
第 27卷　第 2期
2006年 2月

半　导　体　学　报
C HIN ES E J OU RNAL O F S EMICOND U C TO RS

V ol . 27　N o. 2

Feb. ,2006

3 Project supp orted by t he U . S. DO E (Nos . D E2A C36299 GO10337 a nd D E2A C03276S F0098)

­ Corresp onding aut hor . Email :J i ngbo_Li @nrel . gov

　Received 22 October 2005 ν 2006 Chinese Institute of Elect ronics

Electronic Structure of Semiconductor Nanocrystals 3

L i J ingbo1 ,­ , Wa ng L inwa ng2 , a nd Wei Suhuai1

(1 National Renewable Energy L aboratory , Golden , CO　80401 , USA)

(2 L awrence Berkeley National L aborat ory , Berkeley , CA　94720 , USA)

Abstract : This p aper reviews our recent develop ment of t he use of t he large2scale pseudop otential met hod t o cal2
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tens of t housands of at oms . The calculated size2dep endent excit on energies and absorp tion sp ect ra of quantum dots

and wires are in good agreement wit h exp eriments . We show t hat t he elect ronic st ructure of a nanocrystal can be
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nif icantly diff e rent f rom t hose in bulk semiconduct ors .
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1　Introduction

D uri ng t he last deca de , se miconduct or na no2
crystals such as qua nt um dots (Q Ds) a nd qua nt um

wires (Q Ws) [ 1 ] have at t racted much at te ntion be2
cause t he p hysical p rop e rties of t he na nocrystals

such as t he ba nd gap a nd op tical t ra nsitions ca n be

tailore d conti nuously by size or shap e . This f ea2
t ure op e ns up grea t p ote ntial f or novel device ap2
p lications f rom lase rs t o sola r cells t o si ngle2elec2
t ron t ra nsist ors [ 2～4 ] . Ma ny of t hese app lications

requi re knowle dge of t he size2 a nd shap e2dep e nd2
e nce of t he na nocrystal’s op tical p rop e rties ,

w hich ,i n a se miconduct or , a re related t o t he t ra n2
sitions nea r t he elect ronic ba ndgaps . Theref ore ,

studying t he size2 a nd s hap e2dep e nde nce of t he e2
lect ron ba ndgaps a nd t he rela ted excit on e ne rgies

is one of t he most i mp orta nt t op ics i n se miconduc2
t or na nocrystal resea rc h .

Na nocrystals ca n be grow n i n va rious media ,

such as p olyme rs ,cavities of zeolit hs , glasses ,solu2
t ions , a nd orga nic molecules or biomolecules [ 5 ] . I n

ma ny cases , t he surf ace da ngli ng2bond states of

t he na nocrystal a re re moved by t he medium

t hrough p assiva tion . I n t hese cases , t he elect ronic

a nd op tical p rop e rties of t he na nocrystal a re t he

i nt ri nsic p rop e rties of t he na nosyste m , indep e nd2
e nt of t he e nclosure medium a nd surf ace p assiva2
t ion . The ref ore , one of t he i mp orta nt t op ics i n

na nost ruct ure st udy is t o understa nd t hese i nt rin2
sic p rop e rties of na noc rystals .

Most of t he p revious st udies f ocused on t he

size dep e nde nce of p hysical p rop e rties of Q Ds .

Rece nt develop me nts i n c he mical synt hesis [ 6 ]

s how t hat , i n a ddition t o t he size , t he shap e of a

na nocrystal ca n also be cont rolle d duri ng growt h .

It has also bee n show n rece ntly [ 6 ] t ha t c ha nges i n

s hap e ca n lea d t o drastically dif f e re nt elect ronic

states a nd e ne rgy ba ndgaps i n na nocrystals . For

exa mple , by cha ngi ng t he s hap e , it is p ossible t o

cha nge t he location of t he holes a nd elect rons ;

t he ref ore , t he re is eit he r a n increase or dec rease

i n t he recombi nation rate , w hich is ve ry usef ul i n

light2e mission app lica tions .

