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In s it u morph o logical in v e st iga t ion of t h e f 105 g f acet e d Ge i slan ds on t h e Si(001) surf ace (h u t clust ers) h a v e

b een carr ie d ou t us in g an ul tra high v acuu m instru m en t in t egra t in g a high re so lu t ion scannin g t u nn ellin g mi-

cro sco p e an d a mo lecular b e am epit axy v e s s el. Bot h sp ecie s of h u t clust ers{p yramids an d w e dge s{w ere fou n d

t o h a v e t h e sam e stru ct ure of t h e f 105 g f acet s whic h w as vi sualize d. Stru ct ure s of v ert exe s of t h e p yramid al

clust ers an d r idge s of t h e w e dge-sh ap e d clust ers w ere rev e ale d as w ell an d fou n d t o b e di�eren t. Thi s allo w e d

us t o pro p o s e a cryst allographic mo d el of t h e f 105 g f acet s as w ell as mo d els of t h e a t omic stru ct ure of b ot h

sp ecie s of t h e h u t clust ers. An inference i s m ad e t h a t trans it ions b et w een t h e clust er sh ap e s are imp o s s ib le.

Dens e arrays of t h e s elf-as s em b le d Ge quan t u m dot s

(QD) d ep o s it e d on t h e Si(001) surf ace a t mo d era t e t em-

p era t ure s an d compa t ib le wit h t h e Si t ec hno logy (Fig.1)

st ay an a t tract iv e su b ject of in v e st iga t ions for a n u m b er

of y e ars (s ee e.g. Refs. [1 { 5]) d ue t o t h e ir promi s in g

p ot en t ial ap p lica t ions in micro electroni cs an d pr im ar ily

in micro ph ot o electroni cs [6, 7 ]. Signi�can t t ec hno logical

ac hiev em en t s of t h e recen t y e ars en a b le d t h e con tro lla b le

form a t ion of t h e QD arrays wit h t h e d e s ire d clust er d en-

s it ie s [8, 9 ]. Ho w ev er, t h e u niformit y of clust er t yp e s in

t h e arrays (or array d efect iv en e s s) an d t h e di sp ers ion of

clust er s ize s are st ill i s sue s of t h e d ay .

It w as sh o wn recen t ly t h a t t h e f 105 g f acet e d clust ers

usually referre d t o as h u t clust ers are su b divid e d in t o

t w o m ain sp ecie s{p yramids an d w e dge s. Th e ir d ens i-

t ie s are equal a t t h e init ial st age of t h e array form a t ion.

Th en, as t h e Ge co v erage i s incre as e d, t h e la t er b ecom e

domin a t in g in t h e arrays wh ere as t h e form er exp on en-

t ially rapidly di sap p e ar [9 ]. (Th e a u t h ors of Ref. [3]

ob s erv e d t h e an alogous pro ce s s{t h e gro wt h of Ge co v-

erage re sul t e d in t h e incre as e of d ens it y of elon ga t e d

h u t clust ers.) An addit ion al p eculiar it y i s t h e di�erence

of h e igh t s of t h e p yramid al an d w e dge-sh ap e d clust ers.

Th e form e d p yramids are alw ays high er t h an t h e w e dge s

an d t h e la t er are limit e d in t h e ir h e igh t s [9 ]. Th e limit

h e igh t d ep en ds on t h e gro wt h t emp era t ure. Th e di sp er-

s ion of t h e clust er s ize s in t h e arrays w as fou n d t o b e

go v er n e d b y t h e len gt hs of t h e w e dge-lik e clust ers whic h

ap p e are d t o b e di str ibu t e d ra t h er u niformly o v er a wid e

in t erv al of v alue s of t h e clust er bas e asp ect ra t io [9].

In ord er t o con tro l t h e param et ers of t h e arrays a d eep

kno wle dge of t h e clust er morph o logy i s imp ort an t.

