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In
�

order to tailor the propertiesof nanodots,it is essentialto separatethe effectsof quantumconfinement
from
�

thosedueto thesurface,andto determinethemechanismsby which preparationconditionscaninfluence
the
�

propertiesof the dot. We addresstheseissuesfor the caseof small Ge clusters � 1–2.5 nm	 , using a
combination
 of empirical and first-principlesmolecular-dynamicstechniques.Our resultsshow that over a
wide� temperaturerange,the diamondstructureis morestablethantetragonal-likestructuresfor clusterscon-
taining
�

more than 40 atoms;however,the magnitudeof the energydifferenceis strongly dependenton the
structure� andterminationof thesurface.On thebasisof our calculations,we proposea possiblemechanismfor
the
�

formationof metastabletetragonalclustersobservedin vapordepositionexperiments,by cold quenchingof
amorphous
 nanoparticlesexhibiting unsaturated,reconstructedsurfaces.
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In
�

semiconductornanoparticles,quantum confinement
leads
�

to an increaseof the optical gapcomparedto the bulk
value� andthusopensnewpossibilitiesfor controllingphoto-
luminescenceeffects,with narrow emissionspectratunable
over� a wide rangeof wavelengths.1–3 This

�
propertymakes

semiconductor� dots attractivefor many applicationsinclud-
ing photovoltaics,lasers,and infrared dyes. Furthermore,
their
�

brightness,and the ability to use a single excitation
wavelength,� makethemgoodalternativesto organicdyesfor
biological
�

labeling, althoughtheir low water solubility has
limited the numberof biological applicationsto date.How-
ever,� recentexperimentshaveshownthatusingspecificcoat-
ings,
�

the surfaceof selectedsemiconductornanodotscanbe
tailored
�

to enhanceboth the chemicalinteractionwith a bio-
logical sampleandthe watersolubility of the dot.4,5

�
Understanding
�

the influenceof surfacereconstructionand
passivation� on the ground-statepropertiesof semiconductor
nanodots� is a key prerequisitenot only in designingbiologi-
cal applications,but alsofor controlling depositionof nano-
particles� on surfacesand aggregationof multiple dots into
new� structures.In order to tailor the propertiesof nanodots,
it
�

is importantto separatetheeffectsof quantumconfinement
from thosedue to the surface6,7

!
and" to gain insight into the

mechanismsby which preparationconditionscan influence
the
�

dot atomicstructureandthusits optical properties.
In
�

this work, we havefocusedon the effectsof quantum
confinement andsurfaceterminationon the atomicstructure
of� smallGedots # 1–2.5 nm$ ,% whosestructuralpropertiesare
very� controversialamongthoseof groupIV andII-VI semi-
conductors. The effects of surface reconstructionson the
cluster stability aredifficult to determineexperimentallyand
haveoften beenignoredin many of the theoreticalinvesti-
gations& thathaveappearedin theliteraturethusfar. Usingan
ab' initio approach," we have investigatedthe effect of the
surface� terminationon the relative stability of Ge nanodots
havingdifferent internalstructuresandcontainingup to 300
Ge
�

atoms.At thesametime, we havestudiedthe fundamen-
tal
�

differencesbetweenbulk and dot geometries,for given
underlying( crystalstructures.Furthermore,we haveusedour
total
�

energyand structuraldatato interpretexisting experi-
ments) and gain insight into the influence of experimental
preparation� conditionson the final dot structure.Our calcu-

lations
�

suggestwaysof tailoring thepropertiesof Gedots,by
controlling their surfacetermination.

While
*

some preparationtechniques,including chemical
methods,8–12 yield+ diamondlikeGe dots irrespectiveof size,
several� experiments13–15 using( vapor depositiontechniques
suggest� a structuraltransition,as the dot diameterbecomes
smaller� than 4–5 nm. In particular, someexperiments16,17

indicatea changefrom a cubic diamond , DIA - to
�

a tetrago-
nal� structure,possibly ST12,22 in

�
contrastto the behavior

found
.

for Si / Refs.
0

18–201 and" other II-VI dots.6,21
!

