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Abstract. We repod pressure-dependent optical studies for different sized CdS,Ser-, 
nanocrystals embedded in a glass matrix. The increase in the phase stability in going from 
wundte to rock salt structure is reversible and size dependent. Different possible sources such 
as strain from defects, s e m i c o n d u c t o r - t o - g s - ~ ~ x  thermal expansion mismatch, increase in 
the electronic energy due to confinement, and surface tension which may cause this effect are 
discussed. Results indicate that surface tension is the major contribution and a simple model 
is developed that produces estimates of the sire distribution and difference between the surface 
tensions of the two phases. 

1. Introduction 

Numerous studies have established the occurrence of changes in the thermodynamic 
properties of 11-VI semiconductor nanocrystals such as the reduction of the melting 
temperature [1,2] or an increase in the structural phase transition pressure point 13-91, 
This is a novel phenomenon: the stability of nanocrystals can be controlled by an external 
parameter such as the size. Tolberi et al [3,4] conducted a series of studies on nearly 
monodisperse CdSe nanocrystals in a colloidal suspension and confirmed a size dependence 
which was attributed to surface tension. However, similar size dependence studies have not 
been performed on nanocrystals embedded in a solid glass matrix, which is a composite 
that has promising potential for technical applications [IO]. Diffusion-grown nanocrystals 
in a glass matrix pose, in many ways, a different problem with respect to phase stability. 
Strains, a broad size distribution, and a low concentration of the nanocrystals complicate 
the picture. 

It is the goal of this paper to examine these effects in more detail. Also, the question of 
whether strains originating from defects are important is directly approached by artificially 
inducing defects in nanocrystals by bombarding the samples with electrons. A very 
simplified model is applied resulting in a two-parameter fitting function where one of the 
parameters is the extent of the size distribution, which is a very difficult value to obtain 
otherwise. 

2. Experiment 

As samples we used Schott filters RG630 and OG570. These filters are composite materials 
based on a borosilicate glass containing CdS,Sel-x crystallites. Their compositions were 
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determined through the relative shift between the S-like and Se-like peak positions in the 
Raman spectra [ I l l ,  and their sizes by TEM 1121 or x- ray diffraction through the Debye- 
Scherrer broadening. The composition of RG630 and samples grown from its melt [ 121 
is CdS0,MSe0,56 and their sizes are given in the legend of figure 3. Unfortunately, the 
average size of the nanocrystals in sample C2 could not be resolved by our TEM set-up; 
nevertheless, according to the blue shift in its optical spectrum, its average size must be 
distinctively smaller than the average size of the nanocrystals in all other samples. A very 
rough estimate using the blue shift would set the size near 2 nm. The composition of OG570 
is CdSo,+%., and its average size is approximately 7 nm. 

For the pressure measurements the samples were polished down to about 40-80 p m  
thickness and then loaded into a diamond anvil pressure cell, which is described in detail 
elsewhere [7]. A 4:1 methanol+thanol mixture served as a pressure medium. The pressures 
were measured with the standard ruby fluorescence technique. The shape of the ruby lines 
and their spacing did not alter. indicating that hydrostatic pressure was well maintained 
throughout all our experiments. 

All optical experiments were carried out at 135" scattering geometry at room temperature 
unless otherwise noted. This set-up has the advantage of a higher collection efficiency and a 
better signal-to-noise ratio compared to the 180" backward-scattering geometry. In addition 
we had the option of defocusing the incoming light, if necessary, to keep the power densities 
low. 

Depending on the sample used, the 357.9 nm, 488.0 nm, or 514.5 nm lines of the 
Ar+ laser were applied. The photoluminescence spectra were recorded with a Spex double 
monochromator with slits set to a resolution of about 2 cm-I. A cooled RCA 31034A 
photomultiplier served as a detector from which the counts were stored in a computer for 
further processing. 

The samples that were irradiated before the optical experiments were bombarded 
with 10 MeV electrons to induce defects. While water cooled, they were irradiated for 
approximately two hours at a current of 120 pA. 

