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Band-gap engineering with HfSxSe2Àx
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The band gaps of HfS2 ~1.96 eV! and HfSe2 ~1.13 eV! cover the range of ideal band gaps for photovoltaic
applications which is for a single-junction cell about 1.45 eV and for a two-junction cell about 1.1 eV and 1.8
eV. Additionally, in favor of applications the transition-metal dichalcogenides have a strong tendency to grow
as thin films due to their quasi-two-dimensional character. Employing the chemical vapor transport method,
single crystals of this ternary semiconductor were grown with nine different compositions. They were charac-
terized in detail by low-energy electron diffraction, Laue diffraction, and energy dispersive x-ray analysis. In
addition the absorption at room temperature was measured, revealing an absorption coefficienta(hn) that is
remarkably high for an indirect semiconductor. The determined band gaps of HfSxSe22x show a nearly linear
dependence onx, which is perfect for band-gap engineering. Furthermore, in the gap an exponential behavior
of a(hn) is observed, which could be interpreted as an Urbach tail.

DOI: 10.1103/PhysRevB.69.075205 PACS number~s!: 78.40.Fy, 71.35.Cc, 81.10.Bk
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I. INTRODUCTION

The semiconducting dichalcogenides investigated in
paper are binary and ternary compounds of the group-
transition metal Hf and chalcogenides S and Se. These
terials have a 1T structure with octahedral coordination
the chalcogenides by the metal atom@see Fig. 1~a!#. The
bonding between the dichalcogenide layers is van der W
like. For this reason they can be regarded as quasi two
mensional. In the plane strong covalent-ionic bonds do
nate. The configuration of the transition metal Hf is 5d26s2

and that of the chalcogenides S and Se is 3s23p4 and
4s24p4, respectively. The four valence electrons of the tra
sition metal are transferred to the two chalcogenide atom
fill their valence shell (d0 configuration!:

Md2s212Cs2p4→Md0s0
41

12Cs2p6
22 . ~1!

The p orbitals of the chalcogenides and thes/p orbitals of
the metal form bondings and antibondings* bands, result-
ing in a gap between 5 and 10 eV. Within this gap thed states
of the transition metal are located. These are split due to
ligand field and a trigonal distortion. Thedxz anddyz orbitals
are repelled bypx and py orbitals of the chalcogenides an
are therefore energetically on the highest level. The sa
holds for thedx22y2 anddxy orbitals repelled by thepz chal-
cogenide orbitals. The most interesting orbital with the lo
est energy is that withdz2 symmetry. This is empty and
forms the lowest conduction band. For the Hf dichalcogen
the p-d interactions are weak, yielding semiconductors w
quite large energy gaps. Figure 1~b! shows the resulting ban
model, proposed by Friend and Yoffe.1 In the present work,
the p-d energy gap variation of a complete series of t
ternary compounds HfSxSe22x has been studied systema
cally.

II. EXPERIMENTS

The crystals were all grown by chemical vapor transp
~CVT!,4,5 a powerful method to grow perfect single crysta
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Most of the crystals were produced by iodine transport a
one was grown using Se itself as transport agent. The pow
of Se, S, and I had a purity of 99.999%. The purity of H
powder given by the producer, due to a natural contami
tion with Zr, was 99.98%. Energy dispersive x-ray~EDX!
measurements revealed a higher amount of 0.5% Zr, but
to the similar electronic structure of Zr and Hf, we do n
expect a measurable influence on the absorption spect
These substances were put into a sealed quartz ampou
gether with 5 mg/cm3 iodine. The ampoule was placed in th
temperature gradient of a four-zone furnace~with two buffer
zones to avoid thermal disturbance from outside!. Table I
lists the grown crystals and their properties.

