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Structure and stability of germanium nanopatrticles
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In order to tailor the properties of nanodots, it is essential to separate the effects of quantum confinement
from those due to the surface, and to determine the mechanisms by which preparation conditions can influence
the properties of the dot. We address these issues for the case of small Ge ¢lus®Enn), using a
combination of empirical and first-principles molecular-dynamics techniques. Our results show that over a
wide temperature range, the diamond structure is more stable than tetragonal-like structures for clusters con-
taining more than 40 atoms; however, the magnitude of the energy difference is strongly dependent on the
structure and termination of the surface. On the basis of our calculations, we propose a possible mechanism for
the formation of metastable tetragonal clusters observed in vapor deposition experiments, by cold quenching of
amorphous nanopatrticles exhibiting unsaturated, reconstructed surfaces.
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In semiconductor nanoparticles, quantum confinemenlations suggest ways of tailoring the properties of Ge dots, by
leads to an increase of the optical gap compared to the bul&ontrolling their surface termination.
value and thus opens new possibilities for controlling photo- While some preparation techniques, including chemical
luminescence effects, with narrow emission spectra tunablmethod$~*?yield diamondlike Ge dots irrespective of size,
over a wide range of wavelengths’ This property makes several experiment$™® using vapor deposition techniques
semiconductor dots attractive for many applications includsuggest a structural transition, as the dot diameter becomes
ing photovoltaics, lasers, and infrared dyes. Furthermoresmaller than 4-5 nm. In particular, some experimerits
their brightness, and the ability to use a single excitatiorindicate a change from a cubic diamoflIA) to a tetrago-
wavelength, make them good alternatives to organic dyes famal structure, possibly ST#3,in contrast to the behavior
biological labeling, although their low water solubility has found for Si(Refs. 18—2Dand other 1I-VI dot$?! The re-
limited the number of biological applications to date. How- lationship between a possible structural transition as a func-
ever, recent experiments have shown that using specific coaion of nanoparticle size and cluster preparation conditions,
ings, the surface of selected semiconductor nanodots can las well as the influence of a structural transition on the dot
tailored to enhance both the chemical interaction with a bio-optical properties, are as yet unknown. In our calculations,
logical sample and the water solubility of the dct. we have considered both cubic diamond and tetragonal ST12

Understanding the influence of surface reconstruction andtructures with either H-terminated or bare reconstructed sur-
passivation on the ground-state properties of semiconductdaces. In particular, using a combination of first-principles
nanodots is a key prerequisite not only in designing biologi-and empirical simulation techniques, we have computed en-
cal applications, but also for controlling deposition of nano-ergy and free-energy differences between DIA and ST12-like
particles on surfaces and aggregation of multiple dots intstructures as a function of size, and we have investigated the
new structures. In order to tailor the properties of nanodotseffect of the surface termination on the relative stability of
it is important to separate the effects of quantum confinemerthe two geometries.
from those due to the surfateand to gain insight into the In our calculations, Ge nanocrystallites were represented
mechanisms by which preparation conditions can influencéy free-standing clusteér$in a large superceft! The total
the dot atomic structure and thus its optical properties. energy of the dots was computed within density-functional

