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Valence and conduction band states of HfS2: From bulk to a single layer
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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 HfS2 and epitaxial layers of HfS2 on WSe2, 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 byab initio extended linear augmented plane wavek•p band structure
calculations.
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I. INTRODUCTION

The layered transition metal dichalcogenides~TMDC’s!
constitute ideal materials to study the electronic structure
low-dimensional systems. Applying van der Waals epita
~VDWE!,1 well-defined films with a thickness of many dow
to a single sandwich layer can be grown to gradually
crease the dimension of the system. The TMDC’s consis
a sequence of chalcogen-metal-chalcogen sandwich la
@Fig. 1~a!# with strong covalent and ionic bonding inside
sandwich separated by a van der Waals gap over which
sandwich layers only interact with weak van der Waals l
forces. Due to this specific geometric structure, considera
anisotropies in optical and transport properties arise2 and the
TMDC’s are usually described as quasi-two-dimensional m
terials. However, the electronic structureE(k) does not ex-
clusively consist of bands with two-dimensional~2D! char-
acter which only display large dispersion with surfac
parallel wave vectorki . Also bands with three-dimensiona
~3D! behavior are observed exhibitingk' dispersion perpen
dicular to the layers up to several eV3 @A Brillouin zone and
the correspondingk vectors of the TMDC 1T-HfS2 are de-
picted in Fig. 1~b!.# These 3D bands originate from ele
tronic states which interact across the van der Waals gap
are delocalized in the direction perpendicular to the layers
ultrathin films of only a few sandwich layers these electro
states are substantially affected by the reduced dimensio
the system. Consequently, fundamental properties of
TMDC’s can change.

Recently, theoretical band structures calculations sho
that the location of the valence band maximum of WS2
changes its position ink space from theG point of the Bril-
louin zone in the bulk crystal to theK point in one or two
sandwich layers. Moreover, the computations predicted
the band gap considerably increases from bulk to ultra
films.4 Further calculations yielded that TiS2 converts from a
semimetal to a semiconductor if the film thickness is redu
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from bulk to a few sandwich layers while TiSe2 stays metal-
lic from bulk down to one sandwich layer5. Experimentally,
thin epitaxial films of layered materials have shown the
calization of valence states between vacuum and subs
for, e.g., InSe,6 SnS2,7 and WS2 ~Ref. 8! each deposited on
graphite. In particular, while the valence band maximum
bulk WS2 was located at theG point of the Brillouin zone,
the valence band maximum of a single sandwich layer W2
was determined at theK point.

Here we employ VDWE to grow ultrathin HfS2 films of
about 1 and 5 monolayers~ML !9 on p-WSe2 and study the
influence of the film thickness on the electronic structu
HfS2 is an n-type semiconductor exhibiting a fundament
indirect band gap of 2.85 eV and a direct band gap of 3.6
located at theG point.10 While the direct band gap is asce
tained between a valence and a conduction band of rathe
character, occupied, and unoccupied bands with strong
behavior are also encountered at slightly lower and hig
energies, respectively. This facilitates to investigate h
electronic states both with 2D and 3D properties are affec
in ultrathin HfS2 films by the reduced dimension of the sy
tem.

Epitaxial HfS2 is characterized byin situ scanning tunnel-

FIG. 1. ~a! Schematic side view of the layered TMDC 1T-HfS2.
~b! Brillouin zone of 1T-HfS2
©2003 The American Physical Society31-1
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ing microscopy~STM! and low-energy electron diffraction
~LEED!. Applying angle-resolved photoemission with sy
chrotron radiation and angle-resolved inverse photoemis
using a grating spectrometer,11 we consider the electroni
structureE(k') perpendicular to the layers. Combining bo
methods the occupied and unoccupied states are investig
on a common unique energy scale which allows us to de
mine thek resolved band gaps of ultrathin HfS2 films with
high precision.12 Ab-initio band structure calculations em
ploying the extended linear augmented plane wave met
within thek"p formulation~ELAPW-k"p) ~Ref. 13! corrobo-
rate the experimental work.

