Density of amorphous Si
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The density of amorphous Si has been measured. Multiple Si implants, at energies up to 8.0 MeV,
were made through a contact mask to produce alternating amorphous/crystalline Si stripes with
amorphous thicknesses up to ~5.0 um. For layers up to 3.4 um (5 MeV), the amorphous Si is
constrained laterally and deforms plastically. Above 5 MeV, plastic deformation of the surrounding
crystal matrix is observed. Height differences between the amorphous and crystalline regions were
measured for as-implanted, thermally relaxed, and partially recrystallized samples using a surface
profilometer. Combined with ion channeling measurements of the layer thickness, amorphous Si
was determined to be 1.8%0.1% less dense than crystalline Si (4.90><1022 atom/cm’ at 300 K).
Both relaxed and unrelaxed amorphous Si show identical densities within experimental error

(<0.1% density difference).

Many basic properties of amorphous Si (a-Si) are not
known despite continuing technological and scientific inter-
est. One such fundamental property, critical for testing mi-
croscopic models, is the density of amorphous Si relative to
the crystalline phase. Early x-ray diffraction data indicated
an amorphous density as much as 10% below that of the
crystal, although this was attributed to the presence of voids
in the vapor-deposited films.! Brodsky, Kaplan, and Ziegler
interpreted Rutherford backscattering measurements in com-
bination with surface profilometry to conclude that a-Si
could be up to 1% denser than crystalline Si(c-Si), although
the measured density of their electron-beam deposited a-Si
films was 3% less dense than c-Si.2 Direct density measure-
ments using weighing and interferometry of a-Ge deposited
at the highest possible temperature indicated a density 1%
greater than c-Ge.> Most recently, experimental results on
thin implanted layers indicate an a-Si density between 1.7%
and 2.3% less than the crystal.* Theoretical and computer
models of the structure of ¢-Si, assuming a continuous ran-
dom network (CRN) without point defects, predict that the
amorphous phase should be 3%-4% more dense than the
crystal.’ Subsequent attempts to estimate the density of a-Si
using molecular-dynamics simulations have lead to results
on either side of ¢-Si.® As seen from these previous results,
not only is the density difference unknown, there continues
to be debate over the sign of the difference.

Although it is generally accepted that the best character-
ized amorphous state is formed by ion implantation, it is
known that this state is not unique. The unrelaxed a-Si pro-
duced by ion implantation releases substantial enthalpy
during low-temperature annealing toward a relaxed
conﬁ;.g,uration]’9 It is unclear, however, if this relaxation af-
fects other physical properties, such as the density.

In this letter we report measurements of the density of
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self-implanted amorphous Si layers over a wide range of
thickness, regrowth, and relaxation conditions. Alternating
stripes of a-Si (~300 um wide) and c-Si (~100 um) were
produced by MeV Si ion implantation through a steel mask
into (100) Si on a National Electrostatics Corporation 1.7~
MeV tandem accelerator. Such implantations are known to
produce thick, well-characterized (thermodynamically and
kinetically) a-Si.”!® The relative density was then deter-
mined by measuring the physical step height at lateral a-Si/
¢-Si boundaries. Implants were performed at energies from
0.5 to 8.0 MeV; energies, doses, and a-Si thicknesses for
each implant series are shown in Table I. Each higher-energy
implant included all lower-energy implants to ensure surface
amorphization. All irradiations, except one, were performed
with samples heat-sunk with vacuum grease to a copper
block nominally held at 77 K. One sample was implanted
instead at room temperature to check for density variations
caused by the implant conditions. Various a-Si thicknesses
were obtained by partially recrystallizing implanted layers at
580 °C in a vacuum annealing furnace with a base pressure
of ~1077 Torr. To test for possible changes in the density

TABLE I. Description of amorphizing Si implants, including energy of each
implant, dose at that energy, thickness of material implanted to that point,
and thickness of the amorphous layer made to that energy.

