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Valence and conduction band states of Hf$ From bulk to a single layer

C. Kreis, S. Werth, R. Adelung, L. Kipp, and M. Skibowski
Institut fir Experimentelle und Angewandte Physik, Univetsiteel, D-24118 Kiel, Germany

E. E. Krasovskii and W. Schattke
Institut fir Theoretische Physik, Universtt&iel, D-24118 Kiel, Germany
(Received 3 October 2003; published 31 December 003

Electronic states of a material are intimately related to the dimension of the system. Epitaxial layers of
transition metal dichalcogenides provide model systems in which the dimension can gradually be reduced by
varying the film thickness. Applying combined angle-resolved photoemission and inverse photoemission on
bulk HfS, and epitaxial layers of HfSon WSe, we investigate the influence of the film thickness on two- and
three-dimensional valence and conduction band states. While the direct band gap is observed to be independent
of the thickness, the dispersion of states interacting perpendicularly to the layers is strongly affected as found
from normal emission spectra with varying photon energy. The latter, a decreasing band width with decreasing
number of layers, may be expected from general physical arguments, whereas the former appears to be rather
surprising. However, both is confirmed By initio extended linear augmented plane wave band structure

calculations.
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. INTRODUCTION from bulk to a few sandwich layers while TiSsetays metal-

lic from bulk down to one sandwich layerExperimentally,

The layered transition metal dichalcogenid@DC’'s)  thin epitaxial films of layered materials have shown the lo-
constitute ideal materials to study the electronic structure otalization of valence states between vacuum and substrate
low-dimensional systems. Applying van der Waals epitaxyfor, e.g., InS&,SnS,,” and WS (Ref. 8 each deposited on
(VDWE),* well-defined films with a thickness of many down graphite. In particular, while the valence band maximum of
to a single sandwich layer can be grown to gradually debulk WS, was located at th& point of the Brillouin zone,
crease the dimension of the system. The TMDC's consist ofhe valence band maximum of a single sandwich layer, WS
a sequence of chalcogen-metal-chalcogen sandwich layevgas determined at thi€ point.
[Fig. 1(a)] with strong covalent and ionic bonding inside a  Here we employ VDWE to grow ultrathin H§Sfilms of
sandwich separated by a van der Waals gap over which th&out 1 and 5 monolayef$iL)® on p-WSe, and study the
sandwich layers only interact with weak van der Waals likeinfluence of the film thickness on the electronic structure.
forces. Due to this specific geometric structure, considerablgifS, is an n-type semiconductor exhibiting a fundamental
anisotropies in optical and transport properties arsel the  indirect band gap of 2.85 eV and a direct band gap of 3.6 eV
TMDC's are usually described as quasi-two-dimensional matocated at thd” point_lo While the direct band gap is ascer-
terials. However, the electronic structugg¢k) does not ex- tained between a valence and a conduction band of rather 2D
clusively consist of bands with two-dimensior@D) char-  character, occupied, and unoccupied bands with strong 3D
acter which only display large dispersion with surface-behavior are also encountered at slightly lower and higher
parallel wave vectok|. Also bands with three-dimensional energies, respectively. This facilitates to investigate how
(3D) behavior are observed exhibititkg dispersion perpen- electronic states both with 2D and 3D properties are affected
dicular to the layers up to several €A Brillouin zone and  in ultrathin HfS, films by the reduced dimension of the sys-
the corresponding vectors of the TMDC T-HfS, are de- tem.
picted in Fig. 1b).] These 3D bands originate from elec- Epitaxial HfS, is characterized bin situ scanning tunnel-
tronic states which interact across the van der Waals gap and
are delocalized in the direction perpendicular to the layers. In U,
ultrathin films of only a few sandwich layers these electronic S '
states are substantially affected by the reduced dimension of Hf
the system. Consequently, fundamental properties of the
TMDC'’s can change.

Recently, theoretical band structures calculations showed S

vdW gap

that the location of the valence band maximum of WSe S k,

changes its position ik space from th&" point of the Bril- i L',k..

louin zone in the bulk crystal to thK point in one or two a

sandwich layers. Moreover, the computations predicted that (a) (b)

the band gap considerably increases from bulk to ultrathin

films.# Further calculations yielded that TiSonverts from a FIG. 1. (a) Schematic side view of the layered TMDQ HfS,.

semimetal to a semiconductor if the film thickness is reducedb) Brillouin zone of IT-HfS,
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ing microscopy(STM) and low-energy electron diffraction

