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ABSTRACT

Self-ion implantation amorphization is an established approach to study the structure and properties of amorphous silicon (a-Si).
Fluctuation electron microscopy has consistently observed Medium-Range Order (MRO) in this system that is not consistent with the
Continuous Random Network (CRN) model. Using this technique, we find that the degree of MRO first increases on thermal annealing
and then decreases before finally recrystallizing. We discuss this new result in the light of previous experimental studies and recent theoreti-
cal observations on the favorability of the paracrystalline (PC) model over the CRN in a-Si. At ion doses far above the minimum required to
amorphize, a high defect density is found in the PC phase, which anneals out at 500 °C. The PC structure after 500 °C annealing is indepen-
dent of the initial implantation conditions and appears to represent a metastable and highly ordered structure. Higher-temperature anneal-
ing causes a reduction in the degree of MRO and the structure approaches but does not reach a fully CRN before eventually crystallizing
above 600 °C. The effect of high-dose implantation is to increase the defect density in the as-implanted state, and the annealing of these
defects is likely responsible for the large characteristic heat evolution at low temperature.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0282943

INTRODUCTION

Fluctuation Electron Microscopy (FEM) has been recognized
as a powerful tool for detecting medium-range order (MRO) in
amorphous materials.1 Amorphous silicon (a-Si) has been of par-
ticular interest because of its simplicity—as an elemental tetrahe-
drally coordinated material—and its importance in semiconductor
technology. Amorphous silicon does not form as a bulk material
since it is not a glass and instead has been fabricated only in a thin-
film form. Self-ion implanted silicon is believed to be the purest
form of amorphous silicon and correspondingly has been studied
extensively. The existence of medium-range order in ion-implanted
a-Si has been reproducibly established by Fluctuation Electron
Microscopy (FEM) studies.2–6 However, FEM findings appear to
differ on the structure after annealing (relaxation). A recent theo-
retical study7 finds evidence that a composite of random network
and paracrystallites is of lower energy than a continuous random

network (CRN) in rapidly quenched models of a-Si, consistent
with FEM experiments. The question of what happens on anneal-
ing of the paracrystallites is of renewed interest and greater signifi-
cance in the light of this hypothesis.

For many years, based largely on the measurement of Pair
Distribution Functions (PDFs) from diffraction,8 amorphous
silicon was presumed to be a Continuous Random Network
(CRN). However, simulations have shown that the PDF is unable
to clearly differentiate paracrystalline (PC) and CRN structures.5

FEM, through its dependence on higher-order atomic correlation
functions, is very sensitive to the medium-range order of paracrys-
talline structures, or the absence of medium-range order in a con-
tinuous random network.9 FEM studies show that the as-implanted
state of a-Si,2–4 in common with other forms of a-Si,10 exhibits a
significant degree of paracrystallinity. Earlier work had also shown
that annealing of ion-implanted Si can lead to a more disordered,
CRN-like structure.2–4 In contrast, more recent work shows that
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annealing increases medium-range order.6 Using a fresh set of
self-ion implanted/annealed Si samples, in this work, we address
the apparent inconsistency and reveal the systematics of the
complex evolution of structure after self-ion implantation and
annealing. We report for the first time that medium-range order
increases on initial annealing up to about 500 °C but then decreases
in the same samples upon higher-temperature annealing. The a-Si
annealed at 500 °C has the highest degree of MRO—which is the
same for different implantation conditions—suggesting that it is a
metastable state. It seems that as-implanted samples contain
medium-range order but with defects that are reduced on anneal-
ing. We note the highest defect densities in high-dose implanted
samples, far above the doses required for amorphization. Such con-
ditions have been used in calorimetric studies11 that observed sig-
nificant heat release on annealing. The annealing of these defects is
consistent with the previous explanation of heat release due to
defect annihilation.12

EXPERIMENTAL

Several authors have reported on the structure of amorphous
silicon created by self-ion implantation. To make comparisons, it is
important to understand the ion effects, characterized primarily by
the “displacements per atom” (DPA) as a function of depth, which
vary in the studies. It is usually found that approximately 1 DPA is
required to amorphize silicon (ion energy could also influence the
amorphization process). Figure 1 shows the predicted number of
displacements per atom for the silicon amorphization experiments
reported in this study and for several previous publications on the
subject. Our calculations used the SRIM-2008 simulation

program13 for modeling the accumulated damage from the ion
species, their energies and fluences. All the implantations were
carried out with Si ions off-axis and at liquid nitrogen
temperatures.

