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Combined photoemission and inverse photoemission study of HfS
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We report on a comprehensive study of the electronic structure of the layered semiconduktfs,1 The
occupied and unoccupied band structure has been investigated by combined angle-resolved photoemission and
inverse photoemission. The results are discussed in the context of a fully relativistic linear-muffin-tin-orbital
calculation as well as an extended linear-augmented-plane-wave calculation showing a very good agreement
between experiment and theory. From the measurements, we obtain an indirect band gap of 2.85 eV between
I and M/L. This value differs significantly from optical results 2 eV). In the normal direction we observe
the direct band gap of 3.6 eV.
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[. INTRODUCTION experimental setugSec. Ill). Afterwards we will focus on
the experimental determination of the valence-band maxi-
There has been a number of experimental and theoreticahum (VBM) and conduction-band minimufCBM) (Sec.
investigations of the geometric and electronic structure of théV). In the subsequent Sec. V, we will describe the band-
transition-metal dichalcogenidés® Especially, semiconduc- structure calculations and make conclusions about their re-
tor heterojunctions of layered materials grown by van dessults. Finally, a comprehensive discussion of the experimen-
Waals epitaxy showing nearly defect-free interfagem der  tal valence- and conduction-band structure will be presented
Waals epitaxy led to an increasing interest in the last and compared with theory in Sec. VI.
years®’ For the understanding and the improvement of the
heterojunction properties, it is important to have an accurate 1. STRUCTURAL AND ELECTRONIC PROPERTIES
picture of the electronic structure of the layered semiconduc-
tors.
In the case of Hfg, the determination of the electronic

Due to the layered structure of the transition-metal dichal-

cogenides, their macroscopic and microscopic properties ex-

properties is partly still incomplete. According to optical h|p|t a pr(_)nounced two-dimensional charactgr. .Th's striking

experiment€~1° HfS, has an indirect band gap of about 2 anisotropic structure results from the strong ionic and. cova-

eV. The band structure has been calculated by several met nt mtralayer bonding and the weak van der Waals-'hke In-

ods. All theoretical results give an indirect band gap. Fon erlaye;r b_ondmg. Hef‘ce* We can obsgrve a strong anisotropic

etalll (empirical pseudopotential methocind Bullett? ehavior in, e.g., optical and electronic properties among the
; ; transition-metal dichalcogenides.

(atomic-orbital methodget a fundamental band gap of about )

1.9 eV, Murrayet al** (semiempirical tight-binding methad One layer consists of qne—layer plane of hexagonal close-

and Mattheis¥ [nonrelativistic augmented plane-wave packed Hf atoms sandwiched by two-layer plane.s of also

(APW) method predict a fundamental gap of about 2.7 eV. hexagonal c_:lose—packed S atoms. The '_.'f atom is octahe-

They all find the valence-band maximum at fheoint and drally coordinated by the chalcogen at.olfmg. a)]. HIS,

the conduction-band minimum at thepoint (Fonget al. at adopts the CQIstricture(lT structure with the correspond-

the M point). Jakovidiset al® determined the band structure iNg space grou>3ml. Therefore, the lattice constaatis

of HfS, in the 'M direction by angle-resolved photoemis- SPanned by 0”'}’1 one sandwich |§)€ef- The lattice parameters

sion spectroscopy and discussed it in the context of the the@€a=3.635 A"+ andc=5.837 A™* (from Ref. 5. Figure

ries of Bullett? and Mattheis$? To our knowledge there

exists no work about the unoccupied band structure ofHfS — chalcogen ——
In this paper we present a complete study of the valence—— metal
and conduction-band structure of HfSThe experimental —— chalcogen —

band structure and the band gap were investigated by mear van der Waals—gap

of combined angle-resolved photoemission and inverse pho— chalcogen —— }
toemission spectroscor(y:ARPlF).16 The experimental re- _— metal | _y_ e
sults will be compared with band-structure calculations using__ chajcogen —— 2w
the relativistic linear-muffin-tin-orbitalRLMTO) method

for the occupied bands and the extended linear-augmentec (a) a (b)
plane-wave(ELAPW) method for the unoccupied states.