The app lica tion of se miconduct or na noc rys2
t als as novel elect ronic devices also dep e nds criti2
cally on dop i ng p rop e rties . Most se miconduct ors

a re not ve ry usef ul if i nsuff icie nt cha rge ca r rie rs

a re ge ne rated by t he dop a nts a t normal w or ki ng

te mp era tures . Def ect p rop e rties have bee n exte n2
sively st udied i n t he p ast f or bul k se miconduct ors ,

a nd va rious app roac hes have bee n p rop osed t o o2
ve rcome t he dop i ng li mit i n se miconduct ors [ 7 ] .
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However , ve ry f ew st udies have bee n ca r rie d out

t o understa nd how t he f or mation of Q Ds af f ects

t he def ect p rop e rties i n t hese syste ms . For exa m2
p le ,it is not clea r how t he size of QDs af f ects t he

def ect f ormation e ne rgies a nd ioniza tion e ne rgy

levels ,as well as t he relative sta bilit y betwee n dif2
f e re nt def ects .

I n t his p ap e r ,we describe our rece nt develop2
me nts i n t he t heoretical st udy of t he elect ronic

st ruct ure of se miconduct or na nocrystals by la rge2
scale numerical calcula tions [ 8～19 ] .

2　Method of calculations

Several met hods have bee n used in our st udy

of t he elect ronic st ructure of na nocrystals . The

f i rst met hod is t he f i rst2p rincip les ba nd2st ruct ure

met hod wit hin t he de nsit y f unctional t heory
(D F T) as i mple me nte d i n pseudop ote ntial codes

such as V AS P [ 20 ] a nd P Et ot [ 21 ] . This is t he most

accura te app roach a nd is use d as a be nch ma r k t o

test all ot he r app roac hes . However , desp ite t he re2
ce nt rap id growt h of comp uti ng p ower , syste ms

t hat ca n be ha ndle d usi ng t his app roach a re still

li mite d t o a f ew hundre d at oms p er cell . It also

suf f e rs , i n some cases , f rom t he ba ndgap e r ror as2
sociated wit h t he D F T met hod. To overcome t his

disa dva ntage ,i n t he last f ew yea rs ,we have devel2
op e d seve ral new app roac hes t ha t ca n give ap2
p roximate but relia ble results on t he elect ronic

st ruct ure of na nocrystals . O ne of t he app roac hes is

t he se mi2e mpi rical pseudop ote ntial met hod
( S EPM ) . In t he S EPM app roach , t he elect ron

wave f unctions a re exp a nded by p la ne2wave basis

f unctions as i n t he ab i nit io pseudop ote ntial

met hods . The sc ree ned S EPM at omic p ote ntials

a re f it ted t o t he D F T p ote ntials a nd exp eri me ntal

ba nd st ruct ures a nd a re tested exte nsively f or

t ra nsf e ra bility a nd relia bilit y. Usi ng t he S EPM

pseudop ote ntial , t he si ngle p a rticle’s SchrÊdinge r

equation is solve d non2self2consiste ntly usi ng t he

li nea r scaling f olded sp ect rum met hod [ 19 ] f or sev2
e ral st a tes nea r t he ba ndgap . This app roach solves

two p roble ms si multa neously :t he ba ndgap e r ror i n

t he D F T a nd t he ina bility t o solve la rge syste ms u2
si ng t he cur re nt self2consiste nt D F T met hod. Wit h

moder n la rge2scale sup e rcomp ute rs , t his met hod

ca n be used t o calculate syste ms contai ni ng te ns of

t housa nds of at oms .

