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Photoelectron partial-yield and constant-initial-state (CIS) spectra of the layered-semiconductor
GeS, GeSe, SnS§; 4Se, ;, and SnSe single crystals were investigated with use of synchrotron radiation.
The cation d core (Ge 3d and Sn 4d) yield spectra show intense and sharp doublets due to cation-
derived core excitons. The CIS spectra exhibit strong resonance due to an interference between the
direct-recombination process of the core excitons and the direct-excitation process of the valence
electrons. The strong resonance is characteristic of core excitons with a long lifetime and a fairly
localized nature. The anion p and d core (S 2p and Se 3d) yield spectra are much broader than the
cation d core spectra and reflect the density of states (DOS) of the conduction bands. Energies of
the experimental DOS peaks compare favorably with conduction-band features derived from inter-

band optical-absorption spectra.

I. INTRODUCTION

The orthorhombic IV-VI compounds (GeS, GeSe, SnS,
and SnSe) have interesting electronic and optical proper-
ties and have been the subject of numerous investigations.
The object of most of the work was to obtain information
about the dielectric function and the band structure of
these materials. A wide variety of techniques have been
used including photoemission,'~* energy-loss spectrosco-
py,* reflectivity measurements,’ and band-structure calcu-
lations.>®~® In this paper, we concentrate on the core-
level excitations and conduction-band structures.

The layerlike orthorhombic chalcogenides all crystal-
lize in the GeS structure which belongs to the ortho-
rhombic space group D)% (Pnma) and is closely related
to the black phosphorus structure. The primitive cell
contains eight atoms and covers two adjacent double lay-
ers as shown in Fig. 1(a). The atoms in a single layer are
joined to three nearest neighbors by covalent bonds
which form zigzag chains along the b axis. All these
crystals cleave exceptionally easily in the a-b plane since
van der Waals bonding predominates along the ¢ axis.
The anisotropic crystal structure implies that significant
differences are to be expected among the optical spectra
with an electric vector parallel to the a, b, and ¢ direc-
tions.

Optical spectra due to the valence-electron excitation
are related to the joint density of states (DOS) of the
valence and conduction bands. On the other hand, be-
cause the initial core states have well-defined symmetry
and negligibly small dispersion, core-electron excitation
spectra provide not only information about the energies
of flat regions of the conduction bands but also their sym-
metry and details of the electron—core-hole interaction.
Previously, the Sn 4d core reflectance spectrum of SnS
(Ref. 5) was measured in the a-b crystal plane. The dou-
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blet structure observed near the 4d core threshold was in-
terpreted taking the electron-core-hole interaction into
account. However, the energy separation (0.85 eV) did
not agree with the Sn 4d spin-orbit splitting (1.08 eV)
determined from photoemission measurements and this
discrepancy beyond the experimental accuracy was not
resolved.

We report here a systematic study of core excitons and
conduction-band structures of GeS, GeSe, SnS ¢Se, ;,
and SnSe single crystals using linearly polarized syn-
chrotron radiation. The partial-yield spectra due to cat-
ion d core excitations show intense and sharp core-
exciton peaks near the core absorption thresholds with
weak anisotropy in the a-b crystal plane. The constant-
initial-state (CIS) spectra elucidate the decay process of
the core excitons, and indicate that the excitons are fairly
localized. The anion p (or d) core yield spectra reflect the
conduction-band DOS. These results are analyzed and
compared with band-structure calculations.

II. EXPERIMENTAL DETAILS

Experiments were performed at the Flipper II beamline
in Hamburger Synchrotronstrahlungslabor (HASYLAB)
at Deutsches Elektronen-Synchrotron DESY, Hamburg,9
using synchrotron radiation from the DORIS (Doppel-
Ring Speicheranlage) storage ring. A combination of a
plane grating monochromator (Flipper II) and a double-
stage cylindrical mirror analyzer (PHI 25-260AR) was
used to obtain the partial-yield and CIS spectra as well as
the angle-integrated photoemission spectra of core levels
and valence bands. Binding energies of the core-level and
valence-band spectra were defined with respect to the
valence-band maximum. The resolution of the mono-
chromator was set to be 60 meV at 25 eV. The GeS,
GeSe, SnS; 4Se; |, and SnSe samples were undoped single
crystals grown by the vacuum sublimation method.'
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The orientation and lattice constants of these crystals
were checked by x-ray diffraction. Surfaces for the mea-
surements parallel to the a-b crystal plane were prepared
by cleaving under ultrahigh vacuum below 2X107!°
mbar. The signal from a Au photodiode was used as a
reference to normalize the partial-yield and CIS spectra,
taking its absorption coefficients into account.