The schematic description of the structural and electronic FIG. 1. (a) Coordination of theS atoms in Ir-HfS, (according
properties of Hf$ in Sec. Il is followed by details about the to Wilson and Yoffe Ref.  (b) Brillouin zone of HfS.

0163-1829/2001/63)/0351078)/$15.00 63 035107-1 ©2001 The American Physical Society



M. TRAVING et al. PHYSICAL REVIEW B 63 035107

tions are typically 400 meV and 0.05A.

s,p To determine the electronic transitions from the spectra,
the inverse photoemission data have been deconvoluted by a
maximum entropy algorithi®?® A Gaussian resolution

dyz,2x/P function with full width at half maximum(FWHM) depend-
dxy.?—y® ing on the energy of incidenaeU, has been assumed vary-
&ze ing from 360 meV FWHM ateUy,=11 eV to 800 meV

_______ FWHM at eUy=27 eV. Noise has been taken into account
by the assumptiod = «+ 8+/g, with g, being the intensity
E p/d W in channek of the channel plate and constants 8 adapted
to the experimental conditions. The maxima in the deconvo-
luted spectra have been identified as the electronic transi-
tions. This approach is more precise than an ambigious fit of
W the broad non-Gaussian peaks in the original spectra. The
photoemission spectra with their much better resolution were
DOS directly fitted by Gaussian peaks.
Concerning semiconductors like HfSthe energy is usu-
FIG. 2. Schematic view of the electronic band structure of HfS ally referred to the valence-band maximymBM). By the
(according to Liang Ref.)1 combination of the angle-resolved photoemission and in-
verse photoemissiofCARPIP spectroscopy we get a com-
1(b) shows the corresponding Brillouin zone of Hf$api-  mon energy scale for both spectroscopfeshis is achieved
tals denote points of high symmetry. by detecting the electron energy from the inverse photoemis-
The schematic density of states suggested by Ligh@s  sion electron gun with the photoemission electron energy
a rough picture of the electronic structure of transition-metalanalyzer. In this way, the Fermi level becomes obsolete as
dichalcogenidesFig. 2). The energetically lowest valence- reference energy and band-bending effects are eliminated.
band states show maini§4s and S4p character. Since for Therefore, CARPIP is the ideal tool for investigation of the
group IVB transition-metals the intralayer bonding showsoccupied and unoccupied band structure with high accuracy,
about 30% ionic character, the octahedral coordination is faespecially of the fundamental band gap.
vored. The resulting band gap depends strongly on the actual The samples used in these experiments were grown by
materials. The following cationlikel states can be divided chemical vapor transport using iodine as transport gas. They
into the bands showintyq symmetry @2, d,2_2, dy,) and  were stuck to the sample holder by silver containing epoxy
the bands witley symmetry @,,, dy,). The main contribu- glue. By cleaving the crystals parallel to the sandwich layers
tion of the antibonding andp states arises from the cation. we obtained clean surfaces in the ultrahigh vacuum
(~10 % mbay. The orientation of the crystallographic axes
. EXPERIMENT was determined by Laue x ray diffraction. The crystal quality
o was characterized by low-energy electron diffraction, scan-
The angle-resolved photoemission spectra were takefing tunneling microscopy, and the surface sensitivity of

with the angle-resolved photoelectron  spectroscopyyhotoemission and inverse photoemission itself.
(ARPES experiments at the HONORMI beamline of the

DORIS Il storage ring at Hamburg Synchrotron Radiation
Laboratory (HASYLAB) (photon energy range 9 evhy
<33 eV) and in Kiel using a He discharge lamji( In the case of semiconductors, the energies usually are
=21.22 eV. The electron detection was performed by areferred to the valence-band maxim@aBM). Thus, for the
180° spherical analyzer mounted on a goniometer that can iscussion of experimental results together with band-
driven around two independent axes. By these two degreesiructure calculations, it is important to have a precise ex-
of freedom, we get the final sample adjustment with highperimental determination of the VBM. An appropriate tool
accuracy by taking spectra in small angle steps around thir this purpose are investigations by means of angle-
critical points without moving the sample. The spectra illus-resolved photoemission spectroscopy in combination with
trated in this paper show an angle resolutioft<0.25° and  synchrotron radiatioR*~2*

|

IV. DETERMINATION OF VBM AND CBM

an overall energy resolution of 50 meMAE<<130 meV us- The spectra in Fig. &) were taken in the energy distri-
ing synchrotron radiation, anlE =65 meV using HeJ ex-  bution curve(EDC) mode, i.e., at constant photon energy the
citation. kinetic energy of the detected electrons is scanned. By

