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Exotic phases of germanium, that form under high pressure but persist under ambient conditions, are
of technological interest due to their unique optical and electrical properties. The thermal evolution
and stability of two of these exotic Ge phases, the simple tetragonal (st12) and hexagonal diamond
(hd) phases, are investigated in detail. These metastable phases, formed by high pressure
decompression in either a diamond anvil cell or by nanoindentation, are annealed at temperatures
ranging from 280 to 320 °C for st12-Ge and 200 to 550 °C for hd-Ge. In both cases, the exotic phases
originated from entirely pure Ge precursor materials. Raman microspectroscopy is used to monitor
the phase changes ex sifu following annealing. Our results show that hd-Ge synthesized via a pure
form of a-Ge first undergoes a subtle change in structure and then an irreversible phase transforma-
tion to dc-Ge with an activation energy of (4.3 = 0.2) eV at higher temperatures. St12-Ge was found
to transform to dc-Ge with an activation energy of (1.44 = 0.08) eV. Taken together with results
from previous studies, this study allows for intriguing comparisons with silicon and suggests promis-
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ing technological applications. Published by AIP Publishing. https://doi.org/10.1063/1.5002705

I. INTRODUCTION

It is well established that when germanium (Ge), both in
its amorphous (a-Ge) and diamond cubic (dc-Ge, Fd3m)
form, is placed under ~10 GPa of pressure, a phase transfor-
mation to the metallic f-Sn structure (S-Sn-Ge, 4| /amd)
can occur.' This semiconductor-metal transition is accom-
panied by a ~20% volume collapse causing the -Sn-Ge to
become nanocrystalline. Upon pressure release, this phase
does not transform back into dc-Ge at room temperature.
Instead, a number of nanocrystalline metastable phases with
a density significantly higher than that of dc-Ge form.**?
These phases include a simple tetragonal phase (st12-Ge,
P432,2) (Refs. 2 and 4) and a body centered cubic structure
(bc8-Ge, 153).5 One parameter that can drive the transition
to one phase over the other is temperature, with room tem-
perature decompression resulting in st12-Ge and tempera-
tures below the dry ice temperature resulting in be8-Ge.””” A
further mechanism that can determine the final phase is the
rate of decompression, where slow unloading yields st12-Ge
and fast unloading results in bc8-Ge.® More recently, it was
found that shear is also a critical factor in determining the
final phase. A quasi-hydrostatic environment always results
in the formation of a rhombohedral phase (r8-Ge, R3) fol-
lowed by bc8-Ge upon room-temperature unloading inde-
pendent of the unloading rate.” When left at ambient
pressure and temperature, this bc8-Ge is kinetically unstable
and transforms to the hexagonal diamond phase (hd-Ge,
P63 /mmc) over a few days.®®'%!" In contrast, a high shear
environment on decompression produces st12-Ge.” This is
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consistent with a high pressure torsion study at ambient that
produced a mixture of st12-Ge and dc-Ge.'? Different from
bc8-Ge, st12-Ge has been reported to be kinetically stable at
ambient conditions.” For consistency with literature, the
phases will be referred to by their abbreviated names for the
remainder of the paper (e.g. dc-Ge).

