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Abstract
We examined the x-ray diffraction (XRD) patterns of hydrogenated amorphous
Si (a-Si:H) and of crystalline Si (c-Si) substrate for high-Q measurements. A
structural analysis of thin films on substrates is important for the development
of real devices. A transmission geometry with high-energy x-rays was used
for this investigation, together with very thin substrates, in an effort to reduce
substrate signals. A small area of the substrate was etched using the reactive
ion etching (RIE) plasma process to maintain free-standing structures, and
a-Si was deposited using catalytic chemical vapour deposition techniques. The
x-ray beam was focused on the processed area and a-Si diffraction using a thin
Si layer was measured. Unlike a-Si:H films on substrates without etching,
we succeeded in detecting amorphous signals from samples deposited on the
processed substrate. Application of reverse Monte Carlo (RMC) modelling
using these data and subtracting Si substrate peaks was investigated. Direct
subtraction and MCGR program (Pusztai and McGreevy 1997 Physica B 234–
236 357–8) normalization for the ratio estimation between c-Si and a-Si:H
structure factors was employed. MCGR normalization was found to improve
subtraction of the c-Si peaks and the first peak at r = 2.3 in the pair distribution
function g(r) could be calculated.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In current thin film devices, the integrated circuit (IC) is fabricated following application of
various thin film processes. For example, amorphous Si (a-Si) films are widely used for
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devices such as thin film transistors and solar cells. Hydrogenated amorphous Si (a-Si:H)
is usually prepared by plasma enhanced chemical vapour deposition (PECVD) using silane
(SiH4) gas [1–3]. On the other hand, catalytic chemical vapour deposition (cat-CVD) has been
considered a superior technique for the production of a-Si:H required for practical applications.
Cat-CVD grown a-Si:H exhibits stability which seems to be derived from the low content (a
few at.%) of hydrogen in a-Si:H [4–6]. These two deposition methods can generate different
structures in a-Si:H, and large stress in a-Si deposited by PECVD has been reported [7].

For this purpose, analysis using a three-dimensional (3D) structure seems to be important.
The use of sturdy materials with well-established device parameters is required for future
high-performance devices, and amorphous materials generally possess structural freedom that
can generate a variety of atomic configurations in the materials. Conventional techniques
for structural analysis employ the pair distribution function g(r) as the 1D information.
Experimental data pertaining to electron diffraction [8], high-energy x-ray diffraction [9],
x-ray absorption [10] and neutron diffraction [11] were used for the structural analysis of
a-Si. From a theoretical standpoint, a model structure for a-Si has been established using a
traditional Monte Carlo simulation [12] and first principles calculations [13, 14]. To obtain a
3D structure, interatomic potentials are usually required and the general potential may yield a
structure that differs from that of the actual material.

Reverse Monte Carlo (RMC) modelling represents one experimental technique which
provides a 3D model of an individual sample without use of any hypothesis relating to
interatomic potential [15–18], and it is particularly suited to dense solids and liquids. RMC
analysis has been applied to H-free a-Si in the study of microscopic structures by Kugler et al
[16]. They initially compared neutron data to conventional theoretical models [19]. In the
amorphous case there is some ambiguity and other constraints for the simulation are required.
For H-free a-Si, unusual atomic arrangements have been revealed by RMC simulation [20, 21].
RMC modelling was also used in the case of hydrogenated a-Si:H with low H content [22, 23]
and comparisons made between a-Si:H films deposited by cat-CVD with those deposited by
PECVD [7].

However, high-Q data are required in the structure factor S(Q) for the modelling. X-ray
diffraction (XRD) is a powerful technique in structural analysis where only small amounts
of material are required in comparison to other methodologies such as the use of neutron
diffraction. The use of high-energy x-rays has revealed the structure of bulk materials such as
liquid germanium [24]. Ion-implanted a-Si was studied by XRD at an extended Q range [9, 25].
XRD can be applied to a-Si thin films deposited on Si substrates using x-rays with low incident
angle [26]. However, when the energy of the x-rays increases, the penetrating power of the
x-rays prohibits high-Q measurements of thin film samples, where substrate signals mask the
main signals from the thin films.