III. RESULTS AND DISCUSSION

In the IV-VI compound semiconductors GeS, GeSe,
SnS, and SnSe, the conduction bands are mainly derived
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FIG. 1. (a) The germanium sulfide crystal structure. The
unit cell is defined by a, b, and ¢ axes, where a > b and c is per-
pendicular to the cleavage plane. (b) Brillouin zone of the crys-
tal. The x, y, and z directions correspond to the ¢, b, and a crys-
tallographic axes.
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FIG. 2. Energy bands of GeS calculated using an empirical-
pseudopotential method (Ref. 2).

from the cation (Ge 4s24p? and Sn 5s25p?) p states with a
smaller contribution from the anion (S 3s23p* and Se
4s5%4p*) p states, because of the difference in valence-
electron configurations between the cation and anion
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FIG. 3. Valence-band photoemission spectra of GeS, GeSe,
SnS, 4Sep.;, and SnSe single crystals. The binding energy is
defined with respect to the valence-band maximum. #w
represents excitation photon energy.
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(e.g., Ge?t 4s2, S 35%3p® and the bonding ionicity of
the crystals. The admixture between the p and s states in
conduction bands is fairly small. This is reflected in the
small dispersion of the cation and anion-derived s valence
bands over the whole Brillouin zone.? Moreover, the
conduction-band dispersions along the Z-A4-U,
I'-3-X, Y-C-S, and T-E-R lines perpendicular to
the a-b crystal plane are particularly small, reflecting the
two-dimensional nature of these crystals [see Brillouin
zone in Fig. 1(b) and energy-band structure in Fig. 2].

The valence bands can be divided into three regions
(see photoemission spectra in Fig. 3). The first region ex-
tending from 0- to 6-¢V binding energy is predominantly
due to the bonding combination of the cation and anion p
electrons (p bands), while two regions of bands at 6—10-
and at 12-14-eV binding energies are due to the cation
and anion s electrons (s bands), respectively. The weak S
3s bands observed at 12-14-eV binding energies for GeS
in Fig. 3 are located at ~19-eV binding energy in the
energy-band calculations.” General features of the band
structure of GeS, GeSe, SnS, and SnSe are very similar to
one another and to those of black P.!!

A. GeS and GeSe

The band structure of GeS in Fig. 2 has been calculat-
ed with the empirical-pseudopotential method.? The
direct fundamental gap is located along the A line. The
calculated energy gap of 1.2 eV is smaller than the experi-
mental value of 1.65 eV.'? The energies and dispersions
of the valence bands have already been compared with
angle-resolved photoemission data.> The accuracy of the
calculation was reported to be about 0.2 eV near the top
of valence bands and about 1 eV around 6-eV binding en-
ergy.

The energy-band calculations of GeSe have been car-
ried out using the pseudopotential method.® On the basis
of the theoretical band structure and selection rules for
optical dipole transitions, main structures in the inter-
band optical spectra were analyzed in detail. Gross
features of band structures for GeSe are very similar to
those for GeS.

1. Cation core excitation spectra

Figure 4 shows the partial-yield spectra of GeS and
GeSe for E|la and E|b in the Ge 3d core excitation re-
gion. The partial-yield spectra are known to be represen-
tative of the absorption spectrum in the core excitation
region.'® In the figure, E stands for the polarization vec-
tor of the light. The vertical arrows show the energy po-
sitions of the Ge 3ds,, core absorption thresholds (31.10
eV for GeS and 30.55 eV for GeSe), which have been es-
timated from the sum of the band-gap energy [1.65 eV for
GeS (Ref. 12) and 1.08 eV for GeSe (Ref. 14)] and the Ge
3d core-level binding energies with respect to the
valence-band maximum. The binding energies derived
from the core-level photoemission spectra are 29.45 and
29.98 eV for the 3ds,, and 3d;,, core levels of GeS and
29.47 and 30.01 eV for those of GeSe, respectively.

