in the films with increasing dilution
of hydrogen. Besides this, the increase of E; at the amorphous-crystalline boundary is caused by
the appearance of indirect gap (gap near 3.3 eV) of the crystalline silicon.

Therefore, we deduce that the samples prepared at D >30 are polysilicon composed of
grains and grain boundaries formed by amorphous Si and voids. Otherwise, polycrystalline films
with voids are less homogeneous and therefore the optical results in Fig. 6, 7 extracted using a
quasi-ideal film model can be interpreted only as effective. Further detailed analysis of optical
properties of polysilicon thin films considered as a mixture of a-Si, c-Si and voids is necessary.

The following FTIR spectra analysis concerns the dilution series. According to the HATR
geometry and refractive index relationships only bulk vibrational modes are recorded. FTIR
spectra at wavenumbers < 1300 cm ™! are strongly influenced by the glass substrate and therefore
often for the analysis used wagging absorption bands at ~640 cm~! and bending bands at ~850
cm ! are overlapped by the strong glass substrate absorbance.

Absorption bands of bulk stretching vibrational modes at ~2000 cm ™! assigned to silicon
to hydrogen bonds give information about how H is bonded. Absorbance peaks at ~2000 cm ~*
plotted in Fig. 10 were smoothed, baseline corrected and deconvoluted by least-squares fitting
with Gaussian intensity distribution. Two broad overlapping stretching modes are present in the
spectra: isolated SiH centred at ~2000 cm~ ! and clustered SiHy at ~2090 cm ™. Presence of
SiH;, z > 1 is common for material with microvoids. A typical result of the deconvolution of
the vibrational stretching band for the polycrystalline sample A 1371 is in Fig. 11.

The peak position of the monohydride SiH mode at ~2000 cm ™! for the dilution series is
shifted towards higher wavenumbers as illustrated in Fig. 12. It was reported [14] that the
observed shift can be due to the increasing hydrogen content and order in the Si network.
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SiH and SiHy absorption bands (v is the wavenumber). It expresses the ratio of SiHs bonds to
the total bonded hydrogen [15]. The results depicted in Fig. 13 show that hydrogen is mainly
bonded in the monohydride SiH but for D > 20 the contribution of the hydrogen in dihydride
SiHy bonds increases thus remaining under the value of ~0.14. Microstructure factor < 0.1
according to the reference [16] indicates a compact material with a low void fraction. Therefore,
for the samples from the dilution series, the fraction of voids increases partly when D rises
above ~20, but still represents compact character of the films. This observation is supported by
relatively high refractive index values (Fig. 6) and as it is shown in this plot, they decrease for
the high-diluted samples as the void fraction increases.

Microstructure factor v = TTom is the ratio of the integral intensities of
1o

4 Conclusion

Notable changes in the structural and optical properties of Si:H thin films prepared at the variable
dilution were found. The crystallization becomes noticeable at the dilution D >30 after the
surface roughness reaches its maximum. The films from the dilution series prepared at D >30
were nanometer grain-sized polycrystalline Si with grain boundaries passivated by hydrogen
and voids. Grains in nanometer range exist within the surface features seen by AFM. FTIR
results show primarily monohydride SiH bonding with increasing part of dihydride SiHs when
the dilution rises. Dilution enables the refractive index and optical band gap engineering. The
sample at D ~30 seems to be a proper candidate for photovoltaic applications.

The samples of the thickness series up to the value of ~400 nm prepared at the dilution D =
20 are found to remain within the amorphous regime with a negligible surface roughness, though
while rising the thickness the band gap increases and the refractive index decreases.
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