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0O ABSTRACT O

The electronic structure of Cd,_Fe Se crystals with concentrations
of x=0.0 and x=0.1 has been investigated by photoemission yield
spectroscopy (PYS) in the photon energy range from 5 to 12 eV The
surfaces  (1120) were obtained by cleavage in ultrahigh vacuum
conditions at pressure 5.10° Torr The photoemission spectra are
characterized by a main edge corresponding to the valence band edge of
CdSe (ionization energy Er) and the lower energy edge Eg corresponding
to the contribution of the Fe3d to the valence band of Cd,_FeSe. Valence
band photoemission spectra of CdyiFey Se exhibit Fe-derived peak at
0.58 eV above the valence band edge of CdSe. Annealing of the surface
(room temperature 5.107 Torr) leads to a partial washing out of the
structure close to ionization energy edge region and to decrease of the
ionization energy Er, energy threshold Es and the crystal affinity y. Also,
it found that, the surfaces freshly cleaved with Fe3d atoms are easily

interacted with ambient atmosphere rather than Jor CdSe surfaces
crystal.

* Associate professor, Department of Physics, Faculty of Science, Tishreen University,
Lattakia, Syria.
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1. Introduction

Semimagnetic semiconductor (SMSC) or diluted magnetic
semiconductor (DMS) based on II-VI or IV-VI semiconductor compound
was created due to the introduction of transition metal (7M) like Mn, Fe
or Co on the site of Hg, Cd or Zn cation in HgS, CdSe or ZnTe [1]. The
introduction of transition metal on the site of group II or IV cation leads
to the new electronic properties appear to be a result of the Mn (3d), Fe
(3d°) or Co(3d") electron contribution to the electronic structure of the
valence band in the volume as well as in the surface, and it is responsible
for disorders: crystalline (local structure), magnetic (introduction of
magnetic ions) and chemical (a foreign ion with valence electrons), and
brings a strong interaction between the (d) electrons and the valence
electrons of /I-VI or IV-VI semiconductor crystals [2]. These materials
have attracted a great deal of attention as a new group of semiconductors,
mainly from the point of applications in infrared detectors, lasers and
other optical devices [2,3].

The present work is strongly stimulated by the recent efforts done
to obtain and understand the electronic properties of the surface and the
region close to the surface with semimagnetic semiconductors Cd;_.[Fe.Se.
Investigation of the electronic structure on Cd)FeSe (1120) surfaces
freshly cleaved in UHV conditions, and of changes of this structure under
annealing at room temperature (p=3.1 0" Torr) are presented.

2. Experimental conditions

The photoemission yield spectroscopy measurements were carried
out on Cd_Fe.Se crystals grown by the modified Bridgman method in
the Institute of Physics, Polish Academy of Sciences. Samples with Fe
concentrations of x=0.0 and x=0.10 were studied. X-ray diffraction
measurements confirmed that the crystal structure of the samples used
were hexagonal wurtzite, and showed that the Fe’" atoms substitute for
Cd" atoms [4,5]. The Cd,..Fe,Se crystals are n-type [5]. The clean
surface of the parallelepipedic sample was obtained by cleavage under
UHYV conditions (p=>5.10" Torr), directly in the photoemission chamber. It
gave a clean and smooth surface, and generates a lot of defects (e.g.
small density of steps). The crystals have been cleaved in the (1120) plane
with dimensions 4x4 mm®, and investigated i situ at room temperature.

Figure(1) illustrates the wurtzite structure together with the surface
geometrical structure of the (1 120 ) surface of the Cd,..Fe,Se crystals [6].
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Fig (1). (a) Wurtzite structure of the Cdj.FesSe crystals, (b) The surface
geometrical stfucture of the Cd).FexSe (1 120 ) surface.