In the following, we will discuss several other published
studies of medium-range order in ion-implanted Si. For conve-
nience, these are referred to in Fig. 1 by the first author as follows:
Roorda,12 Cheng,2 Haberl,4 and Radic-2 (double implant) and
Radic-3 (triple implant).6

Table I shows the implantation and annealing conditions for
the samples reported here, which were prepared at the Australian
National University ion implantation Laboratory (iiLab). The
self-ion implantations were conducted at liquid nitrogen tempera-
tures into {100} Si wafers at 7° incidence to the normal. We further
note that the Si ions were produced by a SNICS negative-ion
source (Source of Negative Ions by Cesium Sputtering), which min-
imized contamination from isobars, such as CO and N2 molecules.
For comparison, commercially available sputtered a-Si films (of
thicknesses 50, 90, and 150 Å) from SPI™ were also examined in
our study and used as thickness standards.

Samples for Scanning Transmission Electron Microscopy
(STEM) were prepared by backside chemical thinning, and the
areas of study were within a depth of 1000 Å from the original
wafer surface (the implanted layer thickness exceeds 0.5 μm). All
annealing treatments were carried out before specimen thinning.
FEM nanodiffraction patterns were taken at 80 kV on a spherical
aberration-corrected JEOL™ JEM-ARM200F STEM equipped with
a cold field-emission gun. Using the aberration-corrector transfer
lens in addition to a range of fixed condenser apertures of 5–
100 μm in diameter, coherent probes of sizes from 5 to 65 Å were

FIG. 1. Depth profiles of damage for
self-ion implanted Si samples dis-
cussed in this work based on
SRIM-2008 calculations (see the text).
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produced. Nano-diffraction patterns were recorded with a Gatan ™
Orius CMOS camera with exposure times between 0.1 and 2 s,
chosen to keep the electron fluence constant between series. To
provide adequate statistics, a series of 100 nano-diffraction patterns
were taken with each probe size, as the beam was scanned over the
sample. We measured the local sample thickness using the ampli-
tude of the elastically scattered signal as a metric and the known
thickness of the sputtered films as a reference. For all samples,
several series were taken, often at different thicknesses, but the
results shown were selected for a uniform thickness of 200 ± 10 Å.
Correction for thickness variations14 used by several authors in the
past was found to be unreliable for a-Si, and this may explain some
differences in the previously reported data. By fixing on a single
consistent thickness, we remove that ambiguity in making compari-
sons between individual samples.

From a set of N independent nanodiffraction patterns Ii(~q, R)
recorded as a function of reciprocal lattice vector ~q (q = 1/d) and
with probe size R, the normalized variance is defined in the usual
way,15

V(q, R) ¼
PN

i¼1 I
2
i (~q, R)/NPN

i¼1 Ii(~q, R)/N
� �2 � 1, (1)

where the average is over N nanodiffraction patterns at a given
probe size (following mode #4 as described by Daulton16). The var-
iance data are plotted vs reciprocal lattice vector magnitude q, for
several values of the probe size R, and reveals the magnitude,
nature, and correlation length of any medium-range order. Note
that for fully coherent illumination of a truly random sample of
atoms, V = 1 with no peaks, and simulations show that a random
network also displays negligible structure in V(q,R).

