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ABSTRACT

Ton-beam-synthesized "*Ge nanocrystals embedded in an amorphous silica matrix exhibit
large compressive stresses in the as-grown state. The compressive stress is determined
quantitatively by evaluating the Raman line shift referenced to the line position of free-
standing nanocrystals. Post-growth thermal treatments lead to stress reduction. The stress
relief process is shown to be governed by the diffusive flux of matrix atoms away from the
local nanocrystal growth region. A theoretical model that quantitatively describes this

process is presented.

PACS numbers: 81.07.-b; 62.25.+g; 65.80.+n; 6322.+m



Stresses in heteroepitaxial thin films and two-dimensional (2-D) islands have been extensively
studied and remain an active area of research. Fundamental understanding of these stresses has
been used for precise bandgap engineering,' device performance enhancement,” size distribution
control,’ and self-organization of island arrays.* Similarly, significant stresses have been
observed after three-dimensional (3-D) growth of embedded nanocrystals.™® However, stress
generation and relief mechanisms in these 3-D systems are not as well understood. Further
understanding of the role of growth stresses in the physical synthesis of 3-D nanocrystal systems
is critical to realizing their full potential in future technological applications. In this letter, we
report the results of experiments to relieve stress in Ge nanocrystals embedded in silica and
present a theoretical model to describe the evolution of stress relaxation during post-growth
thermal annealing. We show that stress relaxation is governed by a diffusive process and may

therefore be accurately predicted and controlled.

"Ge nanocrystals were formed in a 500 nm thick thermally grown SiO, thin film on a Si
wafer substrate.  Multi-energy implantation, which provides a relatively constant Ge
concentration distribution within the nanocrystal growth region, was performed with ion energies
and doses of 50 keV at 1x10' cm'z, 80 keV at 1.2x10'¢ cm'z, and 120 keV at 2x10'® cm™.
Nanocrystals were grown by annealing in an Ar atmosphere at 900 °C for 1 hour followed by
rapid quenching from the annealing temperature. A cross-sectional transmission electron
micrograph of typical as-grown Ge nanocrystals is presented in Fig. 1. As-grown nanocrystals

have a mean diameter of 5.1 nm and a 3.9 nm size distribution FWHM.

A Raman spectrum from as-grown '‘Ge nanocrystals is shown in Fig. 2(a). Asymmetric
broadening of the Raman line arising from phonon confinement’ is observed. However, instead

of the red shift predicted by the phonon confinement model, the Raman line is blue-shifted



relative to that of the isotopically enriched "Ge single crystal shown in Fig. 2(c). The blue shift
is attributed definitively to external compressive stress by comparing the spectrum of as-grown
"Ge nanocrystals to the spectrum of comparable free-standing Ge nanocrystals obtained by
selective etching of the oxide in a 1:1 49% HF:H,O solution.** Upon removal of the matrix,
compressive stress is relaxed and the nanocrystal Raman line appears at a lower frequency than
the single crystal, consistent with phonon confinement. We note that the use of isotopically pure
nanocrystals and bulk crystal standards increases the precision of these stress measurements.’
No Raman spectral features in the vicinity of 400 cm™, which would indicate Si\Ge, alloying,

are observed for any samples.

To characterize the relaxation process, post-growth annealing was performed for times
ranging from 30 minutes to 48 hours at 600 °C, 700 °C and 800 °C. We will present elsewhere
the results of in situ electron diffraction and Raman spectroscopy experiments which show
conclusively that as-grown Ge nanocrystals embedded in the silica matrix remain solid
throughout the post-annealing process (the annealing temperatures are all below the bulk melting
point of Ge, 937 °C). However, these experiments do not determine whether Ge is solid or

liquid during the 900 °C growth process itself.

Post-growth annealing results in smaller Raman shifts (Fig. 2(b)) that are indicative of
reduced compressive stresses and that approach a constant value at long times. Furthermore, the
stress reduction rate increases with temperature, suggesting that the stress relief mechanism is a
thermally activated process. The viscosity of fused silica, which is orders of magnitude larger
that 10" Pa's to temperatures exceeding 1000 °C,'® is too high to be involved in a mechanism

leading to stress relief.