The
�

re-
lationshipbetweena possiblestructuraltransitionasa func-
tion
�

of nanoparticlesize and clusterpreparationconditions,
as" well as the influenceof a structuraltransitionon the dot
optical� properties,are as yet unknown.In our calculations,
we� haveconsideredbothcubicdiamondandtetragonalST12
structures� with eitherH-terminatedor barereconstructedsur-
faces.
.

In particular, using a combinationof first-principles
and" empiricalsimulationtechniques,we havecomputeden-
ergy� andfree-energydifferencesbetweenDIA andST12-like
structures� asa functionof size,andwe haveinvestigatedthe
effect� of the surfaceterminationon the relative stability of
the
�

two geometries.
In our calculations,Ge nanocrystalliteswere represented

by
�

free-standingclusters23
2

in a large supercell.24
2

The total
energy� of the dots was computedwithin density-functional
theory
� 3

DFT
4 5

in
�

the local-densityapproximation6 LDA
� 7

,% us-
ing iterativeoptimizationtechniques.25

2
The electronicwave

functions were expandedin plane waves,with an energy
cutoff of 11 Ry, andnonlocalpseudopotentialswereusedto
represent8 the interaction betweenthe electronsand ionic
cores. 26

2
We
*

considerednanoclusterswith sphericalshapes,
with� thenumberof Geatomsrangingfrom 28 to 300.27

2
In all

cases we consideredsizesthat allowed us to use the same
number� of Ge and H atomsfor both DIA and ST12 struc-
tures,
�

in order to havedirect total-energycomparisons.28
2

TheenergydifferencebetweenDIA andST12Geclusters
with� H-saturatedsurfacesis plotted as a function of cluster
size� in Fig. 1 9 dotted

:
line; . Our results show that

H-passivateddotswith a DIA-like structurearemorestable
than
�

thosewith a ST12-like structurefor all sizes,with the
energy� differenceincreasingasa functionof thenanoparticle
diameter.
:

The averagevolume per atom < V= of� the cluster,
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shown� in Fig. 2, is reducedin comparisonto thevolumeper
atom" (V0

E )F correspondingto thebulk first-neighbordistances
for both DIA and ST12 geometries;for example,the ratio
V/
G
V0
E for
.

H-passivatedDIA H ST12
I J

dots
:

varies from 0.97K
0.96
L M

to
�

0.99 N 0.98
L O

when� goingfrom a clustercontaining45

Ge
�

atomsto one with 145 atoms.Over this samerangeof
sizes,� the effective pressureacting on the cluster core, as
evaluated� usingbulk moduli data,29

2
decreases
:

from about2
to
�

1 GPa.The magnitudeof the DIA-ST12 energydiffer-
ence,� aswell as the reductionof the averageclusteratomic
volume,� are both significantly modified in the presenceof
unsaturated,( reconstructedsurfaces,asdescribedbelow.

In
�

order to find reconstructedgeometriesfor the cluster
surfaces,� we useda combinationof empiricalandDFT-LDA
techniques.
�

Formation of facets is expectedfor clusters
larger than 5 nm, but facetsare unlikely in sphericalnano-
clusters with 1–5-nm diameter.3

P
In
�

addition, clusterspre-
pared� by depositionon surfacesusually exhibit disordered,
defected
:

surfaces.3
P

We
*

thereforechoseto determinesurface
reconstructedgeometries using an annealing procedure.
First,
Q

using moleculardynamicswith a Tersoff potential,30
P

we� meltedthe clustersurfaceby heatingit up to 2000K for
0.08
L

ns; the temperaturewas then slowly decreasedto zero
over� 0.2–0.5 ns. During this phaseof the calculation,the
crystalline coreof the nanoclusterswaskept frozen,andthe
shape� conservedby confiningthe systemin a sphericalcav-
ity. The alternationbetweenannealingand quenchingwas
repeatedtwo to four times. The final structurewas fully
relaxed8 25

2
within� DFT-LDA, all of theatomsbeingallowedto

move.) During theserelaxations,energygains varied from
310
R S

275T meV/atomfor 95-atomclustersto 88 U 81
V W

meV/
atom" for 300-atomclusters,for dotswith a DIA X ST12

I Y
like

core structure.Figure3 showsthe surfacestructureand the
regionof the crystallinecorefor a selectedcluster(Ge190).