The inverse photoemission spectra were taken by using ehanging the photon energy as a parameterktheompo-
compact grating spectrometer with parallel detection of phonents in the EDC spectra can be changed. The VBM then
tons in the energy range of 10 €hv=<40 eV in discrete turns out as the emission feature highest in energy.
channelsy, .2"*®As electron source we used an electron gun As shown in Sec. VI, we find that the energetically high-
of the Erdman-Zipf typé® The focus of the electron beam est peak in thd M (AL), as well as in thd'K(AH), direc-
on the sample is about 1 ninspot size and has an angle tion disperses towards higher binding energies for increasing
divergence of less than 3°. Energy and momentum resolysolar angled, respectively. As predicted by theof8ec. V),
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energy. Therefore, by use of the theoretical band structure

FIG. 3. (a) Normal emission photoelectron spectra of HfS we find the valence-band maximum at thepoint, i.e., the
taken in the EDC mode. Strong emissions are marked by symbolsenter of the Brillouin zone.

(b) Normal emission constant initial sta€lS) photoelectron spec-

tra.

we therefore expect the VBM in the normal directioiA

The conduction-band minimum is investigated by means
of CARPIP. This method provides a common unique energy
scale for the spectra of photoemission and inverse photo-
emission independent of the Fermi energy. In this way we

direction.

To take into accounk, effects alongl’A we have taken
normal emission K;=0) EDC spectra at different photon
energies and constant initial energy spe¢€ts) for differ-
ent initial energiegFig. 3). The energetically highest valence
band marked by circles shows nearly no dispersion. Becaus
of the weak van der Waals interaction between the layers
one would expect nearly no dispersion of the bands perpen
dicular to the layers as verified for WS# However, be-

sides two nearly dispersionless valence-band péeiksles v
and trianglesin Fig. 3(a), we observe energy bands showing & W
distinct dispersiorfrhombus and squareas generally found E 28.06 5
for the 1T materials. This is also observed in the CIS spectre . .
of Fig. 3(b) where a distinct dispersion of the final states E 26.13 'E
between 18 and 22 eV appears. ~ ~
For the determination of thke, component, we discuss 4? 24,07 -o?
the spectra in Fig. (3 in the context of the ELAPW calcu- % . g
lation (Fig. 9 in Sec. V. For the final states of the photoelec- +|?2?08 -
trons we assume free electronlike dispersion. Figure 4 show:™ -
the comparison of the band structure of experiment and |z0.2

theory (ELAPW) in the"A direction. For an inner potential
Vy=4.5 eV and two reciprocal-lattice vectors folding back
the experimental valence-band structure into the reducec
Brillouin zone, a reasonable agreement between theory an
experimentally determined transitions is obtained.

The energetical positions of the bandsand C from

ARICIS TA
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theory are in very good agreement with the two dispersion-
less bandscircles and triangles The dispersive ban@hom-
busg can be identified with the theoretical band between 0
and 2.4 eV binding energyB(). At the zone centel, these
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two bands A,B) overlap slightly. This behavior can be ob- mum entropy deconvolution df).

035107-3

L
1 2

7
ev]

5 4
E—-Eypy

—

FIG. 5. (@) ARICIS spectra inl’A direction k;=0). (b) Maxi-



M. TRAVING et al. PHYSICAL REVIEW B 63 035107

PES (EDC)l |IPES (ARICIS)

M(AL) E;=26.22eV

hv=21.22¢V R 3.95 eV
4=30°

3 []
28

intensity (arb. units)

intensity (arb. units)
intensity (arb. units)

r(a)

-2 0 2
E—Evpu (eV)

