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ABSTRACT

We present first principles electronic structure calculations and photoemission measurements of the change in the valence band DOS of
germanium as its dimensions are reduced from the bulk to the nanoscale. By comparing the calculated broadening of the s and s—p band
peaks and the energy of surface dangling bonds to the measured DOS, we identify the most likely structure of these nanoparticles. We
propose that, in contrast to recent interpretations, small 2-3 nm germanium nanoparticles prepared by gas-phase aggregation have a distorted
diamond structure core due to effects of thermal reconstructions of the surface.

The past decade has witnessed dramatic progress in techef nanoparticles with different sizes, structures, and chem-
niques for synthesizing and characterizing semiconductoristries. Recent advances in accurate, many-body electronic
quantum dotd. For II—=VI quantum dots such as CdSe, structure calculations, such as the quantum Monte Carlo
colloidal chemistry approaches have clearly become the (QMC)! approach, have enabled these techniques to make
synthesis method of choi@é.For group IV quantum dots  quantitative predictions of the effect of nanoparticle stze,
(Si and Ge), the lack of surface dipoles weakens the binding structure!*'4and chemistrd? on their optical properties. This
of surfactants to the nanoparticles during synthesis, makingin turn has provided insights into possible oxygen contami-
it difficult to control the growth process. Instead, a variety nation of nanoparticléd and reconstructions of their sur-
of alternative approaches have been proposed for synthesizfaces'®
ing silicon and germanium quantum dots, including sonifi-  In this paper, we examine an alternative approach for
cation of porous silicof reduction of SiCJ,° inverse micelles  indirect characterization of the atomic structure of nanopar-
techniques,high temperature and pressure reactithand ticles. We analyze the electronic density of states (DOS) in
physical vapor depositioh. the valence band yielding insight into the bonding config-
A common challenge for all of these synthesis techniques uration of the investigated structures. As a test system, we
is characterizing the structure of the resulting nanoparticles. choose to study germanium nanopatrticles, synthesized using
These nanoparticles, which range in size from 1 to 5 nm, gas aggregation techniqu€sn addition to the technological
contain 56-5000 atoms and only -510 monolayers of  importance of germanium nanoparticles, these nanoparticles
material. Therefore, while the approximate size and shapeare of interest as the structure of the nanoparticles is not

of these particles can be estimated with TEMSTM,! or fully resolved, and two different phases have been reported:
AFM,? it is difficult to directly observe the details of their Sato et al® used cluster beam techniques to synthesize
atomic structure, particularly for the smallest-3 nm particles in the 45 nm size range. By comparing the DOS

particles. of these clusters with theoretical predictions of the DOS of

A common indirect approach for determining the atomic different structures obulk germaniun® and early photo-
structure of nanoparticles is to compare their measuredemission experiments on amorphous?Gtaey propose that
optical properties with those predicted by theoretical models Ge nanoclusters undergo a phase transition, such such

- —— clusters< 3 nm adopt the tetragonal ST-12 phase. In contrast,
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adopt the cubic (diamond) phakeFurther, photoelectron
spectroscopy (PES) measurements suggest a disordere
surface region around a crystalline core of the nanoparfitles.
In addition, recent first-principles electronic structure cal-
culation®® predict the cubic phase to be the more stable
phase.

To shed light on this controversy, we adopt a similar

PES

Intensity [arb. units]

approach to the analysis of optical properties described above hv =200 eV

First the valence band DOS of a set of germanium nano- nanocluster

particles produced by physical vapor deposition is measured. - bulk

Then a series of ab initio calculations are used to predict : : : T : T T . =l

the DOS of model germanium nanoparticles with different

sizes, structures, and surface terminations. By comparing
these predicted DOS with the measured values, we proposeg - nhanocluster
the most likely structure of the experimental samples. It is - bulk
found that the DOS contains distinct signatures indicating 5
the crystal structure and degree of crystallinity of the S,

nanoparticles and also the structure of the nanoparticle=

surfaces. Both the ST-12 structure and annealed diamonc%
structure nanoparticles have broadened s and bands k=
compared to the ideal diamond structure. However, in
contrast to previous interpretatiotsyve propose that the

measured DOS of small {23 nm) nanoparticles is most 1'4 1'2 1'0 ;3 é ; é (') '2

consistent with a thermally annealed cubic, diamond structure Binding Energy [eV]

where the surface of the nanoparticles is reconstructed. _
To measure the valence band DOS synchrotron-radiation-F'gure 1. PES valence band spectra (top) and secondary electron
- background corrected data (bottom) for a bulk crystal and 3.3 nm
based PES up to 14 eV binding energy was performed. Thepanaciuster sample. The spectra were acquired with a photon energy
experiments were carried out at the high-flux, high-resolution of hy = 200 eV.
undulator beamline 8.0 at the Advanced Light Source (ALS)

at Lawrence Berkeley National LaboratGfyFor photoelec- ot the Ge3d core level photoemission showed the samples
tron detection the ellipsoidal mirror analyzer endstation was {4 e contamination free.