Among the other useful statistical measurements is the elec-
tron correlograph based on the normalized autocorrelation func-
tion along the azimuthal w axis of a polar plot.17 The
autocorrelation function for one nanodiffraction pattern is

G(R, q, w)i ¼
Ii(R, q, w)Ii(R, q, wþ Δ)h iΔ
Ii(R, q, w)Ii(R, q, wþ Δ)h iΔ

� �
∅
� 1, (2)

where hiΔ represents integration over the full 360° azimuth for an
angular offset w. The correlograph

C(R, q, w) ¼ 1
N

XN

i¼1

G(R, q, w)i (3)

is obtained by averaging all images in a series at the same probe
size R. The correlograph can reveal the symmetries that are pre-
dominant in projections of the medium-range order domains, pro-
viding information on their crystalline structure.17

FEM EXPERIMENTAL RESULTS

An example of the FEM and normalized variance data vs probe
size from one of our samples is given in Figs. 2 and 3. The sample is
the low-dose Si sample annealed at 500 °C for 1 h in N2 (Si1a500).
The maximum variance at the first and second peak positions
(Fig. 3) occurs for a probe size of 27 Å, approximating the medium-
range order correlation length.18 The degree of ordering is related to
the peak height over the background.19 Data were also corrected for
the camera modulation transfer function20 and Poisson shot noise.21

Figure 2 shows examples of the raw data that go into the processing
to obtain Fig. 3. Figure 2(a) is for a 27 Å probe and Fig. 2(b) is for a
9 Å probe. For each series, (1) and (2) show two different examples
of the 100 nanodiffraction patterns from the series, (3) is the average
intensity of the entire series on a logarithmic scale, and (4) is the
normalized variance of the entire series from which the graphs in
Fig. 3 are obtained by annular averaging.

The first two strong peaks lie close to 0.31 and 0.57 Å−1, corre-
sponding to the diffuse ring radii seen in diffraction from a-Si. It is
further most useful to display the peak heights vs the probe size as a
form of a “fluctuation map.”1 Peak heights were obtained by subtract-
ing the fitted background, such as shown in Fig. 3 for the 34 Å probe
(B). Previously published data typically did not employ background
subtraction, so the peak heights were larger as a result, but the impor-
tant conclusions here involve the trends with implantation dose and
annealing, which are reflected in both measurements. (We have found
that background-subtracted peak heights are more resilient to changes
in the noise subtraction and exposure conditions than the peak height
itself, which we will discuss in more detail in a future publication.)
Fluctuation maps, such as that obtained from the data in Fig. 3, shown
in Fig. 4, directly reveal the correlation length (from the peak in the
variance where the probe size matches the correlation length17,18 and
the degree of ordering which is related to the peak height).1

Data for all the samples listed in Table I are presented in
Fig. 5. The two prominent normalized variance peak heights at

TABLE I. Sample implantation and annealing conditions.

Sample
Implant 1

energy (keV)
Implant 1
dose (cm−2)

Implant 2
energy (keV)

Implant 2
dose (cm−2)

Implant 3
energy (keV)

Implant 3
dose (cm−2)

Anneal
temp (°C)

Anneal time
(min)

Si1 300 1.3 × 1015 150 3.6 × 1014 50 2.5 × 1014 None None
Si1a500 … … … … … … 500 60
Si1a560 … … … … … … 560 30
Si2 … 6.5 × 1015 … 1.8 × 1015 … 1.3 × 1015 None None
Si2a500 … … … … … … 500 60
Si2a560 … … … … … … 560 30
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FIG. 2. Examples of the experimental data that go into producing Fig. 3 for a 27 Å probe (a) and a 9 Å probe (b). In each case, 1 and 2 are representative nano-diffraction
patterns, 3 is the logarithm of the average intensity of the series, and 4 is the normalized variance of all the patterns in the series. Figure 3 shows annular average scans
of images, such as (a) 4 and (b) 4.

FIG. 3. Normalized variance vs probe
size R in Å for low-dose annealed
sample Si1a500 (the red line B used
for background subtraction is referred
to in the text. It is extrapolated using a
smooth polynomial fit from the dips at
0.23, 0.45, and 0.7 Å−1).
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approximately 0.31 Å−1 (first peak) and 0.57 Å−1 (second peak) are
shown for the 27 Å probe size for all samples. Typically, several
data series were recorded per sample, giving the error bars shown
on the plots in Fig. 5. Table II gives quantitative data from samples
that will be discussed in the text.

