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First of all, we appreciate the reviewers’ thorough review and valuable comments. Our 

responses to the reviewers’ suggestions and comments are listed below.

Reviewer #1

The authors have performed beautiful TEM characterizations on grain boundaries and 
related defects in poly-Si film grown on high resistivity Si for RF applications. The electrical 
resistivity has been found to be determined mainly by the interface defects. The results 
presented are interesting and can be accepted after minor revision. There are several 
questions and comments listed as the following, 

1. Why the same CVD process resulted in different grain boundaries like sigma 3 dominated 
or random boundary at the interface?

The present study clearly demonstrates that the nature of the poly-Si film/Si substrate interface 
is the main factor controlling the electrical resistivity of the poly-Si films.  As stated in the 
main text, the origin of this difference can be attributed to slight difference in surface quality 
of the Si substrate, in the LPCVD parameters or to the presence of impurities at the interface. 
This question is very relevant but will require further investigations, which goes beyond the 
scope of the present work. However, such phenomenon should be seriously considered for the 
development of high resistivity silicon substrates for Radio Frequency (RF) integrated circuits 
(ICs) applications.

2. For the formation of different types of boundaries, is there any effect from Si substrate? 
For instance, the surface cleaning process or substrate temperature, and how about the 
effect from different crystal orientation like Si (100) vs. (111)? 

Yes, the surface cleaning process could have an effect on the formation of different types of 
boundaries at the interface. Some impurities present at the Si substrate surface could also 
influence the nature of the boundaries formed at the interface while the substrate temperature 
could affect the fraction of grain boundaries at the interface. The different crystal orientation 
like Si(100) vs.(110) could also influence the nature of grain boundaries. For example, the 
(100)Si substrate plane leads to the formation of high angle grain boundary with (110)film plane. 
The (100)Si substrate plane forms ∑5GB or ∑13aGB with (100)film plane, while (110)Si substrate plane 
leads to the formation of ∑3, ∑9 or ∑27GB with (110)film plane. In the absence of experimental 
evidences of such features in the present work, we added the references [12-14]  cited above to 
the main text in order to discuss potential sources of the observed difference.  

3. Can the author explain in detail about the simulation result based on Atlas, like the 
different decay rate of resistivity under inversion vs. accumulation? In Fig. 1c, the 
resistivity under inversion (VDC=4V), why the peak resistivity appears at around a depth 
of 10 m? 

The difference of resistivity between inversion (150 m.cm, VDC = 4 V) and accumulation (1.5 
.cm, VDC = -4 V) can be explained by (i) the carrier mobility of electrons is approximately 
2-3 times larger than holes mobility in silicon, and (ii) the flatband voltage of the sample is at 
-1.98 V which means that the density of electrons at the interface is much larger than holes at 
0 V, the interface is naturally under weak inversion. These two facts explain the lower 
resistivity (higher conductivity) at the SiO2-silicon substrate interface when the interface is in 



inversion regime. In Fig. 1c, a peak of resistivity appears at around 10 µm depth when the 
substrate is biased under inversion regime (VDC = 4 V). This peak of resistivity corresponds to 
the location of the so-called depletion zone. At VDC = 4 V, from the SiO2-Si interface we have 
right at the interface a strong inversion, a depletion zone (at around 10 µm) and finally we 
recover the neutral zone of the substrate, it means the nominal resistivity of the silicon substrate, 
i.e. 10 k.cm in the simulated case.

4. Just one comment, when discuss about the carrier trapping in trap layer, it is not only 
related with the type of grain boundaries, but also the density of defects at interface. 

True. The following sentence was added in the main text (page 15, paragraph 1) to clarify this 
point: “it is worth noting that the carrier trapping capacity in trap layer is not only linked to the 
type of grain boundaries, but also the density of defects at interface [18,19]. A high density of 
the interfacial defects leads to significant increase of the electrical resistivity of the poly-Si 
films.” 

5. Would the author comment on the effect from interface between SiO2 and poly-Si?

The amorphous SiO2 film is not expected to play a role in the formation of defects in the poly-Si 
film because it was deposited after the growth of the poly-Si film. This is in agreement with 
the fact that, in contrast with the crystal/crystal poly-Si film/Si substrate interface, the 
amorphous/crystal SiO2/poly-Si interface is very similar in samples A and B (sse Figure 2). 
However, the SiO2/poly-Si interface can still influence the electrical properties of the film 
because of some dislocations could emit from the amorphous/crystal interface or some 
oxidation or clusters formed at the interface.

Reviewer # 2

This paper studied the microstructural characteristics of two polycrystalline silicon (poly-Si) 
films with different electrical properties by advanced transmission electron microscopy 
(TEM). The results reveal that the nature of the poly-Si film/Si substrate interface is the 
main factor controlling the electrical resistivity of the poly-Si films. The high resistivity and 
high electrical linearity of poly-Si films are strongly promoted by the Σ3 twin type character 
of the poly-Si/Si substrate interface. In contrast, poly-Si film/Si substrate interfaces with 
random character do not favour the formation of such complex patterns of defects, leading 
to poor electrical resistivity of the poly-Si film. Two questions, firstly, the three wafer 
substrates are single crystalline, <111> or <100> orientation? Secondly, interface character 
is a key factor determining the electrical properties, so how about the mismatch difference 
between sample A interface and sample B interface? Overall, this work is highly interesting 
in understanding the intrinsic origin for the effect of interface character on electrical 
resistivity of the poly-Si films and is suitable for publish in Materials Characterization.