In t hi s art icle, w e in v e st iga t e t h e stru ct ure of b ot h

m ain sp ecie s of t h e h u t clust ers on t h e a t omic lev el. It

can b e sh o wn bas e d on t h e bulk Ge la t t ice t h a t t h e f 105 g

1)
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Fig.1. STM im age s of arrays of Ge h u t clust ers gro wn

on t h e Si(001) surf ace, h

Ge

= 10

�

A, T

gr

i s (a) 360

�

C

( U

s

= +2 : 5 V, I

t

= 80 pA) an d (b) 530

�

C ( U

s

= +2 : 1 V,

I

t

= 80 pA)

f acet i s comp o s e d b y monoa t omic st ep s an d (001) t er-

race s [3 ]. Th e st ep h e igh t i s � 1 : 4

�

A, t h e t errace wid t h
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Fig.2. STM im age (a) of Ge h u t clust ers ( h

Ge

= 6

�

A, T

gr

= 360

�

C, U

s

= +1 : 8 V, I

t

= 80 pA), b lo c ks of t h e Ge w et t in g

lay er ( M � N ) stru ct ure wit h t h e p (2 � 2) an d c (4 � 2) reconstru ct ions [2 ] are s een in t h e lo w er r igh t quart er of t h e �eld. A

pro�le Z of t h e clust er f acet (b) t ak en alon g t h e whit e lin e sh o wn in t h e im age (a), t h e monoa t omic st ep s an d (001) t errace s

are cle arly s een

i s � 7

�

A. Th e �rst mo d el of t h e h u t clust er f ace s w as

pro p o s e d in Ref. [1]. La t er anot h er mo d el ap p e are d in

Ref. [4 ]. Bot h mo d els are fou n d e d on t h e as su mpt ion

t h a t a reconstru ct ion form e d b y t h e Ge ad-dim ers i s

pre s en t on t h e f ree surf ace s of t h e (001) t errace s. Th e

m ain di�erence b et w een t h e mo d els i s in t h e d et ermin a-

t ion of t hi s reconstru ct ion. No w a n ew mo d el of t h e h u t

clust er f ace s i s brough t forw ard on t h e bas i s of our in

s it u in v e st iga t ions of t h e f 105 g f acet carr ie d ou t b y t h e

high re so lu t ion scannin g t u nn ellin g micro sco p y (STM).

In addit ion, cryst allographic mo d els of p yramid al an d

w e dge-sh ap e d clust ers are pro p o s e d bas e d on t h e f acet

stru ct ure an d a �n e stru ct ure of t h e v ert ice s of t h e p yra-

mids an d t h e r idge s of t h e w e dge s.

Th e exp er im en t s w ere carr ie d ou t us in g an ul tra high

v acuu m instru m en t cons i st in g of t h e mo lecular b e am

epit axy (MBE) c h am b er coup le d wit h STM whic h en-

a b le s t h e samp le st udy a t an y st age of pro ce s s in g s e-

r ially in v e st iga t in g t h e stru ct ure an d givin g addit ion al

tre a t m en t s t o t h e sp ecim en. Th e surf ace of t h e s ilicon

su b stra t e s w as comp let ely pur i�e d of t h e o xid e �lm as a

re sul t of sh ort ann e alin g a t t h e t emp era t ure of � 925

�

C

[10 ]. Germ ani u m w as d ep o s it e d direct ly on t h e pur i-

�e d s ilicon (001) surf ace f rom t h e source wit h t h e elec-

tron b e am ev ap ora t ion. Th e ra t e of Ge d ep o s it ion w as

� 0 : 15

�

A/s, t h e Ge co v erage ( h

Ge

) (or more accura t ely

t h e t hic kn e s s of t h e Ge �lm m e asure d b y t h e grad ua t e d

in adv ance �lm t hic kn e s s monit or wit h t h e quartz s en-

sor inst alle d in t h e MBE c h am b er) w as v ar ie d f rom 6 t o

14

�

A for di�eren t samp le s. Th e su b stra t e t emp era t ure

T

gr

w as 360 or 530

�

C d ur in g t h e pro ce s s. Th e ra t e of

t h e samp le co o lin g do wn t o t h e ro om t emp era t ure w as

� 0 : 4

�

C/s aft er t h e d ep o s it ion. Im age s w ere scann e d

a t ro om t emp era t ure in t h e const an t t u nn ellin g curren t

( I

t

) mo d e. Th e STM t ip w as zero-bias e d while a samp le

w as p o s it iv ely or n ega t iv ely bias e d ( U

s

). Th e d et ails of

t h e samp le prepara t ion as w ell as t h e exp er im en t al t ec h-

nique s can b e fou n d in Refs. [9] an d [10 ]. Th e WSxM

soft w are [11 ] w as us e d for pro ce s s in g of t h e STM im age s.

Th e obt ain e d exp er im en t al re sul t s are as fo llo ws.

