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Th e gener al proper t ies of the layere d transition metal di chalcogenid es
and the p ossibi l ity to mo dif y these materials by intercalation are review ed.

E xamples are given of experimental results obtained by using angle -resolv ed
photo electron spectroscopy and very- low -energy electron di ˜racti on. T he
p ossibili ty to use layered semiconducto rs as model systems in studies of e.g.
Schott ky barriers and surf ace photo voltage is exempli Ùed by the Rb / WSe2

system. A ttention is also paid to the use of van der W aals epitaxy in inter-
face studies , and its possible practical applicati ons . T he p otential of layered
semiconductors like WSe2 in solar cell applicati ons is also mentioned.

PACS numb ers: 71.20.N r, 71.20.Tx, 79. 60.Bm, 79.60.Jv

1. I n t rod uct io n

The layered tra nsi ti on m etal dichalcogenides (T MD Cs) have attra cted much
attenti on in recent decades from both f undam enta l and appl ied points of vi ew. An
im porta nt reason for thi s interest is tha t thei r low-dim ensional character is mani -
fested thro ugh a num ber of unusua l pro perti es, whi ch are theo reti cal ly chal lenging
as well as practi cal ly useful [1].

2. G ener a l pr oper t ies of l ay er ed T M D Cs

The layered TMD Cs al l have the form al compositi on T X 2 , where T is a
tra nsiti on m etal and X is S, Se or T e. The three- di mensional crysta l structure
is basically a stack of layers, where each layer consists of a sheet of hexagonal ly
arra nged T ato m s, sandwi ched between two sim i lar sheets of X ato ms. Each T
ato m is thereby surro unded by six neighbouri ng X ato m s, and depending on the
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positi oning of the X sheets, the coordi nati on of the T ato m s is ei ther octahedra l
(OH) or tri gonal pri smati c (TP), as i l lustra ted in Fi g. 1. The interna l bonds in
the layers are stro ng, of m ixed ioni c/ covalent character. In contra st to thi s, the
bondi ng between the layers is weak, m ainly of van der W aals typ e, and the space
between tw o neighb ouri ng layers is often referred to as the van der Waals gap.

Fig. 1. T he 1T and 2H a structures together w ith their surf ace and bulk Brillo uin zones.

For the 1 T structure the \primed " and \unprimed" symmetry points are ine quiv alent,

due to the overall trigonal symmetry of this structure.

In addi ti on to the tw o di ˜erent possibi l i ti es for the interna l layer structure,
the layers m ay be stacked in a numb er of wa ys. The di ˜erent structures are given
labels such as 1 T , 2 H or 6 R , where the num ber speciÙes the perpendicul ar repeat
di stance (co unted in layers) and the letter tel ls us whether the overal l sym m etry
of the crysta l is tri gonal , hexagonal or rhom bohedra l . In the case of di ˜erent
structures ending up wi th the same label, one m ay add subscri pts (a ; b; . . . )
to disti nguish them . Two com mon structures are shown in Fi g. 1, together wi th
the corresp ondi ng bul k and surface Bri lloui n zones. Polytypi sm, i .e. tha t the same
compound m ay appear wi th a numb er of di ˜erent layered structures , is com m on
am ong TMD Cs. An exam pl e of thi s is TaS2 whi ch is known to adopt at least Ùve
di ˜erent structures : 1 T , 2 H a , 3 , 4 , and 6 .

The electro nic structure is sim ilar for al l TMD Cs, and m ay to a Ùrst appro x-
im ati on be described by a generic band structure [2{ 4]: in the botto m a narro w
chalcogen band, separated by a wi de gap from a chalcogen band reachi ng up to
or close to the Fermi energy. Next a narrow gap fol lowed by a tra nsiti on meta l
band, another gap, and on to p of tha t a band com posed of hi gher tra nsiti on m etal

