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Direct energy gap group IV semiconductor alloys and quantum
dot arrays in Sn,Ge, ./Ge and Sn_Si, /Si alloy systems

Regina Ragan, Kyu S. Min!, Harry A. Atwater *

Thomas J. Watson Laboratory of Applied Physics, California Institute of Technology, MS 128-95, Pasadena, CA 91125, USA

Abstract

The narrow gap semiconductor alloys Sn, Ge, _ . and Sn,Si, _ . offer the possibility for engineering tunable direct energy gap
Group IV semiconductor materials. For pseudomorphic Sn,Ge, _ . alloys grown on Ge (001) by molecular beam epitaxy, an
indirect-to-direct bandgap transition with increasing Sn composition is observed, and the effects of misfit on the bandgap analyzed
in terms of a deformation potential model. Key results are that pseudomorphic strain has only a very slight effect on the energy
gap of Sn, Ge, _ . alloys grown on Ge (001) but for Sn,Ge, _ ., alloys grown on Ge (111) no indirect-to-direct gap transition is
expected. In the Sn, Si, _, system, ultrathin pseudomorphic epitaxially-stabilized o-Sn,Si, _ . alloys are grown on Si (001)
substrates by conventional molecular beam epitaxy. Coherently strained a-Sn quantum dots are formed within a defect-free Si
(001) crystal by phase separation of the thin Sn Si, _ ., layers embedded in Si (001). Phase separation of the thin alloy film, and
subsequent evolution occurs via growth and coarsening of regularly-shaped o-Sn quantum dots that appear as 4—6 nm diameter
tetrakaidecahedra with facets oriented along elastically soft (100) directions. Attenuated total reflectance infrared absorption
measurements indicate an absorption feature due to the a-Sn quantum dot array with onset at ~ 0.3 eV and absorption strength
of 8 x 10> cm ~ !, which are consistent with direct interband transitions. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Energy gap; Semiconductor alloys; Sn quantum dot

Sn, Ge, _, is chemically metastable and substitutional
Sn incorporation becomes increasingly difficult for x >
0.20 [3]. For Sn, Si, _ . alloys, these factors are even
more challenging since the Sn composition at which an
indirect-to-direct gap transition is expected to occur is
much higher. Moreover, the misfit strain is higher, the
tendency for Sn surface segregation is more pro-
nounced and the equilibrium solubility of Sn in Si is
lower than in Ge. However, temperature-modulated
molecular beam epitaxy enables very thin pseudomor-
phic Sn,Si, _, layers to be grown on Si substrates.
Post-growth annealing results in growth of pseudomor-
phic a-Sn quantum dots in Si (001) which evolve via
phase separation.

1. Introduction

Group IV semiconductor alloys containing Sn, such
as Sn,.Ge, _, and Sn, Si; _, hold potential for band-
structure engineering of tunable narrow direct gap
group IV semiconductors with potential applications in
Si-based infrared optoelectronics and thermophoto-
voltaics. Notably, the Sn, Ge, _ , alloy is the only group
IV semiconductor known to exhibit a direct energy
band gap [1]. The alloy effect on E,, I'; of homoge-
neous, relaxed Sn, Ge, _, is found to be 0.35 < £, < 0.8
eV for 0.15 <x <0 [1]. Tight binding calculations [2]
predict the indirect transition to occur at near x = (.22,
while experiments indicate the transition occurs near
x=0.09. The earlier onset of the indirect to direct
energy band gap transition is serendipitous because 2. Sn_Ge, __. film growth and characterization
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grown by molecular beam epitaxy. Several factors com-
plicate alloy growth, the limited bulk solubility of Sn in
Ge, x < 0.005, a large lattice mismatch between Sn and
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Ge, 14.7%, and the lower surface free energy of Sn
versus Ge leading to surface segregation. Molecular
beam epitaxy, a non-equilibrium growth technique,
overcomes the former two difficulties yet Sn surface
segregation is still problematic at typical growth tem-
peratures, 7> 450 °C. To overcome Sn surface segre-
gation, low growth temperatures are necessary. Single
crystal, coherent and homogeneous Sn, Ge, _ , epitaxial
films can be grown on Ge (001) at T< 150 °C [4]. Ge
buffer layers are grown on (001) Ge substrates at
450 °C to obtain a smooth starting surface prior to
Sn,Ge, _, growth. The temperature is then dropped to
the appropriate growth temperature, 7= 120—150 °C.