The correlation lengths (Λ) in Table II are obtained through

the weighted average Λ ¼
P

RiViP
Vi

of the probe sizes Ri and the peak

heights Vi. The data reveal that the two samples annealed at 500 °C
have the greatest degree of medium-range order. Further clarifica-
tion of the nature of the medium-range order is provided from the
experimental correlographs. Figure 6 shows an experimental corre-
lograph as a function of azimuthal angle integrated over the 0.31–
0.34 Å−1 range from the Si1 sample. There are prominent peaks

near 70.5° and equivalent angles between {111} planes in the 〈110〉
projection of diamond Si. Peaks at this approximate position were
observed in all the samples. For the 0.57 Å−1 normalized variance
peak, correlographs were noisier but revealed azimuthal correlation
peaks near 60° and 120°, characteristic of interplanar angles
between 220 reflections.

DISCUSSION

As-implanted samples

The first FEM measurements of ion-implanted amorphous
silicon were reported by Cheng.2,3 Comparing experiments with
simulations, they showed that the structure of as-implanted Si was
better described by the paracrystalline model, with significant

FIG. 4. A fluctuation map showing the
normalized variance V vs q and probe
size R at the two values of q represent-
ing the strongest peaks after back-
ground subtraction.

FIG. 5. A summary of the peak
heights for all the Si samples in Table I
for a probe size of 27 Å at a thickness
of 200 Å.
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medium-range order, and not by a pure continuous random
network. All subsequent FEM measurements have observed this
result to varying degrees.4–6 Variations in the degree of medium-
range order depend largely on the implantation and annealing
conditions, and it became clear there was a need for a further
systematic study over a range of annealing parameters and implan-
tation doses to better understand this behavior.

We have examined two sets of samples, one at a relatively low
ion dose, just sufficient to amorphize (∼1.5 DPA) and the other at
a relatively high dose (∼8 DPA) far above the threshold. In all of
the samples, we observe that the FEM peaks at 0.31 and 0.57 Å−1

have a height ratio close to 2:1 and correlation lengths of order
∼20 Å, with only small variations in those parameters. By contrast,
peak heights depend more strongly on the implantation and
annealing conditions. The correlation length implies a paracrystal-
lite “grain size” in the vicinity of 20 Å, which is also consistent with
simulations of the size dependence of the peak-height ratio (∼2:1)
for diamond paracrystallites.14,19 The correlographs are similar to
the diamond structure, although some additional peaks are found.

Because of the relative consistency of correlation length and
the peak-height ratio, we attribute the peak-height variations to

defect density and/or MRO volume-fraction variations. Of the
as-implanted samples, the low-dose sample Si1 has higher MRO
demonstrated by the normalized variance peak heights. Radic-3 is
close to our low-dose condition, and their FEM results are similar.
(Radic-2 was not fully amorphized, and so the results there are
more complex, especially on annealing where homogeneous epitax-
ial recrystallization interferes with the process.)

We attribute a high defect density to the significantly lower
variance peak heights we find in the high-dose implanted sample
Si2. Note that with FEM, we observe the defects through their
effect on the sharpness and intensity of variance peaks. Defects
may also be present in the random network component of the
sample, but these cannot be easily observed either by FEM or by
diffraction-based measures, such as the PDF. A slight difference in
the first peak width of the PDF observed in evaporated films22 and
ion-implanted films12 after annealing could now be attributed to
the paracrystalline component of the composite, which was not
considered, rather than to the random network component. The
peak-height ratio and the correlation length in our high-dose
sample are also slightly smaller, which would be consistent with
slightly smaller PC grains (∼10% difference). The implantation

TABLE II. Normalized variance peak heights (for a 27 Å probe) and correlation lengths for the samples examined in this study. Peak heights are background subtracted.