3. Results and discussion 

A typical photoluminescence spectra of sample C6 grown from the melt of RG630 is shown 
in figure 1. The strong band-edge luminescence peaks in the energy range of 2.0-2.2 eV 
are clearly visible at pressures far beyond the bulk structural phase transition pressure point 
(-30 kbar at room temperature). In CdS the high-pressure rock salt phase has an indirect 
band gap of about 1.5 eV and a similar reduction is also expected for CdSe; thus, the 
band-edge luminescence at high pressures clearly indicates that nanocrystals remain in the 
low-pressure wurtzite structure. This experimental observation is further supported by the 
Raman spectra: Raman lines typical for the wurtzite structure persist up to the same high 
pressures. However, for quantitative estimates, the Raman lines are difficult to interpret since 
they are also subject to resonance effects [13]. Also, at high pressures, broad featureless 
peaks of a deep-level defect are visible. At room temperature they are not easy to make 
out but nevertheless are present and are more distinct at liquid nitrogen temperatures (see 
subsection 2, figure 4). 

In figure 2 the energy positions of the band-edge and deep-level defect peaks for C6 are 
plotted as a function of pressure. The different energy shift of the deep-level defect with 
respect to the band edge indicates that the defect is situated closer to the conduction band 
edge than the valence band edge. 

The filled symbols in figure 2 represent measurements returning from high pressure. 
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Figure 1. Typical photoluminescence spectra of sample C6 at different pressures at room 
temperare. The spike around around 2.25 eV is due~to the diamond anvils and the emerging 
peak aI around 2.05 eV is from fhe pressure-uansmilting medium. The gap is where fhhe strong 
ruby lines were bypassed. Note the emergence of a broad deeplevel defect at high pressures. 

1.6 
0 10 20 30 40 50 60 

Pressure (kbar) 
Figure 2. The pressure dependence of the energy positions of the band-edge and defect 
luminescence peaks of C6. The open squares are the p e a s  from the pressure medium. Open 
figures represent increasing pressure and filled figures decreasing Q ~ . Z S S U ~ ~ .  

There is no hysteresis or shifts in position from the initial atmospheric pressure point. 
Neither was any significant hysteresis or shifts in the Raman spectra detected, in contrast to 
30 nm crystallites [14] and the bulk material [151. When bulk material is cycled through a 
phase transition, it breaks up into many small crystallites which in turn cause local strains; 
hence the changes. Venkateswaren etal [ 161 observed that bulk GaAs and AlAs films break 
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up into 6.5 and 17.5 pm sized crystallites with corresponding shifts in the R m a n  spectra 
after cycling through a high-pressure phase. Assuming that similar critical sizes exist for 
our composites, the results here indicate that the crystallites apparently do not break up into 
smaller pieces. 
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Figure 3. The phae  stabiliry for nmocrystals of different average sizes. The luminescence 
inrensities were normalized Io rhe average intensities below 30 kbar. Open figures were 
considered as outliers. The lines are only guides for the eye, to enable the observer lo appreciate 
the change in phase stability. 

The relative intensities of the band-edge luminescence for nanocrystds of four different 
average sizes are given in figure 3. In order to compare the different samples, the intensities 
were normalized to the average intensity of measurements that were taken below the bulk 
phase transition pressure point. Even though the scatter of data is large, an increased phase 
stability with decreasing size is observable. A number of effects may account for this 
phenomenon. The most important are: effects from the glass matrix, strains from defects, 
changes in the electronic energy due to confinement, and surface tension. Each of these 
effects are discussed and evaluated separately below. 

3.1. Effectsfrom the glass matrix 

Two principal arguments may be brought up here: firstly, that the nanocrystals are not fully 
exposed to the pressure since part of it is taken up by the glass matrix and, secondly, that 
strain may be present due to the thermal mismatch between the CdS,Sel-, and the glass. 