The spectrum of GeS for E|a clearly shows four struc-
tures in the energy region from 30.5 to 32 eV. Above 32
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FIG. 4. Partial-yield spectra of GeS and GeSe for E|ja and
E|b in the Ge 3d core excitation region.

eV, the spectrum exhibits no clear peak structures. The
spectral shape for E||b is slightly different from that for
E|la: a weak anisotropy is observed in the a-b crystal
plane concerning the dip between the structures B and
Al

In order to resolve four structures near the Ge 3d core
threshold and to evaluate the energy positions of these
structures, we have calculated the second energy deriva-
tives of the partial-yield spectra. They are shown for GeS
in Fig. 5. One notices that four structures are clearly
resolved as negative peaks at 30.83 (A), 31.05 (B), 31.47
(A"), and 31.68 eV (B’) for E|ja [30.83 (A), 31.01 (B),
31.45 (A'), and (31.65) eV (B’) for E|b]. From the spec-
tral shapes in Figs. 4 and 5, the relative intensities of the
doublet structures A-A’ and B-B’ are found to deviate
significantly from 6:4 statistical weight of the initial 3d ,
and 3d;,, core states. In addition, the splittings of these
doublets (~0.64 eV) are slightly larger than the spin-
orbit splitting of the Ge 3d core levels (0.53 eV). The
comparison between the spectra for E|ja and E|b in Fig.
5 reveals a weak anisotropy in the a-b crystal plane that is
most apparent for the B-B’ doublet.

Here, it is appropriate to review the general features of
the DOS of the conduction bands for understanding the
observed doublet structures A-A’ and B-B’, though
theoretical DOS curves are not yet available. Taking the
results of band calculation® (Fig. 2) and the fundamental
absorption experiments!? into account, we notice the rel-
atively large dispersion of the lowest conduction band at
the A symmetry point. The free exciton associated with
the direct fundamental gap at the A symmetry point has
a binding energy of 11.5 meV, corresponding to a re-
duced mass of 0.08m,.'>? At ~0.4 eV above the
conduction-band minimum, the quasi-two-dimensional
bands with very small dispersion lie along the Z- A4 -U
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FIG. 5. Second-energy-derivative spectra of GeS for E|ja and
E||b. The spectra have been numerically calculated by applying
the least-squares fit to a quadratic function in the small energy
region.

line. These results imply that the DOS of conduction
bands of GeS increases gradually toward higher energy.
At ~0.4 eV above the conduction-band minimum, the
DOS curve has a first maximum, which stems from the
two-dimensional bands with high DOS within a small en-
ergy interval. Such features can be recognized in the
anion core excitation spectra shown later.

Comparing the partial-yield spectra with the DOS of
conduction bands discussed above, the strong oscillator
strength of the doublets A-A’ and B-B' near the Ge 3d
core thresholds can be understood as originating from the
quasi-two-dimensional conduction bands with very high
DOS. The reversal of the relative intensity of these dou-
blets and the deviation of the splitting energy of the dou-
blets from the spin-orbit value can be interpreted as being
due to electron—core-hole exchange interaction.'>!®
Thus, we assign the doublet structures A-A’ and B-B’ as
the spin-orbit doublets of the Ge 3d core excitons associ-
ated with the two-dimensional conduction bands, the A-
A’ (B-B’) separation corresponding to the core spin-orbit
splitting. The weak anisotropy indicates that the core ex-
citons, especially B-B’, have a more extended character
than a purely atomic excitation, though they are relative-
ly tightly bound.

The spectra of GeSe exhibit structures at 30.56 (A),
30.77 (B), 31.18 (A’), and 31.39 eV (B’) for E||a and 30.55
(A), 30.69 (B), 31.18 (A’) and (31.36) eV (B’) for E|b.
The spectral features are basically the same as those of
GeS regarding the reversal of intensities of the A-A’ and
B-B’ doublets and the slight difference in the energy split-
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tings of the doublet between the yield and core-level pho-
toemission spectra and also the weak anisotropy in the a-
b crystal plane. Thus, the doublet structures A-A’ and
B-B’ in GeSe can be assigned to the Ge 3d core-derived
excitons.

