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Density functional calculations on silicon clusters show that strain effects on the band gap display qualitatively new trends for dots smaller than ⬃2 nm. While the bulk indirect band gap increases linearly with
increasing strain, this trend is reversed for small clusters 共艋1 nm兲. In the intermediate 1 – 2 nm size range,
strain appears to have almost no effect. These results follow from the fact that the bonding/antibonding
character of the HOMO and the LUMO change nonmonotonically with size. Since the strain level of the
surface atoms dominate this behavior, they strongly stress the role of surface passivation on experimentally
measured band gaps.
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The decrease in size of semiconductor nanoclusters can
result in a variety of new properties that are absent in the
bulk. For example, while bulk silicon does not emit visible
light, photoluminescence is found for clusters smaller than a
critical dimension.1–4 This effect is ascribed to strong quantum confinement. In addition, the band gap in silicon quantum dots has been shown to substantially vary through surface passivation,5–8 i.e., oxygen and other double bonded
atoms have a dramatic effect as compared to hydrogenated
clusters. Passivation with single bonded atoms, however, has
minimal impact. These findings have led to the possibility of
using silicon dots in technological applications ranging from
optoelectronic devices to biological labels.9,10
Several experiments have studied the role of strain and
quantum confinement on optical emission. Examples include
strained silicon dots 共with size larger than 2 nm兲 embedded
in a silicon dioxide matrix,11,12 and InAs dots embedded in
InxGa1−xAs confining layers: the strain in this case is controlled by varying the In composition of the confining
layers.13,14 In addition, Buda and Aparisi et al.15,16 studied
the electronic and optical properties of III–V and II–VI semiconductor clusters encapsulated in the zeolites 共and sodalite兲
cage and observed the shift of the energy gap of the semiconductor clusters due to resultant tensile/compressive strain
exerted by the cage on the clusters. While these works find
evident strain effects on the band gap, to our knowledge no
theoretical study has focused on the coupled effects of size
and strain in the case of semiconductor nanodots. This work
bridges this gap, especially focusing on the sub-2 nm size
range, where we predict that new, interesting phenomena will
occur.
We have studied the energy gap 共EG兲 of silicon clusters
containing up to Si123H100 共⬃1.7 nm diameter兲 using several
computational tools. The starting atomic coordinates for
these clusters are obtained from bulk silicon 共lattice constant
of 0.5461 nm兲. The dangling bonds of the surface silicon
atoms are terminated by hydrogen at an initial bond length of
0.147 nm. The structure of the cluster is then relaxed using
the energy minimization technique. The atomic and electronic structure of these clusters are computed via density
functional theory 共DFT兲 based on the generalized gradient
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approximation 共GGA兲 using the Perdew-Wang 91 共PW91兲
functional.17 The pseudopotential plane wave approach with
super cell method is utilized.18 Note that the super cell size,
3 nm on a side, is large enough that each nanocluster was
surrounded by at least 1.2 nm of empty space—the interaction between replicas is thus minimized. The interaction between ions and electrons is described by ultrasoft Vanderbilt
pseudopotentials. The kinetic energy cutoff for the plane
wave basis set is 300 eV corresponding to about 106 plane
waves. The EG of a given cluster is computed from the difference between the eigenvalues of the highest occupied molecular orbital 共HOMO兲 and the lowest unoccupied molecular orbital 共LUMO兲. DFT was originally developed for the
ground state, and it is well known to underestimate the EG.
While this effect might be corrected by excited state
calculations,19–21 we will focus on the DFT predictions of
HOMO-LUMO gaps which should provide qualitatively accurate predictions of the relative change in the EG with
strain. In fact, we have compared our DFT results with more
accurate calculations and have confirmed our conclusion obtained from the DFT method 共see below兲.
The variation of the EG with size for relaxed silicon clusters 共Fig. 1兲 is in good agreement with previous studies.2,4,22
The small but noticeable difference between various studies
is due to the different methods and functionals used. The
optimized unstrained nanoclusters were isotropically strained
up to ±8% by rescaling atom positions. The positive values
of strain refer to expansion, while negative corresponds to
compression 共although these results are for structures which
are not further optimized, below we show that different
means of equilibrating them play a minor role兲. Note that the
strain extremes are beyond the elastic limit in bulk silicon.
However, the nucleation of defects 共e.g., dislocations and
disclinations兲 becomes energetically unfavorable especially
in small clusters, and is hence improbable. The change of
band gap as a function of strain in silicon is shown in Figs.
2共a兲–2共d兲. One notices that the bulk indirect band gap increases almost linearly with increasing strain—this result is
in good agreement with earlier studies and corresponds to a
constant deformation potential parameter.23 In contrast, the
strain dependence of the smallest cluster 共Si5H12兲 shows the
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FIG. 1. Variation of the energy gap as a function of Si cluster
size. Similar to previous studies 共Ref. 2兲, the self-energy correction
scheme has been applied to the computed band gap by adding a
constant value 0.6 eV. Atomic structures are shown in the inset for
several clusters. 共쎲兲 Present work, 共䊊兲 Delley et al. 共Ref. 2兲, 共夝兲
Proot et al. 共Ref. 4兲, 共䉱兲 Furukawa et al. 共Ref. 22兲.

