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Structure and stability of germanium nanoparticles
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In orderto tailor the propertiesof nanodotsjt is essentiato separatehe effectsof quantumconfinement
from thosedueto the surface andto determineghe mechanism$y which preparatiorconditionscaninfluence
the propertiesof the dot. We addresstheseissuesfor the caseof small Ge clusters(1-2.5 nm), using a
combinationof empirical and first-principlesmolecular-dynamicgechniques Our resultsshow that over a
wide temperaturgange,the diamondstructureis more stablethan tetragonal-likestructuredfor clusterscon-
taining more than 40 atoms;however,the magnitudeof the energydifferenceis strongly dependenbn the
structureandterminationof the surface On the basisof our calculationswe proposea possiblemechanisnfor
the formationof metastableetragonaktlustersobservedn vapordepositionexperimentsby cold quenchingof
amorphousanoparticleexhibiting unsaturatedreconstructegurfaces.

DOI: 10.1103/PhysRevB.63.165324

In  semiconductornanoparticles,quantum confinement
leadsto anincreaseof the optical gap comparedo the bulk
valueandthusopensnew possibilitiesfor controlling photo-
luminescenceeffects, with narrow emissionspectratunable
over a wide rangeof wavelengths: 3 This property makes
semiconductodots attractivefor many applicationsinclud-
ing photovoltaics,lasers, and infrared dyes. Furthermore,
their brightness,and the ability to use a single excitation
wavelengthmakethemgoodalternativego organicdyesfor
biological labeling, althoughtheir low water solubility has
limited the numberof biological applicationsto date.How-
ever,recentexperimentdhaveshownthatusingspecificcoat-
ings, the surfaceof selectedsemiconductonanodotscanbe
tailoredto enhanceéboth the chemicalinteractionwith a bio-
logical sampleand the water solubility of the dot*®°

Understandinghe influenceof surfacereconstructiorand
passivationon the ground-statepropertiesof semiconductor
nanodotds a key prerequisitenot only in designingbiologi-
cal applications pbut alsofor controlling depositionof nano-
particleson surfacesand aggregationof multiple dots into
new structureslin orderto tailor the propertiesof nanodots,
it is importantto separatéhe effectsof quantumconfinement
from thosedueto the surfac&’ andto gain insightinto the
mechanismdy which preparationconditionscan influence
the dot atomic structureandthusits optical properties.

In this work, we havefocusedon the effectsof quantum
confinementnd surfaceterminationon the atomic structure
of small Ge dots(1-2.5 nm), whosestructuralpropertiesare
very controversialmongthoseof grouplV andll-VI semi-
conductors.The effects of surfacereconstructionson the
clusterstability aredifficult to determineexperimentallyand
have often beenignoredin many of the theoreticalinvesti-
gationsthathaveappearedn the literaturethusfar. Usingan
ab initio approach,we have investigatedthe effect of the
surfaceterminationon the relative stability of Ge nanodots
havingdifferentinternal structuresand containingup to 300
Ge atoms.At the sametime, we havestudiedthe fundamen-
tal differencesbetweenbulk and dot geometriesfor given
underlyingcrystalstructuresFurthermorewe haveusedour
total energyand structuraldatato interpretexisting experi-
ments and gain insight into the influence of experimental
preparationconditionson the final dot structure.Our calcu-
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lationssuggestvaysof tailoring the propertiesof Ge dots,by
controlling their surfacetermination.

While some preparationtechniques,ncluding chemical
method< 2 yield diamondlikeGe dotsirrespectiveof size,
severalexperimentS~® using vapor depositiontechniques
suggesta structuraltransition, as the dot diameterbecomes
smaller than 4-5 nm. In particular, some experiment®-1/
indicatea changefrom a cubic diamond(DIA) to a tetrago-
nal structure,possibly ST1222 in contrastto the behavior
found for Si (Refs.18-20) andotherll-VI dots®?! There-
lationshipbetweena possiblestructuraltransitionasa func-
tion of nanoparticlesize and clusterpreparationconditions,
aswell asthe influenceof a structuraltransitionon the dot
optical properties,are as yet unknown.In our calculations,
we haveconsideredoth cubicdiamondandtetragonalST12
structureswith eitherH-terminatedor barereconstructedur-
faces.In particular, using a combinationof first-principles
and empirical simulationtechniqueswe have computeden-
ergyandfree-energydifferenceshetweerDIA andST12-like
structuresasa function of size,andwe haveinvestigatedhe
effect of the surfaceterminationon the relative stability of
the two geometries.