Sample
0.31 Å−1 0.57 Å−1 Peak height Λ1 (Å) Λ2 (Å)

Peak 1 height Peak 2 height Ratio 1/2 Correlation length Pk 1 Correlation length Pk 2

Si1 0.12 (0.02) 0.094 (0.01) 1.9 (0.1) 21.6 (0.05) 21.4 (0.05)
Si1a500 0.17 (0.02) 0.11 (0.01) 2.3 (0.1) 22.0 (0.05) 21.9 (0.05)
Si1a560 0.13 (0.02) 0.087 (0.01) 2.0 (0.1) 21.8 (0.05) 21.5 (0.05)
Si2 0.074 (0.01) 0.058 (0.005) 1.8 (0.1) 18.7 (0.05) 19.1 (0.05)
Si2a500 0.17 (0.02) 0.11 (0.01) 2.2 (0.1) 21.1 (0.05) 20.4 (0.05)
Si2a560 0.09 (0.01) 0.058 (0.005) 1.5 (0.1) 22.6 (0.05) 21.8 (0.05)
Sputtered a-Si 0.091 (0.01) 0.077 (0.01) 1.7 (0.1) 20.4 (0.05) 20.3 (0.05)

FIG. 6. Angular correlations near the
111 position reveals the presence of
ordered paracrystallites in the Si1
sample. The strongest peak, except for
the “Freidel” peak at 180°, is near to
the tetrahedral angle 70.5° between
{111} planes in the 〈110〉 projection.
(The vertical dotted lines also show
symmetry related tetrahedral angles.)
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conditions for these samples were closer to those used by Haberl,4

Cheng,2 and Roorda.12

Finally, note that the sputtered a-Si films have similar correla-
tion length and peak heights as the low-dose sample Si1, demon-
strating the fundamental similarity of the PC structure in very
different a-Si samples.

Temperature dependence of MRO

In agreement with Radić,6 we found that annealing the
low-dose sample to 500 °C increases the degree of MRO. The corre-
lation length is unchanged, but the peak-height ratio increases
slightly. The correlation length measured by the probe size with the
highest variance (Table II) is almost the same as seen by Radić18

using a similar method. A reduction in the defect density within
the paracrystals and possibly an increase in their number density
could account for the results. The concentration of paracrystals is
difficult to measure because of experimental uncertainties, for
example, from decoherence,23 but we can put a lower limit on this
by noting that a fully coherent simulation with 18 Å diamond para-
crystallites produces 0.31 Å−1 background-subtracted peak heights
of 0.15 at a concentration of 5% by volume.9

Our results show that annealing of both the low-dose Si1 and
high-dose Si2 samples leads to a very similar structure. The FEM
parameters for Si1a500 and Si2a500 are the same within experi-
mental error, even though the as-implanted samples are quite dif-
ferent. This suggests that there is a metastable state of
paracrystalline Si that can be achieved after moderate annealing of
amorphous Si, independent of the initial conditions. Such an obser-
vation based on the stability of the properties of annealed amor-
phous silicon was made long ago by Tsu.24 While this
“anneal-stable” form of a-Si was thought to be a perfect CRN, our
results, together with recent theoretical considerations,7 suggest
instead that the structure comprises well-ordered paracrystallites in
a random network matrix.

Our observations agree with all previous FEM studies on the
effect of higher-temperature annealing, above 500 °C.2–4 Table I
shows that 560 °C annealing reduces the degree of medium-range
order compared to the 500 °C annealed samples. We are limited
from studying temperatures approaching 600 °C by competition
with epitaxial regrowth from the substrate, which is exacerbated by
the highest energy implant we used of only 300 keV (other studies
employed implants of up to 1MeV to create thicker layers).
However, it seems likely that the degree of MRO would continue to
decrease as the annealing continues at higher temperatures, based
on earlier findings.3 The correlation length does not decrease on
higher-temperature annealing, although there is a slight reduction
in the peak-height ratio. This would suggest the possible dissolu-
tion of some but not all of the paracrystals under these conditions.
Based on our observations, we conclude that the critical nucleus
size for homogeneous recrystallization at 580 °C must exceed 20 Å
since the paracrystals are not growing.