In answer to the first problem, it can be shown [17] that glasses at high pressures behave 
as an elastic medium and transmit the pressure within a fraction of the time that is taken to 
measure the external pressures in the diamond anvil cell. Also, high-pressure phase stability 
is observed in colloidal nanocrystals where no glass matrix is present [7, 181. 
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The strain caused by thermal mismatch is very small. The glass contracts faster than 
the nanocrystals while cooling down from the growing temperature (z900 K), which results 
in a positive pressure. Taking typical values of 1.07 x lo-’ K-’ and 40 GPa for the linear 
thermal expansion coefficient and bulk modulus for glass and the polynomial coefficients 
for the thermal expansion for CdS [ 191. an estimate produces at most a few kilobars and 
may be neglected in a first approximation. 

3.2. Strainfrom defects 

Defects are disorders in the crystal structure causing some local rearrangement of the 
neighbouring atoms and may therefore induce strain. Luminescence spectra (figures 1 and 
4) indicate that at least radiative defects are present [ZO]. Intuitively, one may then expect 
that the induced strain must first be overcome in the structural phase transition and, as a 
consequence, the transition pressure should rise. 

1.4 1.6 1.8 2.0 2.2 2.4 2.6 
Energy (eV) 

Figure 4. The uncorrected (for specval response of detection system) luminescence spectra of 
treated samples ofOG570 at liquid Nz temperatures. A is before and B after electron irradiation. 

An effective way to test this idea experimentally is to change the defect concentration 
in the nanocrystals by irradiating them with energetic electrons. Figure 4 shows the 
photoluminescence spectra before (A) and after (B) electron bombardment for CdSo.7Seo.J 
nanocrystals (sample OG570). Not only a change in the ratio of defect to band-edge 
peak intensities occurred, but also the absolute intensities of the defects increased strongly 
suggesting that there are more radiative defects in the irradiated samples than in the original 
samples. Even taking the spectral response of the detection system into account does not 
alter this observation. However, these changes had no large-scale effect on the phase 
stability as figure 5 illustrates. 

The fact that defects are unlikely to be important in the phase stability arises from 
the fact that this phase transition is reconstructive (i.e. bonds are broken), requiring a lot 
of energy as the following numerical example will demonstrate. Since the bulk modulus 
for CdS is 60.7 GPa and its first pressure derivative 0.42, the Murnighan equation [Zl], 
which relates the volume to the pressure, may be linearized; thus the change in the Gibbs 
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Figure 5. Photoluminescence inrensities as a function of pressure of samples A and B of OG570. 
The open circles represent A and the filled circles B, Again, the line is a guide for the eye, 

free energy AG can be readily computed from - J  P d V  and is about 2 kJ mol-'. For 
nanocrystals of a radius of 4 nm this is equivalent to an energy of about 108 eV. Under 
similar approximations used for the lattice energy of 111-V semiconductors in the studies of 
Singh and Singh [221, A G ( P )  may be, as a first approximation, linearized since the changes 
in the interatomic distances are small. In other words, an increase of 20 kbar in the phase 
transition pressure point corresponds to an energy change of about 72 eV. Because of  the 
small number of Cd-S atom pairs in the nanocrystal in this example, a few defects inside 
the crystal would already constitute a high defect concentration; consequently, each defect 
would have to account for a much too large an energy. 

3.3, Confinement 

Due to the small sizes of the crystallites, the conduction and valence bands transform into 
a series of discrete states. This results in an increase of the electronic energy and is also 
observed optically as a blue shift. Since at the phase transition point the volume of the 
crystallites collapses by about 20%, this quantum confinement effect will be further enhanced 
and, in principle, if the energy increase is large enough, the phase transition pressure point 
could be shifted to higher pressures. 

In the case of very strong confinement, where the leading term of the asymptotic formula 
of the confinement energy [23] is good enough for a rough estimate, the change in electronic 
energy is 

where R is the radius of the nanwrystal, @ the effective reduced mass, and f = 0.86 
taking the volume collapse into account. Applying typical numbers for CdS or CdSe to 
equation (1) produces, even for small radii, energy changes that are far too small. As a 
consequence, to produce the desired change in the phase stability, carrier densities rather 
typical of metals are necessary. 
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3.4. Surface tension 

Crystallites in the nanosize regime have a large number of atoms within the surface area. 
Consequently, the surface energy must contribute substantially to the total energy of the 
crystallite. Since in solids the temperature dependence of the surface tension is very small, 
the surface tension is nearly equal to the surface energy and therefore this will be used 
below. 