(LEED). Applying angle-resolved photoemission with syn- . 8@8’0
chrotron radiation and angle-resolved inverse photoemissior clg‘g‘g‘g’é’ c] © c
using a grating spectrometérwe consider the electronic 3@88 8@8-8
structureE(k, ) perpendicular to the layers. Combining both . . %88'8
methods the occupied and unoccupied states are investigate : : :
on a common unique energy scale which allows us to deter: 6 / 6 6
mine thek resolved band gaps of ultrathin Bf$lms with
high precisiont? Ab-initio band structure calculations em- 4 b |t 4
ploying the extended linear augmented plane wave metho& , 2 2
within the k-p formulation(ELAPW-k-p) (Ref. 13 corrobo- % {a~ A |Ew | Evu | Egwr
rate the experimental work. ul_leO ......................... 0 — 0
Yol ¢ Bl . -2
Il. EXPERIMENTAL 4 ———/’D/ 4 4
All results described here were obtained on vacuum

cleaved bulk samples and on clean KfSonolayers epitaxi- K, AT A T A
ally grown on air-cleaved and annealed W®elk samples. @ ® ©
Growth parameters(sulphur pressureps,~2—3x10"° FIG. 2. Calculated band structure of Hf@ith increasing size

mbar, substrate temperaturgég=600—650 K, and a low of the van der Waals gap. The in-plane lattice parameter is kept
hafnium flux were chosen to yield a growth rate of about constant to the bulk valua=3.635 A while the ¢ axis is enlarged
one monolayer Hf§per hour. Preparations were character-from (a) the bulk valuec=5.837 A to (b) c=7.296 A and(c) c
ized employingin situ STM and LEED. Subsequently the =11.674 A. The direct band galfy,, between the valence band
samples were transported under ultra high vacuum condmaximum and band a is depicted for all three cases.
tions to the Hamburg Synchrotron Radiation Laboratory.
Photoemission spectra were taken at the HONORMI beam- The Kohn-Sham equations were solved with the follow-
line using our angular spectrometer for photoelectrons witing computational setup: For the bulk Hf8rystal the basis
high energy resolution ASPHERE An overall energy reso- set included 373 energy independent APWsergy cutoff
lution of 50 meV< AE< 130 meV and angular resolution of 13 Ry), and the extension of the radial basis set contributed
A9<0.25° were chosen. another 124 basis functions. The extension was introduced
Inverse photoemission spectra were taken by using a confollowing the prescriptions of Ref. 13. In the calculations
pact grating spectrometer with parallel detection of photongvith larger unit cells the computational parameters were
in the energy range of 10 evhy<40 eV ! Electrons were changed so as to keep the same real space resolution of the
focused on the sample by an Erdman-Zipf-type electrofAPW basis set. The Brillouin zonEBZ) integrations were
gunl5 with 1 mn? spot size and angle divergenee3°. En- performed by the tetrahedron method with a mesh of K12
ergy and momentum resolutions are typically 400 meV andpoints that divides the BZ into 6048 tetrahedra, 1437 of

0.05 AL, which are inequivalent.
In order to relate the energy scales of inverse and direct
photoemission, we apply combined angle-resolved photo- IV. RESULTS AND DISCUSSION

emission and inverse  photoemission (CARPIP

spectroscopy”*® In this technique a common energy scale To investigate how electronic states of Hf&e changed
for angle-resolved photoemission and inverse photoemissioifi ultrathin films, we first consider the calculated band struc-
data is established by detecting the electron energy from thiégire of bulk HfS which is depicted in Fig. @) along thel’A
inverse photoemission electron gun with the photoemissioflirection of the Brillouin zone, i.e., perpendicular to the sur-
electron energy analyzer. Thus a separate determination &ice. The unoccupied and occupied bands are denoted with
the Fermi level as reference energy is avoided, and bangmall and capital letters, respectively. We can distinguish
bending does not affect the calibration. Therefore, this techbands with either 2D character showing only slight dis-
nique is predestined to very accurately determine energy difeersion(bandsb, a, A, andC) or bands exhibiting 3D prop-
ferences between occupied and unoccupied states includirggties with a relatively largé, dispersion(bandsc, B, and

k resolved band gaps. D). A Mulliken analysis of the corresponding electronic
states can explain this difference. For example, baodgi-
nates from mainly S 8, and S 3, derived electronic states
which are primarily localized inside the HfSandwich lay-

The calculations were performed with the extended lineaers and show only little interlayer interaction. In contrast,
augmented plane wavep method(ELAPW-k-p).1"®®The  bandB is predominantly derived from Sp3 orbitals which
self-consistent potential was constructed within the locakonsiderably interact across the van der Waals gap and thus
density approximation(LDA) of the density functional are delocalized perpendicular to the laykts.
theory with the full-potential augmented Fourier components Hence, the band width along theA direction greatly
technique described in Ref. 18. depends on the interlayer interaction. By increasing the van