The reflectanceR/R0 was measured using an Al mirro
for the normalization and the transmittanceT/T0 was nor-
malized by a direct light beam. These measurements w
taken with a prism monochromator~Carl Zeiss Jena! and a
computer using a high-precision digital voltmeter~Schlum-
berger technologies 7071!. The thickness of the crystals wa
determined with an electron microscope~Cambridge Instru-
ments S360! @see Fig. 2~b!#, and the stoichiometry was mea
sured by EDX~Rontec EDR 288!. For a qualitative determi-

FIG. 1. ~a! 1T structure.~b! Band model after Friend and Yoffe
~Ref. 1! for the group-IVB transition-metal dichalcogenides.
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TABLE I. List of the single crystals grown by CVT.

Zone temp. ( °C) Transport Thickness
HfSxSe22x 6x Tcold Twarm agent (mm61%) Color

x52 0 840 900 I 4.8 Red
x51.85 0,03 835 900 I 6.7 Red
x51.55 0,07 750 950 Se 3.4 Brown
x51.3 0,06 850 900 I 5.0 Blue
x51.2 0,05 830 900 I~Nb doped! 7,5 Blue metallic
x50.95 0,05 840 900 I 12.4 Blue
x50.7 0,07 850 900 I 11.3 Blue
x50.4 0,04 830 900 I 12.2 Metallic
x50.2 0,04 810 900 I 3.1 Metallic
x50 0 810 900 I 17.0 Metallic
n

an

ie

s-
,

d

the
to
ing

l
t
ith
es

it is

-

nation of the structure low-energy electron diffractio
~LEED! ~VG Microtech RVL 900! @Fig. 2~b!# and Laue dif-
fraction patterns were taken.

III. RESULTS AND DISCUSSION

The equation describing the wavelength-dependent tr
mission is given by

T~l!5
T

T0
.

@12R~l!#2e2a(l)d

12R~l!2e22a(l)d
. ~2!

For sufficiently high values ofad like in our case~see Ref.
2! Eq. ~2! can be simplified to

a~l!.
1

d
$2 ln T~l!12 ln@12R~l!#%. ~3!

This is the usual dependence of the absorption coeffic
a(l) on the reflection indexR(l), the transmissionT(l),
and the thicknessd of the crystals. For all crystals the tran
mittance and reflectance was measured@see, for example
Fig. 3~a!#. We found for all compounds thatR is constant in
the regarded energy range, which has been also observe

FIG. 2. ~a! Image of HfS1.3Se0.7 taken by an electron micro
scope.~b! LEED pattern of HfS0.95Se1.05 at E5121 eV.
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HfS2 and ZrS2 by Terashima and Imai.6 From Eq. ~3! the
absorption spectra can be calculated. Figure 3~b! shows
the results for our samples. We see that an increase of
relative amount of sulphide shifts the absorption edge
higher energy. The band gap was determined by analyz
the energy dependence of the absorption coefficienta(hn)
~Ref. 7!:

a~hn!5const3 f BE
0

2hn2Eg6Ep
N~Ei !N~Ef !dEi . ~4!

N(Ei) and N(Ef) are the density of the initial and fina
states, respectively, andf B is the Einstein-Bose function tha
accounts for the distribution of the involved phonons w
energy Ep . For isotropic structures the density of stat
~DOS! behaves like

N~Ei !;AuEi u, N~Ef !;A~hn2Eg6Ep1Ei !. ~5!

Solving Eq.~4! by employing Eq.~5!, the absorption coeffi-
cient for T5const becomes

a~hn!;~hn2Eg6Ep!2. ~6!

Due to the extreme anisotropic structure of the samples,
very common8 to assume a two-dimensional~2D! DOS as

FIG. 3. ~a! The transmittance and reflectance of HfS1.3Se0.7. The
reflectance reveals a nearly constant behavior.~b! Energy-
dependent absorption of HfSxSe22x for the whole concentration
range 0<x<2.
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discussed in Ref. 9:N(Ei)5C1 and N(Ef)5C2. With Eq.
~4! the absorption coefficient then results in

a~hn!;~hn2Eg6Ep!. ~7!