Reflection high energy electron diffraction (RHEED)
patterns show the Sn Ge, _ . epitaxial layers are single
crystalline with atomically rough surfaces, consistent
with post-growth characterization by high resolution
X-ray diffraction and atomic force microscopy. The
rms surface roughness of 500 x 500 nm regions
Sn, Ge, _, epitaxial layer increases with Sn content, 1.1
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Fig. 1. Rutherford backscattering spectra with 2 MeV He* * for 100
nm Sn,Ge,_,. on Ge(001) films, sample tilted 7° to the beam
direction, for x =0.035,0.06 and 0.115. Dashed lines represent the
leading edge of Sn and Ge.
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Fig. 2. Comparison between theory (solid lines) and experimental
value of the in-plane, e, (squares), and perpendicular strain, e,,
(triangles), for 100 nm coherently-strained Sn, Ge, . films on
Ge(001) with x =0.035, 0.06, and 0.115.

nm for x<0.06 and 1.5 nm for 0.06 <x <0.115.
Rutherford backscattering spectroscopy is used to de-
termine the Sn composition of the Sn Ge, _ , epitaxial
layer. The Sn peaks are of constant height, thus, the
composition is uniform and free of Sn surface segrega-
tion as seen in Fig. 1. Knowing the Sn composition, the
relaxed lattice constant of Sn,Ge, _ . is calculated using
the virtual crystal approximation which has been shown
to be experimentally accurate [1]. The coherency strain
parallel and perpendicular to the substrate surface are
calculated as a function of the relaxed lattice constant.
The angular displacement of the Sn, Ge, _, (004) X-ray
reflection with respect to Ge (004) was measured using
X-ray rocking curve diffractometry. The (004) angular
displacement yields the lattice constant in the growth
direction and an experimental value for the perpendicu-
lar strain e... In order to determine the strain in the
plane of the substrate, a (422) asymmetric reflection is
measured from which the in-plane strain e, is deter-
mined. The experimental values of the strain compo-
nents are consistent with the strain expected in the
virtual crystal approximation at the compositions mea-
sured by Rutherford backscattering spectrometry. Thus
high-resolution X-ray rocking curve diffractometry of
Sn, Ge, _, alloys with 0.035 < x < 0.115 and film thick-
ness of 100 nm confirms that epitaxial layers are coher-
ent to the Ge (001) substrate Fig. 2. Fourier transform
infrared (FTIR) transmission measurements in reflec-
tance and transmittance mode yield information re-
garding the dielectric function of Sn, Ge, _ .. Infrared
reflectance is found to increase with Xg,, indicating the
refractive index increases with Xg,, as seen in Fig. 3a.
The decrease of the energy gap E, with increasing X, is
evident in the infrared transmittance data in Fig. 3b,
which indicate an absorption onset occurring at lower
photon energy below 5500 cm ~! for higher Xig,,.

3. Deformation potentional analysis of energy gap for
strained Sn, Ge, _ . alloys

Deformation potential theory [5] can be used to
estimate the strain-induced shifts in energy band ex-
trema for non-polar semiconductors such as Si and Ge
[6]. The effect of strain on the bandgap of Sn.Ge, _ .
alloys is examined using a Hamiltonian derived from
crystal symmetry: [7]

He=HS + D§(e.. +e,, +e..), (1a)
Hy=Hy+DY(e. . +e, +e..)

+2/3 D J(J>—1/3 J)e,, +c.p.]

+2/3D[1)2(J, J.+J. J,)e,.+cpl (1b)

where H§*V is the Hamiltonian in the absence of strain,
D§V are the conduction (valence) band deformation
potential constants, J is the hole angular momentum,
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Fig. 3. FTIR spectra of 100 nm Sn, Ge, . alloys on: (a) n-type
Ge(001) taken at 50° for x =0.05 and 0.08 in reflectance mode; and

(b) p-type Ge(001) at normal incidence for x = 0.035, 0.06, and 0.115
in transmittance mode.
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Fig. 4. Uniaxial deformation of the Ey ,, and Ey ;. The lines repre-
sent strain axis along [001] and the symbols [111].