F
As shownin Fig. 1 Z dotted

:
versusdashedlines[ , w% e ob-

served� a strongreductionof the energydifference \^] E(
_
N
`

)
F a

between
�

DIA andST12clusterswhenthe H-passivatedsur-
face
.

is replacedby onethat is unsaturatedandreconstructed.
Our
b

resultsindicatethat the ST12structureshouldbe more
stable� than DIA for N

` c
40; however,for suchsmall sizes,

Ge
�

clustersarenot expectedto exhibit bulklike geometries,
but
�

ratherto form complex,nonsphericalshapes.In the ab-
sence� of H atoms,andgiven the sphericalshapeof the clus-
ters,
�

our DFT-LDA computedvaluesof d E
e

(
_
N
`

)
F

canbefitted
by
�

separating surface and bulk contributions: f E(
_
N
`

)
F

g N
` hjilk

(3
_

6 m )
F 1/3N
` 2/3
2 njo

. The fit parameters prqtsu 87
V

meV/atomand vjwyx{z 59
|

meV/atomare the volume
and" surfacecontributionsto the energydifference } E(

_
N
`

),
F

respectively,and togetherthey yield the dashedline in Fig.
1. The value of ~j� is smaller than the calculatedenergy

FIG. 1. EnergydifferencesbetweenGe dotswith diamondand
ST12structuresasa functionof thenumberof atoms � bottom

�
hori-

zontalaxis� andtheapproximatedot diameter� top horizontalaxis� .�
We show resultsfor clusterswith H-passivated,nonreconstructed
surfacesat 0 K � empty� circles� , and for clusterswith barerecon-
structedsurfacesat 0 K � black circles� and 300 K � gray� circles� .�
The 300-K resultsrefer to vibrational free energies� seetext� .� The
dottedand dashedlines were obtainedfrom fits to the calculated
energydifferences � see� text� . The approximateboundarybetween
clusterswith complex,nonsphericalshapesand dots with crystal-
linelike geometrieshasbeendrawnto guide the eye,basedon the
dataof Hunteret� al. � Ref. 38� .

FIG. 2. Ratiobetweentheaverageatomicvolumein Ge clusters�
V� and
 the bulk equilibrium atomic volume (V

�
0
� )� , as calculated

within theLDA � upper� panel� ,� andthecorrespondinginternalpres-
sure � lower

�
panel  as
 a function of the clustersize.Filled ¡ empty� ¢

circles representH-passivateddiamond £ ST12¤ nanoclusters;filled¥
empty¦ squaresrepresentdiamond § ST12̈ dots with bare recon-

structedsurfaces.In the lower panel,the horizontalaxis indicates
the transition pressurebetweenamorphousand ST12 crystalline
germaniumin the bulk.

FIG. 3. Cross-sectionalview of Ge190 with� a crystalline dia-
mondlikecore,indicatedby thewhite area.Thegrayareaindicates
the disorderedclustersurface.
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difference
:

betweencrystallineDIA and ST12 ª for the bulk
energy� difference,we find « 130 meV/atom,in goodagree-
ment with previous calculations31,32

