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HgSe: Metal or Semiconductor?
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From magnetotransport measurements it is generally believed that Hg-VI compounds show zer
semiconducting behavior. Applying combined angle-resolved photoemission and inverse photoem
spectroscopy on HgSe(001)cs2 3 2d, we observe a positive fundamental gap of about 0.42 eV and
surface related state close to the Fermi level above the conduction band minimum. Followin
results of this direct determination of the$k-resolved band structure, previous experiments favoring ze
gap models of Hg-VI compounds need to be reinterpreted. [S0031-9007(97)03026-3]
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Because of its technological interest for electro-optic
devices, the Zn and Cd containing II–VI compound sem
conductors have been studied intensively over the p
decade. The group of Hg containing II–VI compound
however, has been scarcely investigated since its electr
structures were reported to reveal zero or even nega
fundamental gaps with inverted band structures. Follo
ing results ona-Sn from Groves and Paul [1], the valenc
band maximum (VBM) was considered to be degener
with the conduction band minimum (CBM) revealingG8

symmetry. Early magnetotransport measurements mea
ing extremal cross sections of Fermi surfaces indeed fo
evidence for an inverted band structure in bulk HgSe [
4] similar to those observed on HgTe [5] andb-HgS [6].

Semiempirical band structure calculations for Hg
[7–9] and HgTe [7,8,10] fitting those data, consequen
show an inverted band structure with valence band wid
of the order of 3.3–4.4 eV for HgSe and 3.6–4.8 eV f
HgTe, respectively. Photoemission results on HgSe
HgTe [11–15], in contrast, exhibit larger valence ba
widths of about 5.0–5.8 eV. The experimental positi
of the Fermi level with respect to the VBM is of particula
interest in order to distinguish between metallic a
semiconducting band structures. It has, however, o
been reported for HgTe(110) by Yuet al. [11]. They
determined the Fermi level to be 0.59 eV above the VB
Infrared absorption data [16,17] show two absorpti
edges around 0.4 and 0.2 eV photon energy which
interpreted as transitions from the two upper valence ba
nearG8 andG6 into theG8 conduction band, leading to
fundamental energy gap of approximately20.2 eV .

The experimental results, together with the semiemp
cal band structure calculations reported so far, do not g
a consistent picture of the band structure around the Fe
level of Mercury containing II–VI compounds. This ca
be attributed to the type of experiments giving only indire
information on band structures (optical and magnetotra
port measurements) and theories fitting these data.
0031-9007y97y78(16)y3165(4)$10.00
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In this Letter we take HgSe as the prototype material
Hg-VI compounds which, in addition, may be compare
to the better-known narrow gap semiconductor InAs ha
ing a similar lattice constant. We report on direct me
surements of thek-resolved occupied and unoccupied ban
structure around the Fermi level of HgSe(001)cs2 3 2d by
means of combined angle-resolved photoemission and
verse photoemission spectroscopy (CARPIP) [18]. In o
investigations of the clean HgSe(001)cs2 3 2d surface we
demonstrate that bulk valence and conduction bands
separated by a positive fundamental gap, and that b
bending causes a degenerate semiconductor surface
the Fermi level being above the CBM at the surface.

All results described in this Letter were obtained o
n-type sn ø 1018 cm23d HgSe(001) samples prepare
by cleavage in ultrahigh vacuum. Low energy electro
diffraction images of the clean HgSe(001) surfac
always showed well-orderedcs2 3 2d reconstructions.
In contrast to other II–VI and III–V compounds which
cleave along (110) planes, HgSe producescs2 3 2d
reconstructed (001) surfaces of high quality (see a
Gobrechtet al. [19]). This reconstruction is also found
for ZnSe(001) [20] and CdTe(001) [21,22]. It is believe
that this cleavage behavior is related to the value of t
Phillips–van Vechten ionicityfi . In HgSe this ionicity
is near the limiting value offi  0.78 for a stable
zinc-blende lattice [23].

Angle-resolved photoemission (ARPES) spectra we
taken at room temperature with HeI radiation of a gas d
charge lamp and synchrotron radiation from the DOR
III storage ring at Hamburg Synchrotron Radiation La
oratory (HASYLAB) for photon energies10 # hn #

30 eV . The electrons were detected with an angle res
lution better than0.5± by using a180± spherical ana-
lyzer mounted on a two axes goniometer. An analyz
energy resolution of 75 and 144 meV was chosen
HeI and synchrotron radiation, respectively. The ang
resolved inverse photoemission (ARIPES) spectra w
© 1997 The American Physical Society 3165
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taken by using a compact grating spectrometer with par
lel detection of photons in the energy range of10 #

hn # 30 eV [18]. Electrons were focused on the samp
with ,1 mm2 spot size and angle divergence,2±. En-
ergy and momentum resolution are typically 400 meV a
0.05 Å21. For combined angle-resolved photoemissio
and inverse photoemission data, a common unique ene
scale is established directly by detecting the electron
ergy from the inverse photoemission electron gun w
the photoemission electron energy analyzer. Thus, err
due to a separate determination of the Fermi levelsEFd as
reference energy are avoided and band gaps can be d
mined without referring explicitly toEF . But, in addition,
the position of the Fermi level was determined indepe
dently by photoemission from gold.