In this work, we have focused on the effects of quantuntheory (DFT) in the local-density approximatiofi.DA ), us-
confinement and surface termination on the atomic structuring iterative optimization techniqués.The electronic wave
of small Ge dotg1-2.5 nm, whose structural properties are functions were expanded in plane waves, with an energy
very controversial among those of group IV and II-VI semi- cutoff of 11 Ry, and nonlocal pseudopotentials were used to
conductors. The effects of surface reconstructions on theepresent the interaction between the electrons and ionic
cluster stability are difficult to determine experimentally andcores?® We considered nanoclusters with spherical shapes,
have often been ignored in many of the theoretical investiwith the number of Ge atoms ranging from 28 to 30t all
gations that have appeared in the literature thus far. Using arases we considered sizes that allowed us to use the same
ab initio approach, we have investigated the effect of thenumber of Ge and H atoms for both DIA and ST12 struc-
surface termination on the relative stability of Ge nanodotgures, in order to have direct total-energy comparis8ns.
having different internal structures and containing up to 300 The energy difference between DIA and ST12 Ge clusters
Ge atoms. At the same time, we have studied the fundamenvith H-saturated surfaces is plotted as a function of cluster
tal differences between bulk and dot geometries, for giversize in Fig. 1 (dotted ling. Our results show that
underlying crystal structures. Furthermore, we have used ou-passivated dots with a DIA-like structure are more stable
total energy and structural data to interpret existing experithan those with a ST12-like structure for all sizes, with the
ments and gain insight into the influence of experimentaknergy difference increasing as a function of the nanoparticle
preparation conditions on the final dot structure. Our calcudiameter. The average volume per atéw) of the cluster,
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N Ge atoms Ge atoms to one with 145 atoms. Over this same range of
_ - sizes, the effective pressure acting on the cluster core, as
FIG. 1. Energy differences between Ge dots with diamond anceyaluated using bulk moduli datddecreases from about 2
ST12 structures as a function of the number of at@bagtom hori- to 1 GPa. The magnitude of the DIA-ST12 energy differ-
zontal axi$ and the approximate dot diametéop horizontal axis  ence, as well as the reduction of the average cluster atomic
We show results for clusters with H-passivated, nonreconstructedyume. are both significantly modified in the presence of
surfaces at 0 Kempty circles, and for clusters with bare recon- st rated, reconstructed surfaces, as described below.
structed surfaces at 0 kblack circles and 300 K(gray circles. In order to find reconstructed geometries for the cluster
The 300-K results refer to vibrational free energisse text The urfaces, we used a combination of empirical and DFT-LDA

dotted and dashed lines were obtained from fits to the calculate . . .
. . echniques. Formation of facets is expected for clusters
energy differencegsee text The approximate boundary between . . .
f_arger than 5 nm, but facets are unlikely in spherical nano-

clusters with complex, nonspherical shapes and dots with crysta ith 1-5 di arl dditi |
linelike geometries has been drawn to guide the eye, based on tﬁéUSterS wit B _-nm lameterin addition, C.“_Stefs pre-
data of Hunteret al. (Ref. 38. pared by deposition on surfaces usually exhibit disordered,

defected surfaceSWe therefore chose to determine surface
shown in Fig. 2, is reduced in comparison to the volume pe gconstrgcted geometries usjng an annealing prcr)%%dure.
atom (V) corresponding to the bulk first-neighbor distances irst, using molecular dynamics with a T_ersoff potertital,
for both DIA and ST12 geometries: for example, the ratio V€ melted the cluster surface by heating it up to 2000 K for
VIV, for H-passivated DIA(ST12 d,ots varies fro,m 0.97 0.08 ns; the temperature was then slowly decreased to zero
0 - .

: - over 0.2-0.5 ns. During this phase of the calculation, the
(0.96 t0 0.99(0.98 when going from a cluster containing 45 crystalline core of the nanoclusters was kept frozen, and the

shape conserved by confining the system in a spherical cav-
ity. The alternation between annealing and quenching was
: repeated two to four times. The final structure was fully
relaxed® within DFT-LDA, all of the atoms being allowed to
move. During these relaxations, energy gains varied from
310 (275 meV/atom for 95-atom clusters to 881) meV/
atom for 300-atom clusters, for dots with a D(&T12 like
core structure. Figure 3 shows the surface structure and the
' ! - - ! ! : region of the crystalline core for a selected cluster (dge
1 As shown in Fig. 1(dotted versus dashed linesve ob-
served a strong reduction of the energy differeps&(N)]
0\ - between DIA and ST12 clusters when the H-passivated sur-
20 N\~ - face is replaced by one that is unsaturated and reconstructed.
I M ‘ ‘ ; | Our results indicate that the ST12 structure should be more
50 100 150 200 250 300 350 stable than DIA forN=<40; however, for such small sizes,
N Ge atoms Ge clusters are not expected to exhibit bulklike geometries,

FIG. 2. Ratio between the average atomic volume in Ge clusterQUt rather to form complex, nonspherical shapes. In the ab-