2. Anion core excitation spectra

Figure 6 shows the partial-yield spectra of GeS and
GeSe in the S 2p and Se 3d core excitation region. By
comparing these spectra with the cation excitation spec-
tra in Fig. 4, one notices the absence of intense and sharp
peak structures near the core excitation thresholds shown
by vertical arrows (162.2 eV for GeS and 54.40 eV for
GeSe). All structures are observed as broad peaks. In
addition, the relative intensities between the spin-orbit
partners reflect the degeneracy of the initial core states
(2:1 for the 2p;,, and 2p,,, core levels, and 6:4 for the
3ds,, and 3d;,, core levels). Therefore, it is reasonable
to assume that the core excitation spectra map roughly
the DOS of the conduction bands. We thus discuss the
anion core yield spectra in terms of the one electron mod-
el, neglecting the electron—core-hole interaction.

The spectra of GeS for E|a and E||b show broad peaks
at 162.9 (a) and 164.2 eV (a’). The splitting energy be-
tween the a and a’ structures is almost equal to the spin-
orbit splitting of the S 2p core level (1.2 eV).!"” The struc-
tures a-a’ are thus attributed to the corresponding spin-
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FIG. 6. Partial-yield spectra of GeS and GeSe for E|a and
E|b in the S 2p and Se 3d core excitation regions.
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TABLE 1. Peak energies in partial-yield spectra of GeS and interpretation of final states for optical transitions in terms of band-

structure calculation.

Experiment Theory (Ref. 2)
Structure Peak energy Energy above the core Assignment Energy above the
absorption threshold conduction-band minimum
(eV) (eV) (eV)
Eja E|b Eja Ejb
Ge 3d core A 30.83 30.83 —0.27 —0.27
excitation B 31.05 31.01 —0.05 —0.09 core
A’ 31.47 31.45 excitons
B’ 31.68 (31.65)
S 2p core a 162.9 162.9 0.7 0.7 Z,-4,,-U,, 0.4-0.6
excitation a' 164.2 164.2 Z,-A,,-U,q 0.75-0.86
Y,-C,4-Si, 0.96-1.10

orbit doublet. We assign the structure a to the transition
from the 2p; , core level to the flat regions of conduction
bands along the Z,-4,,-U,,, Z,-4,,-U;5, and
Y,-C, 4-S,, lines with very high DOS (Table I). This
assignment is consistent with the interband spectra in the
visible range.* The valence-band spectra of GeS have
shown the first p-band peak at 1.1-eV binding energy with
respect to the valence-band maximum (Fig. 3). Taking
into account this binding energy and the band-gap energy
of 1.65 eV (Ref. 12) as well as the energy of the structure
a 0.7 eV above the core absorption threshold (162.2 eV),'®
the interband transitions with strong oscillator strength
are expected in the energy region around 3.5 eV. The
imaginary parts of the experimental dielectric function
(e,) show prominent peaks at 3. 1-3.7,' which were as-
signed to the interband transitions between two-
dimensional bands along the Z—- 4 -U and Y-C-S lines.
We thus conjecture that the first p valence band and the
main peak in the present partial-yield spectra are respon-
sible for these initial and final states in the interband
transitions.

The spectra of GeSe show structures at 55.0, 55.9, 56.2,
57.0, and 59.0 eV for E|ja and 55.0, 55.9, 56.2, 57.1, and
59.1 eV for E||b. Taking into account the initial 3d core-
level splitting of 0.85 eV calculated from the 3ds,, and
3d, ,, core-level binding energies (53.32 and 54.17 eV, re-
spectively), we have assigned these structures to the
spin-orbit doublets in Fig. 6.