Both st12-Ge and hd-Ge have been predicted to have
properties of technological importance. The hd-Ge structure
has been predicted to be a narrow (0.55eV) direct bandgap
semiconductor.'*'* Comparisons with modelling performed
for st12-Si suggest that st-12-Ge may act as a superconductor
at low temperatures when suitably doped.'® In addition, a
recent study of the properties of st12-Ge found that it has an
indirect bandgap of 0.59eV and a direct optical transition at
0.74eV." Furthermore, if these exotic Ge structures could be
synthesized in the form of hydrogenated nanoparticles, they
could be highly advantageous for solar power conversion.'®
All these properties provide a strong motivation for further
investigation of these exotic phases. However, to utilize their
promising electrical properties it is vital to understand their
thermal evolution, since incorporating such phases into devi-
ces requires the materials to be able to remain functional
throughout several high temperature processing steps. Indeed,
previous reports the stability of st12-Ge have shown that it
anneals to dc-Ge within hours at 200 °C (Ref. 1) and within
minutes at 245-285 °C, with an activation energy of ~160kJ/
mol or ~1.66eV.® A more recent study found a transition
temperature near 207 °C.'> The dc-Ge formed after annealing
st12-Ge at 300 °C was found to be nanocrystalline and con-
tain stacking faults and nanotwins.'” In contrast, hd-Ge was
found to transform to dc-Ge in the 485-550°C regime.®'®
One study found that this transition was reversible, attributing
this reversibility to the critical interplay of impurities and
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defects.® This current work expands on these previous studies
and presents a detailed study of the thermal stability and evo-
lution of st12-Ge and hd-Ge. Here, we synthesized the exotic
phases from an entirely pure Ge precursor material, thus
removing any ambiguities about defect and impurity contri-
butions. In the case of st12-Ge, semiconductor grade Cz Ge
powdered prior to loading was used, while self-ion-implanted
a-Ge created directly from the wafer was used to create
hd-Ge. The annealing behavior of both these phases was
examined over a large range of temperatures and times to
extract the activation energy of the transition to dc-Ge. In the
case of hd-Ge, care was taken to remove all disorders in its
starting structure by using a pre-annealed hd-Ge for the acti-
vation study. This study also provides insight into the phase
behavior of exotic silicon phases, which are potentially
important to future semiconductor applications.

Il. EXPERIMENTAL SECTION
A. St12-Ge

The metastable Ge phases investigated in this work were
prepared using both a diamond-anvil cell (DAC) and nanoin-
dentation under conditions which have previously been deter-
mined to reliably produce the st12 (Ref. 9) and hd phases
(Ref. 19), respectively. The st12-Ge samples were synthe-
sized in a DAC with a 400 um culet size using dc-Ge powder,
which was formed by grinding a Cz n-type (100 dc-Ge) wafer
in an agate mortar and pestle as a starting material. The
resulting powder was loaded into a ~50 um deep ~200 um
hole in a steel gasket. No pressure medium was used in order
to induce the maximum shear possible in the sample. The
samples were loaded until it was clear that all the dc-Ge had
been transformed to the metallic (f-Sn) phase as confirmed
by changes in its appearance to a light grey color which indi-
cated the presence of a metallic phase. The samples were
then unloaded to ambient pressure with unloading times rang-
ing between 10 and 60s. The gasket containing the sample
was removed from the DAC and placed in a Linkam stage
using silver paint to ensure good thermal contact. An InVia
Renishaw Raman spectrometer equipped with a 532 nm laser,
a 50x lens, and a 24001/mm grating was used to perform
Raman microspectroscopy at two locations on the sample
before and after annealing. All Raman spectra were taken at
20°C for 30s and at a laser power of ~2 mW so that the sam-
ple did not undergo any unintended phase transformations
induced by the laser. This laser power did not alter the struc-
ture of the sample, as confirmed by taking the Raman spectra
of an unannealed indent starting at lower laser powers and
gradually increasing the laser power until the spectrum
changed. Thus, the laser power chosen was the higher power
available that did not change the Raman signal. The samples
were annealed with the Linkam stage with flowing N,
gas for 3 to 20 min (depending on the temperature and previ-
ous annealing times) and then cooled to room temperature in
approximately 100-200s before each measurement. The
Linkam stage was chosen for the DAC prepared samples
to avoid contamination of a furnace tube with iron from
the gasket. The sample was again heated, cooled, and mea-
sured. This was repeated until no change in the final Raman
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spectrum was observed. The following annealing tempera-
tures for st12-Ge were employed: 280, 290, 300, and 320 °C.
A new sample was used for each annealing temperature.