and D (D) is the deformation potential constant associ-
ated with distortions along [001] ([111]). The components
of the strain tensor, e;, are different for strain oriented
along [001] from those with strain oriented along [111].
Due to the large lattice mismatch between Sn, Ge, _ . and
Ge, the spin-orbit interaction must be included in the
Hamiltonian to accurately characterize the energy band
deformation. The strain/spin-orbit Hamiltonian is a
6 x 6 matrix in the (J, M;) representation Eq. (5)[8]. As
can be seen from the Hamiltonian, no mixing occurs for
states with different values of M,, thus, M, remains a
good quantum number. The energy eigenvalues Eq. (6),
obtained from diagonalizing the Hamiltonian, are
uniquely represented in the (J, M;) representation.

H=H + He =
M,=32 12 —12 =32 12 —1)2

e 0 0 0 0
0 — 0 —2/¢ 0
0 0 —e 0 0 —2Je
2
0 0 0 & 0 0
0 -2/ 0 0 —4
0 0 —=2/¢ 0 0 — 4
Ev(3/2, £3/2) = &(x), (3a)

Ev(3/2, £1/2) = —1/2[e(x) + A(x)]

+ 1/2[9e%(x) + A*(x) — 2e(x)A(x)]'?,
(3b)

Ev(3/2, £1/2) = —1/2[e(x) + A(x)]

— 1/2[9e%(x) + A*(x) — 2e(x)A(x)]'?,
(3¢)

where A is the spin-orbit splitting, linearly interpolated
from pure Sn and Ge and

8(X) = 2/3 Du[ezz(x) - exx(x)]
for strain axis along [001], (4a)
&(x)=1/3 D}, for strain axis along [111]. (4b)

Since the deformation potential constants for pure Sn are
unknown, the deformation potential constants of pure
Ge are used to model strain effects on Sn,Ge, _, alloy
bandstructure. This is a reasonable approximation due
to the low Sn content in the region of interest. The values
of the deformation potential constants used in the
valence band calculation are: D, =3.81 +0.25 ¢V and
D, =8.1440.5 eV [9]. In the presence of strain, the
four-fold degeneracy of the valence band is lifted; the
heavy hole valence band, E,(3/2, + 3/2), increases in
energy while the light hole, E,(3/2, + 1/2), valence band
decreases, as shown in Fig. 4. Thus, the valence band
deformation gives rise to a decrease in E,. AEy, ;,is larger
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when the strain axis is along [001]. The conduction band
energy shift for a valley in the k* direction is given by [10]:

AEQD =[Eql + B, {4 4;}]+c, )

—
(=)

where E,, E, are the dilation and uniaxial deformation
potential constants, 1 is the unit tensor, a, is the unit
vector in the direction of the conduction band valley, e
is the strain tensor and * denotes an inner product. The
mean energy shift of the conduction band extrema is [10]:

AEQ = <Ed + % Eu> Txé. (6)
Thus, the uniaxial component of the conduction band
deformation is then calculated by subtracting Eq. (6)
from Eq. (5). Due to the symmetry of the eight (111)
conduction band valleys around the [001] direction, the
uniaxial splitting of the conduction band is zero. The
symmetry is broken when the strain axis is along [111]
and the uniaxial splitting is given by:
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Fig. 5. Uniaxial splitting of conduction band at L, due to strain along
[111].
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Fig. 6. Hydrostatic component of AE, represented by squares for
strain along [111] and a line for strain along [001].

AE® — AE© = 2%, e,,
, 2
AEQ —AEQ = —E, e,

kO = (111), (111), (7a)

kO = (T11), (1T1), (117), (TT1), (I11), ATD).  (7b)

The six conduction band valleys off the strain axis
decrease in energy giving rise to a large decrease in E,
at Lg, 150 meV for x =0.10, as indicated in Fig. 5. The
values used for the deformation potential constants are
E2,=17.04+0.6 and E;= —10.88 +£0.47 eV [11]. The
energy band gap shift arising from dilations is expressed
by:

<Ed + % Eo— y)T*e', ®)
where 7 is the deformation potential constant associated
with uniform shifts of the valence band due to dilations.
Dilations, AV/V, associated with Sn,Ge, _, on Ge are
negative. The sum of the three deformation potential
constants in (11) is also negative, — 2.9 eV; [12] thus,
hydrostatic pressure increases the Sn, Ge, _ . bandgap, as
illustrated in Fig. 6.