Ill. BAND STRUCTURE CALCULATIONS
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~3 ML HfS, on WSe, (a) bulk HfS, (b) 1ML (c) 5 ML

intensity [arb. units]

FIG. 3. Empty state STM pictures ¢&) 1.1 ML and(b) 3 ML

HfS, on WSe [STM parameteri(a) 1.5 V bias,|,=0.2 nA; (b) E-EMS2 ey E-E'S: [ev] E-ES: (v
2.3V bias, 1,=0.2 nA]. (b) Corresponding LEED pictureE, vom vom vom
=133 eV). FIG. 4. Angle-resolved photoemission dat@rmal emission,

. . . . k;=0) with various photon energiés of (a) bulk HfS,, (b) 1 ML
der Waals gap in the calculation, the interaction between theiss /\wse, and(c) 5 ML HfS,/WSe,.

layers is lowered and we are able to study how this affects

the electronic structure. Figurél® presents a calculation of In order to experimentally study how 2D and 3D elec-
bulk HfS, with a 25% enlarged van der Waals gap. The bandronic states of bulk Hf$ are changed in these ultrathin
width especially of the 3D bands, B, and D is notably  films, we exemplarily compare the upper two valence band
decreased, but they still display soike dispersion due to a emissions of bulk, 1 ML, and 5 ML HfS shown in Fig. 4.
remaining interlayer interaction. Expanding the van derStarting with bulk Hf$, we consider the electronic valence
Waals gap by 100% results in completely flat bafBigy.  structureE(k,) perpendicular to the surface applying angle-
2(0)]. resolved photoelectron spectroscopy at normal emission with

While the 3D bands are significantly changed upon low-yarious photon energids [Fig. 4(a)]. Assuming direct tran-
ering the interlayer interaction, the 2D electronic StateSSitionS between initial and final states, '[‘hﬁ Component of
(bandsb, a, A, andC) are only little affected. In particular, the wave vector alters with the photon energy alongltiae
their binding energy is not altered and accordingly also theigjirection of the Brillouin zone. Two pronounced peaks de-
relative energy distance remains. This is crucial for the direchoted A and B are observed which are associated with the
band gapE,, Which is ascertained between bardleinda  sulphur derived banda andB, respectively[Fig. 2@)]. The
with 2D character. The direct band g&g,, is calculated to 2D and 3D character of the electronic states is manifested by
1.55 eV. Although the computation underestimates the exihe dissimilark, dispersion. While the uppermost peak
perimentally observed direct band gap of 3.6 @®&f. 10  only slightly changes its binding energy revealing 2D behav-
because of the local density approximatfBrthe important jor emissionB clearly displays 3D properties with a rela-
fact for the discussion of ultrathin films constitutes tBgt, tively largek, dispersion of about 800 meV between photon
only increases by about 0.05 eV with larger van der Waa'%nergieshv=21— 27 eV.
gap. Therefore, the direct band gap of a single H&nd- Figure 4b) shows angle-resolved photoemission spectra
wich layer should maintain the value of bulk BfS of 1 ML HfS, on bulk WSeg. Due to the surface sensitivity

Experimentally, low-dimensional HfSsystems are real- of ARPES mainly contributions of the HjSayer are visible
ized by epitaxially growing ultrathin HfSfilms on WS@  in the spectra. Only at higher photon energies a feature la-
which are characterized by STM and LEE(ig. 3. A peledY located in the band gap of HfSappears which is
smooth single sandwich layer HfSshown in Fig. 8a), is  associated with WSederived states. Two HfSrelated peaks
grown at substrate temperatufg=650 K and a relatively |abeledA andB are discernable and can be associated with
low metal flux yielding an almost closed first layer and athe corresponding emissions and B of bulk HfS, [Fig.
second one which has just started with a coverage of only()]. While structureA does not show ank, dispersion as
10%. To fasten the preparation time, thicker films are preExpected from the band structure Ca|cu|aﬁ5i‘g_ 2(0)], peak
pared at higher metal flux and low&g=600 K. This results B still reveals a small but distinct dispersion of 250 meV.
in slightly rougher epilayer surfaces with several unfinishedrhis dispersion is caused by the hybridization of overlapping
sandwich Iayers dISpIayed in Flg(ts for three nominal S 3pz orbitals of the ep”ayer and Sepé orbitals of the
monolayergML) HfS, on WSe. WSe substrate?