A characterization of the dimensionality of these crystals
rather difficult.

In Fig. 4 the methods for a determination of the band g
are given. The onset for the phonon absorption for both ca
was observed behind the structure which is displayed in
tail in Fig. 7 below. A linear dependence in the band-g
region is visible. The phonon energies related to the proc
are listed for all models in Table II. Infrared-spectrosco
data3 verified a LO phonon at 39.4 meV for HfS2 and for
HfSe2 at 26.7 meV. A comparison with Table II shows th
the phonon energies assumed for the band-gap determin
seem to be reasonable. Also the tendency to smaller pho
energies form HfS2 to HfSe2 can be verified by Table II.

As can be seen it is not possible to decide definitely wh
dimensionality is adequate. Thus more generally we
a(hn) by

a~hn!;~hn2Eg6Ep!D. ~8!

FIG. 4. Example for the determination of the band gap
HfS0.95Se1.05 in the ~a! three-dimensional (;a1/2) and ~b! two-
dimensional (;a) cases.

TABLE II. Band gap Eg resulting from the 2D, 3D, and fi
models~see text! and the related phonon energies.

HfSxSe22x Eg ~eV! andEp ~meV!

x 2D model 3D model Dfit model

2 1.93 50 1.80 40 1.87 45
1.85 1.83 50 1.71 40 1.80 40
1.55 1.68 45 1.58 35 1.65 40
1.3 1.59 40 1.51 30 1.58 35
0.95 1.45 40 1.39 30 1.43 35
0.7 1.39 35 1.31 25 1.38 35
0.4 1.31 30 1.23 25 1.30 35
0.2 1.25 35 1.17 25 1.24 30
0 1.18 30 1.10 25 1.15 30
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The result is a value of 1<D<2 that refers to a dimen
sionality for the DOS between 2 and 3. In Table II theD
values are shown for differentx.

The absorption data yield for our samplesD51.24
60.09. This value leads to a dimensionality of the DO

;2 1
4 , i.e., more two than three dimensional. This result

consistent with the electronic structure along theGA direc-
tion where a very low dispersion in the bands has been
served. It justifies the indication as a quasi-two-dimensio
system. Table II collects all band gaps and related pho
energies. Table III gives a comparison with previous diffu
reflectance measurements on polycrystalline samples
transmission data.2,10 These values exhibit negligible differ
ences which might be explained by their crystalline char
ter. The basic trend of the gaps can be explained by
variation of the electronegativity and the simple band mo
described above. Thec/a ratio as explained in the Introduc
tion determines the position of thedz2 band, the lowest con-
duction band. The second effect is the main reason for
behavior of the band gap. There is a difference in electro
gativity e of the chalcogenideseS.eSe. Due to that depen-
dence, HfS2 is more ionic than HfSe2 and that leads to a
greater band gap. Recapitulating these considerations
come to the following conclusion. The nearly linear depe
dence of the band gaps withx is a result of a linear change i
the electronegativity of the chalcogenides. The margi
changes in thec/a ratio ~see Table III! have little effect but
might be visible in the minor deviation from the otherwis
linear dependence of the gaps forx*1.3 in Fig. 5~b!.

Fonget al.11 have calculated the gap of HfS2. They found
a value of 1.8 eV for a transition fromG22 to M11 . That
corresponds well with the data of Table II.

IV. URBACH EDGE

In the literature all spectra shown for HfS2 and HfSe2
start in the region of the indirect band gap. But obviously
the case of HfS2 there exists a clear additional structure
the ‘‘forbidden’’ energy range. This was first observed
Urbach on silver halides.12 More than 50 years after the firs
observation, a general theoretical model is still missing. B
there exist qualitative agreement that the interaction betw

f

TABLE III. Literature values ofEgap for different methods and
different crystalline characters and lattice parameters.

HfSxSe22x Single cryst.a Polycryst.b X-ray diff.c

x Eg ~eV!
trans.