For epitaxial coherent Sn,Ge,_, on Ge(001), the
increase in Ey ;, decreases E, and hydrostatic component
increases E, by a comparable amount. Thus, strain does
not dramatically change E, when the stress axis is along
[001], — 16 meV at x=0.10. Since I'’; and L, shift
uniformly, the indirect to direct energy transition occurs
near x = 0.09 as in the relaxed Sn, Ge, _ , alloy. Alterna-
tively, when the strain axis is along [111], L, decreases
due to the uniaxial component while I, increases due to
the hydrostatic component. For Xg, =0.10, L lies 150
meV below [I';. Hence, in the composition range of
interest, x < 0.20, an indirect to direct energy bandgap
transition does not occur for coherent Sn Ge,_, on
Ge(111), as indicated in Fig. 7. Comparison between
theoretical and experimental values is made in Fig. 8§,
which displays the experimental value of E, determined
from the onset of absorption («=10° cm~') in FTIR
transmittance measurements versus the value of E,
predicted by deformation potential theory. The agree-
ment between the experiment and deformation potential
theory is good.

4. Sn_Si, _ . heterostructure growth and o-Sn quantum dot
formation

In the Sn—Si system, epitaxially-stabilized metastable
o-Sn,Si, _ , alloys can be grown on Si (001) by temper-
ature-modulated molecular beam epitaxy [13]. Alloy
decomposition during post-growth thermal annealing of
thin Sn Si; _ . alloys grown on Si (001) can initially
proceed via phase separation during deposition or in a
buried epitaxial layer during subsequent isothermal an-
nealing. Confinement in a buried epitaxial layer stabilizes
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for Sn,Ge; _, on Ge(001). The deformation potential theory is
represented by a solid line.

the a-Sn cubic phase, whereas an equivalent size and
density of Sn islands on the surface of (001) Si exhibits
the B-Sn tetragonal phase. At the late stages of phase
separation a-Sn dots grow by a coarsening mechanism
with particle growth kinetics that exhibit a sub-linear
power law dependence on annealing time.

Our interest in Sn quantum dots in Si is motivated by
the potential for synthesis of a Si-based direct bandgap
semiconductor [14]. Although quantum confinement ef-
fects are clearly observed [15,16], Ge and SiGe quan-
tum dots are indirect band gap semiconductors. In bulk
form, diamond cubic a-Sn is a direct zero band gap
semiconductor, and quantum confinement is antici-
pated to increase the band gap at the I’ point of the
Brillouin zone. As noted above, direct interband transi-
tions have been seen in the related bulk Sn, Ge,_ .