B. Hd-Ge

The hd-Ge structure was prepared via nanoindentation
using ion-implanted a-Ge as the starting material, following
the conditions of a previous study.'” The implanted layer
thickness was found to be 1800 nm using transmission elec-
tron microscopy (TEM). A 20 um radius spherical diamond
tip was used to indent the a-Ge to a maximum load of
700 mN in an Ultra-Micro-Indentation-System 2000, result-
ing in an indentation depth of 1200 nm as observed in Ref.
19. These conditions were previously shown to reliably
result in the formation of phase transformed regions of 18/
bc8-Ge and hd-Ge that were ~11pum in diameter and
extended down to ~1.3 um from the surface.'®™'"!' After
indentation, the samples were left for at least two weeks at
ambient temperature such that the bc8/r8-Ge transformed
fully to hd-Ge.® A Raman spectrum was recorded from each
individual indent using a 532 nm laser with a 100x objec-
tive, a laser power of ~0.5 mW, and a 2400 I/mm grating for
30s. It should be noted that the laser spot size and penetra-
tion depth were significantly smaller than the phase trans-
formed region. These samples were then annealed in a tube
furnace in a 100 ccm flowing N, atmosphere with increasing
time durations until no further change was observed in the
Raman spectra. After each anneal, a Raman spectrum for
each indent was recorded under the same conditions. There
were two annealing temperature ranges used in the hd-Ge
experiment: the lower temperature range (200, 215, 230,
250, and 300°C) and the higher temperature range (500,
515, 530, and 550°C). The annealing times ranged from
5min to ~1000 min. For the higher temperature range, the
samples were first annealed for 10 min at 500 °C to induce a
structural change, as discussed later, which is a precursor to
annealing at higher temperatures. The accumulation times
for the lower and higher temperature ranges were 30s and
90, respectively.

Transmission electron microscopy (TEM) of the hd-Ge
samples was performed using focused ion beam milling (FEI
Helios Nanolab) and the ex situ plucking method.*® Platinum
was initially deposited to protect the surface before the
cross-section was cut through the residual indent. The final
milling was done at 16 keV. TEM images were taken using a
Phillips CM300 and a Jeol 2100 F instrument at 300 kV and
200kV, respectively. The effective size of the selected area
apertures ranged from 240 nm to 640 nm. Care was taken to
ensure that the apertures were positioned such that the dif-
fraction pattern was only taken from the phase transforma-
tion zone.

lll. GENERAL ANNEALING BEHAVIOR
A. St12-Ge

Figure 1 shows the representative behavior of st12-Ge
upon thermal annealing. In this example, annealing to 280 °C
for up to 75 min is displayed. Note that the thermal evolution
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FIG. 1. Raman spectra from a st12-Ge sample formed in a DAC and
annealed up to 75 min at 280 °C. The marks at the top indicate the calculated
positions of the Raman peaks of st12-Ge and dc-Ge.*'

at other temperatures was comparable and is not shown here.
The spectrum of near-pure st12-Ge before annealing is shown
at the bottom of the plot in black. This spectrum contains
eight clear peaks at 87, 99, 148, 184, 190, 211, 226, 243,
and 271 cm ™', These peaks have an excellent agreement with
those previously calculated for st12-Ge.”' After a 5min
anneal, the transverse optical (TO) Raman band at 301 cm™!
of the dc-Ge phase starts to form while the st12-Ge peaks
decrease in intensity. After 75 min of annealing at 280 °C, the
Raman spectrum consists predominantly of dc-Ge with only
a small amount of st12-Ge remaining. It should be noted that
no peaks other than the st12-Ge peaks and the dc-Ge peak
were observed. Therefore, it is clear that st12-Ge transforms
directly into dc-Ge, consistent with previous studies.>”'> As
expected, at higher temperatures this transformation occurs at
a faster rate. For example, at 300°C, st12-Ge completely
anneals to de-Ge within 5 min.

B. Hd-Ge

Figure 2(a) shows the Raman spectra of indents contain-
ing hd-Ge before and after annealing at 200 °C for 250 min.
The spectra from dc-Ge and the pristine a-Ge formed by ion-
implantation are shown for reference. The hd-Ge spectrum is
composed of two distinct bands. The first is a broad band
at ~76cm ™" that corresponds to the transverse acoustic mode
of the amorphous or disordered material. This broad band
remains after annealing but decreases in its relative height,
which is consistent with a-Ge not transforming into dc-Ge
until ~460°C.>* A second broad peak centered at around
295cm™" is also observed in the spectra from the indent
(before annealing). This peak has been previously studied and
shown to be a complex combination of three Raman bands:
a broad a-Ge peak (as seen in the a-Ge spectrum) at 270 cm ™'
and two sharper hd-Ge bands at (1) 290 cem ! and 2)
~300cm """ The fits for the three hd-Ge spectra are shown
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FIG. 2. (a) The Raman spectrum of an indent before annealing and after
annealing at 200 °C for 250 min. The spectra of dc-Ge and a-Ge are shown
for reference. (b) The curve fits and their components for the hd-Ge spectra,
which have been annealed for 0, 250, and 1050 min. Ry, is the ratio of
the heights of the fitted peaks labeled (1) and (2).