P ¬
,% and roughly corre-

sponds� to the energydifferencebetweenDIA andST12at a
volume� that is 95% of their respectiveequilibrium volumes.
This
�

is consistentwith thecompressionfoundfor thecoreof
the
�

dots, as discussedbelow. As indicatedby the value of­r®°¯{±
59
|

meV/atom, the surface energy is smaller for
ST12
I

clustersandthe sign of the surfacecontributionis op-
posite� to that of the volumecontribution.This circumstance
is
�

largely responsiblefor the reductionof ² E
e

in
�

dots with
reconstructed8 surfaces,comparedto H-saturatedclusters.In-
deed,
:

in hydrogenatedclusters without any Ge dangling
bond,
�

we expect each Ge atom to be predominantlyin a
bulklike
�

environment.Thereforein this casethevolumecon-
tribution
�

to ³ E(
_
N
`

)
F

dominates ´ as" indicatedby the nearly
straight� line connecting the energy differences for
H-saturated
µ

clustersin Fig. 1¶ and" no significantsurfacecon-
tribution
�

is present.
As mentionedabove,the averageatomicvolumeof a dot

with� a barereconstructedsurfaceis reducedin comparisonto
that
�

of a clusterwith a hydrogenatedsurface.33
P

As
·

plottedin
Fig. 2, the ratio V/

G
V0
E is 0.93 ¸ 0.95

L ¹
for ST12 º DIA » clusters 

with� 190 atoms.The volume reductionis sizeablealso for
Ge
�

300
P : 0.95 ¼ 0.97

L ½
for ST12 ¾ DIA ¿ clusters. Thesevaluesare

to
�

be compared,e.g., with the value of 0.98 À 0.99
L Á

for
Ge
�

145H108 ST12
I Â

DIA Ã like dots,which hasroughlythesame
number of atoms belonging to the crystalline dot core as
Ge
�

300
P . Theaveragevolumereductionof theclusteramounts

to
�

an effective pressure29
2

on� the crystallinecore of about4
and" 2.3 GPafor Ge190 and" Ge300

P ,% respectively.Theeffective
pressure� is slightly higherfor ST12thanfor DIA geometriesÄ
see� Fig. 2Å . Theseresultsshow conclusivelythat for given

crystalline topologies,thestructuresof Genanoparticlesdif-
fer
.

significantly from correspondingbulk structures,the dif-
ferencesbeing quantitativelymore important in the caseof
dots
:

with reconstructedsurfaces.
An
·

analysisof the reconstructedsurfacesrevealsdisor-
dered
:

structuresin all cases,asexpectedfrom a fast quench
from a liquid state.For the larger clusters,the bond angles
range8 approximatelyfrom 63° to 144°, andtheaveragebond
length
�

is closeto the first-neighbordistancesin amorphous
Ge
� Æ

2.46Å Ç ,% i.e., 2% largerthanin thecrystallineDIA struc-
ture.
�

In general,we observeda strongreductionof the un-
dercoordinated
:

surface atoms after reconstruction,due to
atomic" dimerization.This effect is strongerfor ST12thanfor
diamond,
:

with ST12 reconstructednanoclustersexhibiting
approximately" 20% fewer dangling bonds. This circum-
stance� is dueto the smallersizeof the ST12crystallinecore
and" to the broaderdistribution of bond anglesin the bulk
ST12
I

structure,bothof which providegreaterfreedomin the
rearrangementof surfaceatoms.

As
·

a final stepin our studyof thestability of Genanodots,
we� estimatedthe effect of temperatureon È E(

_
N
`

)
F
, for clus-

ters
�

with reconstructedsurfaces,by computingfree-energy
differences
:

in the harmonicapproximation.The vibrational
free
.

energy F
É

vibÊ ËÍÌ i Î 1
3
P

N
Ï Ð

6
! Ñ

(
_ ÒÔÓ

i/2)
G Õ

k
Ö

B
× T
Ø

ln
� Ù

1Ú exp(� ÛÝÜßÞ
i /
G

k
Ö

B
× TØ )
F àâá

was� determinedby computingthevibrationalfrequen-
cies ã

i using( theTersoff potential.Althoughnot asaccurate
as" total-energydifferencesobtainedwithin DFT-LDA, F

É
vibÊ

can be usedto estimatefinite-temperatureeffectsasa func-
tion
�

of size.34
P

Our
b

results, shown in Fig. 1 by the gray
circles, indicate that energy differencesbetweenDIA and
ST12
I

areslightly reduced.However,temperatureeffectsdo
not invert the relative stability of the two structures.For
example,� at N

` ä
145 a temperaturegreaterthan1180K, i.e.,

close to the melting point of Ge, would be requiredfor the
reconstructedST12clusterto be morestablethanDIA.