system [1]. Relative to growth of chemically stable
alloys, growth of Sn,.Si; _ is more difficult. Difficulty
arises from a large lattice mismatch between o-Sn and
Si (19.5%), extremely low solid solubility of Sn in
crystalline Si (~35 x 10" ecm—3) [17], and severe Sn
segregation to the surface during growth at ordinary Si
epitaxy temperatures (7> ~ 400 °C). As a result, the
usual strain-driven Stranski—Krastonow growth mode
[18], which is the growth mode of Ge quantum dots on
Si, cannot be achieved. These difficulties can be over-
come by epitaxial growth of ultrathin alloy layers on Si
at low temperatures, and subsequently annealing to
form quantum dots by phase separation. All samples
were grown by molecular beam epitaxy. An electron
beam evaporation source and an effusion cell was used
for Si and Sn deposition, respectively. Just prior to
growth of the Si buffer layer, the Si (001) substrates
were heated to 550 °C to obtain a clean (2 x 1) recon-
structed surface. For all samples, Si buffer layers were
grown at 550 °C at 0.05 nm s~ ! to obtain a smooth Si
surface prior to deposition of the Sn,Si, _ | layers. After
the buffer layer deposition, the growth was interrupted
to cool the substrate to 170 °C prior to Sn,Si; _, alloy
layer deposition. The deposited Sn,Si, _, alloy layers
were 1-4 nm in thickness and 5-20% Sn in composi-
tion and the deposition rate was 4—5 ml min ~!. Subse-
quently, in order to cap the alloy layer with minimal Sn
segregation to the surface, 14 nm of Si overlayer was
grown at 170 °C at a growth rate of 0.03 nm s~ '. The
details of the growth process can be found elsewhere
[13]. The samples were subsequently annealed in high
vacuum at temperatures ranging from 500 to 800 °C,
and the structural evolution was studied using transmis-
sion electron microscopy (TEM), X-ray reflectivity
rocking curve analysis and Rutherford backscattering
spectrometry. Fig. 9a shows a cross sectional bright
field image of an as-grown film at 170 °C with an
embedded 2 nm Sng (5Si, o5 alloy layer. The continuous
dark band indicates the buried Sn,(sSij 45 alloy layer.
Fig. 9b shows the film in Fig. 9a annealed in vacuum at
800 °C for 30 min. A high resolution image of a single
Sn dot is shown in Fig. 9¢ in which the lattice fringes
between the Si matrix and the Sn dot are seen to be
continuous. The precipitation of Sn-rich quantum dots
is clearly observed. We note that in cross-section, TEM
provides an atomic column-averaged image over the
electron transparent sample of about 100 nm in thick-
ness. Therefore, the cross-sectional image shows some
overlapping dots. More insight into the morphological
evolution can be obtained from plan-view electron mi-
croscopy studies. Fig. 10a—c are plan view electron
micrographs of a Sny,Siy, alloy as-deposited at
170 °C, a film annealed at 500 °C for 3 h and a film
annealed at 800 °C for 30 min, respectively. It should
be noted that all images are bright field images taken
away from strongly diffracting conditions. This was
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done to reduce strain contrast in order to minimize
error in the subsequent size analysis. Therefore, the
resulting contrast results mainly from compositional
differences. One clearly sees that the as-grown alloy
layer shown in Fig. 10a has already started to phase
separate into Sn-rich (dark) and Sn-deficient (light)
regions. The inset shows a grey level intensity line scan
through the section A-A. The intensity varies gradually
in a continuous fashion as the diffuse boundary be-
tween the Sn-rich and -deficient regions is crossed. Fig.
10b shows that after the film is annealed at 500 °C for

L
LB R P

3 h, the gradual variation in concentration has been
significantly reduced, indicating further phase separa-
tion by bulk atomic transport to produce the ~ 1 nm
clusters that are observed. As a result, the line scan of
the intensity across B-B shows that there is a sharp
drop in intensity as the cluster/matrix boundary is
crossed, in addition to a gradually varying background
contrast. A sharp change in composition across the
boundary is a key feature of nucleation. When the film
is annealed at 800 °C for 30 min, the gradual variation
in contrast disappears, as is evident in Fig. 10c. As can

Rl R
JO.‘...,.- L A
. -

Fig. 9. {(110) axis cross-sectional transmission electron micrographs of 2 nm Sn, (5Sij o5 capped with 14 nm Si. Bright-field images of the: (a)
as-grown film at 170 °C; and (b) after annealing in vacuum at 800 °C for 30 min. In (c), high resolution image along {110} of one Sn dot in Si
formed by decomposition of a 2 nm Sny ;,Si, oo film capped with 14 nm Si.
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Fig. 10. Planar-view transmission electron micrographs of 2 nm
Sng 10Siy 00 capped with 14 nm Si. Bright-field transmission electron
micrographs of: (a) the as-grown film at 170 °C; (b) the film annealed
at 500 °C for 3 h; and (c) the film annealed at 800 °C for 30 min.
The insets show intensity line-scans across A—A, B-B, and C-C,
respectively. The images were taken away from strongly diffracting
conditions to minimize error in dot size analysis. The contrast,
therefore, comes mainly from Sn compositional differences between
different regions.

be seen by the line scan C-C, there are only sharp
contrast variations across the mnanocrystal/matrix
boundaries, and gradual variation in contrast has dis-
appeared altogether. One also clearly sees that the
average size of the nanocrystals has clearly increased.
Another notable feature in Fig. 10c is that all nanocrys-
tals appear faceted along the same crystallographic
axis. The images indicate faceting along the {100)
directions, the elastically soft directions in Si. Analysis
of the integrated dot volume/area from images such as

Fig. 10c, coupled with total Sn atom coverage/area
measurements by Rutherford backscattering spectrome-
try enables an estimate of the dot composition as being
pure Sn, within a composition uncertainty of approxi-
mately 15%.