Raman spectroscopy is used to make accurate and quantitative measurements of the stress
states of embedded nanocrystals because the small total volume of nanocrystalline Ge precludes
direct measurement of the lattice spacing via x-ray diffraction. The magnitude of the observed
compressive stress is determined relative to that of the free-standing crystals using the following
equation for the hydrostatic pressure, P:''

— a)embedded B a)etched (1)
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where @,,,.10.05 @unea » A0 @, are the Raman shifts of stressed nanocrystals embedded in the

SiO, matrix, relaxed nanocrystals after selective removal of the oxide matrix, and the

isotopically enriched "*Ge reference sample, respectively. S; 1s the ij™ element of the elastic

. . . . 11
compliance tensor and y is the mode-Griineisen parameter.

After the most rigorous post-growth annealing treatment at 800 °C for 48 hours, the
nanocrystal size distribution is only slightly changed, as measured using the AFM technique
presented in Ref. 8. The mean nanocrystal diameter increases from 5.1 nm to 5.5 nm and the
FWHM increases from 3.9 nm to 4.4 nm. This is the upper limit to the change of the size
distribution with post-annealing and could result in an underestimate of the magnitude of
pressure relaxation up to 0.14 GPa (within the error bar given in Fig. 3), as calculated by the
phonon confinement model.” For samples annealed for shorter times or at lower temperatures,

coarsening-induced error is considerably lower and below the precision of stress measurement.

This stress measurement method assumes that the surface tension for the air/Ge and SiO,/Ge
interfaces are similar, an assumption supported by the fact that no significant difference is

observed between the Raman line positions of free-standing nanocrystals and stress-relieved



embedded nanocrystals produced by 48 hours of post-annealing at 800 °C. Therefore,
differences in pressure between the embedded and free-standing nanocrystals arising from the
Gibbs-Thomson effect are not resolvable beyond the error of the measurement technique and

may be neglected.

The origin of compressive stresses observed here and in other reports™® for Ge nanocrystals
embedded in SiO, has not been conclusively established. The difference in thermal expansion
coefficients of Ge and silica is of the wrong sign to generate the stresses observed.® It has been
proposed that Ge nucleates and grows in the liquid phase, creating a void within the matrix
equivalent to the Ge droplet size.® Due to the 5% volume expansion of Ge upon solidification,
the matrix void exerts a compressive stress to accommodate the solid nanocrystal after cooling
from the growth temperature. Though this explanation is plausible, further experiments will be

required to determine whether Ge is liquid during the growth process.

We have developed a quantitative model describing the mechanism of thermally induced
stress relaxation that is independent of the stress generation mechanism. An individual

nanocrystal is modeled as an elastically isotropic spherical precipitate of radius R, confined
within a spherical matrix cavity of radius R, in elastically isotropic silica. The nanocrystal
surface is assumed to be in direct contact with the silica at all times. Given these assumptions,
the absolute pressure of the nanocrystals can be calculated in terms of the elastic properties of the
Ge and the silica, and Ge/silica surface tension:

B 12B;, it 50, [ Rge = Rsio, 1+ 3B, 2 Y Go_si0, RS[OZ/RGe
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where g, and B, are the shear modulus of silica and the bulk modulus of Ge, respectively,
and g, 5o, 1s the solid Ge/silica interface energy. The time evolution of the nanocrystal

pressure is governed by the time dependence of the silica cavity radius. Both the silica cavity

radius and the nanocrystal radius are dependent on the temperature.

The pressure within the nanocrystals exceeding the pressure due to the surface tension is

defined as the initial pressure, P,

i - The initial pressure creates a thermodynamic driving force
for the radius of the cavity in the silica to increase.'””> We model this increase in cavity radius as
resulting from the diffusion of matrix atoms away from the Ge/silica interface and into the
interior of the Si0,. Though all the atomistic details of this diffusion process are not available,
we assume that the O diffuses rapidly, and the stress relaxation is mediated by the slower
diffusion of either Si atoms or SiO molecules, referred to as interstitial species, through the
silica. In the limit for which the growth rate of the cavity is slow in comparison to the rate at

which the interstitial concentration profile changes, the equation describing the diffusive process

that relieves the stress on the nanocrystal is given by:

dRSiOZ «T) D A(if eXp(— /%r) 2y Ge-Si0, Qsl'o2
= ex - 3)

