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We investigate the structure of magnetron-sputtered (MS) amorphous silicon (a-Si) prepared under

standard deposition conditions and compare this to pure ion-implanted (II) a-Si. The structure of

both films is characterized in their as-prepared and thermally annealed states. Significant differen-

ces are observed in short- and medium-range order following thermal annealing. Whereas II a-Si

undergoes structural relaxation toward a continuous random network, MS a-Si exhibits little

change. Cross-sectional transmission electron microscopy reveals the presence of nanopores in the

MS film consistent with reduced mass-density. Therefore, the short- and medium-range order of

annealed, MS a-Si is tentatively attributed to these pores. VC 2011 American Institute of Physics.

[doi:10.1063/1.3658628]

The structure of amorphous silicon (a-Si) has attracted

wide interest over the last four decades,1–4 since a-Si is a

model covalently bonded amorphous system. Previously,

a-Si prepared by different methods and with different histor-

ies has been observed to exhibit different short-range order

(SRO) as well as medium-range order (MRO) characteris-

tics. For example, ion-implanted (II) a-Si displays a high

degree of MRO, whereas pressure-induced (PI) a-Si exhibits

a significantly reduced MRO,4 but increased mass density.5

This reflects the dramatically different formation methods of

these two pure forms of a-Si.

Another crucial parameter for the structural properties of

an a-Si film is its thermal history. For example, when

subjected to ex-situ thermal annealing, II a-Si undergoes

short-range ordering or “structural relaxation” toward an ideal

continuous random network (CRN).2,3 As suggested by

Roorda et al.,2,3 this can be attributed to defect annihilation.

More recently, it has been observed by fluctuation electron

microscopy (FEM)6 that these structural changes upon

annealing also occur on the MRO scale, resulting in the re-

moval of inhomogeneities, such as density differences, and

even paracrystallites, and thus yielding a more homogeneous

CRN.4,7 The relaxation toward a CRN is also reflected in me-

chanical measurements, whereby relaxed a-Si exhibits a phase

transformation to crystalline end phases under low-load in-

dentation, whereas unrelaxed a-Si deforms via plastic flow.8

Interestingly, this structural relaxation is not unique to II a-Si,

as PI a-Si also undergoes structural relaxation toward a CRN-

like network upon thermal annealing.4

The situation with deposited forms of a-Si is signifi-

cantly more complex, since the exact deposition conditions

often control the observed behavior. For example, impure a-

Si, such as hydrogenated a-Si, does not phase transform

under indentation, even when “relaxed” by a thermal

anneal.5 In contrast, films deposited under ultrahigh vacuum

conditions behave like pure II a-Si, for example, in terms of

epitaxial laser crystallization,9 and it might be expected that

indentation behavior and SRO/MRO properties are similar to

II a-Si. However, such deposition conditions are not routine.

Therefore, the question arises as to whether a-Si films with

low impurity content (< 1 at. %), but deposited under stand-

ard laboratory conditions have similar relaxation behavior

and SRO/MRO properties.

Thus, the aim of this study is to investigate the structural

properties (i.e., SRO and MRO) of magnetron-sputtered

(MS) a-Si deposited under standard laboratory conditions in

comparison with pure II a-Si as a function of thermal history.

The structural properties are characterized using nanoinden-

tation, Raman microspectroscopy, and FEM. In contrast to

previous FEM studies on II a-Si,4,7 this current study is per-

formed employing a scanning transmission electron micro-

scope (STEM). In addition, impurity content, density, and

microstructure of the MS a-Si are determined using second-

ary ion mass spectrometry (SIMS), Rutherford backscatter-

ing spectrometry (RBS), and cross-sectional transmission

electron microscopy (XTEM).

A continuous 2-lm-thick surface amorphous layer of II

a-Si was created at liquid nitrogen temperature using the

ANU 1.7 MV NEC tandem high energy ion-implanter using

a range of implant energies.4 The MS material was deposited

with an AJA ATC 2400-V system using a 3-inch Si target at

a nominal temperature of 300 �C. An RF power of 300 W

was applied, producing a nominal cathode potential of 130

V. The sputtering was performed in 3.7 mT of Ar flowing at

20 sccm, and the deposition rate was�2.7 nm/min. A film

thickness of �500 nm was deposited onto Czochralski grown

(Cz) Si(100). Ex-situ anneals were performed at 450 �C for

30 min in N2 on half of each of the a-Si samples. Thesea)Electronic mail: bianca.haberl@anu.edu.au.
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conditions are sufficient to fully relax II a-Si without re-

crystallizing the amorphous layer.8,10

Nanoindentation was conducted on the MS a-Si films

employing an Ultra-Micro-Indentation- System 2000 (UMIS).

Standard conditions were chosen which are well known to result

in a phase transformation to crystalline end phases in relaxed II

a-Si.8 Selected indents were prepared for XTEM using an FEI

xT Nova NanoLab 200 dual-beam focused ion beam system

(FIB).4 A Philips CM 300, operating at an accelerating voltage

of 300 kV, was used for conventional TEM imaging.