Although quite successf ul , the SEPM app roach

suffers f rom the difficulty in finding a suitable sur2
f ace2passivation p otential because the p otentials are u2
sually fitted to bulk semiconductor p roperties. To o2
vercome this difficulty , we have developed the

“charge patching method”(CPM) [ 21 ] ,w hich has t he

accuracy of f i rst2p ri ncip les D F T , w hile also ha n2
dli ng la rge syste ms . I n t he CPM met hod , we f i rst

ge ne ra te t he ab i nit io qualit y elect ron cha rge de n2
sit yρpatch ( r ) usi ng c ha rge motifs ge ne rated f rom

p rot ot yp e syste ms wit h si mila r at omic e nviron2
me nts . Af te r t ha t , t he t otal local2de nsit y2app roxi2
mation (L D A) p ote ntial V ( r) is obtai ne d by sol2
vi ng Poisson’s equation a nd t he sta nda rd L D A

f or mula . The si ngle2p a rticle Sch rÊdi nge r equation

ca n t he n be solved using t he li nea r scali ng f olded

sp ect rum met hod f or t he ba nd edge states . The

surf ace of t he na nocrystal is p assivate d by a pseu2
do2hydroge n at om (e . g. , 1 . 252cha rge H t o p assi2
vate t he surf ace Ga2at om da ngli ng bonds , a nd

01 752cha rge H t o p assivate t he surf ace As2at om

da ngli ng bonds i n GaAs QDs ) . Furt he r more , t o

describe t he qua nt um conf i ne me nt eff ects accu2
rately ,we cor rect t he eff ective2mass ,w hic h is also

underesti mated i n D F T. This met hod is de noted

by“L D A + C”. The details of t his e nti re p roce2
dure a re p ublishe d i n Ref . [ 18 ] .

3　Size dependence of exciton energies
and absorption spectra

　　We have syste matically calculate d t he excit on

t ra nsition e ne rgy a nd op tical a bsorp tion sp ect rum

of Q Ds a nd Q Ws f rom group Ⅲ2Ⅴ ( GaAs , InAs ,

I n P , GaN , AlN ,a nd InN) a nd group Ⅱ2Ⅵ ( CdSe ,

CdS , Cd Te , ZnSe , ZnS , Zn Te , a nd ZnO ) [ 18 ] as a

f unction of dia mete r . The elect ron2hole Coulomb

bi ndi ng e ne rgies a re i ncluded i n t hese calcula2
t ions .

Our calcula te d results a re ge ne rally i n good a2
gree me nt wit h exp e ri me ntal measure me nts . Figure

1 comp a res our calcula ted results wit h t he exp e ri2
me ntal excit on t ra nsition e ne rgy f or CdSe Q Ws .

O ur calculations a re p e rf ormed usi ng bot h t he

S EPM a nd L D A + C app roac hes . We f i nd t hat t he

two t heoretical results agree well wit h eac h ot he r

a nd wit h exp e ri me nt . The results ca n be f it ted t o

t he f or m ΔEg =β/ d
α

, w here α is close t o 1 . 3 ,

w hich is signif ica ntly smalle r t ha n t he si mple ef2

291
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f ective2mass value of 2 (see below) .

Fig. 1　Comp arison of t he quantum conf inement ener2
gy gap of CdSe Q Ws among experiment ,L DA + C ,and

S EPM calculations

Figure 2 s hows t he calculated a bsorp tion

sp ect rum f or CdS QDs wit h dif f e re nt sizes a nd t he

assigned p ea ks . These sp ect ra a re cha racte rized by

a la rge gap betwee n t he lower p ea ks ( a , b) a nd

highe r p ea ks ( c , d , e , f ) . This calculate d result i n2
vites exp e ri me ntal conf i r mation .

Fig. 2 　Calculated op tical absorp tion spect ra of CdS

QDs wit h diff e rent sizes 　 The Coulomb interaction is

taken int o account in t he calculation. Eg is t he ground

excit on energy.