in Fig. 2(b). It should be noted that the peak at 300 em s
neither from dc-Ge nor from the a-Ge substrate below, as con-
firmed with TEM and discussed further below. Interestingly,
from these fits, we see a change in the relative intensity of the
two characteristic hd-Ge peaks at 290 and 300 cm . Initially,
the ratio of intensity of the two peaks (R(j)2)) is 0.8 but after
250 min, the 290 cm ™! peak is lower relative to the 300 cm !
peak, with (R(jy,2)) = 0.6, while after 1050min, there is no
further change in (Rj)2)). We note that this relative change
in intensity indicates a subtle change in the structure. It is also
worth noting that the hd-Ge signal becomes stronger relative
to the a-Ge signal. These changes are presumably similar to
the mechanism reported in Si, where bc8-Si undergoes a two
step transition to hd-Si where it first turns into to a mixture of
disordered and microcrystalline form of hd-Si before ordering
into hd-Si.”® This change is now investigated further using
transmission electron microscopy (TEM) performed ex situ
after annealing at this temperature.

Selected area diffraction patterns (SADPs) of one inden-
tation impression that was not annealed and of three indenta-
tion impressions after annealing at different conditions are
shown in Fig. 3. For the SADP of the sample that was not
annealed, the majority of the reflections were indexed to
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FIG. 3. Selected area diffraction patterns taken from the transformed region
underneath an indent impression for (a) no annealing and indentation
impressions, which have been annealed to (b) 250 °C for 250 min, (c¢) 500 °C
for 10 min, and (d) 515°C for 120 min. The arrows indicate the reflections
corresponding to be8-Ge, and the light orange and purple circles correspond
to hd-Ge and dc-Ge, respectively.

hd-Ge, consistent with the Raman spectrum. Additionally,
however, a faint reflection, indicated by arrows) is also found
at 45A as also reported by Williams er al.'' This faint
reflection could be attributed to (110) bc8 or (112) st12 with
lattice parameters of a=6.36 A and a=5.92 A, c=6.98 A,
respectively, at ambient pressures.” However, this one faint
reflection is not sufficient to unambiguously index a full unit
cell. Also, no evidence of st12-Ge has been observed in any
Raman study on such phase transitions induced in a-Ge,
and only bc8-Ge, r8-Ge, and hd-Ge have been observed.
Furthermore, bc8-Ge is clearly a transient phase along this
hydrostatic transition pathway towards hd-Ge. We thus sug-
gest that a small remnant of bc8/r8-Ge is observed in these
residual indent impressions even after some ‘aging’ and FIB
processing. This is consistent with a previous study that
reported full elimination of bc8-Ge on the way to hd-Ge at
100°C only.®