Our
b

total-energycalculationshaveshownthat in spiteof
differences
:

betweennanoparticleand bulk structures,cubic
diamond
:

Ge clustersare more stablethan ST12 in the 1–3
nm sizerange,similar to bulk Ge.Therelativestability is the
same� for both H-terminatedandbarereconstructedGe clus-
ters,
�

despitethe importanceof surfacereconstructioneffects.
Ge
�

dots with the ST12 structureare metastableand it is
interestingto investigatewhether there exist experimental
conditions that might give rise to metastableST12 clusters.
For
Q

example, in vapor deposition or sputtering
experiments,� 35

P
amorphous" Ge nanoparticlesare initially

present� and annealingtreatmentsare usually required for
crystallization to occur.It is thereforerelevantto understand
whether� metastableST12 nanoparticlescan be quenched
from amorphousdots.

Basedon our calculations,the coresof ST12 and DIA
dots
:

with both H-terminatedand reconstructedsurfacesare
compressed. Theeffectivepressureon thedot coresis much
largerin thepresenceof reconstructedsurfaces.Theseresults
suggest� that pressureeffectsmay play a role in quenching
metastable) ST12 clustersfrom amorphousnanoparticles.In
order� to addressthis issue,we have first investigatedthe
amorphous" (a' -Ge) to ST12 transitionin bulk Ge. Figure 4
shows� the total energyof diamond,ST12, and a' -Ge as a
function
.

of volume,at T
Ø å

0
L

, as obtainedfrom our calcula-
tions.
�

Both a' -Ge and ST12 are metastable,with the amor-
phous� phasebeing slightly lower in energythan the ST12
crystal. A pressureP tæ of� 1.5 GPa is requiredto inducean
a' -Ge to ST12 transition.Whethersucha transitionactually
occurs� dependson the heightof the barrierbetweenthe two
structures� andon the temperature.

We
*

have not attemptedto computethe a' -Ge to ST12
energy� barrier; however,phenomenologicalargumentssug-
gest& thatit shouldbelower thanthatbetweena' -Geandcubic
diamond,
:

at temperaturestypical of, e.g.,dot depositionex-
periments.� Indeed,ST12 is a weakly orderedcrystal,which
has
ç

beenusedto model a' -Ge: it has12 atomsper unit cell
and" a spacegroupwith few symmetryoperations.Most im-
portantly,� unlike diamond,the ST12crystallinenetworkex-
hibits sevenfoldandfivefold atomrings, similar to a' -Ge. It
is
�

thereforeconceivablethat a transitionbetweena' -Ge and
ST12
I

may be possibleat relatively low T,% when a' -Ge is
under( a pressureof 1.5GPaor higher.Similar considerations
for
.

thecaseof nanodotssuggeststhatthepressureexertedby
reconstructedsurfaceson amorphousnanoparticlecoresini-
tially
�

presentin vapordepositionexperimentsmay be large
enough� to inducea transitionfrom amorphousto ST12meta-
stable� nanoparticles.An extrapolationof thecalculatedeffec-
tive
�

pressureson dot cores è see� Fig. 2é suggests� that for dots
with� barereconstructedsurfacesanda diametersmallerthan
2.5
ê

–3 nm, the pressureon the crystallinecoreis larger than
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the
�

pressurerequiredin the bulk to inducean a' -Ge to ST12
transition
� ì

i.e.,
�

2.5–3 GPa,ascomparedto the bulk valueof
P tæ í 1.5 GPa). Therefore,for dots with diameterssmaller
than
�

2.5–3.0 nm and prepared in vapor deposition
experiments,� 16,17 an" a' -Ge to ST12 transitioninducedby an
effective� surfaceî pressure may be possible.On the contrary,
the
�

pressureexertedon the core of H-passivatedclustersis
equal� to or smallerthanthebulk transitionpressureevenfor
clusters with 70–100 atoms ï i.e., with a diameterlessthan
1.5 nmð . We notethatpressure-inducedstructuraltransitions
in
�

defect-freedots are expectedto occur at pressureslarger
than
�

in the bulk, similar to the caseof CdSenanocrystals.6
!

In orderto makedirect contactwith experiment,we have
computed the electrondensityof valencestatesñ EDOSò of�
both
�

diamondlikeandtetragonal-likenanoparticlesandcom-
pared� it with the resultsof Ref. 17, wherea claim is made
about" the existenceof tetragonalGe clusters. While the
EDOSof tetragonal-likedotsis in very goodagreementwith
that
�

measuredin Ref. 17, the EDOS of diamondlikedots

exhibits� a ratherdifferentshapein thelow-energypartof the
spectrum.� This agreementbetweenthe measuredelectronic
properties� and thosecomputedfor tetragonal-likeparticles
gives& significantweight to thehypothesisthat tetragonalpar-
ticles
�

are indeedpresentin someof the experiments.
The
�

calculationspresentedheredo not permitquantitative
evaluations� of optical gaps for Ge dots, due to the LDA.
However,it is interestingto notethat thedifferencebetween
the
�

energy of the highest occupied molecular orbitaló
HOMO
µ ô

and" lowestunoccupiedmolecularorbital õ LUMO
� ö

as" obtainedfor H-passivatedclustersis smallerfor ST12-like
geometries& than for DIA-like geometries,when the Ge dot
hasa diametersmallerthan3 nm.36

P
While
*

the energyof the
HOMO
µ

position is similar in DIA and ST12 clusters,the
energy� of the LUMO is lower for ST12 than for DIA clus-
ters.
�

If the sametrendwasto be confirmedfor quasiparticle
energies,� thena measurementof the optical gapof small Ge
dots
:

could be a way to discriminatebetweenDIA andST12
geometries.& Work is in progressto go beyondthe LDA and
to
�

providemoreaccurateestimatesof the optical gaps.
In conclusion,we haveshownthat Ge clusterswith the

diamond
:

structurearemorestablethantetragonalST12dots
over� a wide temperaturerange, irrespectiveof the cluster
size,� for dot diameterslarger than ÷ 1.0–1.5 nm. We have
proposed� a mechanismthat may be responsiblefor the for-
mation of metastableST12 clustersin vapor depositionex-
periments,� by cold quenchingof amorphousnanoparticles
exhibiting� unsaturated,reconstructedsurfaces.The pressure
exerted� on thenanoparticlecoreby thesurfacemight induce
an" amorphousto ST12transition,for clusterswith diameters
smaller� than 2.5–3.0 nm. This may explain why different
types
�

of structuresare seenin experimentsusing chemical
preparation� methods8,10,11 versus� physical vapor deposition
methods.16,17 According to our calculations,chemicalmeth-
ods� shouldalwaysyield diamondstructures,consistentwith
the
�

resultsof Lee etø al.37
P

Our
b

study indicatesthat quantum
confinement aswell assurfaceeffectsareboth key features
in understandingthe physical propertiesof small semicon-
ductor
:

dots, consistent,e.g., with recentfindings on CdSe
dots.
: 7

ù
By
ú

tuning the surfacepropertieswith, for example,a
particular� choiceof surfactantor by otherwisecontrollingthe
surface� reconstruction,the pressureexertedon the dot core
can bemodifiedandusedto tailor theatomicstructureof the
dot
:

andindirectly the electronicproperties.
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