(V) and the bulk equilibrium atomic volumeVg), as calculated sence of H atoms, and given the spherical shape of .the clus-
within the LDA (upper pang| and the corresponding internal pres- ters, our DF_T'LDA computed values AfE(N_) Cz_in be fitted
sure(lower panel as a function of the cluster size. Filléempty ~ PY Separatlngllgstégace and bulk  contribution&E(N)
circles represent H-passivated diamd&T12 nanoclusters; filed = NA€+(36m)""N“"Ay. The fit parameters Ae=
(empty squares represent diamok8T12 dots with bare recon- — 87 meV/atom and\ y=+59 meV/atom are the volume
structed surfaces. In the lower panel, the horizontal axis indicate8Nd surface contributions to the energy differeddg(N),

the transition pressure between amorphous and ST12 crystalling@spectively, and together they yield the dashed line in Fig.
germanium in the bulk. 1. The value ofAe is smaller than the calculated energy
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difference between crystalline DIA and ST{r the bulk  can be used to estimate finite-temperature effects as a func-
energy difference, we fing- 130 meV/atom, in good agree- tion of size>* Our results, shown in Fig. 1 by the gray
ment with previous calculations®), and roughly corre- circles, indicate that energy differences between DIA and
sponds to the energy difference between DIA and ST12 at 8T12 are slightly reduced. However, temperature effects do
volume that is 95% of their respective equilibrium volumes. ot inyvert the relative stability of the two structures. For
This is consist_ent with the compres_sion found for the core o xample, aN =145 a temperature greater than 1180 K, i.e.,
tAhe:d:)Ltg,garsn g\I/S/(;:(S)fned tﬁglogjrféiemglnc;ted it;y gr]r?al\llgrlu?or lose to the melting point of Ge, would be required for the
S'I)'/12 clusters and thé sign of the surfacegé/ontribution is Op[ecngttrggf ganTglf circsl}gti?ngehQ/%riﬁéﬂetﬁg??nDslr/jii e of
posite to that of the volume contribution. This circumstance ,. . .
is largely responsible for the reduction AfE in dots with d:gﬁ]rgrr:geéebim;g?s n{;argor[]);rrtéclsetaa;)rrg t?]L;E ;t_:_ulcztlv:;etsﬁecilﬂg
reconstructed surfaces, compared to H-saturated clusters. Iﬂr-'n size range, similar to bulk Ge. The relative stability is the

deed, in hydrogenated clusters without any Ge danglin )
bond, we expect each Ge atom to be predominantly in ame for both H-terminated and bare reconstructed Ge clus-

bulklike environment. Therefore in this case the volume conl€rs, despite the importance of surface reconstruction effects.
tribution to AE(N) dominates(as indicated by the nearly G€ dots with the ST12 structure are metastable and it is
straight line connecting the energy differences forinteresting to investigate whether there exist experimental

H-saturated clusters in Fig) &nd no significant surface con- conditions that might give rise to metastable ST12 clusters.
tribution is present. For example, in vapor deposition or sputtering

As mentioned above, the average atomic volume of a doexperiments® amorphous Ge nanoparticles are initially
with a bare reconstructed surface is reduced in comparison faresent and annealing treatments are usually required for
that of a cluster with a hydrogenated surfatds plotted in  crystallization to occur. It is therefore relevant to understand
Fig. 2, the ratiov/V, is 0.93(0.95 for ST12(DIA) clusters  whether metastable ST12 nanoparticles can be quenched
with 190 atoms. The volume reduction is sizeable also fofrom amorphous dots.

Geygo: 0.95(0.97 for ST12(DIA) clusters. These values are  Based on our calculations, the cores of ST12 and DIA
to be compared, e.g., with the value of 0.98.99 for  dots with both H-terminated and reconstructed surfaces are
GejaH105 ST12(DIA) like dots, which has roughly the same compressed. The effective pressure on the dot cores is much
number of atoms belonging to the crystalline dot core adarger in the presence of reconstructed surfaces. These results
Geyoo. The average volume reduction of the cluster amountsuggest that pressure effects may play a role in quenching
to an effective pressufeon the crystalline core of about 4 metastable ST12 clusters from amorphous nanoparticles. In
and 2.3 GPa for Ggyand Ggg, respectively. The effective order to address this issue, we have first investigated the
pressure is slightly higher for ST12 than for DIA geometriesamorphous §-Ge) to ST12 transition in bulk Ge. Figure 4
(see Fig. 2 These results show conclusively that for givenshows the total energy of diamond, ST12, am®Ge as a
crystalline topologies, the structures of Ge nanopatrticles diffunction of volume, aff=0, as obtained from our calcula-
fer significantly from corresponding bulk structures, the dif-tions. Botha-Ge and ST12 are metastable, with the amor-
ferences being quantitatively more important in the case ophous phase being slightly lower in energy than the ST12
dots with reconstructed surfaces. crystal. A pressurd®; of 1.5 GPa is required to induce an