and states. The orbi ta l labels given here ref er to the states tha t dominate in
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each band, but in rea li ty the characters are m ixed by hybri dizati on. In fact, the
occupied chalcogen p band and the uno ccupied higher tra nsi ti on m etal s; p band
form a bondi ng/ anti bonding combinatio n and are thus responsibl e for the stro ng
interna l bondi ng in the layer. The tra nsiti on m etal d band is not di rectl y invo lved
in the bondi ng, but the extent to whi ch thi s band is Ùlled is of cruci al im porta nce
for the electroni c pro perti es. Thi s sim ple picture is subject to m odiÙcati ons, how-
ever. In som e cases there is a smal l overl ap between the chalcogen p bands and
the tra nsiti on m etal d band, and in materi als wi th TP coordi nati on a d z 2 band
m ay spli t o˜ from the rem aining tra nsiti on m etal d band, resulti ng in an addi -
ti onal band gap. Fi gure 2 shows the schemati c band structures for (a) Ti S2 (wi th
OH coordi nati on) and (b) Mo S2 (wi th TP coordi nati on). In Ti S2 the num ber of
valence electro ns per uni t cell is exactl y tha t requi red to Ùll the S 3 p band, whi le
the Ti 3 d band rem ains empty . W i th the Ferm i level situa ted in the small gap
between these bands, Ti S2 consequentl y is a narro w-gap semiconducto r. In Ti Se2

there is a smal l overl ap instead of a gap between the Ti 3 d and Se 4 bands, whi ch
resul ts in semim etall ic behavi our f or thi s closely related com pound. VSe2 has the
sam e structure (1 ) as Ti S2 and Ti Se2 , but wi th one m ore electron per uni t cell i t
becomes a narro w-band m etal wi th a parti al Ùll ing of the V 3 band. In Mo S2 the
TP coordi nati on creates a separate Mo 4 band whi ch is compl etely Ùlled, whi le
the rem aining Mo 4 band is empty. Theref ore Mo S2 i s a semiconducto r, but wi th
a di ˜erent typ e of band gap tha n Ti S2 .
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Some TMD Cs devi ate from the sketched sim ple band picture by the occur-
rence of charge densi ty wa ves wi th associated periodic latti ce distorti ons [5]. Thi s
is usual ly attri buted to the low-di mensional character of these materi als, whi ch
favours Ferm i surf ace nesti ng and phonon anom alies tha t may dri ve such phase
tra nsform ati ons.

The electroni c structure of TMD Cs ha ve been extensi vel y studi ed by angle-
- resolved photo electro n spectroscopy (A RPES) [6, 7]. The pri ncipl es of thi s tech-
ni que are schemati cal ly shown in Fi g. 3: As a surf ace is hi t by inci dent UV or X- ray
radi ati on, photo electrons are emitted and thei r ki neti c energy is m easured in an
energy analyser. The resul ti ng spectrum shows the emission rate in a parti cul ar di -
recti on as a functi on of the energy. Pro vi ded tha t the photo n energy is kno wn, one
easily obta ins the energy of the electro n pri or to exci ta ti on. As the photo electron
passes thro ugh the surf ace potenti a l barri er, i ts wave vecto r is changed, but k

k
,

the com ponent para l lel to the surface, is conserved and can be calculated from the
m easured ki neti c energy and the emission angle. The only quanti t y now m issing
from a compl ete determ inati on of the correspondi ng band structure point is the

Fig. 3. Principl es of A RPES: The energy level diagram (lef t side) illu strates photo e-

mission from b oth the valence band and from a core level, w hich gives rise to peaks in

the corresp ondi ng energy distributi on curve (E DC ) (right side). A n EDC is normally

displa yed w ith E k along the horizontal axis, but here the axes have been reversed to

stress the relation to the energy level diagram. T he insert show s the full set of parame-

ters in photo emissi on.
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surf ace-perpendi cul ar wave vector component k ? , but there are several ways to
Ùnd thi s, at least appro xi matel y. In TMD Cs thi s issueis sim pl iÙed by the fact tha t
m ost of the bands depend only weakl y on k ? , so tha t the experim enta l results in
m any casescan be com pared di rectl y wi th calcul ated bands. Thus, apart from the
funda m ental interest in TMD Cs, there are also pra cti cal reasons for thei r prev a-
lence as m odel system s in AR PES. Ano ther practi cal adv anta ge of TMD Cs, in thi s
context, is tha t hi gh qual i ty surf acesare easily obta ined by cl eav age of the crysta ls
along the layers. Tha nks to the absence of dangling bonds, these surfaces are inert
and stay clean for extended ti m e periods. As a typi cal exampl e of AR PES resul ts
from TMD Cs, Fi g. 4 shows spectra m easured from ZrSe2 at di ˜erent polar angles

Fig. 4. A ngular series of photo electron spectra measured from ZrSe2 with h ¡ = 24 eV .
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Fig. 5. Structure plot show ing energy versus k k for the spectral features in Fig. 4

(circles) and from a simila r series measured with h¡ = 38 eV (squares). Filled symb ols

corresp ond to conspici ous peaks and open ones to w eaker structures. Comparisons are

made with ZrSe2 LA PW bands calculated along À M (f ull lines) and A L (dashed lines).