In our calculations,Ge nanocrystallitesvere represented
by free-standingclusteré® in a large supercell* The total
energyof the dots was computedwithin density-functional
theory (DFT) in the local-densityapproximation(LDA), us-
ing iterative optimizationtechnique£® The electronicwave
functions were expandedin plane waves, with an energy
cutoff of 11 Ry, andnonlocalpseudopotentiale/ere usedto
representthe interaction betweenthe electronsand ionic
cores?® We consideredhanoclusterswith sphericalshapes,
with the numberof Ge atomsrangingfrom 28to 3002 In all
caseswe consideredsizesthat allowed us to usethe same
numberof Ge andH atomsfor both DIA and ST12 struc-
tures,in orderto havedirect total-energycomparisong®

The energydifferencebetweerDIA andST12Geclusters
with H-saturatedsurfacess plotted as a function of cluster
size in Fig. 1 (dotted line). Our results show that
H-passivatediots with a DIA-like structureare more stable
thanthosewith a ST12-like structurefor all sizes,with the
energydifferenceincreasingasa function of the nanoparticle
diameter.The averagevolume per atom (V) of the cluster,
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FIG. 1. EnergydifferencesbetweenGe dotswith diamondand
ST12structuresasa function of the numberof atoms(bottomhori-
zontalaxis) andthe approximatedot diameter(top horizontalaxis).
We show resultsfor clusterswith H-passivatednonreconstructed
surfacesat 0 K (empty circles, andfor clusterswith barerecon-
structedsurfacesat 0 K (black circles and 300 K (gray circles.
The 300-K resultsrefer to vibrational free energies(seetext). The
dotted and dashedlines were obtainedfrom fits to the calculated
energydifferences(seetext). The approximateboundarybetween
clusterswith complex, nonsphericahapesand dots with crystal-
linelike geometrieshasbeendrawnto guide the eye, basedon the
dataof Hunteret al. (Ref. 38).

shownin Fig. 2, is reducedn comparisorto the volumeper
atom(V,) correspondindo the bulk first-neighbordistances
for both DIA and ST12 geometriesfor example,the ratio
VIV, for H-passivatedDIA (ST12 dots varies from 0.97
(0.96) t0 0.99(0.98 whengoingfrom aclustercontaining45
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FIG. 2. Ratiobetweerthe averageatomicvolumein Ge clusters
(V) and the bulk equilibrium atomic volume (V,), as calculated
within the LDA (upperpane), andthe correspondingnternal pres-
sure(lower pane) asa function of the clustersize. Filled (empty)
circlesrepresent-passivatedliamond(ST12 nanoclustersfilled
(empty squaresrepresentdiamond(ST12 dots with bare recon-
structedsurfacesin the lower panel,the horizontal axis indicates
the transition pressurebetweenamorphousand ST12 crystalline
germaniumin the bulk.
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FIG. 3. Cross-sectionaview of Geq with a crystalline dia-
mondlike core,indicatedby the white area.The gray areaindicates
the disorderedclustersurface.

Ge atomsto one with 145 atoms.Over this samerange of
sizes, the effective pressureacting on the cluster core, as
evaluatedusing bulk moduli data?® decreasefrom about?2
to 1 GPa.The magnitudeof the DIA-ST12 energydiffer-
ence,aswell asthe reductionof the averageclusteratomic
volume, are both significantly modified in the presenceof
unsaturatedreconstructedurfacesas describedbelow.

In orderto find reconstructedyeometriesfor the cluster
surfaceswe useda combinationof empiricaland DFT-LDA
techniques.Formation of facets is expectedfor clusters
largerthan 5 nm, but facetsare unlikely in sphericalnano-
clusterswith 1-5-nm diameter’ In addition, clusterspre-
paredby depositionon surfacesusually exhibit disordered,
defectedsurfaces. We thereforechoseto determinesurface
reconstructedgeometriesusing an annealing procedure.
First, using moleculardynamicswith a Tersoff potential*°
we meltedthe clustersurfaceby heatingit up to 2000K for
0.08 ns; the temperaturevas then slowly decreasedo zero
over 0.2-0.5 ns. During this phaseof the calculation,the
crystallinecore of the nanoclustersvaskept frozen,andthe
shapeconservedy confiningthe systemin a sphericalcav-
ity. The alternationbetweenannealingand quenchingwas
repeatedtwo to four times. The final structurewas fully
relaxed® within DFT-LDA, all of theatomsbeingallowedto
move. During theserelaxations,energy gains varied from
310 (275 meV/atomfor 95-atomclustersto 88 (81) meV/
atomfor 300-atomclusters for dotswith a DIA (ST12 like
core structure.Figure 3 showsthe surfacestructureand the
regionof the crystallinecorefor a selecteccluster(Ge;qg) .

