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Electronic structure of HgSe&(001) investigated by direct and inverse photoemission

D. Eich, D. Hibner, R. Fink, and E. Umbach
Experimentelle Physik II, UniversitdVurzburg, Am Hubland, D-97074 Waburg, Germany

K. Ortner, C. R. Becker, and G. Landwehr
Experimentelle Physik Ill, UniversitaVirzburg, Am Hubland, D-97074 Wzburg, Germany

A. Fleszar
Theoretische Physik I, Universtt&/irzburg, Am Hubland, D-97074 Wiburg, Germany
(Received 27 September 1999

Stimulated by recent photoemission results which suggest a positive fundamental energy gap in HgSe, we
have investigated the electronic structure of molecular beam epitaxially grown(Gjbe(2x 2) layers by
a combination of direct ultraviolet photoemission spectrosd@®S and inversgIPES photoelectron spec-
troscopy. Our UPS results do not support the finding of additional peaks above the valence band maximum
(VBM) of Gawlik et al.[Phys. Rev. Lett78, 3165(1997]. A comparison of angle-integrated UPS and IPES
spectra anab initio calculated density of states of HgSe and HgTe demonstrates dissimilar behavior of the two
compounds in the dispersion of the conduction bands between 0 and 2 eV above the VBM. Our results are
compatible with the common view that HgSe is a semimetal.

I. INTRODUCTION investigated the unoccupied conduction band states by IPES.
The combined integrated URSccupied and IPESunoccu-

In 1-VI compound semiconductors the mercury basedpied spectra of HgSe are compared withaminitio calcu-
compounds HgSe and HgTe represent an exceptional clatdted density of state®OS). Furthermore, these HgSe data
because of their inverted band structure. This commonly acare compared with measured and calculated DOS of HgTe.
cepted picture of a semimetal is based on magnetoabsorptidrinally the special properties of the Se-based compound con-
measurement$ and optical experimenfs’ The semimetal- Cerning their bgnd gap determination by photoelectron spec-
lic behavior of HgSe is also corroborated by recent quasiparf0Scopy are discussed.
ticle band structure calculatiofdn contrast to this well es-
tablished knowledge, a positive fundamental gap has been Il. EXPERIMENTAL DETAILS
suggested for Hg$%@01) c(2x2) based on photoelectron
spectroscopy results. Gawliet al® investigated cleaved The samples were grown in two Riber 2300 MBE cham-
HgSe&001) samples by a combination of angle-resolved pho-ers, one of which was used for the growth of a GaAs buffer
toemission and inverse photoemission. The authors found @and the other for Hg-based II-VI materials and heterostruc-
positive energy band gap of about 0.42 eV at room temperdgures, both being connected via a UHV transfer module.
ture and furthermore a surface related state close to the Ferfrior to growth the GaAs substrates were heated up to
level. According to their experiments, the Fermi level is lo- 625 °C under an As flux in UHV in order to remove oxygen
cated about 0.65 eV above the valence band maximum fdrom the surface. Then, a GaAs buffer layer was grown at
their n-type HgSe. From these findings, the authors conclud®90 °C with an excess of As flux. After cooling down, the
that HgSe is a semiconductor and not a semimetal. samples were transferred to the 1I-VI MBE chamber where a

Because of these published photoemission results, the ma-mm thick ZnTe buffer layer was grown in order to mini-
terial HgSe and the photoelectron spectroscopy technique ithize the lattice mismatch between the substrate and the sub-
self, are the subject of a controversial discus$itowever,  sequent HgSe layer.
the combination of direct and inverse photoemission has The HgSe layers were then deposited using Hg and Se
been demonstrated to be a powerful tool for the determinafluxes (beam equivalent pressujef 1.6X 10 * and
tion of bulk energy gaps of semiconductors with a direct1.2x 10 ° Torr, respectively. All HgSe samples investigated
band gag~° In the case of semimetals with an inverted here were approximately 100 nm thick. It is worth noting
band structure the valence and the conduction bands shoutdat two-dimensional growth can be obtained over a rela-
cross, and hence UPS and IPES should detect a zert' gaptively wide range of temperatures from 65 to 170°C. A

Here we report ork-resolved photemission investigations c(2X2) reconstruction was observed during growth in re-
of HgS€001) c(2X% 2)-reconstructed films grown by mo- flection high-energy electron diffractiofRHEED). The
lecular beam epitaxyMBE) under different growth condi- growth was terminated by either closing the Se shutter while
tions. Angle-resolved UPS measurements at two differentaintaining a constant Hg flux until a substrate temperature
photon energiesf{w=21.22 eV and 11.70 e\show no evi- of 90 °C was reached, or simply by closing all shutters for
dence for additional states above the VBM which were pretemperatures below 90 °C.
viously reported for cleaved crystdlsMioreover, we have After film growth, the samples were transferred under

0163-1829/2000/619)/126664)/$15.00 PRB 61 12 666 ©2000 The American Physical Society



PRB 61 BRIEF REPORTS 12 667

UHV conditions(p <2x 10" ° mbap from the MBE system AAALAAMARARALARALAMAAN B
to the photoemission spectromet®G ESCALAB MK II). HgSe(001) c(2x2)
No surface contaminations were observed within the detec-
tion limit of XPS. In addition, thec(2X2) surface recon-

struction was unchanged according to the LEED pattern ob-

served after the transfer.