II. EXPERIMENTAL

All results described here were obtained on vacu
cleaved bulk samples and on clean HfS2 monolayers epitaxi-
ally grown on air-cleaved and annealed WSe2 bulk samples.
Growth parameters~sulphur pressurepS2

;22331029

mbar, substrate temperaturesTS56002650 K, and a low
hafnium flux! were chosen to yield a growth rate of abo
one monolayer HfS2 per hour. Preparations were charact
ized employingin situ STM and LEED. Subsequently th
samples were transported under ultra high vacuum co
tions to the Hamburg Synchrotron Radiation Laborato
Photoemission spectra were taken at the HONORMI be
line using our angular spectrometer for photoelectrons w
high energy resolution ASPHERE.14 An overall energy reso-
lution of 50 meV,DE,130 meV and angular resolution o
Dq,0.25° were chosen.

Inverse photoemission spectra were taken by using a c
pact grating spectrometer with parallel detection of phot
in the energy range of 10 eV,hn,40 eV.12 Electrons were
focused on the sample by an Erdman-Zipf-type elect
gun15 with 1 mm2 spot size and angle divergence,3°. En-
ergy and momentum resolutions are typically 400 meV a
0.05 Å21.

In order to relate the energy scales of inverse and di
photoemission, we apply combined angle-resolved pho
emission and inverse photoemission ~CARPIP!
spectroscopy.12,16 In this technique a common energy sca
for angle-resolved photoemission and inverse photoemis
data is established by detecting the electron energy from
inverse photoemission electron gun with the photoemiss
electron energy analyzer. Thus a separate determinatio
the Fermi level as reference energy is avoided, and b
bending does not affect the calibration. Therefore, this te
nique is predestined to very accurately determine energy
ferences between occupied and unoccupied states inclu
k resolved band gaps.

III. BAND STRUCTURE CALCULATIONS

The calculations were performed with the extended lin
augmented plane wavek"p method~ELAPW-k"p).17,18 The
self-consistent potential was constructed within the lo
density approximation~LDA ! of the density functional
theory with the full-potential augmented Fourier compone
technique described in Ref. 18.
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The Kohn-Sham equations were solved with the follo
ing computational setup: For the bulk HfS2 crystal the basis
set included 373 energy independent APWs~energy cutoff
13 Ry!, and the extension of the radial basis set contribu
another 124 basis functions. The extension was introdu
following the prescriptions of Ref. 13. In the calculation
with larger unit cells the computational parameters w
changed so as to keep the same real space resolution o
APW basis set. The Brillouin zone~BZ! integrations were
performed by the tetrahedron method with a mesh of 11k
points that divides the BZ into 6048 tetrahedra, 1437
which are inequivalent.

IV. RESULTS AND DISCUSSION

To investigate how electronic states of HfS2 are changed
in ultrathin films, we first consider the calculated band stru
ture of bulk HfS2 which is depicted in Fig. 2~a! along theGA
direction of the Brillouin zone, i.e., perpendicular to the su
face. The unoccupied and occupied bands are denoted
small and capital letters, respectively. We can distingu
bands with either 2D character showing only slightk' dis-
persion~bandsb, a, A, andC) or bands exhibiting 3D prop-
erties with a relatively largek' dispersion~bandsc, B, and
D). A Mulliken analysis of the corresponding electron
states can explain this difference. For example, bandA origi-
nates from mainly S 3px and S 3py derived electronic state
which are primarily localized inside the HfS2 sandwich lay-
ers and show only little interlayer interaction. In contra
bandB is predominantly derived from S 3pz orbitals which
considerably interact across the van der Waals gap and
are delocalized perpendicular to the layers.19

Hence, the band width along theGA direction greatly
depends on the interlayer interaction. By increasing the

FIG. 2. Calculated band structure of HfS2 with increasing size
of the van der Waals gap. The in-plane lattice parameter is k
constant to the bulk valuea53.635 Å while the c axis is enlarged
from ~a! the bulk valuec55.837 Å to ~b! c57.296 Å and~c! c
511.674 Å. The direct band gapEgap between the valence ban
maximum and band a is depicted for all three cases.
1-2
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VALENCE AND CONDUCTION BAND STATES OF . . . PHYSICAL REVIEW B 68, 235331 ~2003!
der Waals gap in the calculation, the interaction between
layers is lowered and we are able to study how this affe
the electronic structure. Figure 2~b! presents a calculation o
bulk HfS2 with a 25% enlarged van der Waals gap. The ba
width especially of the 3D bandsc, B, and D is notably
decreased, but they still display somek' dispersion due to a
remaining interlayer interaction. Expanding the van d
Waals gap by 100% results in completely flat bands@Fig.
2~c!#.