˚ in the À M azim utha l di recti on [8]. By plotti ng the ini ti al state energy versus k
k

for each spectra l peak, one obta ins a str ucture plot, as shown in Fi g. 5, where the
exp erimenta l points can be di rectl y com pared wi th the calcul ated band structure.
The compari son is here done wi th two sets of bands, one (f ul l l ines) corresp ondi ng
to the À M l ine (k

?
) and the other set (dashed l ines) correspondi ng to the

l ine ( ). The di ˜erence between the tw o sets is due to the perpendi cular
di spersion. For som e bands the perpendicul ar dispersion is smal l , and here the
compari son wi th the exp erimenta l points is very stra ightf orw ard. For bands wi th
a larger perpendicul ar di spersion one should be aware tha t also points fal l ing be-
tween correspondi ng ful l and dashed l ines are com pati ble wi th the calcul ati ons, as

m ay assume any interm ediate values. Self-consistent ab ini tio band structure
calculati ons by the l inear augm ented plane wav e (LAPW ) metho d are general ly
found to be in good agreement wi th exp erimenta l results from layered TMD Cs,
al tho ugh the calcul ated band gap often is som ewhat smal ler tha n the one observed
exp erimenta l ly.

Al tho ugh layered TMD Cs are som eti m es referred to as \ two- dimensional "
m ateri als, thi s term inology is not stri ctl y true, as these materi als usual ly have
som e electroni c bands wi th very signiÙcant perpendi cular di spersion [9{ 11]. Thi s
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dependence on k ? can be studi ed by e.g. m easuri ng spectra at norm al emission
( ˚ = 0 ) for di ˜erent photo n energies. As the photo n energy is changed, the value of
k ? for a tra nsiti on from a certa in ini ti al band to a certa in Ùnal band also changes,
and the perpendicul ar di spersion of the ini ti al band wi l l then result in a changed
positi on of the spectra l peak on the ini ti al energy scale. However, to m ap the
perpendicul ar dispersion of the ini ti al bands accuratel y, one need in pri ncipl e to
kno w the dispersion of the Ùnal bands. A com mon appro xi mati on in thi s context
is to assume the Ùnal band to be a f ree-electron parabola, shifted in energy by an
adj ustabl e \ inner potenti al " . W i th a sui ta ble choice of inner potenti al i t is often
possible to obta in a reasonably accurate mappi ng of the perpendicul ar di spersion
for m etals. In layered m ateri als, however, the stro ng ani sotro py resul ts in large de-
vi a ti ons from the sim pleparabol ic shape for the Ùnal bands, and the appro xi mati on
m ay theref ore pro duce di rectl y m isleading resul ts. Al so in ordi nary semiconducto r
m ateri als the Ùnal bands m ay devi ate signiÙcantl y from the free-electro n parabol ic
shape, since the crysta l potenti al in these is general ly stro nger tha n in m etals. One
wa y out of these di£ culti es is the recentl y developed m etho d of very- low- energy
electron di ˜ra cti on (VLEED ) [12], by whi ch i t is possible to obta in accurate Ùnal
bands for analysis of AR PES data .

The VLEED m etho d is based on the m easurement of the elastic electron re-
Ûectivi ty R ( E ) at ki neti c energies in the range of 0{ 40 eV. Thi s can be done using
an ordi nary LEED apparatus arra nged as shown in Fi g. 6 [13]. The exi t electrode
of the electron gun is kept at a Ùxed positi ve vol ta ge relati ve to the catho de, and
the ki neti c energy of the electro n beam is adj usted by bi asing of the catho de wi th
the sampl eat ground potenti al . W i th thi s arra ngement a constant beam current I 0

can be maintained down to the lowest energies. In practi ce i t is more conveni ent
to m easure the absorb ed current I T as a functi on of energy. Since the tra nsmission

Fig. 6. C onÙguratio n of standard LEED equipment for V LEED measurements (af ter

Stro cov [13]).
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Fig. 7. Principl es of V LEED band determination : critical points in the band structure

corresp ond to maxima and minima in the dT =dE curve (af ter Stro cov [13] ).