As shownin Fig. 1 (dottedversusdashedines), we db-
serveda strongreductionof the energydifference[ AE(N)]
betweenDIA and ST12 clusterswhenthe H-passivatedur-
faceis replacedoy onethatis unsaturatedndreconstructed.
Our resultsindicatethat the ST12 structureshouldbe more
stablethan DIA for N<40; however,for suchsmall sizes,
Ge clustersare not expectedo exhibit bulklike geometries,
but ratherto form complex,nonsphericakhapesin the ab-
senceof H atoms,andgiven the sphericalshapeof the clus-
ters,our DFT-LDA computedvaluesof AE(N) canbefitted
by separating surface and bulk contributions: AE(N)
=NAe+(36m)°N?3Ay. The fit parameters Ae=
—87 meV/atomand A y=+59 meV/atomare the volume
and surfacecontributionsto the energydifference AE(N),
respectively,andtogetherthey yield the dashedine in Fig.
1. The value of Ae is smaller than the calculatedenergy
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differencebetweencrystalline DIA and ST12 (for the bulk
energydifference,we find —130 meV/atom,in goodagree-
ment with previous calculationd®3, and roughly corre-
spondsto the energydifferencebetweenDIA andST12ata
volumethatis 95% of their respectiveequilibrium volumes.
This is consistentvith the compressiorfiound for the core of
the dots, as discussedelow. As indicatedby the value of
Ay=+59 meV/atom, the surface energy is smaller for
ST12clustersandthe sign of the surfacecontributionis op-
positeto that of the volume contribution. This circumstance
is largely responsiblefor the reductionof AE in dots with
reconstructegurfacescomparedo H-saturatedtlusters.In-
deed, in hydrogenatedclusters without any Ge dangling
bond, we expecteach Ge atom to be predominantlyin a
bulklike environmentThereforein this casethe volumecon-
tribution to AE(N) dominates(as indicated by the nearly
straight line connecting the energy differences for
H-saturatedtlustersin Fig. 1) andno significantsurfacecon-
tribution is present.

As mentionedabove the averageatomicvolumeof a dot
with a barereconstructedurfaceis reducedn comparisorto
thatof a clusterwith a hydrogenategurface® As plottedin
Fig. 2, theratio V/V, is 0.93(0.95 for ST12(DIA) clusters
with 190 atoms.The volume reductionis sizeablealso for
Geygp: 0.95(0.97 for ST12(DIA) clustersThesevaluesare
to be compared,e.g., with the value of 0.98 (0.99 for
GeyseH10s ST12(DIA) like dots,which hasroughly the same
number of atomsbelongingto the crystalline dot core as
Geyp0. The averagevolumereductionof the clusteramounts
to an effective pressuré on the crystalline core of about4
and2.3 GPafor Ge ggandGe;qq, respectivelyThe effective
pressuras slightly higherfor ST12thanfor DIA geometries
(seeFig. 2). Theseresultsshow conclusivelythat for given
crystallinetopologies the structuresof Ge nanoparticleslif-
fer significantly from correspondindulk structuresthe dif-
ferencesbeing quantitativelymore importantin the caseof
dotswith reconstructegurfaces.

An analysisof the reconstructedsurfacesrevealsdisor-
deredstructuresn all casesasexpectedrom a fastquench
from a liquid state.For the larger clusters,the bond angles
rangeapproximatelyfrom 63° to 144°, andtheaveragebond
lengthis closeto the first-neighbordistancesn amorphous
Ge(2.46A), i.e., 2% largerthanin the crystallineDIA struc-
ture. In general,we observeda strongreductionof the un-
dercoordinatedsurface atoms after reconstruction,due to
atomicdimerization.This effectis strongerfor ST12thanfor
diamond, with ST12 reconstructedhanoclustersexhibiting
approximately 20% fewer dangling bonds. This circum-
stanceis dueto the smallersize of the ST12crystallinecore
and to the broaderdistribution of bond anglesin the bulk
ST12structure poth of which providegreaterfreedomin the
rearrangementf surfaceatoms.