While our data agree with the prior literature that MRO
decays after high-temperature annealing, there is published evi-
dence of such a decay at 500 °C and below, which is inconsistent
with our recent findings. It could be that the exact profile of ion
damage plays some role. For example, our experiments and those

of Radić6 employed lower ion energies (50 keV) to amorphize the
surface regions that were studied, whereas those who saw low-
temperature MRO reduction on annealing used higher doses of
more energetic ions, for example, 804 and 300 keV2 to amorphize
the surface. The latter study also reported significant depth depen-
dence of the MRO, indicating the possible complexity of a multiple
implant system. Errors, such as inadequate thickness or Poisson
noise compensation, may have also affected earlier works.
Nevertheless, our current studies here replicate many other aspects
of previous work, and to our knowledge, these are the first experi-
ments to include ion dose as a variable, revealing, in particular, the
substantial effect of high doses on defect density. This is particu-
larly important because all of the calorimetric studies so far have
used high doses to observe the heat release from amorphous silicon
during relaxation11 and before crystallization. The calorimetric
studies require large volumes and were carried out by necessity
under high-dose conditions similar to the high-dose sample Si2
(for example, in the key paper of Roorda12) and required multiple
implant energies.

The paracrystalline structure comprises a set of imperfect and
strained nanocrystals (paracrystallites) embedded in a random
network matrix, as seen in the recent theoretical models of Rosset.7

A diamond crystal of 20 Å in size would contain about 400 atoms.
At a density of 5%, these would be spaced on average by about
40 Å. The random network in which they are embedded is not con-
tinuous—in fact, the structure would be strongly influenced by the
strain field from the paracrystals, and theory7 suggests that they
could lower the energy of a random network by their presence. It
would be interesting to examine structures, such as produced by
Rosset,7 to probe their simulated FEM properties, such as correla-
tion length and peak-height ratios.

Theoretical work is pivotal in recognizing the relative stability
of the PC structure compared with the CRN.7 However, the
authors of that study recognized that their structures represent the
extremely rapid quenching rates typical of “laser-glazed” a-Si and
not of the samples discussed in our paper. Under rapid quenching
conditions, they found the typical size of paracrystallites to be ∼40
atoms or less, equivalent to a correlation length of ≤12 Å. In a pos-
sibly similar situation, pressure-induced a-Si has been produced
that has substantially less MRO than implanted and annealed a-Si.
On thermal annealing, the MRO increases to match that of
annealed implanted Si.4 Therefore, the ∼20 Å correlation length
that we and others21 observe, which is equivalent to ∼200 atoms,
could be more representative of the metastable state of the amor-
phous silicon structure.

Ultimately, it would be of great interest to visualize real atomic
positions in a silicon sample using 3D TEM atom tomography,
which has very recently become feasible.25 Since network topology
controls defects, even if the paracrystallite density is only 5%, it is
likely that some physical properties could differ significantly from a
putative continuous random network.

Heat release and relaxation

The substantial heat releases in amorphous silicon have, to
our knowledge, only been confirmed in the very highly damaged
samples considerably above the threshold for amorphization and
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may not be intrinsic to the ion-amorphization process. To obtain
the volume to do calorimetric and other measurements, substan-
tially higher than threshold doses were required.

Roorda12 carried out thorough analysis of the effect of anneal-
ing on ion-implanted Si, at a dose similar to our high-dose sample
and the previous studies by Cheng.3 They observed significant heat
evolution at and below 500 °C and were able to fit the kinetics to a
bimolecular defect annihilation model similar to crystalline Si
damage annealing. Our current results where we observed a signifi-
cant defect density reduction in the paracrystalline structure are
quite consistent with this explanation. Cheng3 had observed with
FEM a constant reduction in MRO on annealing and attributed the
heat release to this process. Our recent work would support
Roorda’s claim that the heat release, at least at temperatures
≤500 °C, does not originate from disordering but from defect anni-
hilation.26 We can only detect this phenomenon in the paracrystal-
line regions, but it may also be occurring in the random network.

On higher-temperature annealing, all FEM studies agree that
disordering does occur as the paracrystalline structure loses MRO.
Relaxation and heat evolution continue at the highest temperatures
before crystallization. When using rapid thermal annealing, it has
been confirmed that relaxation and heat evolution continue up to
850 °C.12 In this arena, it seems that Cheng3 are correct that struc-
tural transformation toward a more continuous random network is
the culprit.