An SADP taken from the phase transformed region of an
indent which was annealed in the lower annealing tempera-
ture range, at 250 °C for 250 min, is shown in Fig. 3(b). Here,
all the reflections can be indexed to hd-Ge and there is no lon-
ger evidence of the reflection seen at ~4.5 A. Additionally,
the reflections appear to be sharper with less diffuse scattering
around them. Clearly based on the SADP analysis, no evi-
dence of dc-Ge is observed in the phase transformed region.
Thus, hd-Ge does not transform to dc-Ge in this lower anneal-
ing temperature range. Instead, we suggest that the observed
changes in the Raman spectra of hd-Ge in this lower tempera-
ture regime are due to a combination of annealing of a disor-
dered form of hd-Ge to a more ordered one that is similar to
the annealing behavior of hd-Si (Ref. 23) and the full conver-
sion of all remaining bc8/r8-Ge to hd-Ge. It appears that this
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conversion does not fully take place at room temperature. For
the study of the kinetics of more ordered hd-Ge, it is thus
clearly desirable to choose a ‘starting point’ from which only
the hd-Ge to dc-Ge transition occurs as carried out in this cur-
rent study. Figures 3(c) and 3(d) show the SADPs of indents
annealed at higher temperatures. The SADP in Fig. 3(c) is
from an indent that was annealed at 500 °C for 10 min. The
reflections in this SADP show that hd-Ge is still present, how-
ever some dc-Ge may be present due to the presence of reflec-
tions with a sharper radial distribution at d-spacings that
dc-Ge and hd-Ge have in common. It is worth noting that the
amorphous substrate (not shown) was found to have crystal-
lized into dc-Ge, consistent with the temperature dependence
of solid phase epitaxial growth of a-Ge.'® Finally, Fig. 3(d)
shows an SADP for an indent which has been annealed for
120 min at 515°C. In this SADP, there is clear evidence of
dc-Ge due to the presence of less rings but more sharp reflec-
tions spread throughout the ring. The Raman spectra of simi-
lar indents show the presence of hd-Ge which cannot be ruled
out from the SADP due to many common reflections between
the two phases.

From the TEM results, it is clear that hd-Ge transforms
directly to dc-Ge at temperatures above 500°C. To further
understand this process, we turn to Raman spectroscopy.
Figure 4 shows the Raman spectra of the thermal evolution
when hd-Ge is annealed at 515°C. The initial spectrum is
taken after annealing the sample for 10 min at 500 °C as pre-
viously discussed. The interpretation of the Raman data is
not straight-forward due to the hd-Ge modes (290, 301, and
302cm ") overlapping with the dc-Ge mode at 301cm™ ',
making the de-convolution of the spectra challenging. To
address this, we have focused our analysis primarily on
the band at 290 cm ™. After annealing, this 290 cm~! band
appears as a shoulder and decreases in relative intensity up
to the maximum annealing time of 400 min after which most
of the hd-Ge is transformed to dc-Ge. This decrease is shown
more clearly in the inset. The equivalent change in the rela-
tive intensity at 550°C occurs much earlier at 30 min. We

285 300 315 330
- Wavennumber (cm™)

initial
—— 10 min
—— 40 min
—— 100 min |
- —— 220 min 1

J —— 400 min |

e 1 T ) Sy
50 100 150 200 250 300 350 400 450

Raman Shift cm™)

Normalized Intensity (arb. units)

FIG. 4. The change in the normalized Raman spectrum of hd-Ge formed by
the nanoindentation annealed at 515 °C. The inset shows an expanded view
of the intensity. Raman spectra are normalized by dividing by the maximum
intensity between 275 and 320cm .
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note that there is no evidence that the hd to dc transformation
is reversible as previously suggested by Brazhkin et al.,® pos-
sibly due to the fact that pure precursor materials were used
in the current study.

IV. ACTIVATION ENERGY

The full set of temperature and time data from both the
st12 and hd-Ge annealing processes was analyzed to calculate
the respective activation energies. This was done by measur-
ing the relative Raman peak heights obtained through multi-
Lorentzian fits to each spectrum. The spectra annealed at
each temperature and time were used to determine the charac-
teristic transformation rate, k. This rate was defined as the
inverse of the time it takes for the peak intensity to reduce to
1/e of its starting intensity (in s~ '). The method used to deter-
mine k took account of differences in the absolute Raman
(peak) intensities for the different phases. It was assumed
that, within the laser excitation volume, the phases are homo-
geneously distributed throughout the annealing sequence.

The following Arrhenius equation was used to fit the
data and determine the activation energy of the phase
transformation:

k = Ce W, (1)

where E, is the activation energy in eV, C is a constant, T is
the temperature in K, and ky, is the Boltzmann’s constant.
Figure 5 shows the relationship between In(k) and the anneal-
ing temperature in an Arrhenius plot. The transformation of
both phases is found to be linear within error and can there-
fore be described by single activation energy. From these fits,
the thermally activated st12-Ge to dc-Ge transformation is
found to be characterized by E, = (1.44 = 0.08) eV and is in

Temperture (°C)
555050(’) 450 400 35 300 250 200

< i
£ = st12todc
e hdlowtemp |
4 hdtodc

_10 1 1 1 1 1 1 1 1 1
12 13 14 15 16 1.7 18 19 20 21 22
1000/Temperature (K")