The experiment was performed using vacuum ultraviolet radiation
with available photon energy in the range 5-12 eV, obtained from the
Seya-Namioka type monochromator, with a flowing hydrogen low-
pressure discharge lamp (p= 1 0" Torr) as a light source. A LiF window
separates the monochromator from the stainless steel UHV chamber. A
photomultipliers with luminophor (sodium salicylate deposited on a glass
plate) was used as 2 light detector. The photoemission current was
measured by an ECCO vibrating reed electrometer (sensitivity 107 4).
The energy width of the incident light was less than 0.05 eV [7]. The
experimental set-up described enables us to measure the photoemission
yield for a wide energy range. However, since our work reported in this
paper was devoted to investigate the electronic states in the jonization
energy edge region, the described procedure of differentiation was
applied to the relatively small part of the spectrum experimentally
observed (about 1.5 eV just above the valence band edge).
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3. Results and discussion

Figure (2) presents the typical photoemission yield spectra obtained
for Cd,..Fe,Se crystals in the range energy 5-12 eV. The lowest curves
(Nr.1) cormrespond to the freshly cleaved (1120) surfaces, and the
following curves (Nr2 and Nr.3) concern the same surfaces, which
undergo for annealing process.

With replacement the cadmium atoms by iron atoms in the crystals,
it was observed from curves comparison Y (hv), that the photoemission
yield from CdjoFej;Se is, almost, about two orders less yield from
obtained for CdSe. The spectra are characterized by a main edge
corresponding to the valence band density of states of CdSe. At photon
energies above 6.5 eV dips in the spectral dependence of the
photoemission yield (Fig.2) correspond well to the positions of the peaks
of the reflectivity spectra (for CdSe at 7.4, 8.7, 9.75 and 10.60 eV,
whereas for Cdj oFey ;Se at 7.30, 8.40, 9.45 and 10.60 eV) measured for
these samples [8].
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Fig (2). Semilogarithmic plots of the photoemission yield spectra ¥ (hv) for

CdSe and CdpoFe Se (1150) surface cleaved in UHV conditions and annealed at

room temperature for various times at a pressure /0 Torr: curve (Nr: 1) - 45 min,
(Nr.2) — 4 days; (Nr.3) — 8 days.

-235 -



The contribution of Fe electrons into the crystal lead to appearance
of an additional maximum (7.9 eV) below the edge of the valence band
and to disappearance yield minimum corresponding to energy about
(11eV). The room temperature annealing of the freshly cleaved surface in
p=>5.10" Torr leads to: a change of the photoemission yield spectra in the
whole range of Av energies; a shift of the main edge (E7) to lower
energies, also, an increase of the maximum corresponding to energy (7.9
eV) with time.

Figure (3) presents the photoemission yield spectra Y"? for CdSe
and CdjoFey Se crystals in the range of hv energies close to threshold
energy region. For CdSe crystal, the spectra are characterized by a one
edge corresponding to the ionization energy (E7). While for Cdp.oFey1Se
crystal, the contribution of the iron ions lead to the appearance two edges.
The first one (Es) corresponds to contribution of the Fe states in the CdSe
crystal, whereas the second edge corresponds to the ionization energy
(E7) [6] and it is shifted to lower energies (for freshly cleaved surfaces
Er=6.10 eV for CdSe, while E;=5.70 eV for Cdj gFeq 1Se).
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Fig (3). Energy photoemission threshold curves calculated from expression
Y (hv) = (hv - En)*
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As is apparent (Fig.3), in the threshold energy region all of the
measured curves have the same character and can be approximated by the
equation: ¥ (hV) = (hv - Eyp) 2. This kind of dependence corresponds well to
the theory introduced by Kane [9] and Ballantyne [10] for the case when
the photoemitted electrons originate from the valence band states in the
volume and are due to indirect optical transitions. If the energy gap Eg is
taken as 1.80 eV for CdSe and 1.92 eV for CdpoFey Se [8], it gives an
electron affinity (y =Er- Eg) [11]. The table presents values of the energy
threshold E7, Es and y for both crystals.

Table of the values of energy photoemission threshold Er, Eg and
x Jor CdSe and CdyoFe, Se crystals.