The three wafer substrates are single crystalline with <100> orientation. The sentence “The 
starting substrates are three monocrystalline high resistivity (HR) Si bulk wafers with <110> 
orientation and…” was added in the revised manuscript. For the question regarding the 
mismatch difference between the sample A and sample B interface, one can notice that the 
poly-Si/Si substrate interface in sample B exhibits a∑3 twin type character alternating between 



∑3{111} CTBs and ∑3{112} incoherent ITBs that can be associated to a small mismatch. In 
contrast, the same interface in Sample A exhibits a random character leading to a higher 
mismatch that change with changes of the grains orientation at the interface. This is also in 
agreement with the strain field observed at the interface of Sample A in Figures 6a and 6b that 
can be explained by the presence of a high density of dislocations at the interface.  

All the changes in the manuscript are highlighted in red color. 



Hightlights
 The nature of the poly-Si film/Si substrate interface is the main factor controlling the 

electrical resistivity of the poly-Si films.
 The ∑3 twin type character of the poly-Si/Si substrate interface and the interaction 

between different types of interfaces could lead to the generation of a huge amount of 
extended defects, which significantly improve the electrical resistivity of the poly-Si 
films.

 poly-Si film/Si substrate interfaces with random character do not favour the formation 
of high density of interfacial dislocations, leading to poor electrical resistivity of the 
poly-Si film.  
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Abstract

The microstructural characteristics of two polycrystalline silicon (poly-Si) films with different 
electrical properties produced by low-pressure chemical vapour deposition on top of high 
resistivity silicon substrates were investigated by advanced transmission electron microscopy 
(TEM), including high resolution aberration corrected TEM and automated crystallographic 
orientation mapping in TEM. The results reveal that the nature of the poly-Si film/Si substrate 
interface is the main factor controlling the electrical resistivity of the poly-Si films. The high 
resistivity and high electrical linearity of poly-Si films are strongly promoted by the ∑3 twin 
type character of the poly-Si/Si substrate interface, leading to the generation of a huge amount 
of extended defects including stacking faults, ∑3 twin boundaries as well as ∑9 grain 
boundaries at this interface. Furthermore, a high density of interfacial dislocations has been 
observed at numerous common and more exotic grain boundaries deviating from their standard 
crystallographic planes. In contrast, poly-Si film/Si substrate interfaces with random character 
do not favour the formation of such complex patterns of defects, leading to poor electrical 
resistivity of the poly-Si film.  This finding opens windows for the development of high 
resistivity silicon substrates for Radio Frequency (RF) integrated circuits (ICs) applications.

Keywords: polycrystalline silicon; Transmission electron microscopy; Grain boundaries

1. Introduction

Polycrystalline silicon (poly-Si) films are widely used in integrated circuit technology for solar 
cells [1], thin film transistors [2, 3], piezo-resistance elements for pressure sensors [4], as 
trapping layer in silicon-based high resistivity substrates for Radio Frequency (RF) integrated 

Tel:32-488829919


2

circuits (ICs) [5, 6], and many other applications due to their low cost and high-efficiency [7, 
8]. The electrical properties of poly-Si films are strongly influenced by various extended 
defects such as grain boundaries (GB), twin boundaries (TB) and intra-granular defects. GBs 
are electrical potential barriers and scattering sites, which can act as recombination centres 
leading to electrical efficiency loss [9]. These defects can also act as gettering centres for 
impurity elements and thus significantly decrease the carrier transport mobility [10, 11]. 
Depending on the foreseen application, the number of electrically active defects must be as low 
as possible for thin film transistors (TFT) or solar cells for instance, and on the contrary as high 
as possible in the case of high resistivity silicon substrates for high frequency applications. The 
poly-Si samples analyzed in the present paper are developed for the latter case as described 
hereafter.

It is generally argued that the electrical activity of GBs depends on their character. Intense 
investigations have been performed in the past to reveal the correlation between the character 
and the electrical activity of GBs [10, 12-14]. For instance, Chen et al. found that the GB 
character has no significant effect on the recombination activity of ‘clean’ GBs [10]. However, 
in impurity contaminated GBs, the recombination activity is heavily influenced by the GB 
character, indicating that this activity is mainly controlled by the gettering ability of GBs. The 
recombination activity of GBs can be classified as follows: small angle GB (SAGB) > random 
GB (RGB) > high-∑ GB > low-∑ GB [13]. Because of the low energy, coincidence site lattice 
(CSL) GBs usually exhibit a lower recombination activity compared with R-GBs. Furthermore, 
high-∑ GBs (such as ∑9 and ∑27) are more electrically active compared with low-∑ GBs. 
High-∑ GBs can also act as sites for dislocation nucleation [15, 16]. On the other hand, ∑3 
{111} coherent twin boundaries (CTBs) exhibit very low interfacial energy and negligible 
electrical activity, making them acceptable defects in poly-Si  when high mobility electronic 
transport and low recombination rates are targeted [17]. 

