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W e carr ied out scannin g tunne ling microsco py /sp ectroscopy studies of
Bi 2 T e3 surf ace, w hich, to the best of our know ledge, had not been attempted
so far . W e got images of surf ace of the material in many scales from microm -
eters to nanometers, w hich show ed a layered structure of Bi 2 Te3 , w ith many

monoatomic terraces. W e found agreement betw een measured heights and
corresp ondi ng bulk crystal structure deri ved from X -ray data. In nanoscale
w e obtained an atomic resolutio n. U sing scanning tunnelin g spectroscopy w e

carried out examination of the electronic structure. W e observed di ˜erent
I À V characteristics and contrast on current imaging tunneli ng spectroscopy
maps on non equiv alent terraces. The d I /d V ( ¿ density of states ) curves re-
ferred to those terraces were compared w ith theoreticall y calculated by Lar-

son et al. density of states derived from Bi p and Te-1 p orbitals. T he analysi s
of our results allow ed us to distingu ish bismuth from tellurium planes.

PAC S numb ers: 68.37.Ef , 61.48.+ w

1. I n t rod uct io n

Ma ny papers about Bi 2 Te3 and related m ateri als concerni ng such to pics as
band structure studi es thro ugh calculati ons and photo emission exp erim ents have
been publ ished in recent years. Thi s com pound has also attra cted considerable
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attenti on because of its potenti al appl icati on in the micro -fabri catio n of integrated
therm oelectri c devi ces [1].

Bi 2 Te3 i s a narro w gap semiconducto r. The values of an indi rect gap obta ined
thro ugh theoreti cal calcul ati ons reported in [2] is 0.11 eV, in [3] is 0.17 eV and
in [4] is 0.13 eV. An exp erimenta l band gap is 0.15 eV [5]. It is a layered materi al
wi th a rho m bohedra l crysta l structure of D 5

3 d
( R 3 m ) space group. The uni t cell

conta ins Ùve ato m s [6]. It is also possible to get a hexagonal uni t cell as shown
in Fi g. 1a. Al ong the z di recti on, Bi 2 T e3 uni t cell consi sts of Ùve layers bonded
by stro ng ionic and covalent intera cti on. These so-cal led \ qui ntupl e layer leaves"
are connected by weak van der W aals typ e bonds [4]. Ato m layers occur in the
sequence: T e(1){ Bi { Te(2){ Bi { T e(1), where the Te(1) and Te(2) are nonequi valent
tel luri um sites [5].

Fig. 1. H exagonal unit cell (a), atomic resoluti on ST M image (b), measured heights of

the steps (c) (e.g. as seen in Fig. 2e).
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In thi s paper we present the results of Bi 2 Te3 studi es using scanni ng tun-
nel ing m icroscopy / spectroscopy (STM/ STS) techni ques, whi ch, to the best of our
kno wl edge, have not been attem pted before. W e recorded images of the m ateri al 's
surf ace in many scales (f rom microm eters to nanometers), whi ch show a layered
structure of Bi 2 Te3 , wi th m any m onoato mi c terra ces. W eha ve com pared our mea-
sured heights wi th heights whi ch can be calcul ated usi ng the X- ray data [6]. W e
also perform ed current im aging tunnel ing spectroscopy (CITS) m easurem ents and
local density of states was calcul ated using Bando et al . m etho d [7].

2 . E x per i m ent a l d et ai ls

Bi smuth and tel luri um of 5N puri ty were used for preparati on of the Bi 2 T e3

crysta l . The compound was Ùrst synthesi zed from the elements in conical am poul es
of 10 m m in diam eter. Af ter being evacuated and sealed o˜, the am poule was
annealed at a constant tem perature of 1276 K for 48 h. Then the am poul e was
lowered at rate of 4.5 m m/ h into a region of tem perature gradient of 400 K/ 5 cm.
Single crysta ls of 10 mm in diam eter and about 50 m m length were obta ined.
In alm ost al l cases the c axi s was perpendicul ar to the growth di recti on, i .e., the
(0001) plane wa s perpendi cular to the axi s of conical am poul e. The middl e parts
of a single crysta l were used for the inv estigatio n [8].