Eg ~eV!
diffuse refl.

c(Å) a(Å) c/a

0 1.13 ;1.10 3.747 6.158 1.643
0.5 ;1.30
1 ;1.49 3.694 6.061 1.641
1.5 ;1.72
2 1.96 ;1.98 3.630 5.854 1.612

aReference 2.
bReference 10.
cReference 3.
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phonons and excitons should be responsible for this so-ca
Urbach tail. The main idea here is that the energy of
exciton state is changed due to the lattice deformationD by
thermal vibrations. Using the deformation potentialE1 this
change can be written as

dE52E1D. ~9!

The result is an exponential behavior as predicted
Urbach12:

a~hn!;
1

Ahn02hn
expS 2

s

kT
~hn02hn! D , ~10!

wheres refers to the expression

s5s0

2kT

\vp
tanh

\vp

2kT
. ~11!

s0 is a specific constant and\vp the energy of the phonon
involved. Introducing a quadratic term Toyozawa13 was able
to describe the low-energy absorption tail:

dE5E1D1E2D2, ~12!

Toyozawa connected the two terms in Eq.~12! to the two
parts in the absorption spectra~two-mode model!. The linear
term, which is responsible for the maximum of the Urba
edge, describes the interaction between the exciton and
phonons. The absorption near the band maximum is t
given by a Gaussian function:

a~hn!;e2t2(hn02hn)2
. ~13!

On the other hand, Toyozawa13 suggested that the absorptio
at the low-energy tail should be the result of interactio
between excitons and LO or TA phonons which will be d
scribed by the quadratic term of Eq.~12!.

Up to now we have only performed room-temperatu
measurements of our samples. For a quantitative chara

FIG. 5. ~a! Band-gap values for all single crystals derived fro
the two- and three-dimensional models.~b! DimensionalityD of the
electronic structure as a function ofx due to the fit by Eq.~8!.
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ization of the Urbach edge temperature-dependent meas
ments are essential. Such data would allow one to determ
which phonons and excitons are involved in the process
qualitative fit with the described model is in good agreem
with our experimental data@see, for example, Fig. 6~a!#. But
there are two other indications for an exciton effect. With
decreasing ratio of S~e.g., lower band-gap! a prominent de-
crease of the Urbach tail was observed~see Fig. 7!. This can
be explained by a reduced exciton lifetime with smaller ba
gap.15 This behavior is well known from other substanc
like ternary II-IV compounds.14 Furthermore, a measureme
of a degenerated crystal grown with an amount of Nb
donator was made. Figure 6~b! shows a comparison betwee
an undoped HfS1.3Se0.7 crystal and HfS1.2Se0.8 doped with
Nb. Due to the degeneration, the possibility for excitons
very reduced16 and is the explanation of the disappearance
the Urbach edge.

V. CONCLUSIONS

The first absorption spectra of ternary HfSxSe22x single
crystals presented showing that the band gap can be mod

FIG. 6. ~a! Fit for HfS2 following the model of Toyozawa~Ref.
13! by an exponential dependence at the absorption edge and o
top a Gaussian behavior; see the text.~b! Comparison between
HfS1.3Se0.7 and HfS1.2Se0.8 doped with Nb.

FIG. 7. Behavior of the exponential absorption edge for diff
ent stoichiometry.
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linearly by changing the parameterx. In principle this behav-
ior can be qualitatively understood within the simple ba
model of Friend and Yoffe,1 taking into account the elec
tronegativity andc/a ratio. A fit of the absorption spectr
yields an almost two-dimensional electronic structure
these layered materials. The absorption coefficient is ra
high for indirect semiconductors. So these materials h
optimal optical properties for photovoltaic applications.
ys

lid
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structure observed below the absorption edge in partic
for sulphur-rich crystals is due to the Urbach edge wh
disappears forx&0.95 and also for degenerated crystals.
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