On the annealing of amorphous Si, x-ray diffraction has shown
a slight improvement in the ordering represented by sharpening of
the first peak in the radial distribution function and a narrowing of
the bond-angle distribution.12,22 Our measurements reproduce this
observation but indicate that this improved ordering for annealing at
≲500 °C is associated with reduction in the defect density of the
initial paracrystalline structure and not necessarily from the random
network component. Using model simulations, we can reproduce
similar pair distribution effects seen with x rays12,22 simply from
improved ordering in and around the paracrystallites without signifi-
cant changes in the random network component.

It seems that the results of the previous work can be rational-
ized in the context of our data. Ion implantation creates a very
defective state, but it is a defective paracrystalline state (a compact
of paracrystals and random network) and not a pure CRN. The
well-known heat release up to about 500 °C in Si is well-explained
by the defect annihilation model and leads to a better ordered para-
crystalline state. However, on further annealing, the degree of para-
crystallinity drops, perhaps as a result of entropy favoring a more
disordered state.

CONCLUSION

We have studied the effect of ion-implantation dose and
annealing conditions on medium-range order in self-ion implanted
amorphized silicon. All samples display some degree of paracrystal-
line MRO, consistent with a composite of ∼20 Å sized paracrystal-
lites in a random network matrix. We confirm recent reports that
low-ion-dose samples, just above the threshold for amorphization,
have increased MRO on annealing at ∼500 °C.6 For high-ion-dose
samples, annealing creates a very similar structure, but the
as-implanted structure is significantly more disordered. The data

are consistent with a high defect density in the high-dose damaged
PC structure. These defects are almost certainly those identified as
responsible for heat release on annealing.12 Our results support the
conclusion that defect reduction, and not relaxation of the amor-
phous structure, is the origin of low-temperature heat release.3,26

On annealing at around 500 °C, the material takes on its most
ordered paracrystalline configuration, apparently independent of
implantation conditions. This is consistent with the recent work
that has shown the increase in ordering after such annealing for
low-dose implants.6 Experimental data on angular correlations
support the conclusions that the paracrystals have diamond-like
coordination and a correlation length of ∼20 Å. It is difficult to
estimate accurately the volume fraction of paracrystals in the com-
posite, but it is a minimum of 5% and could be higher. Even
though the density is low, theory suggests that the paracrystalline
regions are intrinsic to amorphous Si and may help to stabilize the
random network.7 They could also play a very significant role in
the defect structures and material properties.

On higher-temperature annealing below the temperature at
which crystallization dominates (≲600 °C), the degree and nature of
ordering diminishes as previously observed.2–4 We attribute this to a
competition with entropy, which favors a disordered structure. We
hypothesize that if crystallization could be impeded, the structure
may move closer to a random network but likely always contains
some degree of paracrystallinity. This confirms many previous
reports that at higher-temperature annealing (∼550 °C), the degree of
MRO is decreased in high ion dose samples and confirms the same
effect in low-dose samples under the conditions employed by Radić.6

High-dose implanted samples (DPA � 1) exhibit a high
degree of disorder, with a defective paracrystalline structure.
Annealing these samples brings them to the state described for
low-dose implantations—well-ordered paracrystals. This may
resolve a previously held disagreement between the FEM measure-
ments and calorimetric kinetics postulated by Roorda.12 These
authors elegantly showed that bimolecular kinetics could explain
the origin of heat evolved by high-dose ion-implanted samples,
with very similar kinetics to defect annealing in crystalline Si. We
believe that these defects exist in the paracrystalline state, and we
see that they are removed on annealing. However, the partially
annealed state is not entirely a CRN as Roorda supposed, but a
better ordered paracrystalline structure embedded in a CRN. It is
possible that more heat is evolved at high temperatures by reduc-
tion in the ordering, but we have no evidence for this speculation.

There remain many questions about the paracrystalline state
and its thermodynamics and kinetics in amorphous Si. It is clearly
a more complex and intriguing system than at first believed, offer-
ing new parameters for microstructural control and resulting prop-
erties. The exploration of reverse Monte Carlo simulations,
including angular correlation experimental data, such as the corre-
lograph or related approaches,27 and FEM at multiple probe sizes
could provide greater insight into the paracrystalline structure.

SUPPLEMENTARY MATERIAL

More details on the analysis of the FEM data are provided in
the supplementary material, particularly relating to correction for
the effect of thickness variations.
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