Fig. 8. A RPES mapping of the V Se2 valence bands using Ùnal bands determined by

V LEED. The experimental dots are imp osed on bands calculated by the LA PW metho d.

Black dots are determined more accurately than grey dots. The smaller panel to the right

show s the largely erroneous results obtained w ith free-electron- like Ùnal bands (based

on data from Stro cov et al. [14] ).
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T (E ) = I T = I 0 = 1 À R ( E ) , thi s f uncti on conta ins the sam e inf orm atio n as R ( E ) .
VLEED is connected wi th the band structure thro ugh the fact tha t the tra nsmis-
sion of incident electrons wi th a certa in energy depends on i f there are suita ble
Bl och states avai lable in the solid at thi s energy. Mo re preci sely, one Ùnds tha t the
m axi m a and m inim a of the deri vati ve dT =dE corresp ond to cri ti cal points in the
band structure, as i l lustra ted in Fi g. 7. The band structure in the perpendi cular
di recti on can theref ore be determ ined, e.g. by Ùtti ng a param etri zed band struc-
ture to the cri ti cal points, and the bands in the para l lel di recti on can be m apped
di rectl y by v aryi ng the inci dence angle (and hence ).

Bands detecta ble by VLEED have to ful Ùll two condi ti ons: they must be
above the vacuum level, and the Bl och wa ves in the sol id shoul d have a stro ng
coupl ing to the plane wa ves in vacuum . These are exactl y the sam e condi ti ons
whi ch are requi red for the Ùnal states in pho to enmission, whi ch m akes the com bi-
nati on of VLEED and AR PES parti cul arl y powerf ul for studi es of perpendi cular
di spersion. As an exampl e, Fi g . 8 shows the bands along the l ine in VSe2

m apped by the use of VLEED and free-electro n- like Ùnal bands, respectivel y [14].

A parti cularl y interesti ng property of TMD Cs is tha t foreign ato m s or mole-
cul es can be inserted between the host layers [15]. Thi s is known as ,
and can be employed to modi fy the physi cal properti es of the m ateri al in a con-
tro l lable way [4, 16]. It is for instance possibl e to achieve semiconducto r- to -metal
tra nsiti ons (or the opposite) by interca lati on.

Ma ny of the changes occurri ng upon interca la ti on are due to charge tra nsfer
from the intro duced species to the host latti ce, and thi s is often described in term s
of the ri gid band m odel (R BM), in whi ch i t is assumed tha t the band structure
of the host m ateri al is uncha nged, except tha t the band Ùll ing is al tered by the
charge tra nsfer.

Ano ther im porta nt e˜ect of interca lati on is the increased spacing between
the layers, whi ch is necessary to accomm odate the interca lated species. Thi s wi l l
a˜ect the degree of anisotro py, and m ay pro duce changes incompati ble wi th the
R BM. In addi ti on there m ay also occur charge-tra nsfer induced structura l changes
(of bond lengths, coordi nati ons and superstruc tures ) wi thi n the layers, or changes
in layer stacking because of m odi Ùed interl ayer intera cti ons.

The three m ost im porta nt categori es of TMD C interca lants are:
(i ) alkali m etals and other sim ple metals, incl uding Cu and Ag [17];
(i i ) 3 tra nsi ti on m etals [18];
(i i i ) amm onia, hydra zine, and related organi c m olecules [2].

Thi s revi ew deals only wi th alkal i m etal interca lati on, al tho ugh many ef-
fects are simi lar for the di ˜erent typ es of interca lants. Interca lati on of TMD Cs
wi th alkal i meta ls can be achi eved by a numb er of metho ds, e.g. im mersion in
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alkali -amm onia soluti ons, electro lysis of a soluti on of an appro pri ate m etal sal t
(wi th the TMD C sam ple acti ng as catho de), or im mersion in buthyl - lithi um
(n -C4H 9Li ). Ho wever, the m ost conveni ent metho d in combinatio n wi th electron
spectroscopies is in sit u interca lati on thro ugh alka li m etal depositi on in ul tra -high
vacuum (UHV) onto clean TMD C surfaces. In m ost cases the deposited alkali
m etals interca lates sponta neously wi tho ut signi Ùcant degradati on of the surface,
and by doing e.g. AR PES measurements on the sam e sam ple before and after the
interca lati on, one m ay study the e˜ect of interca lati on on the electroni c structure
in deta i l .