As afinal stepin our studyof the stability of Genanodots,
we estimatedhe effect of temperatureon AE(N), for clus-
ters with reconstructedsurfaces,by computing free-energy
differencesin the harmonicapproximation.The vibrational
free energy Fip=3N ®(hwi/2)+kgT IN[1—exp(—hw;/
ksT)]} wasdetermineddy computingthe vibrationalfrequen-
ciesw; usingthe Tersoff potential.Although not asaccurate
as total-energydifferencesobtainedwithin DFT-LDA, F;,
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canbe usedto estimatefinite-temperatureeffectsasa func-
tion of size3* Our results, shown in Fig. 1 by the gray
circles, indicate that energy differencesbetweenDIA and
ST12areslightly reduced However,temperaturesffectsdo
not invert the relative stability of the two structures.For
example,at N= 145 a temperaturgreaterthan1180K, i.e.,
closeto the melting point of Ge, would be requiredfor the
reconstructedT12 clusterto be more stablethan DIA.

Our total-energycalculationshave shownthat in spite of
differencesbetweennanoparticleand bulk structures,cubic
diamondGe clustersare more stablethan ST12in the 1-3
nm sizerange similarto bulk Ge. Therelativestability is the
samefor both H-terminatedand barereconstructedse clus-
ters,despitetheimportanceof surfacereconstructioreffects.
Ge dots with the ST12 structureare metastableand it is
interestingto investigatewhether there exist experimental
conditionsthat might give rise to metastableéST12 clusters.
For example, in vapor deposition or sputtering
experiments°? amorphous Ge nanoparticlesare initially
presentand annealingtreatmentsare usually required for
crystallizationto occur.lt is thereforerelevantto understand
whether metastableST12 nanoparticlescan be quenched
from amorphougdots.

Basedon our calculations,the coresof ST12 and DIA
dots with both H-terminatedand reconstructedurfacesare
compressedT he effective pressureon the dot coresis much
largerin the presencef reconstructedurfacesTheseresults
suggestthat pressureeffects may play a role in quenching
metastableST12 clustersfrom amorphousnanoparticlesin
order to addressthis issue,we have first investigatedthe
amorphoug a-Ge) to ST12transitionin bulk Ge. Figure 4
showsthe total energyof diamond,ST12, and a-Ge as a
function of volume, at T=0, asobtainedfrom our calcula-
tions. Both a-Ge and ST12 are metastablewith the amor-
phousphasebeing slightly lower in energythan the ST12
crystal. A pressureP; of 1.5 GPais requiredto inducean
a-Ge to ST12transition.Whethersucha transitionactually
occursdependon the heightof the barrier betweenthe two
structuresand on the temperature.

We have not attemptedto computethe a-Ge to ST12
energybarrier; however,phenomenologicahrgumentssug-
gestthatit shouldbelower thanthatbetweera-Ge andcubic
diamond,at temperaturesypical of, e.g.,dot depositionex-
periments.Indeed,ST12is a weakly orderedcrystal, which
hasbeenusedto modela-Ge: it has12 atomsper unit cell
and a spacegroup with few symmetryoperationsMost im-
portantly, unlike diamond,the ST12 crystalline network ex-
hibits sevenfoldandfivefold atomrings, similar to a-Ge. It
is thereforeconceivablethat a transitionbetweena-Ge and
ST12 may be possibleat relatively low T, when a-Ge is
undera pressuref 1.5 GPaor higher.Similar considerations
for the caseof nanodotsuggestshatthe pressurexertedoy
reconstructegurfaceson amorphousanoparticlecoresini-
tially presentin vapor depositionexperimentanay be large
enoughto inducea transitionfrom amorphougo ST12meta-
stablenanoparticlesAn extrapolatiorof the calculateceffec-
tive pressure®n dot cores(seeFig. 2) suggestshatfor dots
with barereconstructedurfacesanda diametersmallerthan
2.5-3 nm, the pressureon the crystallinecoreis largerthan
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FIG. 4. Total energyper atomas a function of the atomicvol-
ume for bulk Ge in the diamond,ST12, and amorphous(a-Ge)
structuresThe Murnaghanequation-of-statéits are shownas solid
lines. Thetransitionpressurg P;) betweera-GeandST12is equal
to the slopeof the commontangentto the ST12anda-Ge equation-
of-statecurves.The diamondcurve hasbeencalculatedby varying
the lattice parameterof a cubic cell containing 216 Ge atoms.
This correspondso a samplingof 5 k pointsin the irreducibleBril-
louin zone(IBZ). The structuralparametersf the ST12 structure
havebeenoptimizedby relaxingsimultaneoushthe ionic positions
andlattice parametersf a 96 atomsupercell. Thenthe total energy
at the minimum hasbeenrecomputedusing a 324-atomcell, thus
allowing for a better k-point sampling(13 k pointsin the IBZ).
Amorphoussampleswith 144 atomshave beenpreparedfirst by
using a Tersoff potential,with thermalizationto 2000 K, and sub-
sequenslow quenchesThe final relaxationshavebeencarriedout
within DFT-LDA, andthe atomicpositionshavebeenoptimizedat
different densities,with constantpressureab initio MD runs. Fi-
nally, the energydifferencebetweendiamondand a-Ge only was
adjustedto the experimentalenthalpydifferencebetweenthe two
phasegqRef. 40).