HEN

T T T FIG. 7. Direct and indirect band gap of Hf&s derived from the

T
o 2 4 8 & 10 12 O 4 8 8 10 -
measurements in Figs. 3, 5, and 6.
a) E-Eveu [eV] b) E—Evpu [eV] 9
FIG. 6. ARICIS spectra alon§fM taken at an initial electron V. BULK BAND-STRUCTURE CALCULATION

f 21 d alongML (b).
energy o ev@ and alongML (b) The bulk band structure of HfSwas calculated self-

. . consistently within the local-density approximation using
- formation about the band gap. . S
getk-resolved in gap Qvo techniques. For the valence bands, the fully relativistic

The spectra of the unoccupied states are taken in th S . 6.27
angle-resolved inverse constant initial energy spectroscopy€ar-muffin-tin-orbital (RLMTO) method®*" was used,

(ARICIS) mode, i.e., at constant electron energy the Spec\_/vhile for the conduction bands the scalar-relativistic ex-

H 8
trometer detects the photon spectrum. Thereforektreom- tended linear-augmented-plane-wavELAPW) method

ponent of the peaks is constant in the whole spectrum @S applied. The ELAPW method is accurate even for
contrast to EDC spectra in ARPES. higher unoccupied energies because of the extended radial

In Fig. 5, ARICIS spectra taken for a normal incident basis set® For both methods, an atomic basis of three atoms

electron beam are shown. Upon changing the electron er@nd one empty sphere were used, as in Ref. 12 with
ergy, thek, component is varied alongA direction of the ~ =0.25.

Brillouin zone (perpendicular to the layersAt about 3.6 eV For the RLMTO calculations, basis functions were used
above the VBM, we observe a nearly nondispersive peakhat included angular momenta uplte 3 for Hf, | =2 for S,
With increasing polar angléd in I'M direction, the peak andl=1 for the empty sphere. Non-atomic-sphere approxi-
disperses towards lower energ{@dg. 6@a)]. At M(L), this ~ mation(ASA) contributions to the overlap matrix were taken
band is running through a minimum. Figurébp presents into account, i.e., the so-called combined correction was
ARICIS spectra taken in thL direction at different elec- used®® The ELAPW set of basis functions was made up of
tron energies. The lowest conduction band shows a proall APW’s with reciprocal-lattice vector& for which |G|S
nounced intensity modulation, but nearly no dispersion.<9.6, whereS=2.418 a.u. is the radius of all the muffin-tin

Thus, we find the conduction-band minimum in thie. di-  spheres. There were 487 usual APW basis functions and 64
rection in line with the ELAPW calculation, which places the extension functions.
CBM atL (Fig. 9. Since the layered crystal Hf$ias an inert0001) surface,

Therefore, the observed fundamental band gap is indireato surface states are expected and only the bulk band struc-
and has a value of 2.85 ei¥ig. 7). The direct band gap we tures have been determined. The valence-band structure, as
observe in the normal directiai3.6 eV). On the other hand, well as an extended range of the conduction-band structure,
optical measurements result in a smaller band ga@.0 eV  were calculated since for the construction of electron-
and 1.96 eV (Greenawayet all% than CARPIP shows. transition(ET) plots the knowledge of the final states is nec-
The energy difference in the determined band gaps probablgssary. The ET plots assist in the identification of electron
arises from exitonic effects involved in optical measure-transitions in theory and experiment. As long as no calcula-
ments. tions within the one-step model of photoemission are
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FIG. 10. Electron transition plot of the valence bands inltte
FIG. 8. Band structure of HtScalculated by the fully relativis-  direction of HfS. Symbols represent the experimental data, lines,
tic RLMTO method. The valence-band maximum is chosen as thghe theoretically possible photoemission transitions using the
energy zero. RLMTO calculation for the valence bands, and the ELAPW calcu-
lation for the conduction bands.
available, ET plots are indispensable for reliable statements
on the band structure. perpendicular to the layer planes only. However, in contrast
The electron transition plotésee Figs. 10 and }lare to the well-known normal emission finding that forward
derived from the LMTO valence bandBig. 8 and ELAPW  emission often dominates the photocurrent, here we could
conduction bandgFig. 9. The overwhelming amount of not detect such a behavior. Rather, the electron transition
ELAPW final state bands that are far from a simple paraboliglots to be discussed in the following show that the electron
behavior should be mentioned. The valence band part is onlgmissions accumulate rather from the regions of high one-
shown for comparison and completeness. Focusing on théimensional density of states as given by the band edges or
I'A direction, free electronlike branches folded back at theby the low-dispersive bands.
zone boundaries appear for high energies, besides a series ofin the RLMTO calculation, as well as in the ELAPW
gaps and less dispersive bands below 15 eV. Parts of the frelculation, we find the VBM at thE point and the CBM at
electronlike bands are mainly associated with wave vectortheL point, so that in agreement with experiment an indirect