The ori ginal sam ple was cut into smal l (5 È 5 È 4 m m) pi eces.One side of tha t
box- shaped sam pl e is a pl ane para l lel to ato mic layers. The crysta l was cleaved
usi ng adhesive ta pe. Tha t pro cedure, in m ost of the cases, gave us a sam ple wi th
cl ean, Ûat and conta minatio n free surface. Thi s preparati on pro cedure is simpl e
and e˜ecti ve, because layer{ layer intera cti on have a weak van der Waals ori gin
wherea s bondi ng wi thi n layers is ioni c or covalent [6]. The sam ple prepared in
such a way was then tra nsferred to an UHV (1 0 À 9 Torr) chamber equipped wi th
an Om icron STM/ AFM m icroscope. Al l measurements presented here were done
in am bient tem peratures.

3. Exp er i m ental r esu l t s an d di scu ssion

Pi ctures ta ken at large m agniÙcati on revealed a hexagonal order of ato m s in
parti cul ar layers. A latti ce consta nt m easured as shown in Fi g. 1b is 0 : 4 5 nm .
Thi s value is very close to the l i tera ture data | 0.438 nm [6].

Fi gure 1c shows stati stical ly m ost frequent heights observed duri ng our mea-
surements (e.g. as seen in Fi g. 2e). The ri ght hand colum n represents possibl e di s-
ta nces between observed layers whi ch would be created on the surface assuming
tha t i t is a random pro cess. The ta ble cells m ark ed wi th darkened background
show the distances in nanom eters between layers of di ˜erent ato ms. Some of the
di stances, e.g. 0.372 nm correspondi ng to Bi { T e(1) bi layer, were not observed.
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Fig. 2. Surf ace of Bi 2 Te3 (a) and (b) af ter cleavage, area of 6 4 È 64 nm 2 , (a) island s

h = 0 :4 9 Ï 0: 1 nm, size 6{12 nm, (b) case w ith holes, depth 0 :51 Ï 0: 0 2 nm, size

¿ 7 nm. A fter heating at 150À 200 £ C : (c) 700 È 700 nm 2 , islands ' h = 1 : 13 Ï 0 :03 nm,

size 50{60 nm ; (d) 256 È 256 nm 2 , holes' size ¿ 20 nm, depth ¿ 1 nm. Surf ace af ter

elongated anneali ng at 130
£ C: (e) 2500 È 2500 nm 2 , (f ) magni Ùcati on of a part of (e).

Fi gure 2a shows the surface of the Bi 2 Te3 sam ple di rectl y after being cleaved
and tra nsferred into UHV. It app ears as an ato m ical ly Ûat plane wi th l i ttl e tri -
angular islands. Islands' height was 0 : 4 9 Ï 0 nm , and thei r dim ensions were
appro xi m atel y 6{ 12 nm . Probably they are form ed wi th ato ms tha t were to rn out
from the rem oved layers duri ng cleaning pro cess menti oned above. Energy in the
room tem perature is not su£ cient for the tri angular form s to migrate. In some
cases the cleaning process gave us a di ˜erent surface m orpho logy. In pri nci ple i t
looked the sam e, but then we observed tri angular holes in ato m icall y Ûat areas.
Thei rs depth was nm , and di mensions were about 7 nm in each di recti on
(Fi g. 2b). The X-ray data analysis al lowed us to conclude tha t the basic pl anes
consisted of tel luri um ato m s and the Bi pl anes were pl aced below and above the
T e one.

Heati ng the sam ple changed the structure of surf ace. W e used two di ˜erent
tem peratures and dura ti ons. At Ùrst i t was 150 C wi th dura ti on of 1{ 3 h and
the processwa s accom pl ished wi th anneal ing at C wi th ti mes longer tha n 48 h.

