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The plasmon loss features of  deposi ted and well-
characterized germanium nanocrystals with average sizes 
of 3.5 and 4.5~nm, respectively, are investigated with 
photoelectron spectroscopy at the Ge~3d core level. We 
observe a particle size dependence of the surface plasmon 
amplitude with respect to the bulk plasmon consistent with 
the changing surface-to-bulk atom ratio. Additionally, the 
nanocrystal surface plasmons are redshifted with respect to 
a bulk reference by up to 0.4~eV for 3.5~nm particles. For 
the bulk plasmons no significant size dependent energy 
shifts can be observed for nanoparticle sizes down to 
3.5~nm.

The plasmon loss feature in group IV semiconductor nanocrystals has recently sparked 
significant interest and some controversy. Transmission electron microscope studies on Si 
nanoclusters and x-ray photoelectron spectroscopy studies on ultrathin Si films, and porous Si 
found large blueshifts in the plasmon energy from 0.2 eV for 10 nm particles up to 2.3 eV for 2 
nm structures which were attributed to quantum confinement effects. (1-4) This reported increase 
in the plasmon energy is much larger than the quantum confinement effects found in the bandgap 
of Si nanocrystals. (5) Transmission electron microscope energy loss spectrometer (STEM-ELS) 
has been used to study plasmons in Ge nanowires. They found that the bulk  plasmon energy 
increases with decreasing diameter for nanowires narrower than 24 nm. (4) In contrast to the 
plasmon energy measurements, calculations of the electron energy loss spectra in silicon 
nanostructures predicted that the plasmon energy did not show any size dependence for particles 
larger than ~ 50 atoms corresponding to approximately 1 nm particle size. (6) These calculations 
lead to different conclusions in a further experimental study. Here, a blueshift of the plasmon 
energy in Ge nanocluster films vanished upon annealing that was related to a phase transition in
the particles.(7) Surprisingly, none of the experimental data above shows clear surface plasmon 
loss features. (1–4) Surface plasmon intensities are expected to increase with decreasing particle 
size due to the rapidly changing surface-to-bulk atom ratio in nanostructures. To shed more light 
on both controversies, the plasmon energy and the surface-to-bulk ratio, we explored the
plasmon loss features in a very well characterized system of germanium nanocrystals with 
synchrotron radiation based photoelectron spectroscopy (PES) in a more surface sensitive energy 
regime. Germanium was chosen as cluster material because Ge nanocrystals can be synthesized 
in a very controlled manner, and the nanoparticle structure was carefully analyzed with various 
approaches.(8–10) Also, germanium nanocrystals were predicted to exhibit equal or greater 
quantum confinement effects than similarly-sized silicon nanocrystals what was experimentally 



confirmed in the empty states. (11-14) The reported experiments will yield a valuable input from 
a very well defined system for further discussion and modeling of plasmon loss features in 

semiconductor nanostructures.
T h e  n a n o c r y s t a l s  w e r e  

synthesized in a gas-aggregation type 
source and subsequently deposited in 
situ at the beamline.(8) In brief, 
germanium is evaporated into a He 
buffer gas atmosphere and nanoclusters 
condense out of the supersaturated 
vapor. Structural analysis of 
nanoparticles 4–5 nm in size showed 
the particles to be in the bulk-like cubic 
( d i a m o n d )  p h a s e .(8) Early
photoemission experiments revealed a 
distribution of Ge 3d surface core-level 
s h i f t s  i n d i c a t i n g  a  d i s o r d e r e d
nanocrystal surface.(8) A  r e c e n t  
combined study of photoelectron 
spectroscopy and first principles 
electronic structure calculations 
identified the structure for particles 
down to 2 nm as distorted diamond 
lattice core with a reconstructed 
surface layer.(10) For the current 
p l a s m o n  m e a s u r e m e n t s  t w o  
nanocrystal depositions with 3.5 and 

4.5 nm average size were prepared. The particle sizes exhibit a narrow distribution of 20% 
FWHM.(8) As substrates carefully outgassed, native oxide terminated silicon wafers were used. 
Multiple monolayers of nanocrystals were deposited to obtain a complete coverage of the 
substrate as monitored by Si 2p core level photoemission. The resulting films consisted of
individual nanocrystals on top of each other as evidenced by atomic force microscopy.(8) To 
avoid oxidation of the sample from residual gas, the base pressure was kept on the order of 10−9