While the 3D bands are significantly changed upon lo
ering the interlayer interaction, the 2D electronic sta
~bandsb, a, A, andC) are only little affected. In particular
their binding energy is not altered and accordingly also th
relative energy distance remains. This is crucial for the dir
band gapEgap which is ascertained between bandsA and a
with 2D character. The direct band gapEgap is calculated to
1.55 eV. Although the computation underestimates the
perimentally observed direct band gap of 3.6 eV~Ref. 10!
because of the local density approximation,20 the important
fact for the discussion of ultrathin films constitutes thatEgap
only increases by about 0.05 eV with larger van der Wa
gap. Therefore, the direct band gap of a single HfS2 sand-
wich layer should maintain the value of bulk HfS2.

Experimentally, low-dimensional HfS2 systems are real
ized by epitaxially growing ultrathin HfS2 films on WSe2
which are characterized by STM and LEED~Fig. 3!. A
smooth single sandwich layer HfS2, shown in Fig. 3~a!, is
grown at substrate temperatureTS5650 K and a relatively
low metal flux yielding an almost closed first layer and
second one which has just started with a coverage of o
10%. To fasten the preparation time, thicker films are p
pared at higher metal flux and lowerTS5600 K. This results
in slightly rougher epilayer surfaces with several unfinish
sandwich layers displayed in Fig. 3~b! for three nominal
monolayers~ML ! HfS2 on WSe2.

The corresponding LEED picture of 3 ML HfS2 is pre-
sented in the inset of Fig. 3~b!. Due to surface sensitivity o
LEED, only the epilayer contributes to the image which
veals the typical symmetry of the overlayer lattice and de
onstrates the crystalline growth of HfS2. Analyzing the dif-
fraction pattern yields that epitaxial HfS2 grows with its bulk
in-plane lattice constant (aHfS2

53.635 Å3! which is charac-
teristic for VDWE.

FIG. 3. Empty state STM pictures of~a! 1.1 ML and~b! 3 ML
HfS2 on WSe2 @STM parameter:~a! 1.5 V bias, I t50.2 nA; ~b!
2.3 V bias, I t50.2 nA]. ~b! Corresponding LEED picture (Ekin

5133 eV).
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In order to experimentally study how 2D and 3D ele
tronic states of bulk HfS2 are changed in these ultrathi
films, we exemplarily compare the upper two valence ba
emissions of bulk, 1 ML, and 5 ML HfS2, shown in Fig. 4.
Starting with bulk HfS2, we consider the electronic valenc
structureE(k') perpendicular to the surface applying ang
resolved photoelectron spectroscopy at normal emission
various photon energieshn @Fig. 4~a!#. Assuming direct tran-
sitions between initial and final states, thek' component of
the wave vector alters with the photon energy along theGA
direction of the Brillouin zone. Two pronounced peaks d
notedA and B are observed which are associated with t
sulphur derived bandsA andB, respectively@Fig. 2~a!#. The
2D and 3D character of the electronic states is manifested
the dissimilark' dispersion. While the uppermost peakA
only slightly changes its binding energy revealing 2D beh
ior, emissionB clearly displays 3D properties with a rela
tively largek' dispersion of about 800 meV between phot
energieshn521227 eV.

Figure 4~b! shows angle-resolved photoemission spec
of 1 ML HfS2 on bulk WSe2. Due to the surface sensitivity
of ARPES mainly contributions of the HfS2 layer are visible
in the spectra. Only at higher photon energies a feature
beledY located in the band gap of HfS2 appears which is
associated with WSe2 derived states. Two HfS2 related peaks
labeledA andB are discernable and can be associated w
the corresponding emissionsA and B of bulk HfS2 @Fig.
4~a!#. While structureA does not show anyk' dispersion as
expected from the band structure calculation@Fig. 2~c!#, peak
B still reveals a small but distinct dispersion of 250 me
This dispersion is caused by the hybridization of overlapp
S 3pz orbitals of the epilayer and Se 4pz orbitals of the
WSe2 substrate.19