It is essential for a detailed discussion of the electron
band structure to determine the VBM. This can be do
by normal emission photoemission using different ph
ton energies. A selection of normal photoemission spec
sq  0±d taken at various photon energies correspondi
to $k' wave vectors along theGDX direction of the bulk
Brillouin zone is shown in Fig. 1. A Gaussian fit of th
whole spectra in Fig. 1 around theG point yields only
two significant peaks for the upper valence band regi
(bars) clearly attributable to the two visible fundament
valence band features in the spectra. This already supp
a conventional semiconductor model with degenerate
lence bands at the VBM. In contrast, for a zero gap sem
conductor, one would expect three nondegenerate vale
bands. The VBMG8 is characterized as the highest energ
of the uppermost dispersive valence band. It is observ
0.65 6 0.1 eV below EF for 13 eV photon energy. As-
suming transitions into the same final states, emission fr
the CBM is also expected at 13 eV for a zero gap semico
ductor or at slightly lower photon energy for a degenera
narrow gap semiconductor. Since only very weak pho
emission intensity is observed in a binding energy range
about 0.3 eV above theG8 maximum, an interpretation of
HgSe as a semiconductor with nonzero gap band struc
is further corroborated. Conventional semiconductors
ten show surface band bending. For large band bend
the lowest conduction band states are possibly occupie
the surface region. In this case, emission from the CB
could be visible in the photoemission spectra. The e
perimental result for an energy range between 0.25 a
0.8 eV above the VBM is enlarged in the lower part o
Fig. 1. Only in the 12 eV spectrum is an additional inte
sity maximum labeledG6 at 0.42 6 0.05 eV observed be-
sidesS0, which is demonstrated by the fit results in Fig. 1
All other photoemission maxima are well reproduced b
the single peakS0 (see, e.g., the 13 eV spectrum). Ther
fore the structureG6 shows the expected behavior of th
lowest conduction band of a conventional semiconduc
with band bending. It should be noted here that the spec
have been carefully checked for second order–second
tails which could not be observed. In the upper part
3166
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FIG. 1. Normalized photoemission spectra (raw data)
HgSe(001)cs2 3 2d showing transitions near the valence ban
maximumG8. Thin solid lines represent the expected dispe
sion for a narrow gap semiconductor. In the lower part th
photoemission maximum near the Fermi energy (dashed lin
with an average binding energy of 0.51 eV (dotted line) wit
respect to the VBM is enlarged. EmissionG6 is attributed to
the CBM. S0 shows almost no dispersion with the Bloch wav
vector $k', and is probably surface derived. Bars and arrow
mark energy positions obtained by a Gaussian fit procedu
For the 12 and 13 eV spectrum, fit results are shown in det
(solid lines).

Fig. 1 the expected dispersion of photoemission maxim
near the G point is shown as a guide to the ey
by thin solid lines. The band dispersion guarante
the CBM to be visible only in the 12 eV spectrum
Although final state effects may affect photoemissio
intensities at these low photon energies, the intens
enhancement at the Fermi level observed in the 11 a
14 eV spectra may give further evidence for the crossi
of the lowest conduction band. At 13 eV, emissio
from the conduction band may be hidden underS0.
We conclude that HgSe is a conventional narrow g
semiconductor with a fundamental energy gap of0.42 6
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0.1 eV . This is also in line with the energy position o
the optical absorption at 0.4 eV [16].

In addition, we observe a strong photoemission ma
mum S0 close to the Fermi energy (dotted line in Fig. 1
showing no dispersion upon variation of the photon e
ergy. This possibly surface-derived state is observ
0.14 eV belowEF . Figure 2 shows the dispersion o
this peak along theG K direction of the surface Bril-
louin zone in the occupied (upper part) and unoccup
(lower part) energy range measured by ARPES using
radiation and ARIPES with a constant initial state ener
Ei 2 EVBM  21.23 eV . In direct photoemission spec
tra the peak is observed only in the vicinity of the firs
i.e., kk  0 Å21 sq  0±d (left side of Fig. 2) and sec-
ondG point, i.e.,kk  1.46 Å21 sq  44±d (right side of
Fig. 2) of the surface Brillouin zone. It vanishes with

FIG. 2. Off normal direct (top) and inverse (bottom) ph
toemission spectra showing transitions from a surface-deri
photoemission maximumS0 in the vicinity of the first (kk 
0 Å21, left) and second (kk  1.46 Å21, right) G point along
the G K direction of the surface Brillouin zone. Bars mark th
experimental energy positions which consistently can be
scribed by two-dimensional surface energy bands withmp 
0.10m0. The inset demonstrates the periodicity of the bu
(BBZ, thin lines) and surface Brillouin zone (SBZ, thick lines
i-
,
n-
ed
f

d
eI
y

t,

-
ed

e-

k
.