We have investigated ten Hg®01) samples grown at }[

different temperatured 65, 110, and 65 °C). UV photoemis-

sion experiments were performed at room temperature with a

gas discharge lamp using He £ =21.22 eV} and Ar |

(hw=11.70 eV irradiation, respectively. The energy reso- 1{‘

lution was better than 0.1 eV for the UPS measurements, I} \’/ r-point Ar |
The angle of acceptance of the electron analyzer was limited ! ' |normal emission
to A6~2° by an aperture for thk-resolved measurements. !

The inverse photoemissiqiPES system installed in the
same photoemission chamber consists of a Ciccacci-type
low-energy electron gun with a BaO cathdddPES spectra

determined at the Fermi edge of a sputter-cleaned gold foil.

Intensity (arb. units)
‘j

were measured at an isochromat energy of 9.5 eV using a X‘\ He I,
Dose-type detector equipped with a S#findow and filled o, g rmal emission
with Ar and I, gas'® The overall energy resolution of the 5 4 3 2 41 o0

IPES spectrometer is about 0.5 eV. The position of the Fermi (E-E)(eV)

level was established using a clean gold foil, and the energy
position of the elastically scattered electrons was determined F|G. 1. UV photoemission spectréelative t0 Epepy) Of @
by the electron analyzer. HgSe001) c(2x2) surface for two different experimental condi-
tions. Bottom: He | fw=21.22 eV}, kj=0 andk, corresponds to
about 60% of the distance betwedh and X; top: Ar | (fw
IIl. RESULTS AND DISCUSSION =11.70 eV, normal emissionk;=0, k, at thel" point. A deter-
mination of the VBM by linear extrapolatiofcut-off determina-
For the zinc blende VI compounds(zZn, Cd, Hg as tion) is indicated.
cationg it is known from calculations and experiments that
the VBM and CBM(conduction band minimujrare located  to the VBM. This rough estimate is in good agreement with
at the center of the Brillouin zond2), i.e., at thel” point.  our experimental result.
The k, value of electrons excited with a photon energy of  Furthermore as can be seen in Fig. 1, there are no hints for
about 12 eV falls near thE point of the BZ, according to any photoemission intensity above the VBM that could cor-
results from photon energy dependent measurements usingspond to d"¢ conduction band or a surface-derived state,
synchrotron radiatiofi.In Fig. 1, two normal emission spec- as found by Gawliket al. for HgS€001) c(2x2) cleaved
tra of the valence band region of Hg861) grown at 65°C  surface$. Following their argument, the lowest conduction
are shown for two different photon energies. In addition, forpand states should be occupied as a result of band bending in
each photon energy a set of PE spectra was recorded lhije surface region and thus were detectable in normal pho-
systematically varying the emission angle over an interval otoemission. The corresponding peak showed a dependence
about 50°(not shown. Spectrum(a) in Fig. 1 was obtained on photon energy, whereas the additional surface peak ex-
using He | excitation w=21.22 eV}; the corresponding, hibited none® With the exception of one sample, none of our
value is located at about 60 per cent of the distance betweddgS&001) c(2x2) reconstructed films grown at various
theI” and theX point. Curve(b) in Fig. 1 was measured with temperatures showed additional photoemission peaks above
a photon energy of 11.70 efAr | excitation), i.e., with ak VBM. Just the first of our samples displayed an additional
value very close to the center of the BZ. The spectra demstructure above the VBM. However, the magnitude of this
onstrate the influence of the band dispersion as a shift in thpeak was only about a tenth of the magnitude of the peak
energy position of the low-energy edge of the valence bandobserved by Gawlilet al® Furthermore, this peak exhibited
The VBM in spectrum(b) was determined by a linear no dispersion as would be expected for a conduction band.
extrapolation of the valence band edge, as indicated by thEor the other samples no peaks were observed above the
two lines. The Fermi energy is located about 0.3 eV above/BM in the normal emission spectra at various photon en-
the VBM. The fact that the Fermi level is shifted into the ergies(Fig. 1).
conduction band arises from the relatively high carrier den- Figure 2 compares angle-integrated UPS and IPES spectra
sity of the samples. The samples are n-doped with a carriesf HgSe and HgTe with calculated three-dimensional DOS
concentration of about:$10*® cm™2 (at room temperatuje  of the occupied and unoccupied states. The calculations have
as derived from Hall effect measurements in the van debeen done within the local-density approximatiaDA ).**
Pauw configuration. A simple estimate of the Fermi energyThe usual underestimation of the energy gaps between occu-
position for a free-electron band with an effective mass ofpied and unoccupied states in LDA has been corrected by a
Me¢¢= 0.03 and for the given carrier density yields a value of(nonuniform energy shift of the conduction bands derived
about 0.35 eV for the position of the Fermi level with respectwithin the GW approximation®®In the lower part of Fig. 2
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smaller DOS. This is a characteristic material-dependent