With increasing thickness of the HfS2 film, the electronic
band structure along theGA direction starts to build up. To
investigate this development, we have also taken photoe
tron spectra of 5 ML HfS2 between photon energieshn
517 eV227 eV depicted in Fig. 4~c!. At a film thickness of
5 ML HfS2 only contributions of the epilayer are visible i
the spectra and substrate emissions are completely
pressed. The two peaks labeledA andB are again visible and

FIG. 4. Angle-resolved photoemission data~normal emission,
ki50) with various photon energieshn of ~a! bulk HfS2, ~b! 1 ML
HfS2 /WSe2, and~c! 5 ML HfS2 /WSe2.
1-3
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C. KREISet al. PHYSICAL REVIEW B 68, 235331 ~2003!
appear broadened because of the slightly increased ro
ness of the surface. StructureA still exhibits almost no dis-
persion. More significantly, thek' dispersion of emissionB
already amounts to 500 meV between photon energieshn
521227 eV indicating the evolution of the band structu
along theGA direction. However, the dispersion of 500 me
is still smaller compared to the dispersion of 800 meV in
bulk.

To further elucidate the development of the band struct
in ultrathin HfS2 films, we compare band structure calcul
tions of bulk HfS2 @Fig. 5~a!# to computations of repeate
slabs exemplarily containing three sandwich layers H2
@Fig. 5~b!#. The unit cell of the slab calculation is construct
using bulk lattice parameters for the 3 HfS2 layers separated
to decrease the interaction between neighboring slabs
vacuum region equal to a 25% stretched van der Waals
@Fig. 5~c!#. Since three sandwich layers are contained in
unit cell in comparison with only one sandwich layer in t
bulk unit cell, the number of bands has tripled@Fig. 5~b!#.
The small remainingk' dispersion is due to a slight interac
tion of the electronic states over the vacuum region. Furt
increasing the vacuum region results in flat bands as sh
above@Fig. 2~c!# but requires considerably more calculatio
time. The bulk bands with rather 3D character are each s
into three, well separated bands in the slab calculation~e.g.,
bandsB and D). On the other hand, each of the 2D ban
~e.g., bandsA andC) is also split into three bands but wit
only small energy separation. Moreover, they do not cha
their binding energy. Consequently, the direct band gapEgap
between bandsA anda should remain constant also in film
of several HfS2 sandwich layers.

In contrast to the slab calculation, no periodicity perpe
dicular to the surface exists in an epitaxial film of 3 M
HfS2. The electronic states possess only threek' values with
discrete energies. Thus, we exemplarily project the th
bands of the slab calculation plotted as thick lines@Fig. 5~b!#

FIG. 5. Calculated band structure of~a! bulk HfS2 and~b! slabs
of three sandwich layers HfS2. The bulk bands are split into thre
bands in the slab calculation. Exemplarily, three bands of the
calculation~thick lines! are projected onto their corresponding bu
bandB ~dots!. The direct band gapEgap is depicted for both com-
putations.~c! Schematic plot of the unit cell used in the slab calc
lation.
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on the corresponding bulk bandB displayed as dots@Fig.
5~a!#. Applying photoelectron spectroscopy in normal em
sion detects the different electronic states at dissimilar p
ton energies and the respective emissionB exhibits disper-
sion @Fig. 4~c!#. It is interesting to note that the energy ran
covered by the three discrete energies is remarkably sm
than the band width of bandB. The band structure alongGA
is not fully developed in ultrathin HfS2 films. This explains
the observed reduced dispersion of only 500 meV in 5 M
HfS2 compared to 800 meV in bulk HfS2.

Before we consider the direct band gap of ultrathin Hf2
films, we explore the unoccupied electronic structureE(k')
perpendicular to the surface employing angle-resolved
verse photoelectron spectroscopy at normal incidence w
various initial electron energiesEi . Assuming direct transi-
tions between initial and final states, thek' component of the
electron wave vector is changed withEi along theGA direc-
tion of the Brillouin zone. Figure 6 depicts spectra in t
angle-resolved inverse constant initial energy spectrosc
mode of bulk HfS2 and epitaxial HfS2 films with 1.1 and 5
ML sandwich layers.