Infrared absorption spectra were taken of the o-Sn
quantum dots in the attenuated total reflectance geome-
try, in which the angle of incidence of infrared radia-
tion reflecting from the faces of a prism-shaped crystal
of high refractive index such as Si can exceed the
critical angle 0. for total internal reflection. Multiple
passes can be made with a single crystal and the
number of passes N scales directly with the length of
the crystal [, given by N =1/t cot§, where ¢ is the
crystal thickness and 6 is the angle of incidence. The
schematic geometry of the total internal reflection mode
is shown in Fig. 1la. The absorption measurements
were made using a Fourier transform infrared spec-
trometer equipped with a Ge-coated KBr beamsplitter
and liquid nitrogen-cooled InSb detector. All samples
were polished into trapezoids, with a bevel angle of 45°.
The thickness of the samples was 450-500 um. The
tip-to-tip length / of the crystals was 25 mm, and the
corresponding number of passes were N = 50-55 for
normal incidence on the face of the beveled edge. A
float zone Si (100) substrate taken from the same wafer
lot as those used as substrates for the a-Sn quantum
dot samples was polished into a trapezoid and used as
a reference sample for background correction. The
phase-separated Sn-rich Sn,Si, _ . quantum dots were
near the surface of the shorter face of the trapezoid, as
indicated in Fig. 11a. The as-grown 2 nm Sn, ,Si 9¢/Si
films were polished into trapezoids and spectra were
taken before and after annealing in vacuum at 800 °C
for 30 min. No observable surface roughening resulted
from annealing, so the absorption features are not a
result of scattered radiation from roughened surfaces.

Fig. 11b indicates the absorption coefficient before
and after annealing at 800 °C for 30 min. The o-Sn dot
sample absorbance was normalized to the absorbance
of a Si substrate of the same prism. The spectra have
been translated so that the minimum value of ab-
sorbance around 2200 cm~' has been taken as the
baseline value of zero. Taking the optical thickness of
the encapsulated alloy layer containing quantum dots
to be that of the original thickness of 2 nm, and taking
the number of bounces determined from the geometry
enables an estimate of the absorption coefficient to be
made. The spectra exhibit a broad absorption feature
starting at about 0.27 eV (2250 cm —!) that increases in
intensity by a factor of two upon annealing. The energy
of 0.27 eV does not correspond to any known intra-
band or interband transition with high joint density of
states in bulk a-Sn, suggesting that the absorption edge
is that of quantum-confined carrier absorption in an
array of a-Sn quantum dots in which the variation in
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dot size has inhomogenecously broadened the absorp-
tion edge. It is noteworthy that the relatively high
values (> 35 x 10° cm ~2) of absorption coefficient ob-
served are consistent with the absorption due to direct
interband transitions.

After the early stage clustering via spinodal decom-
position and subsequent nucleation, the late stage
growth of regularly shaped nanocrystals takes place via
coarsening upon annealing at elevated temperatures.
For mass-conservative systems, coarsening is most
readily recognized when the time evolution of growth
kinetics is characterized by an increase in the average
dot size and a decrease in the dot density [19]. Fig. 12a
shows the isothermal evolution of dot size at a fixed
temperature of 650 °C, expressed in terms of the aver-
age nanocrystal dimension <{r). The parameter r is the
square root of the area of the nanocrystal measured
from planar view transmission electron micrographs. So
{r>* is a dimension parameter proportional to the
average volume of the nanocrystals. One sees that there
is a transient period where the average size increases
rapidly in a short time. This transient period can be
attributed to the nucleation and growth regime between
the initial spinodal decomposition regime and the late-
stage coarsening regime where the matrix is being de-
pleted. Subsequently, the volume increases roughly
linearly with time. The solid line is a linear fit. It is
noteworthy that the growth of critical clusters follows a
sublinear power law. Fig. 12b shows the size distribu-
tion after annealing at 650 °C for 2 h. The shape of the
distribution does not change significantly with time.
The isothermal evolution of the dot density exhibits a
behavior correlated with size; after a transient period
where the density drops off rapidly, the density de-
creases monotonically.