used. The joint resolution of the beamline and detector is  The valence band PES data 03 nmnanocrystal sample
estimated to be 0:30.4 eV. The incoming photon fluxwas 54 4 pulk-crystal reference are shown in the top panel of
measured with a highly transmissiveq0%) gold grid, and  Fjgure 1. The spectra were acquired with a photon energy
all spectra were normalized with respect to this flux. For ,¢h., — 200 eV. In the bulk spectrum the s—p, and p
the photoemission experiments, a photon energimot= bands, well described in the literati?#&5 can be identified.
200 eV was chosen. In the nanocrystal spectrum, however, the s ang bands

The nanocrystals were synthesized in a gas-aggregationare strongly broadened and merged into one large feature.
type source, which is described in detail in ref 17. The Additionally, the p band is shifted toward lower binding
particles were condensed out of the gas phase in a heliumenergies. To make the experimental data comparable to the
buffer gas atmosphere and subsequently deposited in situ atheoretical DOS predictions, the spectra have to be corrected
the synchrotron facility. Their average size can be tuned from for inelastically scattered electrons. The loss spectrum was
1 nm to more than 5 nm and they exhibit a narrow size approximated by a function with magnitude at each point
distribution of 20% fwhm. Structural analysis of nanopar- proportiona| to the spectrum area at lower binding energy.
ticles 4-5 nm in size revealed a bulk-like cubic (diamond) The background corrected data is shown in the bottom panel
phasel’ and early photoemission experiments show a of Figure 1.
distribution of Ge3d surface core-level shiftindicating a Our theoretical calculations were performed using the local
reconstructed surface of these nanocrystals. density approximation (LDA) to density functional thedfy.

For the PES measurements, carefully outgassed, native-The atomic cores are represented by norm conserving,
oxygen-passivated silicon wafers were used as substratesHamann pseudopotentials, and the electronic states are
Multiple monolayers of nanocrystals were deposited to obtain expanded in plane waves with an 11Ry cutoff. This approach
a complete coverage of the substrate as monitored by Si2phas previously been demonstrated to accurately predict the
core level photoemission. The resulting films consisted of structures of both bufk and nanoscatégermanium systems.
individual nanocrystals on top of each other as evidenced To calculate the DOS for each nanoparticle, the LDA
by atomic force microscop¥. To avoid oxidation of the  energies of all the occupied electronic states were calculated
nanocrystal sample from residual gas, the residual gasand then the resulting energy spectrum was Gaussian
pressure was kept on the order of 10 orr in the synthesis  broadened by 0.4 eV to produce spectra equivalent to the
chamber and 1G° Torr in the detector chamber. Analysis measured spectra. This LDA approach to calculating the DOS

rb. units
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Table 1. Structures of the Calculated Germanium (8) Caleulated DOS of Diamond Structure Samples

Nanoparticles pband
parucies .. Sample A: Ge,,\H, _
sample composition core structure surface structure & | |——— SampleB: Ge,, A ggzggng
- - - = Sample C: MD Relaxed Ge,,, "~ \
A GeaiiHigo  crystalline diamond H terminated S Bulk Ge VAN
. . . o ! \
B Geoin crystalline diamond dangling bonds S i/ \ L
C Gens MD relaxed diamond ~ MD relaxed » s_ban; > $P ba"di i \"
) GewsHios  crystalline ST-12 H terminated Q p 1| \
E Geuss MD relaxed ST-12 MD relaxed A AN Wi
/ N 4 BN ! W
W \ / \
J’ J \\ \ \
Vi - \
(a) GeyyyHin (b) Ge,,, relaxed // \\\

DOS (arb units)

Figure 2. Atomic structures of (a) sampl8, GeiHi40 With a
diamond structure core and (b) sampleGe»; with an MD relaxed
structure.