the pressureequiredin the bulk to inducean a-Geto ST12
transition(i.e., 2.5-3 GPa,ascomparedo the bulk value of
P;=1.5 GPa) Therefore,for dots with diameterssmaller
than 2.5-3.0 nm and prepared in vapor deposition
experiment$®’ an a-Ge to ST12 transitioninducedby an
effective surface pressure may be possible.On the contrary,
the pressureexertedon the core of H-passivatedlustersis
equalto or smallerthanthe bulk transitionpressureevenfor
clusterswith 70-100 atoms(i.e., with a diameterlessthan
1.5nm). We notethat pressure-inducestructuraltransitions
in defect-freedots are expectedo occur at pressuresarger
thanin the bulk, similar to the caseof CdSenanocrystal$.
In orderto makedirect contactwith experimentwe have
computedthe electrondensity of valencestates(EDOS of
both diamondlikeandtetragonal-likenanoparticlesandcom-
paredit with the resultsof Ref. 17, wherea claim is made
about the existenceof tetragonalGe clusters. While the
EDOSof tetragonal-likedotsis in very goodagreementvith
that measuredn Ref. 17, the EDOS of diamondlike dots
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exhibitsaratherdifferentshapein the low-energypartof the
spectrum.This agreemenbetweenthe measureckelectronic
propertiesand those computedfor tetragonal-likeparticles
givessignificantweightto the hypothesighattetragonapar-
ticles areindeedpresentn someof the experiments.

The calculationgpresentedheredo not permitquantitative
evaluationsof optical gapsfor Ge dots, due to the LDA.
However,it is interestingto notethatthe differencebetween
the energy of the highest occupied molecular orbital
(HOMO) andlowestunoccupiedmolecularorbital (LUMO)
asobtainedfor H-passivatedlustersis smallerfor ST12-like
geometrieshan for DIA-like geometrieswhen the Ge dot
hasa diametersmallerthan3 nm3® While the energyof the
HOMO position is similar in DIA and ST12 clusters,the
energyof the LUMO is lower for ST12thanfor DIA clus-
ters.If the sametrendwasto be confirmedfor quasiparticle
energiesthena measuremenf the optical gap of small Ge
dotscould be a way to discriminatebetweenDIA andST12
geometriesWork is in progresso go beyondthe LDA and
to provide more accurateestimatesof the optical gaps.

In conclusion,we have shownthat Ge clusterswith the
diamondstructureare more stablethantetragonalST12dots
over a wide temperaturerange, irrespectiveof the cluster
size,for dot diameterdargerthan=1.0-1.5 nm. We have
proposeda mechanisnthat may be responsiblefor the for-
mation of metastableST12 clustersin vapor depositionex-
periments,by cold quenchingof amorphousnanoparticles
exhibiting unsaturatedreconstructegurfaces.The pressure
exertedon the nanoparticlecore by the surfacemightinduce
anamorphougo ST12transition,for clusterswith diameters
smallerthan 2.5-3.0 nm. This may explain why different
types of structuresare seenin experimentsusing chemical
preparationmethod&1%!! versusphysical vapor deposition
methods-®’ Accordingto our calculations chemicalmeth-
odsshouldalwaysyield diamondstructuresconsistentwith
the resultsof Lee et al.3” Our study indicatesthat quantum
confinementaswell as surfaceeffectsare both key features
in understandinghe physical propertiesof small semicon-
ductor dots, consistent,e.g., with recentfindings on CdSe
dots/ By tuning the surfacepropertieswith, for example,a
particularchoiceof surfactanbr by otherwisecontrollingthe
surfacereconstructionthe pressureexertedon the dot core
canbe modifiedandusedto tailor the atomicstructureof the
dot andindirectly the electronicproperties.
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fully acknowledgedwWe alsothankA. Williamsonfor a criti-
cal readingof the manuscript.This work was performedun-
der the auspicesof the U.S. Departmentof Energy by
University of California Lawrence Livermore National
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MaterialsScienceunderContractNo. W-7405-Eng-48.
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