Raman microspectroscopy was conducted with a Renishaw

2000 Raman imaging microscope using the 632.8 nm excitation

line of a helium-neon laser.4 For each sample, five areas were

measured, and the results are the averages from these.5

Plan-view specimens of as-prepared and annealed II and

MS a-Si were prepared for FEM.4,5 A JEOL 2200FS STEM

was used for the FEM study employing a probe of 1.6 nm.

Nanodiffraction patterns were collected in a 15 x 15 square

grid of at least 10 nm spacing and five such areas were

scanned per sample. The intensity variance, V(k), was com-

puted for each area.11 The thickness was monitored by the

normalized bright-field contrast and estimated as �50 nm

and the individual areas were corrected for roughness.12 The

remaining nanodiffraction patterns (>500) were sufficient

for adequate statistics, where the FEM data and peak ratios

are the averages of the five or more areas measured.

The Raman spectra for (1) as-implanted, (2) as-sputtered,

(3) annealed sputtered, and (4) relaxed implanted a-Si are

shown in Fig. 1(a). The typical Raman features of a-Si, the

broad transverse acoustic (TA)-like, longitudinal acoustic

(LA)-like, longitudinal optic (LO)-like, and transverse optic

(TO)-like peaks, are marked in Fig. 1(a). From these spectra,

the bond-angle distortion Dh can be determined1,2,13,14 from

the TO peak half-width, CTO/2. In addition, the order beyond

the SRO scale at a length of� 4-6 Å can be accessed from the

intensity ratio of the TA to TO peaks.1,14,15 These characteris-

tics are presented in Table I. In the case of II a-Si, CTO/2

decreases significantly upon annealing, as is typical.1,2 A

reduction of ITA/ITO by �60% is, consistent with previous stud-

ies,1 also observed upon annealing, indicating ordering on the

length-scale of �4-6 Å. In the case of the MS a-Si, however,

CTO/2 only decreases by �3% upon annealing and ITA/ITO by

�10%, although both MS networks exhibit higher structural

order beyond the SRO scale than the as-implanted case.

FEM data for the different forms of a-Si are shown in

Fig. 1(b). This data suggest that only the as-sputtered MS

film may exhibit some paracrystallinity, while the other cases

do not.4,5,16 It is clear that annealing (relaxation) has a dra-

matic effect on peak magnitudes in the II a-Si case, but the

MS a-Si exhibits little change. In the case of II a-Si, decrease

of MRO upon relaxation is consistent with previous stud-

ies.4,7 For the as-prepared MS and II cases, the magnitudes of

the first peak are very similar, but significant differences are

observed for the magnitudes of the second peak, yielding sig-

nificantly different peak magnitude ratios (Table I, last row).

The ratio of� 0.5 for both the MS cases is consistent with

previous STEM-FEM studies on deposited a-Si11 and was

interpreted as evidence of paracrystallinity. In contrast, the

ratio of� 0.35 for both the II cases is significantly lower. The

reasons for this very low ratio are not entirely clear yet.

Bright-field XTEM images of residual indents made in

as-prepared and annealed MS a-Si are shown in Fig. 2. The

film was “diffraction amorphous,” and an selected area dif-

fraction pattern (SADP) taken from beneath the residual

indent from annealed MS a-Si is shown as inset in Fig. 2(b).

No evidence of phase transformation is observed in the MS a-

Si films, which deform plastically. This is confirmed by

Raman microspectroscopy (not shown). Significant slip and

extended defect formation in the underlying crystalline Si is

observed below the indent in annealed MS a-Si, which may

indicate that this annealed film is somewhat harder.

Two regions, indicated in Fig. 2(a), are shown magnified

with enhanced contrast in Fig. 3. The pristine layer shown in

Fig. 3(a) clearly reveals the presence of vertical nanopores

FIG. 1. (Color online) (a) Raman spectra of (1) as-implanted, (2)

as-sputtered, (3) annealed sputtered, and (4) relaxed (annealed) implanted

a-Si. The intensities of the TA-like and TO-like peaks as well as CTO/2 are

indicated. (b) FEM V(k) for as-prepared and annealed MS and II a-Si.

TABLE I. Structural characteristics of the different forms of a-Si expressed in CTO/2, Dh (after Beeman et al. (Ref. 13)), the ratio ITA/ITO (all from Raman

data), and the ratio of the magnitudes of peak two to one from the FEM data.

Form of a-Si As-implanted Relaxed implanted As-sputtered Annealed sputtered

CTO/2 [cm–1] 39.8 6 0.4 34.7 6 0.3 39.0 6 0.5 37.8 6 0.3

Dh [deg] 10.8 6 0.1 9.1 6 0.1 10.5 6 0.2 10.1 6 0.1

ITA/ITO 0.636 6 0.019 0.395 6 0.006 0.501 6 0.003 0.454 6 0.003

FEM peak ratio 0.38 6 0.03 0.32 6 0.03 0.48 6 0.06 0.55 6 0.08

096104-2 Haberl et al. J. Appl. Phys. 110, 096104 (2011)
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(arrowed for clarity). In contrast, no nanopores are visible

beneath the residual indent [Fig. 3(b)], behavior which is

accompanied by a significant decrease (�10%) in normalized

bright-field image intensity of the film. As the film thickness

of this cross-section prepared by FIB is uniform, this decrease

may be attributed to densification of the film, suggesting a sig-

nificant density deficit in the as-sputtered film.