Using the same line of argument as for the S 2p core
spectra of GeS, one can estimate the energies of prom-
inent peaks expected in the &, spectra of GeSe. The sim-
ple consideration for the 0.8-eV binding energy of the
first p valence-band peak (Fig. 3) and the band-gap energy
of 1.08 eV,'* as well as the energies of the structures a, b,
and c (0.6, 1.8, and 4.7 eV in Table II) above the core ab-
sorption threshold (54.50 eV) implies peaks at 2.5, 3.7,
and 6.5 eV in the €, spectra. The experimental €, spectra
indeed show prominent peaks at 2.45, 3.45, and 6.1 A
which have been assigned to the U¢-U,, U¢-U,, and U, -
U, transitions, in agreement with the evaluation above.
The prominent peaks a and b in Fig. 6 are, thus, assigned
to the transitions from the Se 3ds,, core level to the flat

TABLE II. Peak energies in partial-yield spectra of GeSe and interpretation of final states for optical transitions in terms of band-

structure calculation.

Experiment

Theory (Ref. 6)

Structure Peak energy Energy above the core Assignment Energy above the
absorption threshold conduction-band minimum
(eV) (eV) (eV)
E|la Ejb E|a Eb
Ge 3d core A 30.56 30.55 0.01 0.00
excitation B 30.77 30.69 0.22 0.14 core
A’ 31.18 31.18 excitons
B’ 31.39 (31.36)
Se 3d core a 55.0 55.0 0.6 0.6 Z,-F,-U, 0.56-0.58
excitation a' 55.9 55.9
b 56.2 56.2 1.8 1.8 zZ,-F,-U, 1.55-1.62
b’ 57.0 57.1
c 59.0 59.1 4.6 4.7 many flat regions 4-5
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regions of conduction bands along the Z,-F,-U, and
Z,-F,-U, lines.® For structure (c), the assignment is
difficult, since there are many flat bands around 4-5 eV
above the conduction-band minimum.

B. SnS and SnSe

Energy dispersion and DOS of valence bands of SnS
have been calculated using empirical-pseudopotential
methods,? though theoretical calculation of the conduc-
tion bands is not yet available.

Energy-band structures of SnSe have been calculated
on the basis of an empirical-pseudopotential approach.®
The result exhibits an indirect fundamental gap between
the conduction-band minimum at the I" (or £) symmetry
point and the valence-band maximum at the A symmetry
point. The calculated gap energy of 2.1 eV is, however,
much larger than the experimental value of 0.9 eV.?!

Although there is limited accuracy in the theoretical
results reported so far, we suppose that real band struc-
tures of SnS and SnSe would be very similar to each oth-
er.

1. Cation excitation spectra

Figure 7 shows the partial-yield spectra of SnS; ¢Se ,
and SnSe for E||a and E||b in the Sn 4d core excitation re-
gion. Prominent sharp peaks are again observed in the
region corresponding to excitations from the Sn 4d core.
Contrary to the case of GeS and GeSe, one can recognize
only three structures above the Sn 4d core thresholds: a
shoulder A and two strong peaks B and A’. In the figure,
vertical arrows represent energy positions of the Sn 4d ,,
core absorption thresholds (25.4 eV for SnS ¢Se;,; and
25.1 eV for SnSe), obtained from the sum of the band-gap
energies [1.1 eV for SnS (Ref. 22) and 0.9 eV for SnSe
(Ref. 21)] and the Sn 4d core-level binding energies. The
core-level binding energies have been determined to be
24.26 and 25.30 eV for the 4d;,, and 4d; , core levels of
SnS Sey | and 24.24 and 25.28 eV for those of SnSe, re-
spectively. An anisotropy in the a-b crystal plane is weak
(Tables III and 1V).

First, we discuss the results of SnSe. The experimental
spectrum for E|ja shows structures at 25.30 (A), 25.56 (B),
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FIG. 7. Partial-yield spectra of SnS; ¢Se, ; and SnSe for Ejja
and E|b in the Sn 4d core excitation region.

and 26.40 eV (A’). These energies have been accurately
determined by calculating the second energy derivatives
and are summarized in Table IV. One notices that the
splitting energy of 1.08 eV between the structures A and
A’ is close to that of the initial Sn 4d core level (1.04 eV).
For the structure B, the spin-orbit partner (B’) is not
clearly seen in the partial-yield spectra. The relative in-
tensities of the A-A' doublet deviate strongly from the 6:4
statistical weight.