Torr in the synthesis chamber and 10−10 Torr in the detector chamber. To measure the loss 
features, synchrotron-radiation based PES was performed at the Ge 3d core level. The 
experiments were carried out at the high-flux, high-resolution undulator beamline 8.0 at the 
Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory.(14) For 
photoelectron detection the ellipsoidal mirror analyzer endstation was used.(16) The joint
resolution of the beamline and detector was estimated to be 0.3 – 0.4 eV. The incoming photon 
flux was measured with a highly transmissive (> 90%) gold grid and all spectra were normalized 
with respect to this flux. For the photoemission experiments a photon energy of h = 200 eV was 
chosen. In Fig. 1 the Ge 3d core level with the corresponding surface (S) and bulk (B) plasmon 
for a bulk reference is shown. The inset in Fig. 1 contains the as-taken Plasmon data for the bulk 
reference plus the 4.5 and 3.5 nm nanocrystal samples on an expanded y-axis. For ease of
reference the x-axis is scaled with respect to the Ge 3d core level, i.e., plasmon energy. For all 
three samples the plasmon region is dominated by the secondary electron background but some 

Figure 1: Ge 3d core level with corresponding 
plasmon loss feature for a bulk crystal reference. In the 
inset the Plasmon data for a bulk reference, 4.5 and 3.5 
nm nanocrystal sample is shown on a smaller scale.



important trends can be already identified in the as-taken data. The surface plasmon intensity is 
increasing with respect to the bulk plasmon with decreasing particle size in agreement with the 
increasing surface-to-bulk atom ratio. Such a clear increase in the surface plasmon intensity has 
not yet been reported in the literature. Compared to the bulk reference, the plasmon features of 
the nanocrystals are broadened. For further analysis of the plasmon excitations, a modeled 
secondary electron background is subtracted from the as-measured spectra. After comparing the 
results of various background types, a Shirley-type background is chosen. In this secondary 
electron background model the loss function is approximated by a function with magnitude at 
each point proportional to the spectrum area at lower binding energy. The background corrected
data for the nanocrystal samples and the bulk reference is shown in Fig. 2. For better 
comparability the three curves are scaled to the same overall peak height. In the background 
corrected data the bulk and surface plasmon features can be clearly distinguished and the 
strongly increasing intensity of the surface plasmon with respect to the bulk plasmon becomes 
obvious. Also, the nanocrystal Plasmon excitations are significantly broadened compared to the 
bulk crystal reference. The plasmon loss features can be well fitted with a dominant first order 
bulk and surface contribution plus a second order surface peak. The second order bulk
distribution is outside the considered energy window.

The nanocrystal surface and 
bulk plasmons are best described with 
Gaussian l ine shapes indicating 
typical broadening effects for 
nanocrystalline samples such as their 
non-perfect crystal structure and size 
distribution. Similar broadening 
e f f e c t s  w e r e  o b s e r v e d  i n  
photoelectron spectroscopy of Ge 
nanocrystals and band edge
investigation of Si4 and Ge13 
nanoparticles. (9) The fitting results 
for  the  p lasmon in tens i t ies  a re  
summarized in table I, the results for 
their energies are summarized in table 
II. The peak intensities (table I) show 
a  c l ea r  inc rease  in  the surface-
plasmon to bulk-plasmon amplitude 
ratio from 0.51 for the bulk reference 
to 0.59 for 4.5 nm particles and up to 
0.72 for 3.5 nm particles. Due to 
broadening of the resonances with 
decreasing size (compare table II),
shown. The inset in Fig. 1 contains 
the as-taken plasmon data for the bulk 
reference plus the 4.5 and 3.5 nm
nanocrystal samples on an expanded 
y-axis. For ease of reference the x-
axis is scaled with respect to the Ge 

Figure 2: Background subtracted data and best fits for 
the secondary electron background corrected data from 
Fig. 1.