4　Effects of shape on electronic states
of nanocrystals

　　We have st udie d how t he s hap e of a na no2
crystal ca n be used t o e ngi nee r t he elect ronic

states a nd its eff ect on device design . B y a nalyzi ng

our results f or CdSe na nosyste ms [ 10 ] , we have

compile d t he f ollowi ng si mp le rules t ha t ca n be

used t o p re dict t he ef f ects of s hap e on t he elec2
t ronic st ruct ures i n si mila r na nosyste ms : ( 1 ) The

at omic c ha racte r of t he hole wavef unction ca n be

p redomi na ntly eit he r p x , y or p z , or have mixed

cha racte r . The p x , y c ha racte r te nds t o be loca ted

at t he wide r p a rt of t he shap e , a nd t he p z cha rac2
te r te nds t o be located at t he elongated p a rt of t he

s hap e . (2) There is no one2t o2one cor resp onde nce

betwee n t he ove rall shap es of t he elect ron a nd t he

hole states . I n t he wide shap es , t he highe r elect ron

states te nd t o develop nodes along t he c2axis ,

w hereas t he hole sta tes te nd t o develop nodes i n

t he x , y p la ne . (3) It is t he ove rall s hap e t ha t con2
t rols t he qualit a tive p ict ures of t he si ngle2p a rticle

states . W he n t he re is asym met ry , t he highe r elec2
t ronic sta tes te nd t o occup y t he s malle r e nd of t he

s hap e ,w he reas t he hole states te nd t o avoid it . (4)

The f i rst elect ron sta te is highly localized i n t he

ce nt ral region of a tet rap od . This is mai nly be2
cause t he elect ron p ref e rs t o stay i n t he zinc2ble nd
( ZB) region , w he reas t he hole p ref e rs t o stay i n

t he wurtzite ( W Z ) region due t o t he W Z/ ZB

ba nd alignme nt .

Figures 3 ( a ) a nd ( b) s how bra nc he d tet ra2
p ods wit h CdSe ce nt ral te t rap ods a nd te rmi nal

Cd Te bra nc hes . This mate rial is i nte resti ng be2
cause of its unusual c ha rge2sep a rati ng p rop e rties .

The s ha rp re duction i n sp a tial ove rlap betwee n

t he elect rons a nd holes , app a re nt i n Figs . 3 (a) a nd
(b) , ef f ectively que nches t he ba ndgap p hot olumi2

Fig. 3 　Wavef unction charge dist ribution of ( a) con2
duction band minimum ( CBM) and ( b) valence band

maximum (VBM) states f or CdSe/ Cd Te branched tet2
rap od , (c) CBM and ( d) VBM states f or CdSe/ Cd Te

core/ shell st ructured QDs

nesce nce [ 8 ] . O t he r ef f ects , such as t he ba nd align2
me nt a nd st rai n ca n also cha nge t he c ha rge dist ri2
bution of holes a nd elect rons [ 13 ] . Figures 3 (c) a nd
( d) show t he core/ shell st ruct ure of CdSe/ Cd Te

Q Ds , i ndicati ng t ha t i n t his syste m , t he elect ron

state is localize d wit hi n t he core ,w hereas t he hole

391
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state is localized wit hin t he s hell .

5 　Ratios of bandgap increases be2
t ween QWs and QDs

　　Accordi ng t o a n ove rly si mplif ie d p a rticle2i n2
a2box eff ective2mass model [ 22 ,23 ] , t he ba ndgap i n2
creases of Q Ds a nd Q Ws f rom t he bul k value a re

give n byΔEg =
2 Ü2ζ2

m 3 d2 , w here 　 1
m 3 =

1
m 3

e
+

1
m 3

h

( m 3
e a nd m 3

h a re t he elect ron a nd hole ef f ective2
masses , resp ectively) , a nd d is t he dia mete r . For

sp he rical Q Ds ,ζ=π is t he ze ro p oint of t he sp he r2
ical Bessel f unction ,w hereas f or cylindrical Q Ws ,
ζ= 21 4048 is t he zero point of t he cylindrical Bessel
f unction. Thus , t he ratio of t he bandgap increase
between Q Ws and QDs should beΔEwire

g /ΔEdot
g =

01 586 .