Both experimental observations and theoretical calculations have shown that the recombination 
activity of GBs is related to the density of dislocations at the boundary plane [18, 19]. The 
higher dislocation density in random and high-∑ GBs is thus the main reason for their high 
recombination activity. Therefore, increasing the proportion of CSL GBs, especially the low-
∑ GBs is essential for improving the electrical properties of poly-Si films when high carrier 
mobility is required like in the case of TFT or solar cells. On the contrary, in the case of trap-
rich high resistivity silicon or Silicon-on-Insulator (SOI) substrates, highly concentrated 
electrically active defects in poly-Si are required. Indeed, as demonstrated in [5, 6] thanks to 
the introduction of an undoped poly-Si layer characterized by a high density of electrically 
active traps, the high resistivity properties of the used silicon substrate required for building 
high quality RF ICs are fully recovered.

In the present study, extensive transmission electron microscopy (TEM) characterizations have 
been performed in order to investigate poly-Si films produced by low pressure chemical vapour 
deposition (LPCVD) on top of high resistivity silicon substrates. The results demonstrate a 
clear correlation between the good high frequency performance in terms of effective resistivity 
and linearity with the high density of the extended defects confined between the poly-Si film 
and the silicon substrate.
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2. Materials and methods

The starting substrates are three monocrystalline high resistivity (HR) Si bulk wafers with <100> 
orientation and nominal resistivity specified by the manufacturer as larger than 10000 Ω.cm. 
For samples named A and B hereafter, LPCVD was used to deposit, under the same 
experimental conditions, a layer of polycrystalline silicon (poly-Si) with thickness of 2 µm at 
temperature of 525 °C. No poly-Si layer was deposited for sample C. For the three wafers, a 
silicon dioxide (SiO2) layer with thickness of 400 nm was then deposited by plasma-enhanced 
chemical vapor-deposition (PECVD) at low temperature (350 °C). Finally, a 1-µm-thick 
aluminium layer was deposited and patterned to form an 8-mm-long 50 Ω characteristic 
impedance coplanar waveguide (CPW) for performing the RF measurement of the produced 
samples allowing the extraction of their electrical properties. The CPW line is characterized by 
a central signal linewidth of 38 μm, ground line widths of 208 μm, and a spacing of 18 μm 
between the signal line and the ground lines.

On-wafer measurements of the CPW line on the three substrates were performed using an 
Agilent 2-port performance network analyzer (PNA)-X and a pair of ground-signal-ground 
(GSG) |Z| probes from Cascade Microtech. An on-wafer short-open-load-thru (SOLT) 
calibration was applied using an RF impedance standard substrate (ISS) to calibrate the system 
with the port reference planes defined at the probe tips. Then, a de-embedding scheme proposed 
by Gillon et al. [20] to remove the pad parasitics is applied using the measurements of on-wafer 
thru, reflect, and line structures implemented alongside the CPW line, in a similar approach to 
a classical thru-reflect-line (TRL) de-embedding. 

From the measured de-embedded scattering (S)-parameters an effective resistivity (eff) up to 
10 GHz at room temperature was extracted using the method described in [21]. This latter 
parameter accounts for the wafer inhomogeneities (i.e., oxide covering and space charge effects) 
and corresponds to the resistivity that a uniform (without oxide nor space charge effects) silicon 
wafer should have in order to sustain identical RF substrate losses. In other words, it is the 
value of the substrate resistivity that is actually seen by the coplanar devices. Therefore, 
comparing the wafers in terms of their effective resistivity allows isolating the performance of 
the substrates by getting rid of series losses and skin effect inside conductors. The same CPW 
lines were also measured under large-signal condition to evaluate the signal distortion induced 
by the nonlinear properties of the three different studied substrates. Large-signal measurements 
of the CPW lines were performed on-wafer using a dedicated setup [6] based on an Agilent 4-
port PNA-X vector network analyzer. A power calibration at the CPW line input is performed; 
then, the subtraction (de-embedding) of the attenuation due to the cables and filters between 
the CPW line and the power detectors is accounted for by measuring a thru line from the ISS.

With the careful selection of filters and attenuators at the source input and at the harmonics 
output detector, a harmonic distortion (HD) setup is achieved enabling the detection of 
harmonic levels of a 900-MHz signal as low as −115 dBm for a maximum input power of 25 
dBm. A single tone, with a fundamental frequency of 900 MHz, is injected into one port of the 
CPW line on each substrate. The power of this input tone, that we shall represent as H1, is 
swept from −30 to +25 dBm using 50Ωreference port impedances, and the output signal is 
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retrieved by a spectrum analyzer. Due to the nonlinear behaviour of silicon-based substrates, 
signal distortion is introduced and the output signal is in general a multitone signal, with a 
fundamental component (900 MHz in our case), denoted by H1, along with harmonic 
components at all integer multiples of this fundamental frequency, denoted by H2, H3, and so 
on.