3d core level, i.e., plasmon energy. For all three samples the plasmon region is dominated by the 
secondary electron background but some important trends can be already identified in the as-
taken data. The surface plasmon intensity is increasing with respect to the bulk plasmon with 
decreasing particle size in agreement with the increasing surface-to-bulk atom ratio. Such a clear
increase in the surface plasmon intensity has not yet been reported in the literature. Compared to 
the bulk reference, the plasmon features of the nanocrystals are broadened.

For further analysis of the plasmon excitations, a modeled secondary electron background 
is subtracted from the as-measured spectra. After comparing the results of various background 
types, a Shirley-type background is chosen. In this secondary electron background model the loss 
function is approximated by a function with magnitude at each point proportional to the spectrum
area at lower binding energy. The background corrected data for the nanocrystal samples and the 
bulk reference is shown in Fig. 2. For better comparability the three curves are scaled to the same 
overall peak height. In the background corrected data the bulk and surface plasmon features can 
be clearly distinguished and the strongly increasing intensity of the surface plasmon with respect 
to the bulk plasmon becomes obvious. Also, the nanocrystal plasmon excitations are significantly

TABLE I.  
Peak height (area) 

Surface
Peak height (area)

Bulk
Peak height (area)

Ratio
Bulk 0.45 (3.7) 0.88 (4.9) 0.51 (0.750

4.5 nm 0.53 (4.5) 0.89 (5.4) 0.59 (0.83)
3.5nm 0.64 (5.9) 0.88 (5.20 0.72 (1.13)

TABLE I: Peak heights and area (in brackets) for the plasmon excitations of a bulk reference and 
two nanocrystal samples from Fig. 2 .

TABLE II.  
Plasmon Energy (width) [eV]

Surface
Plasmon Energy (width) [eV] 

Bulk
Bulk 11.6 (3.2) 17.1 (2.2) 

4.5 nm 11.4 (3.4) 17.3 (2.4) 
3.5nm 11.2 (3.6) 17.3 (2.3) 

TABLE II: Plasmon energies and width (in brackets) for a bulk reference and two nanocrystal 
samples determined from Fig. 2.

broadened compared to the bulk crystal reference. The plasmon loss features can be well fitted 
with a dominant first order bulk and surface contribution plus a second order surface peak. The 
second order bulk distribution is outside the considered energy window. The nanocrystal surface 
and bulk plasmons are best described with Gaussian line shapes indicating typical broadening 
effects for nanocrystalline samples such as their non-perfect crystal structure and size 
distribution. Similar broadening effects were observed in photoelectron spectroscopy of Ge 
nanocrystals and band edge investigation of Si and Ge nanoparticles. (5,9,14) The fitting results 
for the plasmon intensities are summarized in table I, the results for their energies are 
summarized in table II. The peak intensities (table I) show a clear increase in the surface-
plasmon to bulk-plasmon amplitude ratio from 0.51 for the bulk reference to 0.59 for 4.5 nm 



particles and up to 0.72 for 3.5 nm particles. Due to broadening of the resonances with 
decreasing size (compare table II), especially for the nanoparticle surface plasmon, the effect is 
even more drastic when the peak areas are compared. Here the surface to bulk ratio increases 
from 0.75 for the bulk reference up to 1.13 for the 3.5 nm particle. The observation of size 
dependent plasmon intensities show that the nanoparticles exhibit even for collective phenomena 
distinct surface and bulk contributions. However, neither the fitted peak amplitude nor the peak
area surface-to-bulk ratio can directly reflect the fraction of surface atoms to bulk atoms in the
nanocrystal. The surface-plasmon to bulk-plasmon intensity is distorted by the limited sampling 
depth of the photoemission technique. For the present surface sensitive experiment with electron 
kinetic energies of ~ 160 eV the electron escape depth is only ~ 0.7 nm. (17) Considering that the
principal energy loss in the core level photoemission process is the plasmon excitation, the 
sampling depth for the first excited plasmon can be roughly approximated to twice the escape 
depth, i.e., ~ 1.4 nm. Therefore the obtained information in the current experiments does not 
reflect the overall particle but only the particle top cap. The limited electron escape depth, or in 
other words the high surface sensitivity, also explains the observed high surface-plasmon to 
bulk-plasmon ratio for the bulk reference of 0.51 (peak area 0.75) compared to 0.59 (peak area 
0.83) for the 4.5 nm particle. Also in the case of the bulk reference, a surface layer and not the 
semi-infinite crystal is probed.