Crystal Nr. Time Er(eV) Es(el) 7 (eV)
Curve
1 45 min 6.10 - 4.30
CdSe 2 4 days 5.95 - 4.15
3 8 days 5.90 - 4.10
I 45 min 3.70 6.10 3.78
Cdy.gFey 1Se 2 4 days 5.60 6.17 3.68
3 8 days 5.55 6.22 3.63

The energy in figure (4) is measured from the top of the valence
band, that is, for each sample the experimental curve is shifted to overlap
at high yields with the curves for other samples. For the sample
Cdp oFej Se, the lower energy threshold is about 0.58 eV below the
higher one. The lower part of figure (4) shows schematically the position
of the additional density of states given by Fe’'(34°) which is responsible
for the lower energy photoemission threshold. This fact indicates that the
Fe2+(3d6) appears as an additional density of states, which is localised
higher than the top of the valence band. Therefor, the Fe’ (3d°) states
must be locates over the top of the valence band, that is, the Fe’ +(361’6)
states locate in the forbidden energy gap (see figure 5). This agrees well
with the results published previously, Baranowski and Langer [12] placed
the Fe’*(3d) level in doped CdSe with Fe concentration of 1.5x10"° cm”
at 0.63+0.02 eV above top of the valence bands from their optical-
absorption measurements. For Fe-doped CdSe sample with concentration
up to x=15 %(5x10”" cm™), Mycielski et al. [13] reported the Fe’'(3d)
level at 0.58+0.03 eV above the valence-band maximum from the
analysis of the optical-absorption spectra.
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Fig (4). Experimental curves of the photoemission yield for ('dSe and
CdyoFeq Se crystals (7300 k). The lower part shows schematically the position of
the additional density of states given by Fe’ (3d)
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Fig (5). Band structure of the wide-gap wurtzite Cd) FexSe crystals near the I
point, showing the position of the Fe’* (3d’) state.
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According to the electronic band structure diagram (Fig.5) [14], in
the energy photoemission threshold region, the ionization energy (E7)
may be corresponding to the transitions from the I' point. The <1120>
direction in the reciprocal lattice (/I'-M/ line in Brillouin zone)
corresponds to the momentum of the electrons perpendicular to the
cleavage surface (1120) [6]. Thus, the electrons situated on the /I'-M/ line
states can escape easily into the vacuum [9,10].

When the scattering mechanism appears, it is possible that more
electrons can reach the best <1120> direction [15]. This mechanism
changes the shape of the photoemission yield curves and changes the
threshold position [15,16,17]. In our experiments, the scattering effect can
be induced by gradual changes of the crystal surfaces and this process
will be responsible for the different behavior of the two thresholds. These
facts enable us to ascribe, in the case Cd)oFey;Se crystal, the additional
threshold Es to the optical direct transitions H-H, whereas the threshold
Er in both CdSe and CdjeFey;Se crystals, to the optical indirect
transitions from the I" point [14]. Therefor, the threshold energy Es (for

=0.1) corresponds to the density of states below the edge of the valence
band in the H point in Brillouin zone.

The collision effect is expected to be similar for the all samples.
Thus, the differences between the stabilized photoemission curves from
the different Cd,.Fe.Se samples are due to the presence of the Fe
electrons. The differences between thresholds E5 and E7 increase during
the annealing process from 400 meV energy for curve Nrl to energy
670meV for curve Nr.3 (see table).