One possible way to obviate this problem in experiments utilizing thin films is by removal
of the substrate. However, given that real sample structures are dependent on the substrate,
structural analysis of thin film samples should be performed on substrates. Furthermore,
accurate measurement of diffraction signals of a thin film on a substrate remains problematic.
Consequently, we tried to measure the XRD patterns of a-Si:H with Si substrate in high Q
measurements. Very thin substrate was used, to reduce the substrate signals. A small area of
the substrate was etched using a plasma process in an effort to maintain free-standing structures,
and then the a-Si was deposited on the processed substrate using cat-CVD techniques. The x-
ray beam was focused on the etched area and a-Si diffraction with a thin Si layer was measured.

Samples were fabricated for dry processing using reactive ion plasma. The dry process
has recently been used in the etching process given advantages concerning waste and control
of etching. There are several high-density techniques available such as electron cyclotron
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Figure 1. Schematic of a fabricated sample structure. X-rays were focused on the processed area.

resonance or inductively coupled plasma [27]. However, conventional reactive ion etching
(RIE) was chosen since it is very useful when applied to Si-related materials with a slightly
slow etching rate. Mechanical polishing using a diamond drill was employed to shorten the
processing time.

In the diffraction pattern for a-Si:H deposited on the Si substrate without etching, only
signals derived from the Si substrate are observed since the tail of the Si peaks masks the
diffraction from a-Si. In contrast, amorphous signals derived from samples deposited on
processed substrates were successfully detected. In this paper, a structural analysis of a-Si:H
thin films deposited on processed substrates is presented. The diffraction data of a-Si:H with
crystal substrate signals are used and constraints concerning coordination number seem to be
very important. The Fourier transform infrared (FTIR) spectra of a-Si films were measured and
coordination number constraints estimated.

2. Experiments and analysis

The crystal Si (c-Si) (100) substrate was thinned to 100 μm with area 1.2 × 0.8 mm2 using
a diamond drill. The thickness of the starting Si substrate was 500 μm. The RIE process
employed followed the diamond drill process. During etching, the surface, which was used for
film deposition, was protected by ZEP-520 (Zeon) resist. Etching was performed with a CF4

and Ar gas flow of 80 and 15 standard cubic centimetres/minute (sccm), respectively, and an
RF power of 150 W. The pressure in the process chamber was 30 Pa. Under these conditions,
the etching rate of the RIE process for Si was 3.0 μm h−1. The backside of the Si was etched
to slight transparency: the thickness might have been less than 10 μm with surface roughness
Ra ∼ 0.3 μm. Approximately 10 μm with a free-standing area of 1.2 ×0.8 mm2 was achieved
for the substrate.

The a-Si:H films were deposited by cat-CVD on a Si(100) wafer by RIE. The same
deposition conditions were employed as those described for device quality a-Si:H films using
the cat-CVD device fabrication proposed by Sakai et al [5]. The H content and density of the a-
Si:H films were 2% and 2.28 g cm−3, respectively, and these values were used for the modelling
parameters in the RMC calculation. In an effort to obtain large signals from the thin films, thick
a-Si:H films were fabricated to 1.6 μm. A schematic of the fabricated sample structure is shown
in figure 1. The film to substrate ratio for x-ray measurements was significantly improved by
the etching process. As a comparison, a-Si:H films on a thick substrate without etching (sample
2) and a c-Si substrate etched by RIE (sample 3) were used (table 1).

For estimation of the ratio of Si–H and Si–H2, Fourier transform infrared (FTIR) spectra
recorded by a Shimadzu FT-IR 8300 FTIR spectrometer were used (figure 2). Experimental
data was subjected to Gaussian fitting and the splitting of two peaks corresponded to the Si–H
bond stretching mode. Thus we observed the Si–H and Si–H2 stretching modes at 2000 and
2100 cm−1, respectively. The ratio of the two areas was Si–H:Si–H2 = 9.02:1, and using the

3



J. Phys.: Condens. Matter 19 (2007) 335211 T Kawahara et al

Figure 2. FTIR spectra of cat-CVD-deposited a-Si:H films. The H content is 2%. Two absorption
peaks for Si–H (2000 cm−1) and Si–H2 (2100 cm−1) are shown. The curves were calculated by
Gaussian fitting.

Table 1. Sample list.

a-Si thickness Substrate thickness Sample
(μm) (μm) number

1.6 ∼10 Sample 1
1.6 500 Sample 2
0 ∼10 Sample 3

proportional constant (A-values) for the stretching mode [28], we estimated the ratio of Si–H
and Si–H2 as 1.56% and 0.4%, respectively.