The corresponding LEED picture of 3 ML HfSs pre- With increasing thickness of the Hf$ilm, the electronic
sented in the inset of Fig.(B). Due to surface sensitivity of pand structure along thBA direction starts to build up. To
LEED, only the epilayer contributes to the image which re-jinyestigate this development, we have also taken photoelec-
veals the typical symmetry of the overlayer lattice and demygn spectra of 5 ML Hf$ between photon energidsy
onstrates the crystalline growth of HfSAnalyzing the dif- =17 gy—27 eV depicted in Fig. @). At a film thickness of
fraction pattern yields that epitaxial Hfgrows with its bulk 5 ML HfS, only contributions of the epilayer are visible in
in-plane lattice constanta(ys,=3.635 &) which is charac-  the spectra and substrate emissions are completely sup-
teristic for VDWE. pressed. The two peaks label&@ndB are again visible and
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(a) bulk HfS, (b) HfS, slab (©) bulk HfS, 1.1 ML HfS, 5 ML HfS,
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FIG. 6. Angle-resolved inverse photoelectron spectra with vari-

FIG. 5. Calculated band structure @ bulk HfS, and(b) slabs  ous initial electron energie; of (a) bulk HfS, and epitaxial Hf$
of three sandwich layers H{SThe bulk bands are split into three films on WSe with (b) 1.1 ML and (c) 5 ML thickness(normal
bands in the slab calculation. Exemplarily, three bands of the 5|ah1cidence,ku=0, Er— E\'jsazz_g ev).
calculation(thick lineg are projected onto their corresponding bulk
bandB (dots. The direct band gaf 4, is depicted for both com- on the corresponding bulk baril displayed as dot§Fig.
putations.(c) Schematic plot of the unit cell used in the slab calcu- 5(a)]. Applying photoelectron spectroscopy in normal emis-
lation. sion detects the different electronic states at dissimilar pho-

ton energies and the respective emissi®exhibits disper-
appear broadened because of the slightly increased roughkion[Fig. 4(c)]. It is interesting to note that the energy range
ness of the surface. Structukestill exhibits almost no dis- covered by the three discrete energies is remarkably smaller
persion. More significantly, thie, dispersion of emissioB  than the band width of bar. The band structure alorigA
already amounts to 500 meV between photon energies is not fully developed in ultrathin Hfsfilms. This explains
=21-27 eV indicating the evolution of the band structure the observed reduced dispersion of only 500 meV in 5 ML
along thel' A direction. However, the dispersion of 500 meV HfS, compared to 800 meV in bulk H$S
is still smaller compared to the dispersion of 800 meV in the Before we consider the direct band gap of ultrathin HfS
bulk. films, we explore the unoccupied electronic structi(é, )

To further elucidate the development of the band structur@erpendicular to the surface employing angle-resolved in-
in ultrathin HfS, films, we compare band structure calcula- verse photoelectron spectroscopy at normal incidence with
tions of bulk HfS [Fig. 5@)] to computations of repeated various initial electron energids;. Assuming direct transi-
slabs exemplarily containing three sandwich layers JHfS tions between initial and final states, the component of the
[Fig. 5(b)]. The unit cell of the slab calculation is constructed electron wave vector is changed wih along thel'A direc-
using bulk lattice parameters for the 3 Hffayers separated tion of the Brillouin zone. Figure 6 depicts spectra in the
to decrease the interaction between neighboring slabs by angle-resolved inverse constant initial energy spectroscopy
vacuum region equal to a 25% stretched van der Waals gapode of bulk HfS and epitaxial Hf$ films with 1.1 and 5
[Fig. 5(c)]. Since three sandwich layers are contained in theML sandwich layers.
unit cell in comparison with only one sandwich layer in the  Starting with the conduction bands of bulk HfSve find
bulk unit cell, the number of bands has triplgeig. 5b)].  three emissions markeaj b, andc [Fig. 6(a)] related to the
The small remainindg, dispersion is due to a slight interac- three corresponding groups of conduction baffég. 2(a)]
tion of the electronic states over the vacuum region. Furthewhich are mainly derived from Hf & orbitals. While bands
increasing the vacuum region results in flat bands as showaandb exhibit 2D character with small dispersion, the group
above[Fig. 2(c)] but requires considerably more calculation of bandsc displays 3D behavior. As expected from the band
time. The bulk bands with rather 3D character are each splitructure calculation, emissiomasandb only little vary their
into three, well separated bands in the slab calculdiog.,  binding energy with changink, , while structurec exhibits
bandsB and D). On the other hand, each of the 2D bandsk, dispersion of about 400 meV to lower energies with in-
(e.g., bandsA and C) is also split into three bands but with creasing initial electron energi€s [Fig. 6@)].
only small energy separation. Moreover, they do not change Figures 6b) and 6c) display inverse photoelectron data
their binding energy. Consequently, the direct band Bgy ~ of 1.1 and 5 ML epitaxial Hf§$ on WSe, respectively. Due
between banda anda should remain constant also in films to the surface sensitivity of inverse photoemission, the spec-
of several Hf$ sandwich layers. tra are governed by emission features of the epitaxial over-