band gap results. The lowest unoccupied bandsgl and L
20 %

show hardly any dispersiofin line with Fig. §b)]. Conse-
quently, from the theoretical point of view, we cannot decide
whether the CBM is atM or L. Since the exchange-
correlation potential is treated within the local-density ap-
proximation, we encounter in our band-structures the well-
known effect that the gaps between occupied and unoccupied
bands are too small when compared to the experimental re-
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] :>74>§Q FIG. 11. Electron transition plot for conduction bands showing

T M K T A L H A transitions from unoccupied states in thié direction of HfS.
Solid lines represent theoretically possible transitions. Experimental
FIG. 9. Band structure of H{S(dots and linescalculated by the  data are plotted by symbols. The theoretical states are shifted by
scalar-relativistic ELAPW method. The valence-band maximum is2.69 eV.E; andE; denote the energy of the initial and final state,
chosen as the energy zero. respectively.
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FIG. 12. (a) EDC spectra inl"M(AL) direction for photon en-

ergy hv=21.22 eV.(b) EDC spectra in’M’(AL’) direction for
photon energhv=21.22 eV.(c) Maximum entropy deconvolution

of the ARICIS spectra il"M (AL) direction of Fig. 6. FIG. 13. Comparison of the occupied and unoccupied band
structure in'M (AL) direction with a projection of the RLMTO
VI. RESULTS AND DISCUSSION calculation(Fig. 8) and the ELAPW calculatiofFig. 9).

A. Electronic structure along I'A degenerate where the theoretical band appears 0.5 eV above

For the investigation of the electronic structure in e the strong emission &g= —2.8 eV. In addition, in photo-
direction EDC and CIS spectra, as well as ARICIS spectragmission we observe two dispersive structures betvigen
were taken perpendicular to the lay¢Bec. IV). At the sur- =-4.8 and—3.8 eV as well as betweeBg=—1.7 and
face, i.e., the bulk-vacuum interface, the periodicity of the—0.4 eV partly showing good agreement with theoretical
bulk crystal is terminated. Consequently, the component  transitions. Especially, atE;—E,gy=—2.8-0 eV and
of the wave vectok in photoemission spectroscopPES  Et—Eysm=18-22 eV, the transition in theory fits well with
and inverse PESPES is unknown. the transitions in EDGrhombug and CIS spectrécrosses

There exist two possibilities to compare experimental and Concerning the transitions between conduction bands, the
theoretical results in this direction. In the case of photoemisinitial states, as well as the final states were taken from the
sion, the final-state dispersion can be approximated by pgELAPW calculation. The comparison of the transitions in
rabolas(inverse photoemission, vice vejs&rom the transi- experiment and theory is shown in the ET plotin Fig. 11. We
tions we can determine tHe . The result of this procedure observe a good agreement in binding energy<Eygy) of
is shown in Fig. 4. The second possibility makes use of théhe three lowest, nearly dispersionless, emissions with
electron transitionET) plot where initial-state energies are theory.
plotted against final-state energi@periment and theoyy
In this way, thek, problem can be avoided.