Fig.1 d emonstra t e s STM im age s of t h e Ge QD ar-

rays form e d a t 360 an d 530

�

C an d t h e sam e v alue

of h

Ge

= 10

�

A. Ge clust ers gro wn a t t h e s e t emp era-

t ure s an d t h e m en t ion e d v alue of h

Ge

are s een t o h a v e

di�eren t stru ct ure of f ace s{t h e f acet s of t h e clust ers

gro wn a t 360

�

C are comp let e d wh ere as t h e f ace s of t h e

clust ers form e d a t 530

�

C ap p e are d t o b e u ncomp let e d

an d con t ain addit ion al st ep s of t h e so lidifyin g in t erf ace s

(Fig.1b). Thi s m e ans t h a t Ge clust ers re ac h e d som e

limit h e igh t d et ermin e d b y t h e gro wt h t emp era t ure b e-

gin t o non-u niformly ad t h e migra t in g Ge a t oms t o t h e

f ace s. As a re sul t n ew incomp let e p lan e s are form e d on

t h e f acet s. No sm all clust ers or n u cle i w ere fou n d on

t h e w et t in g lay er (WL) in t h e arrays gro wn a t 530

�

C.

Sim ul t an eous gro wt h an d n u cle a t ion of s ev eral ph as e s

of Ge clust ers i s t ypical for t h e arrays gro win g a t lo w er

t emp era t ure s (e.g. 360

�

C) [9 ]. So a t 530

�

C t h e pro ce s s

of t h e QD gro wt h domin a t e s o v er t h e pro ce s s of n u cle-

a t ion of n ew clust ers aft er t h e act of t h e init ial clust er

n u cle a t ion wh ere as a t 360

�

C t h e s e pro ce s s e s comp et e

d ur in g t h e array gro wt h. Th e d et ails of clas s i�ca t ion of

Ge h u t clust ers an d t h e pro p ert ie s of QD arrays gro wn

a t mo d era t e t emp era t ure s can b e fou n d in Ref. [9].

Fig.2 d emonstra t e s an STM im age of a sm all Ge QD,

t h e w et t in g lay er in t h e n e are st vicinit y of it s bas e (a)

an d a pro�le of it s f acet (b). Th e WL cons i st s of ( M � N )
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b lo c ks wit h t h e p (2 � 2) an d c (4 � 2) reconstru ct ion

(Fig.2a an d Ref. [2]). Th e QD i s s een t o b e form e d

b y t h e monoa t omic st ep s (inclin e d regions of t h e curv e)

an d t h e (001) t errace s (h or izon t al regions of t h e curv e).

He igh t s of t h e st ep s are � 1 : 4

�

A an d t ot al wid t hs of t h e

t errace s are � 7

�

A t h a t con�rms t h e as su mpt ion m ad e

in Ref. [3] regardin g t h e s ize s of t h e st ep s an d t errace s.

Th e lin e conn ect in g t h e m axim u m an d t h e minim u m of

t h e pro�le h as a slo p e of � 11.3

�

. Th e slo p e s of t h e

inclin e d regions of t h e pro�le are m u c h gre a t er.

Th e STM in v e st iga t ions of f ace s of t h e clust ers gro wn

a t 360 an d 530

�

C evid ence d t h a t t h e ir �n e stru ct ure d e-

p en ds on n e it h er t h e gro wt h t emp era t ure nor t h e h u t

clust er sp ecie s. A t ypical STM im age of t h e QD f acet

i s pre s en t e d in Fig.3. Ch aract er i st ic di st ance s on t h e

[100]

(a)

[100]

Y
: 
3
.7

 n
m

(b)
X: 3.7 nm

Fig.3. 2D (a) an d 3D (b) STM im age s of t h e sam e are a

on Ge h u t clust er f acet ( h

Ge

= 10

�

A, T

gr

= 360

�

C,

U

s

= +2 : 1 V, I

t

= 80 pA). Th e s id e s of t h e clust er bas e

lie alon g t h e [100] direct ion, stru ct ural u nit s ar i s in g on t h e

f ree surf ace s of t h e (001) t errace s are m ar k e d ou t

f acet s are as fo llo ws: � 10 : 5

�

A in t h e < 100 > direct ions

(alon g t h e corre sp on din g s id e of t h e bas e) an d � 14

�

A

in t h e norm al ( < 051 > ) direct ions. Th e f acet s are com-

p o s e d b y stru ct ural u nit s whic h are ou t lin e d b y ellip s e s

in Fig.3a an d can b e arran ge d alon g e it h er [110] or [1 1 0]