opposite dependence. Clusters which are 1 – 2 nm in size
show intermediate behavior. Note that the overall change in
the EG with strain is rather small in this intermediate regime.
Additionally, the EG decreases both with compressive and
expansive strains, exhibiting an approximately parabolic behavior.
We next examine the accuracy of the DFT predictions of
the unusual strain effects. First, to involve the exciton Coulomb interaction, we perform configuration interaction
singles 共CIS兲 共Ref. 24兲 calculations. The optical gap in CIS is
defined as the excitation energy of the lowest dipole-allowed
electronic transition. The strain dependent trends of optical
gaps for Si5H12, Si17H36, and Si35H36 clusters are in good
agreement with the DFT predictions of the HOMO-LUMO
gaps 关Fig. 3共a兲兴. Second, we calculate the “quasiparticle gap”
as the difference of ionization potential 共energy needed to
remove an electron from the system兲 and electron affinity
共energy required to add an extra electron to the system兲.
These calculations are performed using the cluster approach
with the all electron basis set 6-31+ G* 共Ref. 25兲 in order to
avoid the Ewald summation in charged clusters that arise in
the periodic super cell method. These calculation steps are

FIG. 2. HOMO-LUMO gap as a function of strain for different
size Si clusters and bulk. Positive strain refers to expansion of a
cluster while negative strain corresponds to its compression.

repeated at different strains for Si35H36 clusters. The trends
obtained from DFT are in excellent agreement with those
computed directly from the super-cell and CIS methods 关Fig.
3共b兲兴 giving us additional confidence in our results.
Recently, Draeger et al. found that the EG of a Si29H36
cluster26 was practically insensitive to tensile strain in the
ranges considered here. While this result for one cluster size
is consistent with our findings, we emphasize that no work to
date has studied the coupled effects of size and strain on the
EG.
Replotting the data in Fig. 2 yields three different regimes
of strain-EG dependence 共Fig. 4兲. In regime I 共clusters
smaller than 1 nm兲, tensile strain results in a significant reduction of the EG. Compression yields an opposite trend. In
regime II 共cluster size ⬃1 – 2 nm兲, the EG is effectively insensitive to strain. Finally, in regime III 共⬎2 nm兲, bulklike
behavior results—tension increases the EG. These results are
understood as follows. From a continuum perspective, the
predominant effect of hydrostatic strain is to shift energy
levels and these changes are related to the deformation po-

FIG. 3. Comparison of the energy gap simulated by different
methods. 共쎲兲 DFT HOMOLUMO gap, 共䊐兲 the excitation energy between the ground state and
the lowest dipole-allowed exited
state by CIS, 共䉭兲 the quasiparticle
gap defined as the difference of IP
and EA. 共a兲 Cluster Si17H36 and
共b兲 Cluster Si35H36.

035339-2

PHYSICAL REVIEW B 74, 035339 共2006兲

STRAIN-ENGINEERED PHOTOLUMINESCENCE OF¼

FIG. 4. Map of the strain-energy gap coupling for different size
clusters. The Y-axis corresponds to the rate of energy gap change
with strain, which is defined as the strain normalized difference
between the energy gaps of strained and relaxed clusters. Filled
symbols correspond to a 4% tensile strain, while hollow symbols
represent a 4% compressive strain. Based on the cluster size, three
regimes of behavior can be identified. The inset figures illustrate the
HOMO-LUMO variation as a function of strain in each of these
regimes.

tentials. The band gap of a strained semiconductor can be
expressed as EG ⬃⌬a ⴱ , where ⌬a = ac − av.  is the trace of
the strain tensor and ac and av correspond to the deformation
potentials for the conduction and the valence band, respectively. Although the concept of a deformation potential is ill
defined for such small sizes, it is nevertheless a useful concept to interpret our results. As shown in Fig. 4, the av 共the
deformation potential for HOMO兲 is large compared to ac
共the deformation potential for LUMO兲 for small clusters. The
electron density contour plots of HOMO and LUMO for
Si5H12 at a fixed value 共Fig. 5兲 illustrate that the HOMO has
a bonding character: that is, the electron cloud is mainly
located in the intermediate regions shared by silicon atoms.
In contrast, the LUMO has an antibonding character, i.e., the
charge density primarily distributes in the vicinity of atoms
共the characteristics of HOMO and LUMO are in excellent
agreement with previous work21兲. The reduction of Si-Si
bond lengths on compression make the electron cloud of
HOMO more efficiently shared by Si atoms. This results in
an appreciable decrease of the HOMO energy due to the
increased electron-nucleus attraction 共the change in the
electron-electron repulsion energy is relatively small兲. In the
case of LUMO, the strain effect is small as electrons are
already localized in the neighborhood of the atoms. 共Note
that the effect of nuclei-nuclei interaction is taken as a constant shift in the total energy—this is not included in the
calculation of electronic orbital energies.兲 In intermediate
size clusters, LUMO also acquires a level of bonding character in addition to its inherent antibonding nature 共see Fig.
5兲. Consequently, both LUMO and HOMO are similarly af-