1.0x1 04 T T T T T T T T T T T
Quantum Dots € soxi0*l o . 4
Incident Reflected o Annealed at 800°C, 30 min.
Radiation Radiation 4=
) 3| ]
YT A Y 8 6.0x10
- 2nm Sn Si,
2 4.0x10° - As-grown .
%
S I
0>6,, [e)
2 2.0x10°F ‘ 1
< i
0.0 N PR T L

Late stage growth can be described by coarsening
(Ostwald ripening) models when clusters larger than the
average size grow at the expense of smaller ones. The
driving force is the imbalance of the concentration of
atoms between the equilibrium concentration of Sn at
the nanocrystal/matrix interface and the Sn concentra-
tion in the matrix far removed from the nanocrystal.
The cube of the critical radius increasing linearly with
time is expected to occur, provided that strain does not
play a significant role in mass transfer, for diffusion-
limited growth of three-dimensional islands and for
interface transfer-limited growth of two-dimensional
islands [19]. A more complete model, however, should
take into account of the effect of strain. The two
late-stage trends, namely increasing average nanocrystal
size and decreasing nanocrystal density with time, indi-
cate that the dot grows by a coarsening mechanism.

The presence of facets along the elastically soft <100
directions, as seen in Fig. 10, is not unexpected, in light
of the presence of a large misfit strain, since the interfa-
cial stress can be most efficiently relieved along such
directions. In planar view, many nanocrystals look
almost square-shaped. In the corresponding cross-sec-
tional image along the [110] direction in Fig. 9, how-
ever, the nanocrystals almost look spherical, and the
presence of facets is not obvious. This is not inconsis-
tent with what one would observe, however, if the
shape of the nanocrystals is similar to that of the
equilibrium shape of Si, which has been demonstrated
to be a tetrakaidecahedron from the equilibrium shape
of voids in Si [20]. The equilibrium shape of Si is
composed mainly of {111} and {100} facets. Along
{110} axis cross section, the nanocrystal then would
resemble an octagon, and along <{100) planar view the

Wavelength (um)
55 50 45 40 35 30

020 025 030 035 040 045 0.50
Energy (eV)

Fig. 11. Multiple internal reflectance Fourier transform infrared spectroscopy (MIR-FTIR) measurements of absorption coefficient of 2 nm
Sny 1651, o9 capped with 14 nm Si. Shown are schematic of sample configuration at left and at right, data for as-grown film at 170 °C and film

annealed at 800 °C for 30 min.
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Fig. 12. Coarsening kinetics for a-Sn dots during thermal annealing
at 7= 650 °C. In (a), variation of dot volume with time; and (b) dot
size distributions derived from plan-view transmission electron mi-
Croscopy.

nanocrystal would resemble a square. If some facets
are slightly rounded, as observed in [20], the observed
shape of Sn, Si, _, nanocrystals would be consistent
with the equilibrium shape of Si.

5. Conclusions

Sn, Ge, _, alloys are a unique example of band-
structure engineering of a direct gap group IV semi-
conductor alloy. Deformation potential models have
been used to determine the effect of strain on E, for
two cases: Sn,Ge,_, on Ge(111) and Sn Ge,_, on
Ge(001). The model predicts a large uniaxial splitting
at L and the absence of an indirect to direct energy
bandgap transition in the composition range of inter-
est, x <0.30, for Sn,Ge, . alloys on Ge(111) sub-
strates. Experimental results of E, for strain-relieved
and pseudomorphically strained Sn.Ge,_, on
Ge(001) are consistent with the small decrease in E,
with strain that is predicted by deformation potential
theory.

We have also observed formation of coherently
strained Sn,Si, _, quantum dots inside Si matrix by
two-dimensional phase separation from an epitaxally
stabilized Sn, Si, _ . metastable solid solution. Trans-
mission electron microscopy studies reveal that the
phase separation initially proceeds by spinodal de-
composition and subsequent thermal annealing results
in the nucleation of regularly shaped Sn-rich Sn, Si; _
x quantum dots. The nucleated dots grow by a coars-
ening mechanism. Cross-sectional high-resolution
transmission electron microscopy reveals that the dots
are completely coherent with the Si matrix and that
the shape of the nanocrystals resembles that of the
equilibrium shape of Si, namely tetrakaidecahedron
dominated by {100} and {111} facets.
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