direct ion on t h e (001) p lan e. Th e spa t ial arran gem en t

of t h e u nit s i s c h an ge d t o p erp en dicular on t h e adjacen t

t errace s an d rem ains u nc h an ge d wit hin t h e t errace. F o l-

lo win g t h e a u t h ors of Refs. [1 ] an d [4], w e sup p o s e t hi s

stru ct ural u nit t o b e a pair of dim ers comp o s e d b y Ge

a t oms on t h e t errace surf ace. Th e QD it s elf m ay b e

cons id ere d as a s et of su cce s s iv e monoa t omic st ep s an d

(001) t errace s whic h form t h e f 105 g f ace s [1 { 4]. W e ob-

s erv e pairs of dim ers whic h are t h e \remin d ers" of dim er

ro ws co v er in g t h e f ree \ou t cro p s" of t h e (001) p lan e s. As

t h e dim er ro ws c h an ge t h e ir direct ion t o t h e p erp en dic-

ular on t h e adjacen t t errace s, t h e ob s erv e d stru ct ural

u nit s t ur n a t 90

�

as w ell.

A mo d el of f acet s of t h e Ge h u t clust ers m ay b e buil t

on t h e bas i s of t h e a b o v e exp er im en t al ob s erv a t ions an d

t h e previous d a t a of Refs. [1] an d [4 ]. Th e mo d el i s

bas e d on t h e fo llo win g as su mpt ions: (i) t h e h u t clust ers

are f acet e d b y t h e f 105 g p lan e s, (ii) t h e h u t clust er f ace s

cons i st of t h e monoa t omic st ep s an d (001) t errace s, an d

(iii) a stru ct ure i s form e d on t h e f ree \ou t cro p s" of t h e

(001) t errace s whic h cons i st s of pairs of ad-dim ers an d

i s s imilar t o t h e stru ct ure s ar i s in g on t h e pure Si(001)

or Ge(001) surf ace s [12 ]. A sc h em a t ic of t hi s mo d el i s

sh o wn in Fig.4a. Th e s id e s of t h e clust er bas e are alin e d

wit h t h e < 100 > direct ions. Th e t errace s are b ou n d e d

b y t h e S

A

an d nonre b on d e d S

B

monoa t omic st ep s (t h e

t ermino logy b y Ch adi [12 ]). Fig.4b d emonstra t e s t h e

drawin g of t h e stru ct ure sup erp o s e d wit h it s STM im-

age.

As m en t ion e d a b o v e t h ere are t w o m ain sp ecie s of

Ge h u t clust ers{p yramid al an d w e dge-sh ap e d on e s [9].

Im age s of t h e clust ers of b ot h sp ecie s are sh o wn in

Figs.5a, b. It i s s een t h a t t h e stru ct ure s of t h e t o p v er-

t ex of t h e p yramid an d t h e t o p e dge of t h e w e dge (t h e

r idge) are di�eren t. T o build mo d els of a t omic stru ct ure

of Ge h u t clust ers t h e kno wle dge of arc hit ect ure of t o p s

of e ac h sp ecie s i s require d. Figs.5c, d d emonstra t e high

re so lu t ion t o p ographs of t h e v ert ex an d a n u cleus (1 ML

o v er WL) of t h e p yramid-lik e clust er an d Figs.5e, f sh o w

t h e t o p ographs of t h e r idge an d a v ery sm all (only 2 ML

o v er WL) w e dge-lik e QD. Th e s e im age s allo w e d us t o

�n d ou t t h e require d stru ct ure s of t o p s whic h are sh o wn

as t h e high e st a t omic lay ers in t h e stru ct ural sc h em a t-

ics of e ac h sp ecie s of t h e clust ers d emonstra t e d in Fig.6.