If the surface tension in the rock salt phase is larger than that in the wurtzite phase, an 
additional energy must be overcome in the phase transition resulting in an increase in the 
phase transition pressure point. Intuitively, higher surface tension in the rock salt phase is 
plausible since the rock salt structure has a higher coordination number than the wurtzite 
structure. Therefore, a surface atom in the rock salt phase maintains, on average, more 
bonds, i.e. it will have a stronger inward attraction or potential energy. 

Using the same justification as in subsection 3.2, the difference in the Gibbs free energy 
AG is linearized in pressure. Including the surface tension y,, AG at temperature T = 0 is 

AG = a(P0 - P )  + 4irR$( f ' y R  - yw). (2) 
The subscripts R and W stand for rock salt and wurtzite, Ri for the radii of the nanoparticles 
and f' = Ri/R$.  The condition for phase transition is AG = 0. The normalized 
enhancement of the phase transition then reads 

where PO is the bulk phase transition pressure point and a0 is 'a' normalized to the particle 
volume. Ro is the average particle radius and was introduced for convenience to keep Cs 
and parameters A and B below unitless. Assuming a Gaussian size distribution, the relative 
number of particles resisting a phase transition is 

and assuming that the relative luminescence intensity is proportional to the number of 
particles in the wurtzite phase, equation (4) becomes 

log - =log - 1+er f  - - B (3 r:[ (;4. >I1 
where x = AP/Po. A = CsB, and B = Ro/(l/zu). From fitting this two-parameter 
function one obtains the dispersion of the size distribution and Ay' (= f yR - yw). An 
example of such a fit is given in figure 6. The r z  and F values are 0.92 and 68. The 
parameters of the fits for all four samples are given in table 1. 

The fits are not very good which may be in part blamed on the large uncertainty, scatter, 
small number of data points, and simplicity of the model. Nevertheless, the numbers in 
table I are encouraging and indicate that surface tension is in fact the dominant factor in 
the phase stability of nanocrystals embedded in glass. The increase in size dispersion with 
decreasing size is also confirmed by broader peaks in the optical spectra and is consistent 
with the expectations of the growth mechanism in these glasses; however, the values seem 
somewhat on the large side. The values of Ay' in column five seem to be reasonable if 
they are compared with typical values for y of solids, though they could not be confirmed 
since y values for both phases for our compounds are not available. 
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Figure 6. The fined line shape function of the relative luminescence intensitics of sample C6. 

Table 1. Size dispersion and surface tendons. 

Sample Rg (nm) Cs rr/& AY' (N m-') 

c2 N.A. (1.01 i 1.46) (3.9 i3.9) - 
w 3. I 0.4110.22 (1.5i0.4) 0.029f0.016 
RG630 5.4 0.43 f 0.Z 0.58 I0.12 0.053 * 0.031 
c6 6.2 0.41 i0.13 0.53i 0.06 0.058 + 0.018 

4. Summary and conclusion 

From photoluminescence measurements we found that the structural phase transition induced 
by pressure in nanocrystalline systems is quite different from that in bulk materials. The 
phase transition in bulk materials is sharp [15] but for nanocrystals it is broad and occurs 
at higher pressures. A size study of the phase stability was conducted and a correlation 
between size and increase in the phase stability was established. 

Several possible sources causing this effect were examined. Of the four principal sources 
(glass matrix, defects, confinement, and surface tension), it was found that three of them 
are unlikely because they contribute energetically too little to the total free energy of the 
nanocrystallites. One of them, defects, was also experimentally tested and confirmed the 
predictions of the theoretical considerations. 

For the remaining possible cause, surface tension, a simple model was applied from 
which a two-parameter fitting function was developed. The values for the fitting parameters 
(size dispersion U and Ay' )  were of reasonable magnitude and also confirmed some 
tendencies observed in the optical spectra indicating that the idea of surface tension is 
correct. However, for reliable quantitative results more refined models are required. 
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