occupied DOS - unoccupied DOS property which is also found in other II-Se and Il-Te
compounds’
The comparison between HgSe and HgTe also supports
/\ the results and expectations by Rohlfing and LGuihese
f authors conclude from their calculations that the DOS of
i -

bulk states above the VBM is rather low for HgSe, and hence
no conduction band state should be observed in photoemis-
sion, as is the case in our experiment. Thus, the PES result is
further corroborated by théindependent IPES investiga-
tions.

The experimental HgTe data in Fig. 2 show the expected
shape of the photoemission spectra of a semimetal, i.e.,
VBM and CBM coincide at the Fermi edge. Thus, a zero gap
is obtained by applying the linear extrapolation scheme of
the band edge&.e., first steep slopgsHowever, doing the
same for HgSe would result in an incorréoiuch too large
value for the band gap because of the lack of IPES intensity
" just above the VBM. Together with the theoretical argument
I HgSe above our experimental results thus demonstrate that a
straight forward gap determination using a combination of
direct and inverse photoemission is not possible for HgSe.

0 However, in connection with the calculated DOS, the com-
(E - Eg(eV) bined UPS and IPES data of HgSe are in accordance with the
inverted band structurescheme of a semimetal.

Intensity (arb. units)

FIG. 2. Angle-integrated UPS and IPES spedfrelative to
VBM; data point3 for HgSe(bottom and HgTe(top) are compared
with the corresponding calculated D@$olid lineg from semime- IV. CONCLUSION
tallic band structures. The main difference between the two com-
pounds is the dissimilar DOS in the energy range between 0 and c]i
eV above the VBM. if

We have investigated Hg8¥1) c(2x 2) layers grown at
ferent temperatures by molecular beam epitaxy by direct
and inverse photoelectron spectroscopy to study the elec-
experimental spectrdopen circles and theoretical DOS tronic properties of HgSe. Our results give no hints for eithe_r
(solid line) for HgSe are shown. In the upper part experimen-& conduction band state or a surface state aboye j[he VBM in
tal (open squaresand calculatedsolid line) data of HgTe Nine of ter) samples, in contrast to previous fl_nd|ﬁg'she
are plotted for comparison. To compare theory with experi_controversml results may be due to s_tructural differences be-
ment we have integrated the angle-dependent UPS and IPEig€en our samples and those used in Ref. 6, as, e.g., much
spectra to get an approximate experimental “DOS.” FurtherJarger step or defect densmes in th_e case of the cleaved sur-
more, the calculated DOS of the unoccupied states was cof@ces. The structural differences might be related to the fact
voluted with a Gaussian curve with a FWHM of 0.5 eV in that the orientation of the cleavage plane strongly depends on
order to take the experimental resolution of the IPES setuf€ crystal temperature, and that the zinc ble(iti&0)) sur-
into account. The left hand side of the calculated DOS forface usually does not represent the favored cleavage plane.
the occupied states is unchanged since in the UPS expefiurthermore, integrated UPS and IPES spectra of HgSe are
ment the experimental resolution is significantly better. ~ compared with a calculated DOS. These are in turn com-
As can be seen in Fig. 2, the overall agreement betweeﬂare.d W|th.the experimental and theorgtlcal results fqr the
theoretical and experimental line shapes and peak positiofi@mimetallic HgTe. The latter comparison reveals differ-
for occupied and unoccupied states is rather good for bottnces in their material properties, as seen in UPS and IPES
HgSe and HgTe. The most interesting point, however, is théPectra. Our integrated UPS and IPES spectra are in good
difference in the DOS of the unoccupied states betweegdreement with the calculated three-dimensional DOS of
HgTe and HgSe in the energy range between 0 and 1 eVlgSe derived from a sem|met_aII|_c band structure. Therefore
above the VBM. For HgTe the calculated DOS exhibits aWVe conc;lude Fhat our photoemlssmn results of HgSe are fully
relatively steep increase in this energy range starting directigompatible with the general view, that HgSe is a semimetal,
at the VBM. An increase in the unoccupied DOS is alson agr_eemengt with recent results from magneto absorption
found in the IPES measurements of HgTe. In contrast, th@xperiments:
calculated DOS of HgSe shows only a weak increase of the
DOS in this energy range in agreement Wi.th the small DOS ACKNOWLEDGMENTS
observed by IPES. The reason for the difference between
these two materials is the different band structure of the tel- We would like to thank V. Latussek and A. Pfeuffer-
lurides and the selenides. Both have comparable effectivéeschke for fruitful discussions and M. Donath for valuable
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