To illustrate the degradation of the silicon substrate high resistivity characteristic and its 
recovery within the introduction of traps at Si/SiO2 interface, the finite element semiconductor 
simulation tool ATLAS from Silvaco has been used. ATLAS solves Poisson’s and 
semiconductor equations in the Si-based substrates and at the Si/SiO2 interfaces, allowing for 
physical parameters such as fixed oxide charges, interface and volume traps, to be accurately 
simulated along with their impact on the free carrier distributions in the semiconductor regions. 
In all simulated substrates an interfacial oxide charge density of 1011 cm-2 and a nominal Si 
substrate resistivity of 10000Ω.cm were defined. Tail-type distributions for the acceptor and 
donor traps were used to model the polysilicon layers according to [22] (characteristic decay 
energies of 33 meV and edge band state densities of 8x1022 cm-3eV-1).

For TEM characterizations, cross-sectional TEM thin foils were prepared using a dual-beam 
Scanning Electron Microscope/Focused Ion Beam (SEM/FIB) instrument (FEI Helios Nanolab 
650) with the “lift-out” procedure. In order to perform statistical analysis of the grain size 
distribution and the character of the GBs, Automated Crystal Orientation Mapping in TEM 
(ACOM-TEM) measurements have been performed with the NanoMegas ASTAR system [23, 
24] in a FEI Tecnai G2 F20 TEM operated at 200 kV. For the ASTAR data acquisition, probe 
and step sizes of 2-nm as well as a precession angle of 0.4o have been used. The ACOM-TEM 
data have been analyzed using the OIM TSL software from EDAX Inc. A FEI Titan 80-300 
“cubed” microscope with aberration correctors for imaging and probe was used to reveal the 
atomic structure of the GB. In order to allow easy visualization of GB dislocations, local g-
maps were obtained using an image processing technique sensitive to small displacements of 
the lattice fringes in high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) images. In order to reduce the influence of instabilities and scanning effects, 
15 images are acquired with a low dwell time of 0.4 μs. The images are aligned through a cross-
correlation procedure and summed, so that an image with good signal-to-noise ratio and 
reduced scanning effects is obtained.

3. Results and discussion

3.1 Electrical properties

Figure 1 shows the simulated resistivity profile in the silicon substrate without (Fig. 1a, 1b and 
1c) and with (Fig. 1d, 1e, 1f) a poly-Si layer underneath the silicon dioxide. The resistivity 
profiles are simulated at different static bias conditions for both types of substrate to trigger 
either inversion, flat band or accumulation regime at the SiO2-Si interface. High-resistivity 
wafer (similar to sample C) suffers from the parasitic surface conduction (PSC) effect [21, 25] 
by which fixed oxide charges present at the SiO2/Si boundary induce a highly conductive layer 
at this interface. The resistivity profile is therefore strongly inhomogeneous, as depicted by the 
curves in Fig. 1b and 1c. Trap-rich substrates (similar to samples A & B) propose a solution to 
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the PSC effect by introducing a thin poly-Si layer between the oxide layer and the silicon 
bulk[5]. The numerous traps present in this layer capture the free carriers at the SiO2/Si 
interface, suppressing the PSC layer by pinning the surface region in a highly resistive 
depletion state defined by a deep position of the Fermi-level. Fig. 1e and 1f demonstrate the 
much weaker dependence of the substrate resistivity with the applied static bias and more 
importantly very high resistivity values are conserved at the SiO2/Si interface. These 
simulations illustrate the high efficiency of the trap-rich layer concept to recover the high 
resistivity characteristics of the silicon substrate.

Figure 1. Simulation of the substrate resistivity profile underneath the oxide layer for a high 
resistivity monocrystalline silicon substrate without (Fig. 1a, 1b, 1c) and with (Fig. 1d, 1e, 1f) 
a poly-Si layer of 2 µm-thick. In all simulated substrates an interfacial oxide charge density of 
1x1011 cm-3 was defined and tail-type distributions for the acceptor and donor traps 
(characteristic decay energies of 33 meV and edge band state densities of 8x1022 cm-3eV-1) 
were used to model the polysilicon layers.

Table 1 summarizes the extracted electrical properties based on the high frequency 
measurements described in the previous section. 10 CPW lines were measured on each 
substrate and the mean value and standard deviation for the effective resistivity and second 
harmonics distortion were calculated. As expected, sample C presents a quite low effective 
resistivity and a high distortion level due to the PSC effects. However, although both substrates 
including the poly-Si trapping layer, i.e. samples A & B, which were processed following the 
same fabrication steps one can observe important differences in terms of electrical 
characteristics. Sample B presents a much higher effective resistivity and lower second 
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harmonics level than Sample A. Sample B can be considered as an ideal lossless and quite 
linear silicon-based substrate whereas Sample A might not fulfil the RF specifications for 
building high quality modern RF ICs. Hereafter, advanced TEM techniques are used to explore 
the physical reasons of this unexpected different electrical behaviour between samples A and 
B.