Energy Dose Net material a-Si thickness as
(MeV) (10"%/cm?) added (nm) implanted (um)

0.5 5.0 0.6 0.9

1.0 5.0 14 1.4

2.0 5.0 2.3 2.1

35 6.0 3.3 2.9

5.0 7.0 4.7 34

6.5 8.0 6.2 4.3

8.0 8.0 7.7 5.0
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FIG. 1. {a} Surface profilometer traces of 2.1-, 1.5-, and 0.8-um-thick a-Si
layers produced by 0.5--2.0-MeV sceries implants and epitaxial recrystalliza-
tion. th} Channeling spectra of samples shown in (a). The «-Si thicknesses
are indicated.

with relaxation, a section of each as-implanted sample was
thermally relaxed by anpealing for | h at 500 °C.

Areal densities (atom/em?) of the a-Si layers were mea-
sured by Rutherford backscattering spectrometry (RBS) in
the channeling configuration using 3-MeV *He. Measure-
ments of the total energy loss in the «-Si layer were con-
verted to areal densities using the *He stopping powers in Si
{e). Thicknesses were then obtained by dividing by the ap-

>2

8 pm, thicknesses were estimated by RBS channeling
measurements  after  partial  solid-phase  epitaxy (SPE);
dechanneling in the a-Si prevented direct measurement be-
vond ~2.8 pm. The resulting annealed thicknesses were ex-
trapolated back to the original thickness using known epitax-
ial crystallization kinetics." Unfortunately, there are two
accepted sets of experimental measurements for € which dif-
fer by up to 6% from each other.™'? Since this represents a
systematic error substantially larger than any other error in
the measurement, results are presented using both sets.

Surface profiles of the alternating a-Si and ¢-Si lines
were obtained for each sample using a Tencor Instruments
Alpha-step 200 surface profilometer calibrated with an NIST
traceable standard. Digitized height measurements on 1-um
spacings over a 2000-pm lateral distance (~four periods)
were obtained. Figure 1(a) shows example scans for an
2.1-um (as-implanted) layer and for other thicknesses ob-
tained by SPE from this implant; corresponding RBS chan-
neling spectra are shown in Fig. 1{b). The high regions in the
profilometer traces were jdentified as a-Si by both visual
observation of the higher reflectivity of a-Si (Ref. 13) and by
the relative linewidths of the implant mask. This unambigu-
ously shows that @-Si is less dense than ¢-Si.

Each ¢-Sifa-Sifc-Si step was analyzed by first fitting a
parabola through the ¢-Si regions to compensate for wafer
tilt and simple curvature, and then determining the average
step height. Typically, three scans were made on each
sample, and the reported values are an average of twelve
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FIG. 2. Optical micrographs of the lateral a-Sife-Si edge after a Wright
Jenkins etch of (A) a sample implanted at energies 0.5-8.0 MeV showing a
large deformation zone (between arrows) and (B) a sample implanted from
0.5 to 5.0 MeV showing little deformation. The top region is ¢-Si and the
lower region is etched a-Si.

individual steps. The variance of each data set was typically
3.5 nm, independent of the absolute step height. The errors,
however, were nonrandom; if step heights within each scan
were averaged, the collection of averages showed variances
much smaller than expected. This suggests that the variance
is dominated by instrumental limitations rather than varia-
tions in the actual step heights. To estimate the true a-Si
step-height variance, the instrumental component of the total
variance was determined directly by measuring step heights
of photolithographically patterned 20- and 40-nm SiO, layers
on ¢-Si. These measurements, with a true sample variance
near zero, also showed a variance of 3.5 nm. Consequently,
the observed variance is predominantly instrumental, and,
while the variation of actual «-Si step heights cannot be
determined, it must be less than 2 nm.

A small correction was made to the measured step
heights to account for the Si implanted and sputtered'* dur-
ing amorphization. These corrections, listed in Table I, were
determined by dividing the net implant dose (implant minus
sputtering) by the atomic density of ¢-Si. For example, the
2.0-MeV implant itself adds 1.0 nm while sputtering re-
moves 0.15 nm, giving a net addition of 0.85 nm.