FIG. 5. Arrhenius plot of the st12-Ge to dc-Ge phase transition and the
hd-Ge to dc-Ge transition, where k = time in s~! for the hd-Ge or st12-Ge
Raman peak to reduce to 1/e of the initial intensity. The error represented on
the graph comes from uncertainty in the fit from the peak heights to obtain
k. It is larger for hd-Ge due to the dc-Ge and hd-Ge peaks overlapping. The
linear fits give activation energies of 1.44 =0.08eV and 4.3 =0.2¢eV for
these transitions, respectively. In(C) is 22.6 = 1.6 and 56 = 2 for the st12-Ge
to de-Ge and hd-Ge to dc-Ge transformations, respectively. The dotted green
line represents the low temperature behavior of hd-Ge, where an effective
composite activation energy of (0.5 = 0.1) eV was extracted. This is possibly
due to the full conversion of bc8/r8-Ge to hd-Ge and also some ordering and
defect annihilation within grain boundaries of hd-Ge.
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good agreement with a previous study.'® The hd-Ge to dc-Ge
transition has a higher activation energy of E,= (4.3 = 0.2)
eV. In(C) is 22.6 = 1.6 and 56 £ 2 for the st12-Ge to dc-Ge
and hd-Ge to dc-Ge transformations, respectively. The error
arises from the uncertainty in the fits. These trends show that
the hd-Ge is much more thermally stable than st12-Ge and
a-Ge.

A similar method was used for the change of the hd-Ge
peaks observed between 200 and 300°C and an activation
energy of (0.5 = 0.1) eV is obtained. This change is probably
an effective composite activation energy involving the full
conversion of bc8/r8-Ge to hd-Ge and also some ordering
and defect annihilation within grain boundaries of hd-Ge.

V. DISCUSSION

To use these results to gain further insight into the stability
of metastable phases, it is better to compare the behavior of
Ge to that of its ‘sister’ group 14 element, Si. Like dc-Ge,
dc-Si undergoes a phase transformation to (f-Sn)-Si above
10GPa."” Upon unloading in a DAC, (f-Sn)-Si transforms
equally to various metastable phases rather than dc-Si. Initially,
18-Si is formed upon decompression to ~9 GPa.** This trans-
forms further to bc8-Si upon unloading to 3 GPa.** The bc8-Si
in turn anneals to hd-Si upon heating to around 200°C (Ref.
25) and hd-Si transforms to dc-Si in the 720-775°C regime
when made in a high pressure cell (Ref. 6). St12-Si has not
been made using conventional pressure methods. However,
small amounts of this phase have been obtained by laser
induced microexplosions but not in sufficient quantities to
determine its thermal stability behavior.?® Figure 6 summarizes
the transformation data from the present work and for other
metastable Ge phases [a-Ge (Ref. 27) and 18-Ge (Ref. 10)].
Based on the literature values, a-Ge crystallizes to dc-Ge at
around 450 °C with an activation energy of 2.15eV (Ref. 27),
while the a-Si to dc-Si transition occurs at above 650 °C with
an activation energy of 2.70eV.?® Thus, all the Si phase trans-
formations occur at higher temperatures than their equivalent
transformations in Ge. This might be expected given the differ-
ent respective melting points of these materials, which are
indicative of the relative stability and bond strengths. Indeed,

~300°C
st12-Ge 1.44 eV deGe

(DAC) -

. ~540°C
r8/c?: - hd-Ge LIEN dc-Ge
o )

~460°C
a-Ge S dc-Ge

FIG. 6. Summary of the known transformations between various metastable
phases of Ge upon heating. The arrows indicate a thermally induced phase
transformation. The a-Ge to dc-Ge transition activation energy and the
r8-Ge to hd-Ge transition temperature are taken from Refs. 27 and 11,
respectively.
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assessment of the transformation temperatures (Tp.ngp) relative
to the Si and Ge melting temperatures (T,,) demonstrates this
strong correlation. The various T., T, and corresponding
ratios are summarized in Table 1.