In contrast to the slab calculation, no periodicity perpen-ayer. In the epilayer spectra we observe three prominent
dicular to the surface exists in an epitaxial film of 3 ML peaks denoted, b, andc which are related to the respective
HfS,. The electronic states possess only thke@alues with  structures of bulk Hfg As in the photoemission spectra, the
discrete energies. Thus, we exemplarily project the threatructures of 1 ML Hf$ are less broadened than the corre-
bands of the slab calculation plotted as thick liflefgy. 5b)]  sponding features of 5 ML HfScaused by the different sur-
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PES (EDC) IPES (ARICIS) been determined by band mappiigt amounts to 3.6 eV
s=0° E 9=0° and is located between the valence band maximum and the
veaze A B 8 B lowest conduction band corresponding to pealeasuring

92 | pulk HiS thek, dispersion of the uppermost valence band emission
| 0% ’ as in Fig. 4a), the valence band maximum is detected at
\/\m - pho_to_n energhy= 19_ e\( corresponding tb _Wh_ere peald
5 ! 10.81 exhibits the lowest binding energy. For epitaxial Hff8ms

£ J\%/\A\ 1.1ML with 1.1 and 5 ML thickness peal&s anda are clearly dis-
E 1088 cernable. Since both structures do not show kpydisper-
08ML sion, we can immediately determine the direct band gdp at
to 3.6 eV=0.05 eV for 1.1 and 5 ML Hf§ Obviously, the
e /\ s | bukWSe,  glectronic states corresponding to emissienand A and
even their relative distance, i.e., the direct band gdp, are
5 4 2§ 3 i i only little affected in films with a thickness down to a single
E-E!sfeV] sandwich layer Hfg in excellent agreement with the band

structure calculations shown in Figqcand 5b).
FIG. 7. Combined angle-resolved photoemission and inverse

photoemission spectra of bulk W5e0.8, 1.1, and 5 monolayers V. CONCLUSIONS
epitaxial HfS on WSe, and bulk HfS showing the direct band
gapEgpat I’ of HfS, (kj=0). In summary, we applied combined angle-resolved photo-

f h fth i h . fth emission and inverse photoemission together with band
ace roughness of the epilayers. The emisswaadb of the g,ctyre calculations to investigate the occupied and unoc-

epilayer show n&, dispersion as expected from the weakly o 5iaq electronic structur&(k,) of ultrathin HfS, films.
dispersing structures of bulk HfS Emission ¢, which  pagarding 3D electronic states, we found that the interlayer
changes its binding energy up to 400 meV with varyiidn  jneraction determines the band width along Ete direction
the bulk crystal, exhibits almost no dispersion in 1.1 ML andand found that thé, dispersion in 5 ML HfS is still smaller

about 200 meV in 5 ML Hfg demonstrating the develop- omnared to bulk Higdue to an incomplete development of

ment of the unoccupied band structure with increasing f'lmthe band structure alonjA. 2D bands were observed to

thickness. ) ) L remain their binding energy in ultrathin films. Consequently,
To examine the direct band gap of epitaxial Hf8ms,  he girect hand gap, ascertained between 2D electronic states,

we apply combined angle-resolved photoemission and ing5intains the bulk value of 3.6 eV for films with a thickness
verse photoemissiofCARPIP to study the occupied and down to one sandwich layer of Hf$n good agreement with
unoccupied electronic structure on a common energy Scalgomputed changes between band gaps of bulk and ultrathin
without using the Fermi level as a reference. This allows U$Hts, films
to determinek resolved band gaps with high accuragy® 2 '
Figure 7 depicts CARPIP spectra of bulk WSeHS, on

WSe with increasing coverages ranging from 0.8 to 5 ML,

and bulk HfS. The series of spectra nicely shows the tran- This work was supported in parts by BMBF Project No.
sition of the emission features from pure bulk W$@HfS, @ 05 KS1 FKB and the Deutsche Forschungsgemeinschaft,
related structures. The direct band dag, of bulk HfS, has  Forschergruppe FOR 353.
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