dt Ry, (1,T) Foe - R, (T) ) k,T
Here, Ry, (¢,T) is the cavity radius at time ¢ and temperature 7', P, is the absolute
nanocrystal pressure at time ¢ and temperature 7 computed from Eq. (2) using the appropriate
parameters, and Qg, 1is the atomic volume of a silica molecule, 45.3 A’. The diffusion
coefficient that governs cavity expansion is given by D, exp(=E,, /k,T), where E,, includes

the effective energy barrier to matrix interstitial formation and the migration energy, and Dj;, is

the pre-factor of the effective matrix interstitial diffusivity. The time dependent radius computed



from Eq. (3) 1s used to calculate the pressure within the nanocrystals. Finally, R, (7T) is the

equilibrium radius of the Ge nanocrystals at temperature 7, ignoring the effects of surface
tension. Since Raman measurements are performed at room temperature, the predictions of Eq.

(3) are corrected for the relatively small differential thermal expansion of Ge and silica using

bulk values o, =5.5x107K™" and a5, =6.5x10° K"

Equation (3) is fit to the experimental data using three parameters: D),, P, , and E,, . The

initial pressure corresponds to the relative pressure calculated in Eq. (1), due to the negligible
difference between the Ge/air and Ge/Si0O; interface energies. Fig. 3 displays the results of

fitting the data using Eq. (3). The fitting parameters are: P,

init

= 12 GPa, E, =2.6eV,

D;, =2.0x107" e/ . From the plot it is apparent that Eq. (3) describes well the time evolution

of the pressure, lending strong support to the present interpretation. Data points for high
temperature and long time anneals lie slightly above the theoretical model values and may be the

result of some coarsening (Fig. 3), as discussed above.

Self diffusion mechanisms in SiO, have been studied previously. The fastest diffusing
species has been found to be O."7 The slowest diffusing species has been proposed to be either
Si or SiO, depending on the stoichiometry and the presence of nearby Si/SiO, interfaces."* If O
is the fastest in our case, Si-rich material would be left behind in the vicinity of the nanocrystals.
In Si-rich silica Uematsu'* has shown that SiO is the main diffusing species; this may be the
limiting process in pressure relief for our case. The diffusivities obtained in the present work,
which vary from 10%° cm?/s to 10** cm?/s for our range of temperatures, are considerably larger
than those reported in previous studies of diffusion under equilibrium or near-equilibrium

conditions."”” However, our results are in much better agreement with self-diffusion studies



performed under non-equilibrium conditions.'® This suggests that a significant reduction of the
formation energy of the diffusing species may occur in the present case due to implantation
damage, the Si/SiO; interface, stresses within the matrix, or other non-equilibrium conditions

specific to the nanocrystal/matrix system.

In summary, we have demonstrated that stresses generated during the 3-D growth of Ge
nanocrystals in a silica matrix may be precisely controlled by means of post-growth thermal
annealing. The stress relaxation process may be accurately described by modeling the diffusive
flux of matrix atoms away from the nanocrystal growth region. Since semiconductor
nanocrystals are expected to interact strongly with light due to quantum confinement effects,'” it
may be possible to precisely engineer radiative absorption and emission spectra using the stress
model and experimental techniques presented here. These compressive stresses may also be

exploited to achieve self-organization and additional control over nanocrystal size distributions.
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FIGURE CAPTIONS

Fig. 1: Cross-sectional TEM image of ion beam synthesized Ge nanocrystals embedded in

S10..

Fig. 2: Raman data obtained using the 488 nm line of an Ar ion laser operating at 150 mW in a
macroscopic optical setup with 5 cm™ resolution. a) As-grown ~‘Ge nanocrystals embedded in
amorphous SiO, for which the peak is shifted to higher frequency, b) liberated "*Ge nanocrystals,

and ¢) symmetric Raman peak of a highly enriched "*Ge single crystal.

Fig. 3: Pressure in Ge nanocrystals embedded in silica, measured relative to free-standing
nanocrystal samples, as a function of post-growth thermal annealing conditions. Lines are from
the model described by Eq. (3) and are fitted to experimental data with three adjustable
parameters. The initial pressure is relieved completely for samples annealed at 800 °C within a
few hours. Lower annealing temperatures relieve the growth pressure at slower rates. Error bars

are the standard deviation from repeated Raman line position measurements on each sample.
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