Clearly, the scaling of Tyangs to T, demonstrates an
excellent agreement between the kinetic stability of the vari-
ous exotic phases of Ge and Si. Based on these extremely
similar ratios for all transitions, a Trpanst/ T ratio of 0.47 can
also be postulated for st12-Si. This corresponds then to a
Trranst = ~520°C for the st12-Si to dc-Si transition. This
insight shows that the st12-Si phase may be potentially use-
ful once it can be formed selectively.

Returning to Ge, we will now comment on the technical
implications of this study for the possible use of the metasta-
ble Ge phases in device applications. Provided a pre-anneal is
performed to complete the bc8-Ge to hd-Ge conversion, the
kinetic stability of hd-Ge means that it will not be affected
by low temperature processing, which involves annealing at
400°C.%?° However, the a-Ge substrate will undergo some
solid phase epitaxial regrowth at this temperature (Ref. 27);
thus, it will be important to understand the electrical proper-
ties of the hd-Ge/dc-Ge and hd-Ge/a-Ge interfaces as these
will have implications on any device produced from the
indents of hd-Ge. It should also be mentioned that the anneal-
ing behavior of this phase in the lower temperature range may
slightly alter the electrical properties during any low tempera-
ture processing. Hence, any change in the electrical properties
before and after low temperature treatment should also be
studied. As for st12-Ge, the kinetic stability of the st12 phase
suggests that this structure will be able to withstand solar radi-
ation without transforming to dc-Ge. Moreover, as st12-Si
was predicted to be superconducting,'? there is a strong possi-
bility that st12-Ge is also a superconductor. Finally, it is inter-
esting to consider that understanding these forms of Ge may
be useful for other related systems. For example, testing the
hardness of hd-Ge could give insight into the relative hardness
of the hd and dc phase of C, since the hexagonal form of C

TABLE 1. The transformation temperatures (Transf) for melting (T,,) and
the transitions from amorphous, hd and st12 to dc, as well as from an r8/bc8
mixture to hd together with the corresponding Tc/Tm ratios. The melting
temperatures are taken from Ref. 31, Trpns¢ for the unseeded nucleation of
the dc material from an amorphous precursor (Refs. 27 and 28), the various
Trrranst Of the exotic Ge phases from this work, Trpner Of hd-Si to dc-Si from
(Ref. 6), and a Trpansr 0f 150 °C for a slightly pressurized mixture of bc8/r8-
Si from (Ref. 32) to replicate the similar residual stress state of the initial Ge
indents on the verge of the bc8 to r8 transition.

Trranst Ge Trrranst S
0 |®) Trranst/Tm Ge*  Trrans/Tm Si*
Melting T, 940 1412 1 1
Amorphous 460° 650° 0.60 0.55
hd 500 740 0.64 0.60
18/bc8 25 150 0.25 0.25
st12 300 520° 0.47

Calculated using corresponding temperatures in K.

PNote that nucleation of the dc phase from a-Si or a-Ge is critically depen-
dent on the exact properties of the amorphous film and thus a range of trans-
formation temperature is more accurate.

“Estimated based on Trpansi/ Ty Ge and Tppangi/ Ty Si being equal.

J. Appl. Phys. 122, 175108 (2017)

(lonsdaleite) is predicted to have a hardness greater than that
of diamond.*

VI. SUMMARY AND CONCLUSION

In summary, the activation energies of st12-Ge to dc-Ge
and hd-Ge to dc-Ge transitions have been measured. Pure
precursor materials based on semiconductor grade Ge were
used for both exotic phases. In the case of hd-Ge, a pre-
anneal served to ensure good quality hd-Ge for the subse-
quent annealing study, since our results indicated that a
lower temperature anneal is required to complete the conver-
sion to hd-Ge. The Arrhenius dependence shows that the hd-
Ge phase has greater kinetic stability than st12-Ge, allowing
the possibility of low-temperature processing on this phase.
Furthermore, the strong correlations between Si and Ge have
been used to estimate the transition temperature of st12-Si to
dc-Si to be around 525 °C, thus also making it capable of
withstanding low temperature processing. This study thus
clearly demonstrates that exotic phases of Si and Ge are
sufficiently stable to be exploited for future semiconductor
devices.
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