W e us e d t h e fo llo win g pro ce d ure t o build t h e mo d els of

t h e clust ers: (i) w e drew e ac h of four f acet s in accor-

d ance wit h t h e sc h em a t ic sh o wn in Fig.4a (ii) t h en w e
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[100]

(b)

A A

SA SB
A-A

(a)

Fig.4. A stru ct ural mo d el of t h e f 105 g f acet of h u t clust ers (a), S

A

an d S

B

are commonly ado pt e d d e s ign a t ions of t h e

monoa t omic st ep s [12 ], a t oms s it ua t e d on high er t errace s are sh o wn b y larger circle s. (b) Th e sc h em a t ic of t h e f acet sup er-

imp o s e d on it s STM im age (4 : 3 � 4 : 4 nm, U

s

= +3 : 0 V, I

t

= 100 pA), t h e [100] direct ion coincid e s wit h t h a t of t h e clust er

bas e s id e

Z: 4.7 nm

Y: 55.6
nm

X: 55.5nm

Z: 2.9 nm

Y: 28.0
nm

X: 27.9nm

Y:
8.

4
n

m

X: 6.0 nm

Z: 4.6Å

Y
: 8.0

nm

X: 7.9nm

Y
: 9

.7
n

m

X: 8.1 nm

Z: 5.3Å

Y: 14.9
nm

X: 16.4nm

(a) (b) (c)

(f)(e)(d)

Fig.5. STM t o p ographs of (a) p yramid al ( T

gr

= 530

�

C, h

Ge

= 11

�

A) an d (b) w e dge-sh ap e d ( T

gr

= 360

�

C, h

Ge

= 10

�

A) clus-

t ers, (c) t h e v ert ex, f ace an d (d) a n u cleus [ t h e left of t w o fe a t ure s, 1 ML o v er WL ] of a p yramid ( T

gr

= 360

�

C, h

Ge

= 6

�

A),

(e) t h e r idge s an d lon g f acet s of t w o clo s ely n e igh b our in g w e dge s ( T

gr

= 360

�

C, h

Ge

= 8

�

A) an d (f ) a sm all w e dge [ in t h e

cen t er of t h e �eld of view, 2 ML o v er WL ] ( T

gr

= 360

�

C, h

Ge

= 6

�

A)

com bin e d t h e f ace s accordin g t o t h e re sul t s of t h e STM

st udy of t o p s. F or t h e s imp licit y an d clar it y of t h e draw-

in gs (Fig.6) t h e stru ct ure of e dge s i s not sh o wn an d only

t h e high e st lay er of a t oms i s sh o wn on t h e v ert ex an d t h e

r idge.

It sh ould b e rem ar k e d in t h e conclus ion t h a t accord-

in g t o our STM d a t a p yramid e s an d w e dge s h a v e dif-

feren t stru ct ure s of t o p s. It i s s een f rom Figs.5 an d 6

t h a t on e cannot transform t h e stru ct ure of clust ers of

on e sp ecie s t o t h e stru ct ure of t h e ot h er. Th e stru ct ure
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(a)

(b)

Fig.6. Sc h em a t ic drawin gs of a t omic stru ct ure s of Ge (a)

p yramid al an d (b) w e dge-sh ap e d h u t clust ers comp o s e d of

6 monoa t omic st ep s on t h e w et t in g lay er

of t h e p yramid cannot b e obt ain e d f rom t h e stru ct ure

of t h e w e dge s imp ly com binin g four equal f ace s as t h e

re sul t an t mo d el w ould h a v e a wron g stru ct ure of t h e v er-

t ex. Hence, t h e con dit ions an d pro ce s s e s of n u cle a t ion

an d gro wt h sh ould b e exp ect e d t o b e di�eren t for p yra-

mid al an d w e dge-lik e Ge h u t clust ers.

In su mm ary , w e in v e st iga t e d t h e stru ct ure of t h e

f 105 g f acet e d Ge quan t u m dot s (h u t clust ers) gro wn

on t h e Si(001) surf ace a t t h e t emp era t ure s of 360 an d

530

�

C. De spit e t h e di�erence of t h e form a t ion pro ce s s e s

a t t h e s e t emp era t ure s b ot h sp ecie s of h u t clust ers (p yra-

mid al an d w e dge s-lik e on e s) w ere fou n d t o alw ays h a v e

t h e sam e stru ct ure of t h e f 105 g f acet s whic h w as vi su-

alize d. Stru ct ure s of t h e v ert exe s of t h e p yramid al clus-

t ers an d t h e r idge s of t h e w e dge-sh ap e d clust ers w ere

rev e ale d as w ell. Thi s allo w e d us t o br in g forw ard a

cryst allographic mo d el of t h e f 105 g f acet s as w ell as t h e

mo d els of t h e a t omic stru ct ure of b ot h sp ecie s of Ge h u t

clust ers.
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