In the case of the theoretical valence-band structure, all
possible photoemission transitions between the occupied For the determination of the electronic structure in
states of the RLMTO calculation and the unoccupied state§ M(AL) andI’K(AH) direction we took off-normal emis-
of the ELAPW calculation were considered and plotted insion EDC spectra div=21.22 eV and off-normal incidence
the graph omitting selection ruldfig. 10. The final-state ARICIS spectra aE;=26.1 eV.
bands in the ELAPW calculation were shifted Af=2.69 In Fig. 12a) EDC spectra inlM(AL) andI'M'(AL")
eV to higher energies resulting in a band gap in line withdirection are shown, respectively. I'M(AL) direction the
experiment. In the same way, experimental peaks were plopolar angle spans front=0° to 9=59°, so that aEg=0
ted in the graph. All energies are referred to the VBM. eV and9=59° thel' point in the second Brillouin zone is

At E;—Eygy~—0 eV andE;—Eygy~—2.5 eV, we ob- nearly passed. This behavior is clearly observable at the
serve transitions whose initial-state bands show nearly nbaighest valence-band emission showing distinct dispersion.
dispersion, respectivelisec. V). At E;—Eygy=~—0 eV the In Fig. 12c) ARICIS spectra il"M (AL) direction recon-
highest(in theory twofold degeneratezalence band includ- structed by the maximum entropy methg8ec. 1) are
ing the VBM is involved. The other band is also twofold shown[The original ARICIS spectra are shown in Figaf.

B. Electronic structure along I'M (AL)
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FIG. 15. Comparison of the occupied and unoccupied band
struction of these spectra froth).

structure inN'"K(AH) direction with a projection of the RLMTO

o ) ~_calculation(Fig. 8 and the ELAPW calculatiofFig. 9.
At normal incidence, the lowest conduction-band emission is

3.6 eV above the VBM. With increasing polar anglethis ) ) )

band disperses towards lower energies until &t cu!atlon for the unpccupled states. As in Sec. VIB, we

—24°TM(L)] it becomes the CBMsee Sec. IV. shlfted the cgnductlon-band structure BYE=2.69 eV to
The comparison between experimental and theoreticdligher energies. The angle-dependent EDC spectra spans

band structure il"M(AL) direction is pictured in Fig. 13. from 9=-21° to 9=57° [Fig. 14a)]. Starting at thel

For the occupied states, the RLMTO method was chosen, fdoint (#=0°) with increasingd one is crossing th& point

the unoccupied states the ELAPW method. Due to the broand then reaching thil point. Fig. 14b) contains original

ken symmetry perpendicular to the layers khecomponents ARICIS spectra in['K(AH) direction. The maximum en-

in the (inverse photoemission spectra are unknown. There-tropy reconstruction of these spectra is given in Figcl4

fore, the peaks determined from the spectra are plotted on &ec. ).

projected band-structure calculation. Since the LDA calcu- Figure 15 compares experimental and theoretical band

lates the band gap much too small, the ELAPW derivedstructure alongl' K(AH). The three highest valence-bands

bands were shifted byE=2.69 eV to higher energies. whose individual dispersion can clearly be separated coin-
Generally, there is a very good agreement between exide very well with RLMTO. As inT A (Fig. 10 and in

perimental and theoretical results. Especially, the dispersiopM(AL) direction (Fig. 13 we observe aEz=—2.3 eV a

of the highest valence-band emission aldNgI' is in line  gispersionless band in experiment as well as in theory. The

with theory. Concerning the unoccupied electronic bandar|c|s spectra yield four emissions that can be associated

structure, we observe mainly three distinct emissions that Cafiih theoretical bands, respectively. The lowest conduction
be identified with bands from the ELAPW calculation. The 54 of theory is in very good agreement with the experi-

lowest conduction band is reproduced exactly from theorymental emissions. The remaining experimental conduction

According to theory, this band shows nearly no dependencgangs show about 0.5 eV higher energies than the ELAPW
on thek, component and therefore on the initial enekgy bands do.

This is verified by the measurementliA direction (Fig. 5

and theML direction[Fig. 6(b)]. At M(L) we observe the

CBM. VII. CONCLUSIONS

C. Electronic structure along I'K(AH) We determined the valence- and conduction-band struc-
In this section we investigate the electronic structure inture of the semiconducting layered material KHf% means
I'K(AH) direction. The theoretical band structure was plot-of CARPIP as well as by RLMTO and ELAPW calculations.
ted in the same way as in Sec. VIB fétM(AL), e.g., We applied the maximum entropy method to inverse photo-
RLMTO calculation for the occupied states and ELAPW cal-emission data analysis. From the experimental results, we get
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