We have syste matically st udied t he elect ronic

st ruct ures of surf ace2p assivate d Q Ds a nd Q Ws f or

a wide va riet y of Ⅱ2Ⅵ a nd Ⅲ2Ⅴ se miconduct or

comp ounds [ 10 ] . We f i nd t ha t bot h t he calcula ted

Q W a nd QD ba ndgaps ca n be f it ted well by t he

f ormulaΔEg =β/ dα wit h mate rial2dep e nde nt p a2
ra mete rsαa ndβ. We f i nd t hat f or a give n mate ri2
al ,Q Ws a nd QDs have t he sa me 1/ d

α
scaling , a nd

t he ratios of Q W a nd Q D ba nd gap c ha nges a re

ve ry close t o 0 . 586 f or most di rect ba ndgap mate2
rials . Howeve r , t he calculate dα values [ 12 ] a re sig2
nif ica ntly dif f e re nt f rom 2 , w hich a re obtai ned

f rom t he si mp le p a rticle2in2a2box ef f ective2mass

model .

6　Defect properties in QDs

We have also studie d t he ef f ects of QD size

on t he sta bilit y a nd t ra nsition e ne rgy levels of de2
f ects i n se miconduct ors [ 19 ] . The def ect f or mation2
e ne rgy a nd def ect t ra nsition2e ne rgy levels a re cal2
culate d usi ng t he sup e rcell app roach , w he re a de2
f ect is p ut at t he ce nte r of a la rge sup e rcell a nd

p e riodic bounda ry conditions a re app lied . All t he

i nte r nal st ruct ural p a ra mete rs a re relaxed by mi n2
i mizi ng t he qua ntum mecha nical f orce a nd t otal

e ne rgy until t he c ha nge i n t he t otal e ne rgy is less

t ha n 0 . 1 meV/ a t om .

Figure 4 ( a ) shows t he f ormation e ne rgy of

neut ral Si Ga
0 i n GaAs Q Ds as a f unction of t he di2

a mete r of t he dots . The dia mete r d = ∞ cor re2
sp onds t o t he bul k syste m . As t he size of t he Q Ds

decreases , t he f or mation e ne rgy of Si Ga
0 i nc reases

f rom 11 55eV f or bul k GaAs : Si t o 21 99e V f or a

Q D wit h d = 11 55nm . This i ncrease is because

Si Ga
0 creates a si ngly occup ied level nea r t he

CB M . This level has a st rong CB M’s cha racte r

a nd moves up i n e ne rgy wit h t he CB M as t he Q D

size decreases , t hus increasi ng t he f or mation e ne r2
gy. However , because t his def ect level is not a

p ure CB M state , as t he CB M moves up i n e ne rgy

wit h t he dec rease of Q D size , t he e ne rgy dif f e r2
e nces betwee n t he def ect level a nd t he CB M , a nd

t hus t he (0/ + ) t ra nsition e ne rgy level f rom t he

CB M , also i ncrease . The calcula ted t ra nsition e n2
e rgy levels as a f unction of Q D size a re s how n i n

Fig. 4 (b) . We f i nd t ha t t he calcula tedε(0/ + ) lev2
el of Si Ga is ve ry s hallow at 6meV below t he CB M

i n t he bul k syste m ,i n good agree me nt wit h exp e r2
i me ntal results . It increases t o 162 meV f or t he

s mallest QD st udie d i n t his w or k . These results in2
dicate t hat n2t yp e dop i ng usi ng Si as a dop a nt will

be muc h more dif f icult i n small Q Ds t ha n in bul k

GaAs .