Table 1. Nominal resistivity, effective resistivity extracted from RF small-signal propagating 
along the CPW line in a frequency range from 100 MHz up to 10 GHz, and the second 
harmonics distortion level for a fundamental component H1 at 900 MHz and at a power level 
of +15 dBm.

Nominal resistivity 
of handle Si 
substrate

Effective resistivity Second harmonics

Sample A > 10000 Ω.cm 3000 ± 0.1 Ω.cm -67.5 ± 0.6 dBm
Sample B > 10000 Ω.cm 24000 ± 0.5 Ω.cm -94.9 ± 1.3 dBm
Sample C > 10000 Ω.cm 80 ± 2 Ω.cm -49.2 ± 0.5 dBm

3.2 TEM characterizations

- Statistical analysis of grain size and type of GBs  

Figures 2a and 2b show bright-field TEM (BF-TEM) images of cross-sectional FIB foils 
prepared on samples A and B, respectively. From these two images and the corresponding 
selected area electron diffraction (SAED) patterns shown in the inset of the same figures, it can 
be seen that in both samples, the microstructure exhibits a morphological texture with columnar 
grains parallel to the growth direction. Some of the grains contain very fine parallel planar 
defects (white arrows in Fig. 2a and 2b). However, because of the low resolution, the nature of 
these defects (e.g., nanotwins or stacking faults) cannot be concluded from Fig. 2 but was 
elucidated using high resolution TEM (HRTEM) as will be shown later. Few dislocations were 
occasionally observed in the films (black arrows in Fig. 2). Also from Fig. 2 it can be 
qualitatively observed that the grain size is ranging from 100 nm to 1 μm. At the poly-Si film/Si 
substrate interface, a very small band (< 100 nm) composed of nanosized grains can be clearly 
observed in the two poly-Si films (see regions delimited by white dashed lines at the 
film/substrate interfaces in Fig. 2). Fine details on the microstructure of these bands have been 
revealed using HRTEM (see next sections). At this stage, clear difference of the microstructure 
of the poly-Si films A and B cannot be detected in the BF-TEM images of Fig. 2. ACOM-TEM 
was thus used in order to investigate differences in grain size distribution, GB character and 
crystallographic orientation in a more quantitative manner.
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Figure 2. BF-TEM images of FIB cross-sectional foils prepared on Sample A (a) and Sample 
B (b). The SAED patterns shown in the inset were obtained in regions indicated by white circles. 
Parallel planar defects and dislocations are marked by white and black arrows, respectively. 
The white rectangles indicate regions in which the ACOM-TEM maps of Fig. 3 were obtained. 

Figures 3a and 3c show typical ACOM-TEM orientation maps obtained in Samples A and B, 
respectively (regions delimited by white rectangles in Fig. 2a and 2b). Statistical analysis of 
the grain size distribution and the crystallographic texture performed in several ACOM-TEM 
maps did not reveal clear differences in the two films (see Figs. S1 and S2 in supplementary 
materials). Figs. 3b and 3d show the statistical distribution of the length fraction of GBs 
obtained from the respective regions and the film/substrate interface. For the whole regions, it 
can be seen that the microstructure of the two films is dominated by random high angle GBs. 
A high length fraction of ∑3 twins (more than 20%) is also found in both poly-Si films. 
Previous works also reported the presence of ∑3 twins in poly-Si [7, 26]. The GBs at the 
interface will be analyzed in next section. It should also be noted that the CSL distributions 
shown in Fig. 3 are slightly different from those observed by Ratanaphan et al. [26] using 
electron backscatter diffraction (EBSD) in cast poly-Si. Indeed, these authors reported the 
presence of ∑5 and ∑29a CSL GBs not observed in the present work while ∑7 and ∑27a CSL 
GBs observed in Fig. 3 were not reported by Ratanaphan et al. [26]. Such differences can be 
attributed to the different methods used to produce the poly-Si samples. Based on the results 
shown in Fig. 3 as well as in Figs. S1 and S2, clear differences of the microstructure between 
the two films cannot be detected using the ACOM-TEM technique. Other defects present in 
the films such as SFs or narrowly separated nanotwins (Fig. 2) could play an important role in 
the electrical behaviour. However, due to their small thickness, these defects can be hardly 
detected by ACOM-TEM. Furthermore, SFs and nanotwins often introduce streaking of the 
diffraction spots (see also next section), leading to a drastic decrease of the reliability of the 
ACOM-TEM maps (the reliability maps of the two films are show in Fig. S3). Similar features 
can also be expected at the film/substrate interfaces (Fig. 2). In the following section, dedicated 
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HRTEM experiments are presented in order to investigate the nanoscale planar defects present 
within the large grains and at the film/substrate interface.

Figure 3. (a and c) ACOM-TEM coloured orientation maps in Samples A and B, respectively, 
with inverse pole figure (IPF) as inset and (b and d) corresponding proportion of CSL GBs, SA 
and R-GBs.