FIG. 5. 共Color online兲 HOMO and LUMO for Si5H12 and
Si35H36 clusters. HOMO and LUMO electron density contour plots
are at the same numerical value in the same species. The structures
show strong bonding characters in HOMO. Antibonding feature of
LUMO is dominated in Si5H12, while the LUMO of Si35H36 includes a certain mixture of bonding and antibonding characters.

fected by strain 共Fig. 4兲, thus resulting in a negligible change
in the EG. The bulklike behavior is fully expected. As empirical models 共such as the standard 8 ⫻ 8 kp approach兲 indicate, the strain-band gap coupling is linear 共i.e., the deformation potential parameter is a constant兲. The valence band,
due to its p-type symmetry, does not exhibit a major shift
thus contributing little to strain induced band gap changes.
On the other hand, the conduction band shows a large shift.
This is fully reflected in the larger 共empirical兲 conduction
band deformation potential constants as compared to the valence band deformation constants.27
In addition to the size dependence of the EG, other electronic properties, such as the nature of quantum transition
共dipole allowed or forbidden兲 also asymptotically approach
those of bulk silicon with increasing cluster size.2,28 To make
contact with the experimentally measured photoluminescence intensity we compute the dipole oscillator strength of
the energy gap transition by the CIS method. The excited
state corresponds to the configuration constituted by moving
one electron from HOMO to LUMO. In Table I, the oscillator strengths of the transition for several clusters at different
strain levels are presented. The oscillator strength decreases
when compressive strain is applied, while the reverse trend
follows for tensile strain. Since the exciton lifetimes are inversely proportional to the oscillator strength, our results
could be exploited for the accurate determination of underlying strain in small clusters deposited on surfaces or clusters
isolated in matrices.
In the preceding results, strain was applied by rescaling
all the atomic coordinates. This corresponds to an isotropic
strain situation. In experiments, applying such strain to small
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TABLE I. The variation of the oscillator strength with strain for
several clusters.

Si5H12

Si17H36

Si35H36

Strain
共%兲

Excitation
energy 共eV兲

Oscillator
strength

−8
0
8
−8
0
8
−8
0
8

7.38
6.98
5.95
5.58
5.27
4.56
4.37
4.48
4.33

0.4449
0.5464
0.5807
0.0278
0.1438
0.7754
0.0052
0.0082
0.1112

clusters is challenging. In order to test for the robustness of
these conclusions, we have tried different means of strain
application. First, we applied a uniform strain to the surface
atoms: the internal atoms were either initially strained and
fixed, or allowed to equilibrate in response to the surface.
Virtually identical strain-EG curves were obtained for all
these cases for two cluster sizes, Si35H36 and Si87H76. We
have also used different strain levels for the surface and for
the core: in these cases the results virtually converged to the
isotropic cases discussed above, but for strain values corresponding to the surface. We find while strain field experienced by the surface atoms modify both HOMO and LUMO
energy, the core atoms serving to only slightly modify the
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LUMO 共while playing no role at all in the HOMO兲. These
results stress the fact that the dominant effect arises from the
surface, and that the mode of application of strain to the
internal core atoms only plays a secondary role. They also
allow us to critically understand the large role played by
surface passivation on the EG. It is important to note that we
have in essence only attempted to impose effectively isotropic strain fields on the dots. This is unlikely to be realistic in
the context of experiments, where strains likely are anisotropic. This work thus should be viewed as a first step in
understanding more complicated situations.
In summary, we have investigated the size-dependence of
the strain-EG coupling in small Si clusters and found qualitatively new behavior in the sub-2 nm size-regime. Recently
it is possible to synthesize and probe the electronic properties
of ultra-small silicon clusters 共less than 2 nm兲29,30 and it will
be interesting to verify our predictions of strain effect on the
energy gap of small silicon clusters. Our results suggest that
simple combinations of size and strain permit the engineering of the photoluminescence of silicon clusters. This offers
the possibility of designing novel classes of optical devices
and chemical sensors, which exploit these coupled effects.
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