Fi gure 9 shows spectra m easured from the sam eZrSe2 sampl eas in Fi g. 4, but
after in sit u interca lati on wi th Cs, and Fi g. 10 shows the correspondi ng structure

Fig. 9. A ngular series of photo electron spectra measured from C sx ZrSe2 with h¡ =

24 eV .
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Fig. 10. Structure plot showing energy versus k
k

for the spectral features in Fig. 9.

Filled circles corresp ond to conspici ous p eaks and open ones to weaker structures. C om-

parisons are made w ith C sZrSe2 LA PW bands calculated along À M (f ull lines) and A L

(dashed lines).

pl ot com pared wi th LAPW calcul ati ons [8]. A nota ble interca lati on induced feature
in Fi g. 9 is the large peak occurri ng just below the Ferm i level for polar angles
around 30£ . Thi s peak reveals tha t the lowest conducti on band (of Zr 4 d ori gin) has
become parti al ly occupi ed by electrons tra nsferred from the Cs to the host layers,
tra nsform ing the sam ple from a semiconducto r to a m etal . Ag ain good agreement
is found wi th the calcul ated band structure (after m anual adj ustm ent of the band
gap), but i t is also clear tha t the changes to the band structure are not just a
m atter of band Ùlling, since there are signiÙcant di ˜erences (especial ly regardi ng
the perpendicul ar di spersion) whi ch goes well beyond the RBM. Simi lar resul ts
have been obta ined from several other alkali /TMD C system s such as Na / Ti S2 ,
Cs/ Ti S2 [19], Na/ VSe2 , K/ VSe2 , Cs/ VSe2 [20], Na / 2H- TaS2 and Cs/ 2H- T aS2 [21].
In al l cases the main e˜ects of alkali metal interca lati on were an increase in band
Ùll ing, reduced perpendicul ar dispersion and signiÙcant non-RBM changes in the
Ùner detai ls. In order to f ul ly understa nd these interca lati on induced changes, i t
is very im porta nt to perf orm ful l ab ini tio band structure calcul ati ons.

In addi ti on to the observati ons quoted above, the AR PES results also showed
som e devi ati ons from the calcul ated band structures whi ch possibl y coul d be at-
tri buted to defects. There are several ways in whi ch interca lati on m ay create de-
fects. As the latti ce parameters are altered by the interca lati on, in parti cul ar the
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Fig. 11. Di˜erent layer stackings in T iS2 intercalated w ith alk ali metals.

layer spaci ng c, but also the in-plane param eter a , the layers wi l l be severely
stra ined duri ng interca lati on and cracks may form i f the stress is high enough.
Such cracks have been veri Ùed in studi es of the Cs/ Ti S2 system by tra nsmission
electron m icroscopy (TEM) [22]. Ano ther possibl e e˜ect of interca lati on is tha t i t
m ay change the stacking of the layers [3]. W hether such changes are favourabl e
or not depends on the size of the alk ali m etal ions. Fi gure 11 shows how the 1 T

structure of Ti S2 i s reta ined up on interca lati on wi th Li , whi le interca lati on wi th
Na may resul t in two di ˜erent typ es of 3 R stacking. D uri ng in situ interca lati on
of large crysta ls, such structure tra nsform ati ons m ay be incom plete due to defects
and inhom ogeneiti es whi ch parti al ly pi n the layers to gether. Thi s m ay then resul t
in stacki ng disorder whi ch a˜ect the perpendi cular dispersion in AR PES m easure-
m ents. Evi dence for such incompl ete stacki ng changes and disorder has been found
by both TEM [22] and incoherent medium -energy electron di ˜ra cti on [23]. These
Ùndi ngs im pl ies tha t disorder, inhom ogeneiti es, and other defects are of signi Ùcant
im porta nce in interca lati on pro cesses.