- Nanoscale analysis of defects and interfaces

Figures 4a and 4d show BF-TEM images obtained in the ‘large’ grains in the film interior of 
Samples A and B, respectively. The SAED patterns shown in the inset of these figures were 
obtained in regions indicated by white circles in the same figures and oriented along the [110] 
zone axis. Note that these two selected grains contain a high density of very thin lamellae. The 
diffraction patterns confirm the presence of ∑3 twin boundaries (TBs) as evidenced by the 
typical superposition of two <110> diffraction patterns mirrored with respect to the {111} 
plane. The observed streaking of the diffraction spots along the <111> direction is attributed 
to the presence of edge-on stacking faults (SFs) and/or a high density of very thin lamellar 
twins. Figs. 4b and 4e show typical filtered high-resolution TEM images and corresponding 
fast Fourier transform (FFT) patterns of nano-twins in Samples A and B, respectively. It can 
be seen in these figures that the nanostructure consists on nano-sized twins with sharp and 
atomically flat ∑3 {111} coherent twin boundaries (CTBs). The twin thickness in both films is 
ranging from 1.5 nm to 12 nm. Few SFs have been occasionally observed (labelled S in Figs. 
4c and 4f). Similar features have been observed in other grains. Statistical HRTEM 
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measurements in several grains did not reveal a clear difference of the twin thickness in both 
films. We thus believe that nanotwins formed within the ‘large’ grains in the film interior 
cannot be considered as responsible for the different electrical behaviour of the two poly-Si 
films. In the following paragraphs, the focus will be on the nanostructure of the small bands 
observed at the film/substrate interface shown in Figs. 2a and 2b. 

Figure 4. (a and d) Bright field TEM images of planar defects formed within large grains in 
the poly-Si layers of Sample A and B, respectively. The SAEDs shown in the insets were 
obtained in regions indicated by white circles in the same figures. HRTEM images (b and e) 
and enlarged filtered images (c and f) showing nano-twins and SFs in the two samples. 
Changing of stacking sequences are marked by white lines. The letters M, T and S correspond 
to the matrix, twin and stacking fault, respectively. 

The BF-TEM images of Figs. 5a and 5c reveal the microstructure at the film/substrate 
interfaces in Sample A and Sample B, respectively. Figs. 5b and 5d are the enlarged BF-TEM 
images of the interfaces marked by the white boxes in Figs. 5a and 5c. These images show that 
the interface in both films consists of nanosized grains (120-150 nm). However, in contrast 
with Sample A in which only few nanotwins connect to the film/substrate interface (black 
arrows in Fig. 5a), grains at the film/substrate interface in Sample B exhibit a large amount of 
nanotwins including numerous multi-fold nanotwins (black arrows in Fig. 5c). Furthermore, it 
can be observed in Fig. 5 that the film/substrate interface in Sample A is quite smooth (Figs. 
5a and 5b) while the same interface in Sample B exhibits very large number of nanoscale facets 
(Figs. 5c and 5d), not observed in Sample A. Similar behaviour was observed in all the analyzed 
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TEM images (see Fig. S4 in supplementary materials for other examples). At this stage, it can 
be expected that the higher effective resistivity and lower harmonics distortion (Table 1) of 
Sample B is due to the film/substrate interface in which huge amounts of planar defects are 
confined. In the following, both conventional HRTEM and Cs aberration corrected HAADF-
STEM techniques are used to confirm this assumption and to investigate the nature of the 
defects at the nanoscale.

Figure 5. Bright-field TEM images of nanocrystalline grains formed at the poly-Si/Si substrate 
interface of Sample A (a,b) and B (c,d). (b) and (d) are the enlarged BF-TEM images of the 
interfaces marked by the white boxes in a and c. Few nanotwins connected to the film/substrate 
interface are marked by black arrows in (a) while a large amount of these nanotwins is present 
in (c). Note also the faceted aspect of the interface in (c) and (d) in contrast with the more 
smooth character of the interface in (a) and (b). The dashed squares in (b) and (d) are the regions 
selected for HRTEM observation shown in Figure 6.