Figure (6) illustrates the evolution of the distribution of states
density observed for Cd,_.Fe,Se (1120 ) surfaces with x=0.0 and x=0.1, the
derivative of the photoemission yield curves presented in Fig (2) . Since
Photoemission Yield Spectroscopy (PYS) consists in measuring the total
photoemission current as a function of photon energy, the number of
electrons recorded at a particular energy of light integrates the
contribution of all transitions from the occupied states from the Fermi
level energy down to Er - hv - (¢ is the work function of the sample). If
we assume that the transition matrix elements and the escape function of
electrons do not depend on the energy of light, it is possible to consider
the first derivative of the photoemission yield versus energy (dY/d (hv))
as an effective density of states. If we consider a small energy this
approach usually turns out to be reasonable [18,19]. Thus, the structure of
the effective density of states shown in Fig (6) appears in the edge Er
region. This structure is partly washed out during the annealing process.
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Fig (6). Linear plots of the effective density of states; the derivative of the
photoemission yield curves presented in Fig (2) in the ionization energy edge region

for Cd, Fe).. Se (1120) (with x=0.0 and x=0.1) surface cleaved in UHV and annealed
at room temperature at 5./ 0” Torr

As a result of the annealing process, the change of the effective
density of states distribution is observed. This change of the yield
photoemission spectra may be caused by a change of the crystalline
structure of the reconstruction surface as well as by a change of the
chemical composition of the crystal surface region due to adsorbed atoms
during annealing. Interaction with the ambient atmosphere (p=5.10° ? Torr)
was the phenomenon that enabled us to distinguish the surface related
features in the spectra. It was already shown that H,0, CO;, CO, N; and
0, molecules occur on the real surface of the //-V/ compounds. This set
of compounds corresponds well to the low-pressure atmosphere in the
UHV chamber [20,21]. Thus we can expect that the adsorption of these
gases occur durlng the annealing of the cleaved sample at room
temperature at 5./0” Torr. This, together with the surface electronic
structure of the crystals determines the shape of the spectra.

For the freshly cleaved CdSe and Cdj gFey;Se crystals (the lowest
curves in Fig (6)) the valence band with an ionization energy and band of
states sensitive to the gas adsorption (see the other curves in Fig (6)) are
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observed. In the CdSe (1120) sample, appears two maxima corresponding
to the 6.6 and 7.05 eV energies. The CdSe (1120) has been investigated by
both experimental and theoretical methods [15] and showed that, in the
valence band region at #v above Er no evidence has been found for the
presence of surface states on the clean surface. Thus, the broad band in
the distribution of the density of states observed in the energy region from
6.2 to 7.1 eV must be connected mainly with the defect induced surface
states. The influence of the ambient atmosphere leads easily to a shift of
the spectrum towards the lower energies. A change of the relative heights
of the maxima is observed, too. It may be that the adsorbed atoms
interact with the electrons close to the surface, leading to the formation of
new band electronic surface states. Further adsorption causes independent
changes in the position of the valence band edge with respect to the other
states. For Cdj oF ey ;Se crystal the contribution of the Fe3d electrons leads
to appearance of a structure at the ionization energy region (see the
highest curves in Fig (6)), and to different behavior upon annealing than
was the case for CdSe crystal. The additional peak of the effective density
of states appears at energy of hv=6.70 eV due to the presence of iron
[22,23]. The reaction of the adsorbed atoms with the states on the surface,
appearing during surface annealing, can lead to a filling up of the states
above the edge of the valence band [23,24], and to a decrease of the
energy threshold Es. Also, a change of the relative height of the additional
peak is observed and may be expecting of /7¢O dipole layer formation
[20]. The shift of the main edge (E7) to lower energies corresponds to a
change of the CdSe affinity.

4. Conclusion

Photoemission yield spectroscopy (PYS) studies of the
Cd,Fe,.. Se (1120) (with x=0.0 and x=0.1) surface cleaved in UHV and
annealed at room temperature at 5.10” Torr were found to be very useful
for evaluating the electronic properties of this surface. They made
possible the determination of the surface band structure parameters:
ionization energy Er, energy threshold Es and surface electron affinity .
Moreover they confirmed the existence on this surface of occupied
electronic states. These states are sensitive to adsorption of gases on the
surface in the case of the CdjoFey Se crystal rather than CdSe crystal.
The changes of the valence band edge and energy threshold Es positions
on the surface were observed during the adsorption, too.
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