The spectrum for E|b is similar to that for E||a, except
for a slight sharpening of the structure A’. The sharpen-
ing can be attributed to decreasing contribution of B’
structure in the spectrum for E|b, from comparison of
spectral shape among the partial-yield spectra in Fig. 7,
the second energy derivatives, and the CIS spectra (which
will be shown in Fig. 9). We have already found a similar

TABLE III. Peak energies in partial-yield spectra of SnS, ¢Se,, ;.

Structure Peak energy Energy above the core
absorption threshold
(eV) (eV)

Ela E|b E|a E|b

Sn 4d core A (25.60) 25.59 0.2 0.2

excitation B 25.82 25.84 0.5 0.5
A’ 26.63 26.63

B’

S 2p core a 162.5 162.5 0.7 0.7

excitation a’ 163.8 163.8
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TABLE IV. Peak energies in partial-yield spectra of SnSe.

Structure Peak energy Energy above the core
absorption threshold
(eV) (eV)
Ella E|b E|a E|b
Sn 4d core A (25.27) 25.30 0.1 0.2
excitation B 25.59 25.56 0.5 0.4
A’ 26.43 26.43
B’
Se 3p core a 54.7 54.7 0.8 0.8
excitation a’ 55.6 55.6
b 56.2 56.2 2.3 2.3
b

situation in GeS and GeSe in Figs. 4 and 5.

The reversal of the relative intensity between the A and
A’ structures indicates the presence of an electron-core-
hole exchange coupling. Thus, we assign the doublet
structure A-A’ to the Sn 4d core excitons. For the B-B’
doublet, it will be shown in Sec. III C that the structure B
is also attributed to the Sn 4d core exciton. The CIS
spectrum due to the decay of the core exciton exhibits
clear peaks at energies corresponding to the structures B
and A-A'".

Next, we discuss the results of SnS;,Se;,. The
partial-yield spectrum for E||b shows a prominent dou-
blet structure A-A’ at 25.60 (A) and 26.63 eV (A') and a
structure B at 25.82 eV. The splitting energy between the
A-A’ doublet is almost equal to that of 1.04 eV for the Sn
4d core levels. A reversal of the relative intensities of the
doublets is again observed. In comparison with the spec-
trum for E|ja, the spectrum shows a slight sharpening of
the structure A’. The characteristic features of
SnS, oSe, ; are essentially the same as those of SnSe, as
would be expected from the close similarity between the
Ge 3d core-yield spectra of GeS and GeSe. Therefore, we
assign the spin-orbit doublets A-A’ and B-B’ to the Sn 4d
core excitons.

The near-normal-incidence reflectance spectrum of SnS
has been measured in the Sn 4d core excitation region
with a spectral resolution of 0.2 eV.> This spectrum
shows two peaks at 25.65 and 26.50 eV which were inter-
preted as spin-orbit doublets of the Sn 4d core excitons.
The reversal of the intensity ratio from the 6:4 statistical
weight of the Sn 4d core levels was attributed to an
electron-core-hole exchange interaction. The large
discrepancy of the splitting energies between the
reflectance spectrum (0.85 eV) and the core-level photo-
emission spectrum (1.08 eV) was not explained. In the
light of the present results, one notices that the previous
assignments in the reflectance spectrum should be
corrected. Two peaks in the reflectance spectrum are
likely to correspond to the structures B and A’.

2. Anion core excitation spectra

Figure 8 shows the partial-yield spectra of SnS; ¢Se ,
and SnSe in the S 2p and Se 3d core excitation region.
The spectra reflect the DOS of conduction bands without