An analysis of the reconstructed surfaces reveals disorma-Ge to ST12 transition. Whether such a transition actually
dered structures in all cases, as expected from a fast quenclkcurs depends on the height of the barrier between the two
from a liquid state. For the larger clusters, the bond anglestructures and on the temperature.
range approximately from 63° to 144°, and the average bond We have not attempted to compute theGe to ST12
length is close to the first-neighbor distances in amorphousnergy barrier; however, phenomenological arguments sug-
Ge(2.46 A, i.e., 2% larger than in the crystalline DIA struc- gest that it should be lower than that betwee6Ge and cubic
ture. In general, we observed a strong reduction of the undiamond, at temperatures typical of, e.g., dot deposition ex-
dercoordinated surface atoms after reconstruction, due tperiments. Indeed, ST12 is a weakly ordered crystal, which
atomic dimerization. This effect is stronger for ST12 than forhas been used to modaiGe: it has 12 atoms per unit cell
diamond, with ST12 reconstructed nanoclusters exhibitingand a space group with few symmetry operations. Most im-
approximately 20% fewer dangling bonds. This circum-portantly, unlike diamond, the ST12 crystalline network ex-
stance is due to the smaller size of the ST12 crystalline corhibits sevenfold and fivefold atom rings, similar aeGe. It
and to the broader distribution of bond angles in the bulkis therefore conceivable that a transition betweeGe and
ST12 structure, both of which provide greater freedom in theST12 may be possible at relatively lo, when a-Ge is
rearrangement of surface atoms. under a pressure of 1.5 GPa or higher. Similar considerations

As a final step in our study of the stability of Ge nanodots,for the case of nanodots suggests that the pressure exerted by
we estimated the effect of temperature ®E(N), for clus-  reconstructed surfaces on amorphous nanoparticle cores ini-
ters with reconstructed surfaces, by computing free-energgially present in vapor deposition experiments may be large
differences in the harmonic approximation. The vibrationalenough to induce a transition from amorphous to ST12 meta-
free energy Fvib=2i3i‘1‘ 6{(i’z w;il2)+kgT In[1—exp(~%w;/  stable nanoparticles. An extrapolation of the calculated effec-
kgT)]} was determined by computing the vibrational frequen-tive pressures on dot corésee Fig. 2 suggests that for dots
ciesw; using the Tersoff potential. Although not as accuratewith bare reconstructed surfaces and a diameter smaller than
as total-energy differences obtained within DFT-LDA;, 2.5-3 nm, the pressure on the crystalline core is larger than
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exhibits a rather different shape in the low-energy part of the
spectrum. This agreement between the measured electronic
properties and those computed for tetragonal-like particles
gives significant weight to the hypothesis that tetragonal par-
ticles are indeed present in some of the experiments.

The calculations presented here do not permit quantitative
evaluations of optical gaps for Ge dots, due to the LDA.
However, it is interesting to note that the difference between
the energy of the highest occupied molecular orbital
I N N N R B (HOMO) and lowest unoccupied molecular orbitaUMO)

B o1w®o20 2 2 2B A as obtained for H-passivated clusters is smaller for ST12-like
Atomic volume (A" /atoms) geometries than for DIA-like geometries, when the Ge dot