HRTEM images obtained at the poly-Si film/Si substrate interface in Sample A show that, in 
most cases, this interface exhibits a smooth morphology and a random character (Figs. 6a and 
6b). However, in Sample B, the interface exhibits a large amount of nanoscale facets (Fig. 6c) 
that can be identified as ∑3{111} CTBs and ∑3{112} incoherent TB (ITBs) with a ∑3 
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misorientation relationship between the film and the substrate (Fig. 6d). The height of these 
facets is ranging from 3 to 42 nm. Both observations are characteristic for the respective sample. 
This is in agreement with statistical analysis of the character of the film/substrate interface by 
ACOM-TEM results showed in Fig.3b and 3d. Indeed, these measurements have shown that, 
in Sample A, the fraction of random high angle GBs, ∑3 and ∑9 GBs at the film/substrate 
interface are 63.6%, 21.7% and 14.7%, respectively, while these values change to 23.1%, 44.5% 
and 25.6% at the same interface of Sample B (see Figures 3b and 3d). Low angle GBs were 
not observed at the interfaces. Cs aberration corrected HAADF-STEM image and 
corresponding FFT pattern of ∑3{111}-∑3{112} facets of Sample B are shown in Fig. 7a. The 
enlarged HAADF-STEM image of ∑3{112} ITB in Fig. 7b shows that the periodic structural 
unit of this twin boundary consists of 7, 5 and 6 membered rings in agreement with previous 
HRTEM observations [27]. The incoherent character of the ∑3{112} ITB can be clearly seen 
in the local g map of Fig. 7c with an array of interfacial dislocations located at the twin/matrix 
interface. In contrast with ∑3{111} CTBs which are electrically inactive [17], the presence of 
interfacial dislocations at ∑3{112} ITBs is expected to be at the origin of the electrical activity 
of these boundaries [10, 28]. In addition of ∑3{111} and ∑3{112} TBs, a high density of 
nanoscale faceted ∑9 GBs was observed in Sample B. Fig. 7d exhibits a HAADF-STEM image 
and corresponding FFT pattern of ∑9(122) and ∑9(114) GBs. It can be seen in Fig. 7e that the 
structural unit of the ∑9{122} GB consists of 7 and 5 membered rings [29]. The atomic 
structure of the ∑9{114} GB was recently reported in the literature [30, 31], but its structural 
units are still under investigation. The local g map of the ∑9{114} GB contains an array of GB 
dislocations as indicated in Fig. 7f. However, only few dislocations are observed at the ∑9{122} 
GB. This is in agreement with previous work showing that this GB has a relatively low energy 
configuration often accompanied with very few dislocations and local distortions [29].
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Figure 6. Conventional HRTEM images showing random GBs at the the poly-Si/Si substrate 
interface of Sample A (a) and ∑3{111}-∑3{112} facets in Sample B (c). (b) and (d) are the 
enlarged HRTEM images from the white squares in (a) and (c), respectively. An FFT pattern 
of (d) is inserted in the upper-left corner. 
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Figure 7. Aberration corrected HAADF-STEM images (<110> zone axis) of the ∑3{111}-
∑3{112} facets (a) and ∑9 GBs (d) formed at the poly-Si film/Si substrate interface in Sample 
B. (b) and (e) are enlarged HAADF-STEM images of ∑3{112} TB and ∑9 {122} GB marked 
by the green dotted box in (a) and (d). (c) and (f) are local-g maps of the GBs presented in the 
yellow boxes in (a) and (d). The maps are obtained using the spots indicated by a white circle 
on the FFT in the right corner of (a) and (d).

In the literature it is argued that the interaction of twins could lead to the formation of various 
multiple twins and GBs with similar character but with different GB planes [30]. Fig. 8a shows 
a complex ∑3 multiple twin pattern formed at the film/substrate interface of Sample B. More 
details of such a feature can be seen in the high resolution HAADF-STEM image of Fig. 8b. 
In this figure, a fivefold twin can be observed. The formation of such a defect can be attributed 
to the nucleation, migration and interaction of ∑3{111} CTBs [32]. Generally, the ideal angle 
between two {111} planes in an fcc structure is 70.53o, leaving an angular gap of ～7.4o when 
forming a fivefold twin. As shown in Fig. 8b, the angles between ∑3{111} CTBs are larger 
than 70.53o, and the deviation between the maximum and the minimum angle is only 2.9o, 
indicating that the 7.4o gap is shared by the different twins forming the fivefold twin. Similar 
behaviour has been reported in nanocrystalline materials [33, 34]. In Fig. 8b, an extrinsic 
stacking fault can be observed as indicated by changes of the stacking sequence marked by the 
white arrow in the same figure. This SF is also visible in Fig. 8c. In Fig. 8b, it can also be 
observed that, in addition to the ∑3{111} and ∑3{112} facets, the film/substrate interface also 
involves ∑3(124)(344) GBs. Furthermore, a ∑3(122)(112) GB forming a triangle with two 
∑3{111} CTBs of the fivefold twin can be observed in the white square in Fig. 8b. It is worth 
noting here that this type of ∑3 GB has not been reported before in the literature. An enlarged 
HAADF-STEM image of this GB is shown in Fig. 8c and in which strong distortions can be 
observed within the atomic structure of this GB as evidenced by the dumbbells marked by red 
ellipses. Indeed, these dumbbells exhibit a completely different orientation, which cannot be 
assigned to one of the two grains. Furthermore, some single-atomic columns are clearly 
observed as indicated by green circles in Fig. 8c. These observations are in agreement with the 
high number of dislocations decorating this GB in the local g map of Fig. 8d. Such feature 
could significantly affect the electrical activity of this class of GBs. Twins interaction could 
also lead to the formation of ∑3n GB, such as ∑9 GBs. Fig. 9a shows a typical case of a ∑9 
GB generated from the interaction of two ∑3 twins. Indeed, it can be seen in this figure that a 
∑9(114) GB has been formed at the junction between two ∑3 nanotwins following the “∑3 
regeneration model” ∑3 + ∑3= ∑9 [35]. Moreover, dissociation of a ∑9 GB into ∑3 GBs was 
observed in the HAADF-STEM image of Fig. 9b showing a ∑9(114) GB connected to a 
nanosized triangular grain delimited by ∑3(111), ∑3( ) and ∑3(211) TBs. It has been 111
already shown in the literature that, in order to reduce the total boundary energy, ∑9 GB 
dissociates following the reaction: ∑9{114} = ∑3{111} + ∑3{111} [16, 36].
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Figure 8. (a) BF-TEM image of the multiple twins formed at the interface of Sample B; (b) 
HAADF-STEM image (<110> zone axis) from the region indicated by white square in (a); (c) 
enlarged HAADF-STEM image of ∑3(122)(112) GB in the white square of (b). Dumbbell 
columns from to the left grain are marked by yellow ellipses while columns from the right grain 
are marked by blue ellipses. The dumbbells marked by red ellipses deviate from the ideal 
orientation and cannot be assigned to one of the two grains. Single Si atomic columns are 
marked by green circles. Change of the stacking sequence is marked by white line. (d) Local g 
map of ∑3(122)(112) GB presented in the white square of (c). The map is obtained using the 
spots indicated by a white circle in the inset.
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Figure 9. HAADF-STEM images (<110> zone axis) showing the generation (a) and 
dissociation (b) of the ∑9 GBs at the interface of Sample B. The ∑9 GBs are marked by 
yellow dashed lines while ∑3 GBs are marked by yellow lines.