X-ray diffraction measurements for S(Q) were performed at the high-energy line BL04B2
at SPring-8 (JASRI) [29]. The energy of the x-rays was 61.52 keV and the Q range scanned
was from 0.5 to 20.5 Å

−1
. X-rays were focused to the processed area with a beam size of

0.5 mm2.
RMC is a well-established simulation method that can be applied to three-dimensional

atomic structures [17, 18]. Here we used a cubic configuration comprising 4096 atoms
(16 × 16 × 16 atoms) with a 43.6 Å cubic lattice in real space. Since the structure of a-Si
is thought to be similar to that of c-Si, the crystal structure of c-Si was selected as the initial
configuration for the calculation. Generally, the empirical three-body potential is known to be
better for Si [30]. For simplicity, however, the minimum interatomic distance between Si atoms
was set as 2.095 Å as estimated by the Lennard-Jones interaction, where the χ2 of the RMC
calculation is the minimum. Assignment of constraints is important in the simulation since
RMC modelling involves many possible structures. The diffraction data of a-Si:H including
the crystal substrate signals was assessed and the estimated ratio of Si–H and Si–H2 was used
for the coordination number constraint in the modelling.

3. Results and discussion

The XRD patterns for a-Si:H deposited on the non-processed (sample 2) and processed (sample
1) substrates, where the Si thickness for the measured area differed (500 and ca. 10 μm,
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Figure 3. Experimental XRD patterns of samples 2 and 3. (a) Sample 2 represents a-Si:H films
deposited on non-processed substrate. (b) Sample 3 represents c-Si substrate that was processed
and used in the simulation.

Figure 4. Experimental XRD pattern of a-Si:H deposited on processed substrate (sample 1).

respectively), are shown in figures 3(a) and 4, respectively. Only the c-Si peaks can be observed
for sample 2, as shown in figure 3(a). The c-Si (220) peak manifests as the first peak for
c-Si. Figure 3(b) shows S(Q) for single-crystal Si etched by the RIE process (sample 3),
whose thickness was about 10 μm. This XRD pattern is almost the same as that shown in
figure 3(a). The substrate in sample 3 might have been damaged during plasma etching, which
would account for the observed diffuse scattering [31] in the XRD pattern. However, the pattern
appears to resemble the XRD pattern of sample 2 and so any damage present might be small. It
is also important to measure the substrate XRD patterns using the same substrate as that used
to deposit the sample on.

In contrast to these XRD patterns, figure 4 shows several peaks related to the presence
of amorphous materials in the S(Q) of a-Si:H (sample 1). Thus, amorphous peaks can be
observed for thin film samples with the substrate at the transmission geometry. Following
previous reports related to cat-CVD-grown a-Si:H [22, 23], clear peaks can be observed which
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Figure 5. Structure factor S(Q) obtained by RMC modelling in (a) and calculated pair distribution
function g(r) in (b). Subtraction of substrate peaks by direct ratio estimation between a-Si:H and
c-Si (220). The dotted line represents experimental S(Q) and the solid line that for RMC modelling
in (a).

are related to a-Si:H at Q = 1.95 and the shoulders (Q = 5.7 and 6.7) of a-Si:H of the peak
around Q = 6.0. The shoulder at Q = 8.2 might relate to a-Si:H, although the c-Si peak is
very large. There is also a small peak at Q = 8.8 for a-Si:H. These peaks are similar to those
observed for evaporated a-Si [32]. The second a-Si peak at Q = 3.6 is hard to differentiate due
to the crystal peak. Thus, crystal peaks generate error in the structural analysis. An attempt
was made to subtract the crystal peaks from the experimental data.

Initially, direct subtraction was employed in an effort to subtract the crystal peak between
the amorphous S(Q) and Si substrate. The ratio was calculated from the ratio of the (220)
peak of c-Si for samples 1 and 3. The resulting S(Q) was modeled by the RMCA program with
the coordination number constraint. The calculated S(Q) is shown in figure 5(a). Calculated
values for the first peak of the structure factor decreased, while the second peaks are too wide
in comparison to S(Q) of a-Si:H measured by Seemann–Bohlin methods [23]. Although the
large peak around Q = 7.5 decreased in the simulation, it still appeared too large given the
large second peak of c-Si in the experimental data. In this case, the first g(r) peak is just
above 2.0, which is too small, as shown in figure 5(b). However, there is no peak around
r = 3, one clear advantage in employing this direct subtraction. In an effort to reduce the
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Figure 6. Structure factor S(Q) obtained by RMC modelling in (a) and calculated pair distribution
function g(r) in (b). The ratio of the substrate peaks was estimated by MCGR normalization. The
dotted line represents experimental S(Q) and the solid line that for RMC modelling in (a).