FIG. 4. Total energy per atom as a function of the atomic vol-haS a d'amgt,er s.r‘nalller.thall'] 3 rifwhile the energy of the
ume for bulk Ge in the diamond, ST12, and amorphoasGe) HOMO position is S|r_n|lar in DIA and ST12 clusters, the
structures. The Murnaghan equation-of-state fits are shown as sol@ergy of the LUMO is lower for ST12 than for DIA clus-
lines. The transition pressur®y) betweera-Ge and ST12 is equal ters. If the same trend was to be confirmed for quasiparticle
to the slope of the common tangent to the ST12 a@Be equation-  energies, then a measurement of the optical gap of small Ge
of-state curves. The diamond curve has been calculated by varyingots could be a way to discriminate between DIA and ST12
the lattice parameter of a cubic cell containing 216 Ge atomsgeometries. Work is in progress to go beyond the LDA and
This corresponds to a sampling ok$oints in the irreducible Bril-  to provide more accurate estimates of the optical gaps.
louin zone(IBZ). The structural parameters of the ST12 structure  |n conclusion, we have shown that Ge clusters with the
have been optimized by relaxing simultaneously the ionic positiongjiamond structure are more stable than tetragonal ST12 dots
and lattice parameters of a 96 atom supercell. Then the total energyyer a wide temperature range, irrespective of the cluster
at the minimum has been recomputed using a 324-atom cell, thU§ize, for dot diameters larger thaal.0—1.5 nm. We have
allowing for a betterk-point sampling (13k points in the 1BZ. roposed a mechanism that may be responsible for the for-
Amorphous samples with 144 atoms have been prepared first by, ,iion of metastable ST12 clusters in vapor deposition ex-
using a Tersoff potential, with .thermallzaFlon to 2000 K, and .sub- riments, by cold quenching of amorphous nanoparticles
sequent slow quenches. The final relaxations have been carried Ogghibiting ’unsaturated reconstructed surfaces. The pressure
within DFT-LDA, and the atomic positions have been optimized atexerted on the nanopa{rticle core by the Surfacé might induce

different densities, with constant pressue initio MD runs. Fi- h to ST12 t i f lust ith di t
nally, the energy difference between diamond anGe only was an amorpnous 1o ransition, for clusters wi lameters

adjusted to the experimental enthalpy difference between the twémaller than 2.5-3.0 nm. Th?s may gxplain Why differer_1t
phasegRef. 40. types of structures are seen in experiments using chemical

preparation metho8<%!! versus physical vapor deposition
methods-®’ According to our calculations, chemical meth-

transition(i.e., 2.5-3 GPa, as compared to the bulk value o ds should always yield diamond structures, consistent with

_ . : he results of Leeet al®” Our study indicates that quantum
Pi=1.5 GPa). Therefore, for dots with diameters Smallerconfinement as well as surface effects are both key features

than 2.5-3.0 nm and prepared in vapor depositior] ; ; : :
: R n understanding the physical properties of small semicon-
experiments,”'” an a-Ge to ST12 transition induced by an ductor dots, cogsistenﬁ, Btla.g., V\F/)ithprecent findings on CdSe

effective surface pressurenay be possible. On the contrary, dots’ By tuning the surface properties with, for example, a

the pressure exerted on the core of H-passivated clusters ﬂ)%lrticular choice of surfactant or by otherwise controlling the

equal to or smaller than the bulk transition pressure even fo urface reconstruction, the pressure exerted on the dot core

clusters with 70-100 atoms.e., .W'th a diameter less th.a.n can be modified and used to tailor the atomic structure of the
1.5 nm). We note that pressure-induced structural transitions, . - 4 indirectly the electronic properties

in defect-free dots are expected to occur at pressures larger
than in the bulk, similar to the case of CdSe nanocry$tals. Helpful discussions with L. Terminello, C. Bostedt, A.

In order to make direct contact with experiment, we haveVan Buuren, H. Lee, S. Bastea, and E. Schwegler are grate-
computed the electron density of valence stdEeBOS of  fully acknowledged. We also thank A. Williamson for a criti-
both diamondlike and tetragonal-like nanoparticles and comeal reading of the manuscript. This work was performed un-
pared it with the results of Ref. 17, where a claim is madeder the auspices of the U.S. Department of Energy by
about the existence of tetragonal Ge clusters. While th&niversity of California Lawrence Livermore National
EDOS of tetragonal-like dots is in very good agreement withLaboratory, Office of Basic Energy Sciences, Division of
that measured in Ref. 17, the EDOS of diamondlike dotdMaterials Science, under Contract No. W-7405-Eng-48.
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