Fig. 4 　Formation energy of neut ral Si Ga
0 in Si2doped

GaAs (a) and t ransition energyε( 0/ + ) ( ref erenced

t o CBM) of Si Ga in GaAs QDs ( ref e renced t o VBM)

(b) as a f unction of diameter

We have also st udied t he relative sta bilit y of

t he D X ce nte r i n GaAs ∶Si QDs [ 19 ] . The D X f or2
mation e ne rgy is def i ned as t he e ne rgy dif f e re nce :
ΔE(D X) = E ( D X - ) - E (Si Ga

- ) , w he re E ( D X - )

is t he t otal e ne rgy of t he negatively cha rge d D X

ce nte r a nd E(Si Ga
- ) is t he t otal e ne rgy of t he cor2

resp ondi ng tet ra hedral2coordi na te d def ect Si Ga a t

t he sa me cha rge state . A negative ΔE ( D X) will
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i ndicate t hat t he D X ce nte r is more sta ble t ha n Si

sit ting at t he substit utional Ga site . The calcula ted

results a re s how n i n Fig. 5 . I n bulk GaAs , t he Si2
dop ed D X f or mation e ne rgy is p ositive ,i ndica ti ng

t hat t he f ormation of t he D X ce nte r is not f a2
vore d i n bulk GaAs ∶Si . However , as t he size of

t he Q Ds dec reases a nd t he cor resp onding ba ndgap

Eg i nc reases , t he D X f ormation e ne rgy becomes

less p ositive a nd c ha nges sign w he n t he ba ndgap is

close t o Eg = 11 78e V , w hic h is a bout 01 26eV la r2
ge r t ha n t he exp e ri me ntal ba ndgap . We have p re2
viously show n [ 12 ] t hat t he ba ndgap i ncreases of

GaAs Q Ds due t o qua nt um conf i ne me nt ca n be ex2
p ressed as ΔEg = 31 88/ d1. 01 . Using t his exp res2
sion ,we t he ref ore esti mate t hat t he Si D X ce nte r

i n GaAs will become sta ble w he n t he dia mete r of

t he Q D is less t ha n 14 . 5n m .

Fig. 5　D X f ormation energy as a f unction of t he cal2
culated bandgap of GaAs QDs A rrow indicates t he

bandgap Eg = 1. 78eV ,at w hich t he D X - is stabilized.

The corresp onding QD diameter d is about 14 . 5nm.

The origi n of t he e n ha nce d sta bilit y of t he

D X ce nte r due t o t he qua nt um conf i ne me nt ca n

be underst ood as f ollows : The qua nt um conf i ne2
me nt i nc reases t he CB M e ne rgy. For t he negative2
cha rged Si Ga

- at t he Td site , t he s hallow def ect

level has mostly t he CB M s wavef unction cha rac2
te r . Thus , t he e ne rgy level of Si Ga

- is exp ected t o

f ollow t he CB M closely. B ut f or t he D X ce nte r ,

t he Si i mp urit y unde rgoes a la rge J a h n2Telle r dis2
t ortion along t he < 111 > direction . Conseque nt2
ly , t he level rep ulsion betwee n t he a1 ( a1c ) wit h

a1 ( t 2c ) st a tes mixes a signif ica nt a mount of at om2
ic p orbital i nt o t he wavef unction , so t he D X -

level does not f ollow t he CB M closely . The ref ore ,

i n QDs , w he n t he ba ndgap i ncreases , t he e ne rgy

dif f e re nce betwee n t he occup ie d D X - a nd Si Ga
-

levels also i ncreases , t hus sta bilizi ng t he D X ce n2

te r .

7　Summary

In sum ma ry , we have desc ribed salie nt f ea2
t ures of t he elect ronic st ruct ures of se miconduct or

na noc rystals calcula ted usi ng our rece ntly devel2
op ed la rge2scale pseudop ote ntial met hod. The cal2
culate d size2dep e nde nt excit on e ne rgies a nd a b2
sorp tion sp ect ra of qua ntum dots a nd wires agree

well wit h exp e ri me nts . We s how t hat t he elect ron2
ic st ruct ure of a na nocrystal not only ca n be t uned

by its size , but also by its s hap e . Fi nally , we show

t hat def ect p rop e rties in qua nt um dots ca n be sig2
nif ica ntly dif f e re nt f rom t hose i n bul k se micon2
duct ors .
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