() Comparison Between Relaxed Diamond, $T-12 and Experiment

Sample C: MD Relaxed Diamond
— — —  Sample E: MD Relaxed ST-12
Measured DOS

z
has previously been demonstrated to accurately predict theg
DOS of bulk semiconductor materials, but to our knowledge &
these are the first predictions for experimentally realizable & = /
nanoparticle systems. e \N
A series of different nanoparticle structures were calculated y \/
to examine the effect of different nanoparticle core and
surface structures on the DOS. These structures are sum
marized in Table 1. The reference samplejs GeiiHiso A4 2 40 -8 " 4 2 0
This is a 2 nmgermanium quantum dot, with a crystalline Eneray (V)
diamond structure and a surface fully terminated with

hydrogen atoms to remove surface dangling bonds and . . :

. ,_ nanoclusters listed in Table 1, (b) calculated size dependence of
reconstructions. In sam'pl, Gez_ll’ the surface hydrogen. the DOS for diamond structure nanopatrticles, and (c) comparison
atoms are removed, while freezing the Ge core, to examineof calculated diamond and ST-12 DOS with the measured DOS.
the effect of imperfect surface passivation on the DOS. To
examine the effect on the DOS of a noncrystalline core, a of samplesA andC shows that the MD simulation disorders
series of molecular dynamics (MD) simulations were then the Ge-Ge bond lengths such that the RMS distribution of
performed. In sampl€ the germanium atoms were heated bond lengths increases from 0.08 A in sampl® 0.4 A in
to 1000 K for 1 ps and then cooled to 300 K for a further 2 sampleD. The distribution of Ge-Ge bond angles is also
ps, allowing all the atoms to adopt a thermally equilibrated significantly broadened, increasing the RMS deviation from
structure. Finally, to compare the DOS of nanoparticles with 109.4 from 2° in sampleA to 24° in sampleC.

a diamond structure core to those with the ST-12 structure, To examine the effects of size distribution on the DOS of
sampleD uses the ST-12 GgHi0s nanoparticle studied in  the nanopatrticles, we performed a series of DOS calculations
ref 23 and sampl& uses the same MD process applied to for both hydrogen terminated, crystalline diamond (similar
sampleC to remove the hydrogen atoms and thermally to sampleA) and ST-12 (similar to sampl2) nanoparticles
equilibrate this structure. with stoichiometries GgHazs, GeysHas, GaHzs, GeriiHss,

The simulated atomic structures of sampleandC are and GeysHi0s Which range in size from 0.5 to 2.0 nm.
shown in Figures 2a and 2b, respectively. Figure 2b shows In Figure 3a we compare the LDA calculated valence
that heating the nanoparticle to 1000 K has two effects: (i) electronic DOS for the 2 nm diamond structure, germanium
it anneals the surface structure, introducing reconstructionsnanoparticle samples, B, and C shown in Table 1, and
that remove the dangling bonds present in sanBpléi) It bulk germaniunt! As expected, bulk germanium exhibits
thermally disorders the core of the nanoparticle about the the most distinct features in the DOS, with clearly identifiable
original diamond crystal structure. Analysis of the structures s, s—p, and p bands, similar to previous reports in the

Figure 3. (a) Predicted electronic DOS of the germanium

Nano Lett. ¢



literature?® In the DOS of the perfectly crystalline, hydrogen dimensions are reduced from the bulk to the nanoscale. By
passivated sampls each of these three bands is also present, calculating the DOS of Ge nanoparticles with a range of
with each peak broadened due to the finite size of the cluster.structures we identify the signatures in the DOS of surface
The DOS for sampl8 without passivation shows these same dangling bonds, surface reconstructions, and distortions of
three peaks and an additional higher energy peak above théhe core structure. The calculated broadening of the s and
top of the valence band (see arrow in Figure 3a). By s—p band peaks and the shift of the p band are consistent
analyzing the location of the states responsible for this peak,with our measured DOS for 3 nm germanium nanoparticle
it is identified as a band of dangling bond states on the samples. These results are also consistent with recent TEM
surface of the cluster. Annealing the cluster to produce measurements of larger{% nm) germanium nanoparticles,
sampleC removes these dangling bond states and further which clearly demonstrate fringes matching a diamond
broadens the three features. In sanlthe p-band peak is  structure core and recent predictions that the diamond
still clearly distinguishable, but the s ane-jg band peaks  structure is the lowest energy core structure for germanium
have almost merged into a single peak. nanoparticled® We therefore conclude that the most likely
Figure 3b shows the calculated size dependence of thestructure of small 23 nm germanium nanoparticles is a
DOS for hydrogen terminated, diamond structure nanopar- distorted diamond structure core and a reconstructed surface.
ticles. It shows that for nanoparticles ranging in size from  We find that comparing measured DOS spectra with
1.3 to 2.0 nm the s,-sp, and p peaks are clearly defined theoretical predictions provides an alternative technique for
and exhibit relatively small size dependent shifts. A similar indirectly determining the structure of nanoparticles that is
insensitivity to size is observed for ST-12 structure nano- complementary to both existing direct measurements such
particles. This confirms that the signature broadening of the as TEM and AFM and to comparisons of optical properties
s and s-p bands observed in our measured DOS and with theoretical predictions.
calculated DOS for sampl€ is predominantly a result of
structural disorder and surface reconstruction and not a Acknowledgment. The Advanced Light Source is sup-
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