Starting with the conduction bands of bulk HfS2, we find
three emissions markeda, b, andc @Fig. 6~a!# related to the
three corresponding groups of conduction bands@Fig. 2~a!#
which are mainly derived from Hf 5d orbitals. While bands
a andb exhibit 2D character with small dispersion, the gro
of bandsc displays 3D behavior. As expected from the ba
structure calculation, emissionsa andb only little vary their
binding energy with changingk' , while structurec exhibits
k' dispersion of about 400 meV to lower energies with
creasing initial electron energiesEi @Fig. 6~a!#.

Figures 6~b! and 6~c! display inverse photoelectron da
of 1.1 and 5 ML epitaxial HfS2 on WSe2, respectively. Due
to the surface sensitivity of inverse photoemission, the sp
tra are governed by emission features of the epitaxial ov
layer. In the epilayer spectra we observe three promin
peaks denoteda, b, andc which are related to the respectiv
structures of bulk HfS2. As in the photoemission spectra, th
structures of 1 ML HfS2 are less broadened than the corr
sponding features of 5 ML HfS2 caused by the different sur

b

-

FIG. 6. Angle-resolved inverse photoelectron spectra with v
ous initial electron energiesEi of ~a! bulk HfS2 and epitaxial HfS2
films on WSe2 with ~b! 1.1 ML and ~c! 5 ML thickness~normal
incidence,ki50, EF2EVBM

HfS2 52.6 eV).
1-4
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VALENCE AND CONDUCTION BAND STATES OF . . . PHYSICAL REVIEW B 68, 235331 ~2003!
face roughness of the epilayers. The emissionsa andb of the
epilayer show nok' dispersion as expected from the weak
dispersing structures of bulk HfS2. Emission c, which
changes its binding energy up to 400 meV with varyingEi in
the bulk crystal, exhibits almost no dispersion in 1.1 ML a
about 200 meV in 5 ML HfS2 demonstrating the develop
ment of the unoccupied band structure with increasing fi
thickness.

To examine the direct band gap of epitaxial HfS2 films,
we apply combined angle-resolved photoemission and
verse photoemission~CARPIP! to study the occupied an
unoccupied electronic structure on a common energy s
without using the Fermi level as a reference. This allows
to determinek resolved band gaps with high accuracy.12,16

Figure 7 depicts CARPIP spectra of bulk WSe2, HfS2 on
WSe2 with increasing coverages ranging from 0.8 to 5 M
and bulk HfS2. The series of spectra nicely shows the tra
sition of the emission features from pure bulk WSe2 to HfS2
related structures. The direct band gapEgap of bulk HfS2 has

FIG. 7. Combined angle-resolved photoemission and inve
photoemission spectra of bulk WSe2, 0.8, 1.1, and 5 monolayer
epitaxial HfS2 on WSe2, and bulk HfS2 showing the direct band
gapEgap at G of HfS2 (ki50).
h

n

a
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been determined by band mapping.10 It amounts to 3.6 eV
and is located between the valence band maximum and
lowest conduction band corresponding to peaka. Measuring
the k' dispersion of the uppermost valence band emissioA
as in Fig. 4~a!, the valence band maximum is detected
photon energyhn519 eV corresponding toG where peakA
exhibits the lowest binding energy. For epitaxial HfS2 films
with 1.1 and 5 ML thickness peaksA anda are clearly dis-
cernable. Since both structures do not show anyk' disper-
sion, we can immediately determine the direct band gap aG
to 3.6 eV60.05 eV for 1.1 and 5 ML HfS2. Obviously, the
electronic states corresponding to emissionsa and A and
even their relative distance, i.e., the direct band gap atG, are
only little affected in films with a thickness down to a sing
sandwich layer HfS2 in excellent agreement with the ban
structure calculations shown in Figs. 2~c! and 5~b!.

V. CONCLUSIONS

In summary, we applied combined angle-resolved pho
emission and inverse photoemission together with b
structure calculations to investigate the occupied and un
cupied electronic structureE(k') of ultrathin HfS2 films.
Regarding 3D electronic states, we found that the interla
interaction determines the band width along theGA direction
and found that thek' dispersion in 5 ML HfS2 is still smaller
compared to bulk HfS2 due to an incomplete development
the band structure alongGA. 2D bands were observed t
remain their binding energy in ultrathin films. Consequen
the direct band gap, ascertained between 2D electronic st
maintains the bulk value of 3.6 eV for films with a thickne
down to one sandwich layer of HfS2 in good agreement with
computed changes between band gaps of bulk and ultra
HfS2 films.
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