any sharp peak near the core thresholds shown by verti-
cal arrows (161.8 eV for SnS;¢Se,; and 53.94 eV for
SnSe). The spectrum of SnSe for E||a exhibits three struc-
tures at 54.7 (a), 55.6 (a’), and 56.2 eV (b). The structures
a and a’ can be assigned to a spin-orbit doublet judging
from the Se 3d core-level splitting of 0.85 eV. The core-
level binding energies are 53.04 and 53.89 eV for the
3ds,, and 3d,,, components, respectively. As for the
structure b, its spin-orbit partner is not resolved in the
spectrum, probably being obscured by the background.
The spectrum for E|b is almost the same as that for Ej|ja
with no anisotropy in the a-b crystal plane. The struc-
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FIG. 8. Partial-yield spectra of SnS; ¢Sey ; and SnSe for E|a
and E||b in the S 2p and Se 3d core excitation regions.
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tures a and b are estimated to be located at 0.8 and 2.3 eV
above the lowest conduction-band minimum, respective-
ly, from the Se 3d5,, core threshold energy of 53.94 eV.
The energies of the structures a and b (0.8 and 2.3 eV),
band-gap energy [0.9 eV (Ref. 21)], and the binding ener-
gy of the first p valence band (0.6 eV in Fig. 3) imply
peaks at 2.3 and 3.8 eV in the €, spectra, in agreement
with the experimental spectra with a prominent peak at
2.4 eV and a broad peak around 3.5-4 eV.?

The spectrum of SnS; ¢Se, ; for E|ja shows two broad
peaks at 162.5 and 163.8 eV. The energy separation of
1.3 eV is almost equal to the S 2p core-level splitting of
1.2 eV."7 The spectrum for E||b is very similar to that for
E|la. By taking 161.8 eV as the S 2p core threshold ener-
gy,'® the first peak of the DOS of the conduction bands is
evaluated at 0.7 eV above the conduction-band minimum.
The optical-absorption measurements have revealed an
indirect fundamental gap of 1.1 eV for SnS.?> In addi-
tion, the &, energy-loss spectrum of SnS has a prominent
peak at 2.8 eV.* In this case, the initial state is predom-
inantly the first p valence band with 0.8-eV binding ener-
gy relative to the top of the valence bands (Fig. 3) so the
maximum of the conduction-band DOS is 0.9 eV above
the lowest minimum, close to the value of 0.7 eV we esti-
mate in the present experiment.

Here, we compare the cation core-yield spectra in Figs.
4 and 7 with the anion core-yield spectra in Figs. 6 and 8§,
by adjusting their threshold energies within the same
samples. The structures A due to the cation d core exci-
tons are found to be located 0.5-1.0 eV below the struc-
tures a which are assigned to the DOS peaks in the con-
duction bands. This result suggests that the states of the
excited electrons should be described as mixing bands
over a width of ~0.5-1.0 eV. In addition, the A-A’ and
B-B’ core excitons separated by 0.21-0.26 eV are mixed
with each other. Such mixing has been observed in the
Ga 3d core excitons in GaAs; ,P, (Ref. 24) and
Al _,Ga, As (Ref. 25) crystals.

C. Decay of cation d core excitons

We now turn to the CIS spectra measured in the ener-
gy region of the cation d core excitation and discuss them
in relation with the decay process of the core excitons.
Figure 9 shows the photoemission cross sections of the
topmost valence-band peaks of GeS, GeSe, SnS; ¢Seg |,
and SnSe single crystals measured as a function of photon
energy (CIS spectra). The cross sections exhibit pro-
nounced resonances at the maxima of the corresponding
core absorption spectra. The energies of the peaks in the
CIS spectra slightly shift with respect to those of the core
absorption spectra in Figs. 4 and 7.

The solid curve in Fig. 10 (Ref. 26) represents a fit to
the CIS spectrum obtained with Fano profiles:

L letg? 1
I ERER € r(ﬁw E.). (D
In Eq. (1), E,,, T, and ¢ denote the core-exciton excita-
tion energy, the lifetime broadening of the core exciton,
and a Fano g factor, respectively. The CIS spectrum is
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FIG. 9. Photoemission cross sections of the topmost
valence-band peaks of GeS, GeSe, SnS; ¢Seq,, and SnSe single
crystals. Each valence band is specified by the binding energy of
initial states (E,) with respect to the valence-band maximum.

well represented by the parameters in Table V, assuming
two spin-orbit doublets at the energies of the A-A’ and
B-B’ core excitons, linear background, and an instrumen-
tal resolution of 100 meV.’ The Fano profile describes an
interference between the discrete contribution to the
valence-band photoemission cross section due to the
direct recombination of the core exciton followed by the
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FIG. 10. CIS spectrum of GeS (E|b) for E,=1.1 eV fitted
with four Fano profiles.
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TABLE V. Core-exciton excitation energy, line-shape pa-

rameter, lifetime broadening, and intensity.