contribution by the second c-Si peak, an attempt was made to delete the second large crystal
Si peak (Q ∼ 7.5) in the experimental S(Q). It was believed that this second peak should
improve following experimental improvements, such as using the S(Q) of the same substrate
as used in the deposition. The calculated g(r) for direct subtraction without the second c-Si
peak improved slightly; the first peak of g(r) shifted slightly to larger r , whose values were
closer to the ones measured with low-angle incident beam geometry.

The experimental S(Q) was then normalized using by the MCGR program [33], which
represents the Monte Carlo program involving inverse methods, and the crystal peaks were
subtracted from the a-Si:H diffraction with substrate. The ratio for the subtraction was
calculated by the ratio of the c-Si (220) peaks. This S(Q) is plotted in figure 6(a). Although
the large second peak was present in the modified diffraction data, just as with the direct
subtraction method, the normalized second peak became smaller. The calculated first peak
in S(Q) is small in figure 6(a) given the increased width of the second peak in S(Q) related
to the remainder of the crystal peaks. However, several amorphous peaks can be seen in the
structure factor. The g(r) calculated by rmca is shown in figure 6(b). In contrast to direct
subtraction, the first peaks of g(r) shifted to higher r values, and the first peak in g(r) is at
r = 2.3 and seems improved [23]. The peak at r = 3.9 is also observed in g(r) of the
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MCGR subtraction. Compared to evaporated a-Si, similar peaks at r = 2.3, 3.9 and 4.3 were
observed [32]. Therefore it is believed that RMC modelling is improved following MCGR
normalization. However, one disadvantage relates to the presence of the peak at r = 3 in g(r).
Deletion of the second c-Si peak (Q ∼ 7.5) in the S(Q) was also attempted. The g(r) around
r = 3 slightly decreased in comparison to g(r) with the second c-Si peak. The first peak and
the peak at r = 3.9 is also observed in g(r) without the c-Si second peak in S(Q). Omission
of the second large c-Si peak yielded no apparent improvements except for a small decrease in
a peak in g(r) at around r = 3. On the other hand, the S(Q) data below the large second c-Si
peak could be used, but they seemed to be too short.

The amorphous peaks could be observed in the S(Q) measured at the transmission
geometry. However, there are many unusual peaks in the amorphous g(r). These errors
are caused by the difference between the crystal peaks of the measured substrate and that
of the film samples. This highlights the importance of a suitable S(Q) of the substrate for
the amorphous films. For further improvement, measurement of the Si substrate prior to film
deposition represents one key experiment. The reproducibility of S(Q) at SPring-8 is very
good. It is believed that measurement of the same substrate using film deposition can solve
the problem of estimating the substrate S(Q). These experiments are now in progress. In this
context, we can succeed in direct measurement of thin film structure factors with a processed
substrate.

4. Conclusion and future prospects

We have succeeded in the direct measurement of a-Si deposited on Si substrate in the
transmission geometry required for a wide Q range. In the measured data, the diffraction
peaks from the Si substrate mask the amorphous peaks. Plasma etching was used for thinning
the Si substrate to enhance diffraction from the thin films. To estimate the c-Si peaks for
the subtraction, a direct ratio calculation of the first c-Si (220) peak and MCGR normalization
were used. Compared with direct subtraction, MCGR can improve estimation of the c-Si peaks.
Following this, the first peak in g(r) was observed at around r = 2.3.

Further improvement in the separation between c-Si and a-Si:H signals seems to be
necessary. Use of a SiO2 thin layer could improve substrate background peaks that do not
possess large Bragg peaks. In this case, use could be made of the wet process since the SiO2

layer can be used as a stopping layer. Every effort should be made to select a substrate that is
appropriate to the thin film in question. Precise estimation of the c-Si peaks is required in order
to improve the simulations. Use of XRD pattern data of the same substrate as that employed for
film deposition represents the most promising improvement. The backside Si layer thickness
dependence of the diffraction pattern can assist in the estimation of c-Si signals and could
improve the modelling.
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