Based on the present extensive TEM characterizations, it can be concluded that the high 
resistivity characteristic and high electrical linearity of Sample B is controlled by the huge 
amount of defects confined at the poly-Si/Si substrate interface. Indeed, it was demonstrated 
that this interface exhibits a ∑3 twin-like character with nanoscale facets alternating between 
∑3{111} CTBs and ∑3{112} ITBs. The interaction between nanotwins with different 
orientations leads to the formation of complex patterns of multifold twins and numerous ∑3 
CSL and ∑9 GBs including ∑3(124)(344) GB, ∑3(122)(112) GB, ∑9(122) and ∑9(114) GBs. 
Furthermore, the forward and backward transformations between ∑3 TB and ∑9 GB increase 
of the complexity of the GBs pattern. Interestingly, many CSL GBs have been observed to 
deviate from their ideal crystallographic plane leading to the formation of extrinsic GB defects 
(Fig. 8). Such behaviour can be attributed to the high internal stress arising from the 
confinement of such a large amount of extended defects in a small volume. It is worth noting 
that the carrier trapping capacity in trap layer is not only linked to the type of grain boundaries, 
but also the density of defects at interface [18, 19]. A high density of the interfacial defects 
leads to significant increase of the electrical resistivity of the poly-Si films. In contrast, sample 
A exhibits a poly-Si/Si substrate interface with more random character and few nanoscale twins 
which could explain the low electrical resistivity observed in this sample. It is also worth noting 
that significant differences between the two samples in terms of grain size distribution, 
crystallographic texture as well as nanotwins or stacking faults formed in the interior of the 
Poly-Si films were not observed. However, the origin of the difference between the nature of 
the poly-Si/Si substrate interface in the two films remains obscure at this stage. These 
differences probably result from slight difference in surface quality of substrate or slight 
difference in LPCVD parameter, etc. Further investigations are needed to elucidate such feature.      
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4. Conclusions

In summary, thanks to advanced TEM characterizations we demonstrate that the high resistivity 
characteristic and high electrical linearity of poly-Si films are strongly controlled by the ∑3 
twin type character of the poly-Si/Si substrate interface. Indeed, this feature leads to the 
generation of a huge amount of stacking faults, ∑3 CTBs and ITBs, ∑9 GB and multi-fold 
twins. The interaction between different types of interfaces increases the complexity of the 
microstructure with the formation of common and less common GBs confining a high density 
of interfacial dislocations. These defects can effectively capture a large amount of induced 
carriers at that interface which is located underneath ICs built on any type of silicon-based 
substrates. This finding gives guidelines to technologists for developing high quality Si-based 
substrates for RF applications by favouring the formation of ∑3 twin-type interface between 
poly-Si layers and Si substrate. On-going experiments are underway in order to elucidate the 
physical parameters and the mechanism(s) controlling the formation of the ∑3 twin-type Poly-
Si/Si substrate interface. 
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Supplementary materials

Fig. S1. Grain size distribution from ACOM-TEM measurements in (a) Sample A and (b) Sample B.

Fig. S2. (001), (110) and (111) pole figures in Sample A and Sample B obtained from the ACOM-
TEM maps of Figure 2a and 2c.
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Fig. S3. Reliability map for (a) Sample A and (b) Sample B. The intensity scales proportional to the 
indexation quality (i.e. from 0% (black) to the maximum of 50% (white)). Note that the low reliability 
obtained here is probably due to the complex crystallography of the system as well as the highly 
defective microstructure with a high density of planar defects leading to the presence of streaking of 
the diffraction spots.   

Fig. S4. Extra BF-TEM images of the poly-Si/Si substrate interface obtained in other regions in 
Sample A (a,b) and B (c,d). These images confirm the difference of the interface between the 
samples. 