5. Met al l ic over l ayer s on l ay er ed sem i con duct or s

La yered TMD Cs are easily cleaved to pro duce hi gh-qual i t y (0001) surfaces,
whi ch have no dangl ing bonds and theref ore are chemical ly inert wi th no surface
states. In pri nci ple, surfacesof semiconducti ng TMD Cs should be ideal for studi es
of Schottky barri ers. A practi cal problem is tha t the weak intera cti on between the
surf ace and adsorb ed m etals favours the growth of three- dim ensional meta l clus-
ters. In order to obta in homogeneous metal overl ayers i t may be necessary to keep
the sam pl e at low tem perature. Ano ther probl em is of course the abi l i ty of many
m etals to interca late, whi ch in thi s context leads to doping of the semiconducto r
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Fig. 12. Schematical illu strati on of band bendin g in p-WSe 2 induced by Rb deposi-

tion: (a) initial Ûat band conditi ons; (b) mo derate band bending w ith a depletion layer;

(c) saturated band bending w ith an inversion layer.

and form atio n of interf aces whi ch are not abrupt. So devi ati ons from ideal Schot-
tky behavi our for the Cu/ W Se2 and Ag / W Se2 interf aces have been attri buted
to interca lati on [24]. One system where interca lati on does not seem to occur is
R b/ W Se2 . One group at the Uni versi ty of Ki el has studi ed in deta i l the band
bending and surface photo vol ta ge e˜ect at subm onolayer R b covera ge [25]. They
m easured how the valence band spectra of p -typ e W Se2 shif ted as the Rb cover-
age wa s gradual ly increased. The nature of these shifts are i llustra ted in Fi g. 12.
Fi gure 12a shows the ini ti al Ûat band condi tions typi cal of semiconducto rs surf aces
wi tho ut surface states. In (b) a smal l amount of Rb has been deposited, and as the
R b 5 s states are above the Ferm i level, i ts valence electrons are tra nsferred to the
substra te. The result is band b end in g in the d ep l eti on l a y e r . The band bending
increases as more R b is added, unti l the conducti on band m inimum reaches the
Ferm i level, as i l lustra ted in (c). No w one obta ins an in v er sion l ay er wi th electrons
popul ati ng the conducti on band, and a further R b depositi on just increases the
conducti on band popul ati on, wi tho ut signiÙcantl y increasing the band bending.
Thi s picture is conÙrm ed by the spectra in Fi g. 13, whi ch shows the band bending
to satura te at 1.1 eV for Rb covera ges exceeding ¿ 1 0 1 2 ato m s/ cm 3 . Fi gure 14
shows an addi ti onal e˜ect due to the surface photo vol ta ge. The upp er spectrum
in (a) was measured from the clean W Se2 surface, and the middl e one after the
R b depositi on (nom inall y 0 : 5 È 1 0 1 2 ato ms/ cm 2 ), whi ch gave rise to a band bend-
ing of 519 meV. Then the sam ple wa s il lum inated by whi te l ight (332 m W / cm 2 ),
whi ch caused the spectrum to shift back by 169 m eV (botto m curve). The reason
for thi s shi ft is tha t the i l lum inatio n generates electron{ hole-pai rs, and tha t the
addi ti onal electrons in the conducti on band reduce the band bendi ng requi red to
compensate the positi ve Rb charge. Such surf ace pho to vol ta ge shifts can be di s-
ti nguished from the band bending shifts by thei r dependence on the i l lum inati on
level, whi ch was also studi ed by the Ki el group. In Fi g. 14b the dots show the to ta l
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Fig. 13. Rb induced band b ending in p-WSe 2 as observed by photo electron spec-

troscopy . Repro duced from [25] w ith permission from Elsevier Science (C opyright 1998).

shi ft at di ˜erent i l lumina ti on levels, whi ch corresp ond to di ˜erent electron{ hole
generati on rates G 0 . The sol id line is the result of a num erical calculati on based
on semicl assical semiconducto r theo ry. The excellent agreement conÙrm s the ideal
nature of the studi ed surf ace.

The same group at Uni versi ty of Ki el has also di scovered tha t Rb, when
deposited on several TMD Cs (am ong them W Se2 ) under certa in condi ti ons, form s
nanowi re netwo rks wi th a typi cal mesh size of the order of m icro ns [26, 27]. The
im pl icatio ns of thi s for future nanostructure engineering of surfaces are yet to be
settl ed, but the prospects are encouraging.
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Fig. 14. (a) Reduced band b ending due to the surf ace photo voltage e˜ect. (b) T he

dots show the observed band bending as a function of illu min atio n intensity . The solid

line show s the band bending as calculated from semiclassi cal semiconductor theory .