63± deviation from both of the symmetry point angle
and disperses into the unoccupied part of the electro
band structure. This is proved by the appearance o
shoulder at aboutkk  0.07 Å21 in the unoccupied en-
ergy range and the continued dispersion to higher en
gies (vertical bars) with increasing distance from the fi
G point. A similar dispersion behavior is also observe
near the secondG point alongG K . Assuming a two-
dimensional parabolic and isotropic energy band str
ture, and taking into account the Fermi Dirac functio
the dispersion of the direct and inverse photoemiss
peak S0 can consistently be described in the vicinity o
the G points using an effective band massmp  0.10m0.
It should be noted here that this effective mass also
scribes the measured dispersion of direct and inverse p
toemission maxima along theG J direction of the surface
Brillouin zone. These measurements, like other inve
photoemission experiments also showing no$k' depen-
dence of the emissionS0, will be published elsewhere
The direct and inverse photoemission results along theG J
direction of the surface Brillouin zone exhibit no periodic
ity with the surface Brillouin zone, i.e., no intensity max
mum at the second surfaceG point alongG J is observed.
This clearly demonstrates that the two-dimensional ph
toemission structure does not correspond to the surf
Brillouin zone of the reconstructed surface but to the Br
louin zone of the ideal surface (see inset in Fig. 2). The
fore, the emissionS0 cannot be attributed to a danglin
bond-type surface state, and may be extended over
eral surface layers. Its position 0.14 eV belowEF may
explain the optical absorption edge around 0.2 eV [16].

The above interpretation of the CARPIP data on HgSe
corroborated by experimental results of the better-kno
narrow gap semiconductor InAs. In Fig. 3 we compa
normal emission photoemission spectra of InAs(001)s4 3

2d with data obtained on HgSe. For InAs we also o
serve an emission close to the Fermi level showing
very similar behavior to the structureS0 observed on
HgSe. The energy position of the maximum near t
Fermi edge does not change during the variation of
photon energy, therefore revealing no dependence on$k'.
Additionally, a one-to-one correspondence of the lea
ing photoemission maxima concerning the 13 eVG point
spectrum of HgSe (lower part of Fig. 3) and the InA
11 eV G point spectrum is very obvious, also giving ev
dence for a typical narrow gap band structure for HgS
The spin orbit splitting is determined toD  0.30 eV and
D  0.34 eV for HgSe and InAs, respectively. The Ferm
level state in InAs also observed by Anderssonet al. [24]
was interpreted in the context of charge accumulation l
ers [25–27]. Inn-type InAs, an accumulation of major
ity carriers is obtained at the surface. The resulting ba
bending is sufficiently high in order to shift the condu
tion band minimum at the surface below the Fermi lev
[25]. In very narrow accumulation layers, quantum si
effects may appear [27], confining mobile carriers in t
3167
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FIG. 3. Normal emission photoelectron spectra of HgSe
comparison with InAs displaying transitions from the to
of the bulk valence band maximum.E0 and D are the
fundamental energy gap and spin orbit splitting having valu
of E0  0.42 eV and D  0.30 eV for HgSe. A one-to-
one correspondence between the photoemission maxima g
evidence for the InAs-like narrow gap band structure for HgS

space charge layer normal to the surface. Free-car
behavior will be present parallel to the surface, resulti
in two-dimensional subbands. The accumulated cha
density vanishes towards the surface. This can also exp
the 1 3 1 periodicity of photoemission structureS0 with
respect to the surface Brillouin zone of the ideal surface

In conclusion, combined angle-resolved photoemissi
and inverse photoemission spectroscopy on HgSe(0
cs2 3 2d give evidence for a positive fundamental energ
gap of 0.42 eV. In the context of the chemical trend tha
with an increasing atomic number of the anion and a fix
atomic number of the cation the energy gap decreases
most of the II–V and III–V compound semiconductors,b-
HgS is also expected to have nonzero gap band structu
Previous experiments favoring zero gap models need to
reinterpreted. Our findings call forab initio quasiparticle
calculations to describe not only the existence but also
correct magnitude of the gap. A two-dimensional surfac
derived state is found close to the Fermi level above t
conduction band minimum. This state may resemble
quantum size state in the accumulation space charge la
as observed on InAs(001) surfaces.
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