In addition to the changing intensity ratios the fits reveal interesting results on the 
plasmon energies. The bulk-plasmon of the nanoparticle samples is blue shifted by 0.2 eV with 
respect to the bulk reference and slightly broadened by 0.2 (0.1) eV for the 4.5 (3.5) nm sample. 
The very small and not size dependent blue shift of the nanocrystal bulk plasmon is in contrast to 
earlier investigations on silicon nanostructures for which strong plasmon energy blue shifts from 
0.2 eV for 10 nm particles up to 2.3 eV for 2 nm structures were reported. These blue shifts were 
attributed to quantum confinement effects. (1–4) Quantum confinement effects in germanium are 
expected to be similar to or greater than in silicon and therefore comparisons between both
systems are substantiated. While there are discrepancies between the present and the earlier 
experimental studies, the present results agree with theoretical predictions that there is no bulk 
plasmon energy size-dependence in silicon nanostructures larger than 50 atoms, i.e., about 1 
nm.(5) We note that our results are consistent 

Furthermore, the present results agree with investigations about quantum confinement 
effects at the band edges of silicon and germanium nanocrystals. (5,14) In those experiments no 
significant quantum shifts could be observed for particles above 3 to 4 nm in size. From the 
present experimental results and the comparison to theoretical predictions it must be concluded 
that the bulk plasmon energies in nanoclusters do not exhibit any significant quantum 
confinement effects for particle sizes down to 3.5 nm. For completeness it shall be pointed out 
that the present and previous samples are films of nanocrystals whereas the electronic structure 
measurements were performed on individual particles. (1-5,7,14) Conduction band edge 
measurements on both systems, films and individual particles, show that the particle electronic 
structure can be affected by contact between the particles.(18)

In contrast to the bulk plasmon energies, the surface plasmons exhibit a clear size 
dependence. The nanocrystal surface plasmons are red shifted by 0.2 eV (0.4 eV) for the 4.5 nm 
(3.5 nm) sample with respect to the bulk crystal reference. Further, they exhibit an increasing
line broadening up to 0.4 eV with decreasing particle size. The observed red shift of the surface 
plasmon is in contradiction to the quantum confinement interpretation of the bulk plasmon in 
earlier studies.(1–3) It should be mentioned that the surface plasmon feature reported here could 



not be resolved previously. Compared to these earlier investigations the sample preparation and
characterization have been greatly improved, allowing more accurate fitting of the plasmon 
intensities and energies. The unexpected observation of red shifted surface plasmons can be 
attributed to the particle structure, in particular the particle surface shell. The nanocrystals 
exhibit a heavily reconstructed surface with a with a variation of bond angles and length. (10)
This leads to significant alterations of the charge density in the surface area with the effect being 
larger for smaller particles. Theoretically, Delerue et. al show for small silicon clusters that 
multiple surface plasmon resonances exist between 5 and 16 eV loss energy (for silicon the bulk 
plasmon energy is around 18 eV) depending on the size and thus geometry.(6) Experimentally, it 
is well known that small metal clusters can exhibit multiple plasmon excitations depending on 
the size and shape of the particles due to different polarizabilities.(19) Similarly,  the 
reconstructed surface shell of semiconductor nanoparticles with altered charge densities and 
broken symmetries will lead to a distribution of Plasmon excitations which can explain the 
observed broadening and red shift of the surface plasmon loss peak.

In conclusion we have investigated the Ge 3d Plasmon loss features of well characterized 
Ge nanocrystal depositions of 4.5 and 3.5 nm in size. We find that the surface plasmon intensity 
is strongly increasing with respect to the bulk plasmon for decreasing nanoparticle sizes, 
consistent with the increasing surface-to-bulk atom ratio. For the bulk plasmon energies of the 
nanoclusters down to 3.5 nm no significant quantum confinement shifts could be measured 
indicating that if such effects exist they only occur in the smallest nanoparticles. Additionally we 
observe a decrease in the surface plasmon energies of up to 0.4 eV which is attributed to the 
changing surface geometry for nanocrystals.
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