D ue to a hi gher tem perature and longer period of ti m etha t had been passed
since cleavage, the surface exhi bi ted a l i ttl e bi t di ˜erent structure. The smal l and
dense-packed tri angular pieces migrated and form ed m uch larger alm ost hexag-
onal shape islands (Fi g. 2c). Islands dim ensions are about 50{ 60 nm , and the
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height of al l islands on average was 1 : 1 3 Ï 0 : 0 3 nm . Accordi ng to X- ray data the
nearest possibl e sequences of ato m ic layers whi ch may create such an island are:
substra te(Bi ){ T e(1){ T e(1){ Bi { T e(2){ Bi À T e(1) and substra te(T e(1)){ Bi { T e(2){
Bi { T e(1){ Te(1){ Bi . Both have identi cal height | 1.186 nm . Theref ore we can as-
sume tha t the upp er m ost ato ms of island and substra te are of di ˜erent ki nd in any
case.Adequa tel y, i f a cleaved surface wa s of a second ki nd (ho lesinstead of islands)
we observed the creati on of larger tri angular holes as a result of the anneal ing pro-
cess (Fi g. 2d). The m easured depth was 1 : 0 0 3 Ï nm . Thi s value agrees wi th
1.017 nm calcul ated from the X- ray data [6]. It is the thi ckness of every six subse-
quent ato m ic layers, so i t fol lows tha t they are of the sam eki nd. If we ta ke into ac-
count tha t the Bi 2 T e3 crysta l shoul d cleave along the T e(1){ T e(1) bonds, (b ecause
they are of van der Waals typ e) we can concl ude tha t ato mic layers sequencef rom
m ost to p lay er to the botto m one is: T e(1){ Bi { Te(2){ Bi { T e(1){ botto m (T e(1)).

The surface evolved to a qui te compl ex structure as a resul t of pro longed
( h) anneal ing ti me at 120 C. Fi gure 2e shows an exam ple picture of tha t sur-
face wi th m any terra ces, placed on di ˜erent heights. Mo st of the to pographi c f or-
m ati ons do not have a clear hexa gonal sym metry as mentio ned earl ier islands/ holes
had. Tho se m iscellaneous terra ces exhi bi t di ˜erent shapes and heights. Assum ing
tha t terra ces m ainta in the ato mic structure of Bi 2 T e3 , a di stance between any pai r
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Fig. 4. (a) C alculated L DO S curves vs. energy for bismuth and tellurium terraces in

Bi 2 Te3 ; (b) DO S vs. energy theoretically calculated by Larson et al. [4] (w ith the authors'

p ermissio n).

of the vi sible layers should agree wi th the adequate pai r of planes from the X- ray
data . W e observed the consi stence between our STM measurements and X- ray
data in most cases as i t is seen in Fi g. 1c.

CITS m aps revealed areas wi th di ˜erent electroni c pro perti es. In parti cu-
lar, there wa s no contra st when terra ces were spaced (i n z di recti on) by the di s-
ta nce am ong equivalent ato mic layers. For exampl e when the height was 0.49 nm
(Fi g. 3a), whi ch corresp onds tel luri um and bismuth planes, we could see a clear
contra st on the CITS image. Co ntra ry, there was no contra st when observi ng the
sam e ato m ic pl anes as in Fi g. 3f (i ndi cated by arro ws). The di ˜erence in height
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wa s about 0.61 nm whi ch is cl ose to the space between Bi planes. The step height
between largest terra ces was 0 : 5 8 Ï 0 : 0 1 nm and there is a clear contra st in the
CITS m ap as we exp ected.

W e also calcul ated curves of the local density of sta tes (LD OS) at di ˜erent
terra ces using Bando et al . [7] metho d. They are presented in Fi g. 4a. Compari ng
these the curves wi th theoreti cal ly calculated DOS vs. energy [2, 4] (Fi g. 4b) we
can concl ude tha t the curve measured above the to p terra ce (l eft side in Fi g. 3f )
is sim i lar to D OS of Bi p orbi ta l presented in [4]. Adequa tel y the curve measured
above the botto m terra ce resembles the D OS curve of T e-1 p orbi ta l [4].

4 . Co n cl usion s

Our STM investi gatio ns of the Bi 2 Te3 surface revealed the presence of the
ato m ical ly Ûat terra ces wi th smal l tri angular shaped islands or holes. The pro-
longed anneal ing devel oped the m ul ti- terra cessurface structure. The steps' heights
were correl ated wi th the X- ray data . CITS maps exhi bi ted the contra st between
terra ces representi ng di ˜erent ato mic pl anes. The dI / dV DOS) curves referred
to tho se planes were com pared wi th theo reti cal ly calculated DOS and al lowed us
a disti ncti on between bismuth and tel luri um planes.
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