Interpreting step heights as a density difference requires
understanding how the volume change is accommodated.
Amorphous Si can form with built-in stresses, the substrate
can plastically deform, or the q-Si can plastically deform
during implantation. Measurements on laterally continuous
1-um a-Si layers demonstrate that the volume change is pri-
marily accommodated by a vertical strain with the in-plane
strain less than 1% of the total strain.'® This indicates that
a-Si deforms plastically during formation by ion implanta-
tion. In the constrained geometry of these experiments, plas-
tic deformation of a-Si occurs for implants below 5 MeV
and the entire volume change is exhibited as a vertical ex-
pansion. However, for the higher-energy implants, plastic de-
formation of the constraining ¢-Si can be readily observed as
shown in Fig. 2. As-implanted 0.5-5 and 0.5-8 MeV
samples were treated for 15 s in a Wright Jenkins etch to
highlight defects and remove a-Si.'® A dense plastic defor-
mation zone is revealed at the ¢-Si edge for the 0.5-8-MeV
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FIG. 3. Corrected step height vs a-Si areal density for as-implanted samples
(open circles) and annealed samples (filled squares) of all implant serics
from 0.5 to 5.0 MeV. The arcal density was obtained using the stopping
powers of cither Ziegler (Ref. 11, bottom axis) or Santry and Werner (Ref.
12, top axis). The solid line shows the step height expected for a 1.73%
density difference (Santry and Werner values).

implant series. Although some minor deformation occurs for
5-MeV (or lower energy) samples, it is on a sharply reduced
scale. As a result of ¢-Si deformation, volume expansion of
a-Si occurs both laterally and vertically for high-energy im-
plants and measured step heights for 0.5-6.5- and 0.5-8-
MeV implants were thus not used in determining the density.

The step-height data are shown in Fig. 3 versus the areal
densities of the a-Si layers. As-implanted samples are shown
by the open circles and partially recrystallized or relaxed
samples by filled squares; errors shown are predominantly
instrumental in origin. Within these errors, step heights mea-
sured for the room-temperature-implanted sample were iden-
tical to those measured on samples implanted at liquid-
nitrogen temperature. In addition, no differences in density
could be detected between unrelaxed, relaxed, or regrown
samples, nor between samples implanted at any energy up to
5 MeV. Converting the areal density (using Santry and
Werner stopping powers‘z) to the a-Si thickness and fitting a
least-squares line (with consideration for the individual error
bars) through all the data yield a density difference of 1.74
+().06%. Fitting only as-implanted (unrelaxed) samples, the
density difference is 1.79%0.13%, while for annealed (i.c.,
relaxed) samples it is 1.70=0.07%. Thus there is no statisti-
cally significant difference between the density of as-
implanted and annealed (relaxed) a-Si. The linear fit to the
entire set shows an intercept of 0.8*1.1 nm, confirming that
the correction for implanted material is valid. Table II com-
pares the least-squares fits determined using both sets of “He
stopping powers. Considering the relative and absolute un-
certainties in the stopping-power measurements, an average
value of 1.8+0.1% is our best estimate for the difference
between the a-Si and ¢-Si densities.

In conclusion, we have determined that a-Si is 1.8
+0.1% less dense than ¢-Si. There are several consequences
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TABLE II. Parameters for linear fits to all the samples, the as-annealed
samples, and the as-implanted samples using the stopping powers of either
Ziegler (Ref. 11) or Santry and Werner (Ref. 12) to obtain the a-Si thick-
ness.

Ziegler stopping powers Santry and Werner

Slope Offset Slope Offset

(%) (nm) (%) (nm)
All 1.83%0.06 1.0x1.1 1.74+0.06  0.8x1.1
As-implanted 1.86+0.13 1.5+£2.8 1.79+0.13 0.8+£2.8
As-annealed 1.79+0.07 1.2+1.2 1.70£0.07 1.1+x1.2

of this result. First, simple fully coordinated CRN models
cannot be correct since they yield the wrong sign for the
density difference. Second, since there is no measurable den-
sity difference between as-implanted and annealed samples,
the relaxation observed in calorimetry,”® optical,’”” and
Raman'® measurements occurs without significant volume
changes. A detailed microscopic model of amorphous Si thus
remains to be developed.
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