Structure Excitation energy q r Intensity
(eV) (eV)
A 30.84 —7.0 0.16 0.37
A’ 31.47 —-17.1 0.16 0.72
B 31.01 6.0 0.17 0.25
B’ 31.65 5.8 0.17 0.67

emission of a valence electron, and the usual one-particle
excitation. The Fano analysis of the CIS spectra reveals
that two pairs of excitons separated by 0.22 eV in the
case of GeS contribute to the core excitation spectrum.
The two components are well resolved in the CIS spectra
of the Sn compounds (see Fig. 9) and it appears that vary-
ing contributions of the two transitions are responsible
for the polarization-dependent changes in the CIS and
partial-yield spectra. The coherent recombination of core
excitons via valence-electron emission constitutes the
dominant decay process. The incoherent decay via an
M, (N, s)VV Auger emission is very weak in compar-
ison. A quantitative analysis of the Auger spectra shows
that the contribution of the Auger emission to the CIS
spectra is very small as shown in the valence-band spec-
tra of Fig. 11.

The difference between excitonic and nonexcitonic core
transitions is due to the states near the bottom of conduc-
tion bands being primarily derived from cation p states,

Photoemission Intensity (arb.unmts)

M VV Auger 314

45 g

| 31.8

| 32
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FIG. 11. A series of valence-band photoemission spectra of
GeS for E|/b in the Ge 3d core excitation region. The binding
energy is defined with respect to the valence-band maximum.

whereas the anion p electrons contribute preferentially to
the high-DOS features at the top of the valence
bands.>®~® Transitions from cation d states to the bot-
tom of conduction bands are thus dipole-allowed intra-
atomic transitions with a strong oscillator strength. The
quasi-two-dimensional character of the conduction bands
as well as the short-range part of the d core hole potential
make the excitation more localized and increase the
electron—core-hole coupling. The decay of the cation
core hole via an M, (N, s)VV Auger process has the
character of an interatomic Auger decay due to the
strong anion p contributions of the top part of the
valence bands. This accounts for the dominance of the
direct recombination channel for the decay of the exci-
tons and thus their comparatively long lifetime. Both
factors favor the formation of strong exciton lines at the
cation core absorption thresholds.

By the same line of argument, the anion core transi-
tions have the character of charge-transfer excitations
with a weak oscillator strength and a low degree of locali-
zation. Furthermore, the decay of the core hole via
Auger process is rapid. Both factors prevent the forma-
tion of stable excitons.

1IV. SUMMARY AND CONCLUSIONS

The conduction-band structures of IV-VI semiconduc-
tors with layered orthorhombic structure have been sys-
tematically investigated by using synchrotron radiation.
The cation d core spectra show intense and sharp doublet
structures near the core thresholds, with a weak anisotro-
py in the a-b crystal plane. These doublets exhibit re-
versed relative intensity from the initial-state degeneracy
and are assigned as d core excitons related to quasi-two-
dimensional conduction bands with very high DOS. The
amount of energy shifts due to excitonic effect is evalu-
ated to be 0.5-1.0 eV. The CIS spectra show strong res-
onance in the cation d core excitation region. The spec-
tra taken for the initial energy below 2 eV with respect to
the valence-band maximum are interpreted as an interfer-
ence between the direct recombination process of the d
core excitons and the direct excitation process of the p
valence electrons. The narrow width and strong ampli-
tude of the CIS spectra elucidate a long lifetime and a rel-
atively localized character of the core excitons.

The anion p and d core spectra show much broader
structures than those in the cation d core spectra. These
spectra are assumed to reflect the DOS of the conduction
bands. The energies of DOS peaks of the valence and
conduction bands derived from the valence-band photo-
emission and the anion core-yield spectra are related to
the energies of the main peaks in the &, spectra.
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