From SIMS data,17 the MS a-Si film contains�2.7 at. %

of H and O in total prior to annealing and�2.1 at. % after

annealing. In addition to these O and H impurities, sputter-

deposition with argon is well known to result in the incorpora-

tion of Ar into the film,18 which is measured to be�2.0 at. %

by RBS performed on the ANU 1.7 MV Tandem accelerator

using 2 MeV Heþ ions for analysis. Further RBS analysis in

combination with XTEM measured a�5% lower mass den-

sity for the as-sputtered MS case compared to II a-Si (which is

known to be void-free).19

Structural characterization of as-prepared II and MS a-

Si, prepared under standard laboratory deposition conditions,

and their annealed counterparts, reveals intriguing differen-

ces and similarities. Consider first the nature of the order in

the as-prepared states. The Dh of both as-prepared forms and

the degree of MRO appear similar. The MS a-Si, however, is

more ordered on the 4-6 Å scale than II a-Si, and also the na-
ture of the order on the MRO scale, as indicated by different

FEM peak ratios, is different. As expected, together with the

significant Dh and degree of SRO observed by Raman, the

FEM data indicates that both as-prepared networks are, at

best, imperfect CRNs. Presumably, this is a result of both an

inhomogeneous network on the MRO scale,4 as well as the

presence of a large number of structural defects on the SRO

scale.2,3 We speculate that, for the MS film, the observation

of nanopores from TEM images and its lower density may

be the reason for a different FEM peak ratio. It is noteworthy

that modeling of porous a-Si has suggested that the material

between the pores is considerably more ordered than in a

comparable non-porous (amorphous) material, since the dan-

gling bonds concentrate on the internal surfaces of the

pores.20 This observation might also help to explain the

higher SRO present in the MS a-Si compared to the II case.

Now consider the influence of ex-situ annealing on the re-

spective networks. Whereas II a-Si undergoes structural relaxa-

tion toward a CRN, with large reduction in Dh and MRO, MS

a-Si undergoes only some small (but incomplete) short-range

ordering. This lack of structural relaxation is also highlighted

by the lack of phase transformation upon indentation testing

and the remnant high degree of MRO from the FEM data. We

suggest that it is not the impurity content of MS a-Si that gov-

erns this behavior, since II a-Si enriched with similar impurity

contents is still observed to phase transform.21,22 Indeed, some

ordering is observed by Raman microspectroscopy, which may

be consistent with small-scale structural relaxation of the mate-

rial between the pores. However, microscopic nanopores on

the MRO scale may inhibit the atomic rearrangement neces-

sary for complete relaxation (and homogenization of the net-

work) and thus prevent convergence to a CRN.

In summary, comparison of the SRO and MRO structure

of MS a-Si deposited under standard laboratory conditions

with that of II a-Si has uncovered some interesting differen-

ces. Whereas both forms in their as-prepared state are simi-

larly disordered on the SRO-scale and both exhibit a relatively

high MRO, upon annealing, II a-Si undergoes structural relax-

ation toward a CRN, whereas the MS a-Si is little changed.

We interpret that the porosity present in the as-prepared film

inhibits further structural change on thermal annealing.
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FIG. 2. Bright-field micrographs of residual indents made in (a) as-prepared

and (b) annealed MS a-Si with an SADP taken from beneath the residual

indent shown as an inset in the latter case.

FIG. 3. Magnified regions from (a) the pristine as-prepared MS film and

from (b) beneath the residual indent, as indicated in Fig. 2.

096104-3 Haberl et al. J. Appl. Phys. 110, 096104 (2011)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

130.56.106.27 On: Thu, 12 Nov 2015 05:46:30

http://dx.doi.org/10.1103/PhysRevB.37.10154
http://dx.doi.org/10.1103/PhysRevB.44.3702
http://dx.doi.org/10.1103/PhysRevB.60.13520
http://dx.doi.org/10.1103/PhysRevB.79.155209
http://dx.doi.org/10.1088/0034-4885/68/12/R06
http://dx.doi.org/10.1557/JMR.2001.0416
http://dx.doi.org/10.1063/1.2210767
http://dx.doi.org/10.1063/1.326004
http://dx.doi.org/10.1016/S0920-2307(88)80005-7
http://dx.doi.org/10.1016/j.ultramic.2010.05.001
http://dx.doi.org/10.1103/PhysRevB.32.874
http://dx.doi.org/10.1103/PhysRevB.55.2938
http://dx.doi.org/10.1088/0953-8984/3/49/005
http://www.eaglabs.com/
http://dx.doi.org/10.1063/1.114675
http://dx.doi.org/10.1063/1.2743029
http://dx.doi.org/10.1063/1.3097752
http://dx.doi.org/10.1063/1.3267853