Repro duced from [25] with permission from Elsevier Science (C opyright 1998).

6. In t er face for m at ion b y v an d er W aal s ep i t axy

The term \ van der W aals epi ta xy" wa s intro duced by Ko m a et al . [28] to
describe the growth of a layered com pound when deposited on the cleavage surface
of another layered compound. Thi s to pic has recentl y been tho roughly revi ewed by
Jaegerm ann et al. [29]. Li ke in ordi nary epi ta xi al growth it is possible to grow well
ordered and ori ented overl ayers of these materi als, but the growth does not requi re
latti ce m atching. D ue to the weak intera cti ons and absence of di rected bonds
between the layers, the overl ayer may grow wi th a radical ly di ˜erent peri odicity as
i l lustra ted in Fi g. 15. In studi es of such deposited overl ayers by scanni ng tunnel ing
m icroscopy (STM), the di ˜erence in periodicity m ay be seen as Mo irÇe-typ e height
undul ati ons (Fi g. 16) [30].

Thi s typ e of epita xy opens new possibi l i ti es for studi es of e.g. band l ine-up at
semiconducto r interf aces. Just l ike f or surfaces, the resul ti ng interf acesare almost
free f rom dangl ing bonds and interf ace states, m aki ng them ideal f or studi es of
funda m ental interf acetheo ry. The freedom from latti ce m atchi ng constra ints al lows
for a huge num ber of m ateri al combi natio ns.

It is a lso possible to grow layered m ateri als epi taxi ally on to p of three- dim en-
sional m ateri als (e.g. GaAs or other conven ti onal semiconducto rs), or vi ce versa.
Thi s ki nd of growth, whi ch is cal led \ quasi-van der Waals epi ta xy" is i l lustra ted
in Fi g. 17. In pri nci ple, it m ight be possible to interf ace latti ce m ismatched three-
-dim ensional semiconducto rs by growi ng a bu˜er layer between them by quasi-van
der Waals epi taxy .
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Fig. 15. Lattice mismatch in conventional and van der W aals epitaxy , respectively . Re-

pro duced from [29] with permission from K luw er A cademic Publishe rs (C opyright 2000).

Fig. 16. Moir Çe structure of MoSe 2 on MoS 2 as seen by ST M. Repro duced from [30]

w ith the authors ' p ermission.

Fig. 17. C ombinations of two- and three- dimensio nal materials by \quasi- van der W aals

epitaxy". Repro duced from [29] with kind permissio n from K luw er A cademic Publish ers

(C opyright 2000).
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For practi cal appl icati ons, van der Waals and quasi-van der Waals epita xy
m ay thus al low for design of novel thi n Ùlm semiconducto r devi ces. One pro blem
here is the com pl ex nature of the growth m orpho logy, whi ch may be radi cal ly
di ˜erent for di ˜erent m ateri al com binati ons. To m aster thi s wi l l certa inly be a key
element for successful developm ent of these new techni ques.

7. Ap pl icat io ns i n p hot ov olt aics

Several layered semiconducto rs are of interest f or solar cell appl icati ons [31].
W Se2 i s one of the leadi ng candidates in thi s context, wi th an achi eved conversion
e£ ciency of 8%. In pri nci ple i t should be possibl e to increase thi s e£ ciency con-
siderably, as much higher e£ ciencies have been obta ined in electro chemical cells
based on the same materi al . The inertness of the layers is an im porta nt advantag e
of TMD Cs, and a further adv anta ge of W Se2 i s tha t the funda m ental band gap is
between non-bondi ng d states (i n analogy wi th Mo S2 , Fi g. 2b), whi ch m eans tha t
the photo exci ta ti on wi ll not weaken the bondi ng. W Se2 and isoelectroni c materi als
are theref ore resistive against photo corro sion. The problems of using layered semi-
conducto rs in solar cells are largely pra cti cal , e.g. how to prepare thi n Ùlm s of a
su£ cient qual i ty in su£ ci entl y large dim ensions. The techni que of van der Waals
epi ta xy mentio ned above, may be useful here. Sti l l , the layered semiconducto rs
are of great interest in solar cell model studi es, thro ugh thei r ideal nature of thei r
surf aces.
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