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Ultraviolet photoexcitation of Cd,P,S¢ and Zn,P,S single crystals produces a characteristic photoluminescence between
2.5 and 1.5 eV. Mn,P,S; exhibits only low energy emission due to transitions between localized d-orbital states. These results
are consistent with the electronic band structure model for transition metal phosphorus chalcogenides with the general
chemical formula M,P,X, (Cd, Zn, Mg, Mn, X = sulfur or selenium), which predicts highly localized states associated with
the transition metal d orbitals and delocalized, band-like states derived from sulfur and phosphorus orbitals.

When pyridine containing a small amount of water is intercalated into Cd,P,S, the excitation and the photoluminescence
spectra are changed substantially. The photoluminescence intensity increases approximately tenfold and the position of the
excitation edge is shifted to lower energy by 0.5 eV. Intercalation with anhydrous pyridine does not affect either the excitation
spectrum or the photoluminescence spectrum of the host lattice.

1. Introduction

Mg,P,S;, Mn,P,S;, Zn,P,S;, Cd,P,S5 -and
Cd,P,Se, are layered compounds with similar
crystal structures. The transition metal atoms oc-
cupy lattice planes and are octahedrally coordi-
nated by chalcogen atoms. As reported in ref. [1,2]
the phosphorus is covalently bonded to form P,
pairs which occupy sites in the plane of the transi-
tion metal ions and are covalently bonded to an
octahedral arrangement of sulfur atoms forming a
P,S; trigonal bipyramidal structure. Thus, the
transition metal atoms (and P, pairs) occupy
planes ‘sandwiched” between planes of chalcogen
atoms. The macroscopic structure is built by
stacking the sandwich repeat units along the crys-
tallographic c-axis.

These materials are particularly interesting be-
cause the weak Van der Waals interactions be-
tween adjacent chalcogen atom planes permit easy
intercalation of guest molecules into the intersti-

tial space, or Van der Waals gap (VWG), between
repeat units. Previous spectroscopic studies of in-
tercalated layered lattices have shown that interca-
lation changes the interactions between neighbor-
ing layers and frequently results in a broadening
of the electronic bands so that the band edges
extend into the host lattice band gap [3]. These
changes may be slight and therefore difficult to
detect by direct absorption spectroscopy. Lumi-
nescence and luminescence excitation spec-
troscopy preferentially sample states near the band
edges which are sensitive to intercalation and thus
these techniques may be useful in the study of
structural changes accompanying lattice intercala-
tion.

Band model for M, P, X, lattices
Khumalo and Hughes [4] proposed the elec-

tronic band model for the M,P,X, layer com-
pounds illustrated in fig. 1. The model assumes
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Fig. 1. Energy band model for the M,P, X lattices proposed
by Khumalo and Hughes [4].

the complete transfer of two metal atom electrons
to the P,S, moiety to form (M?*"),(P,S{ ™). In the
ionic compound, the transition metal ions are in a
high-spin, divalent oxidation state, in the nearly
octahedral field of six chalcogen atoms. Since the
spatial extent of the d orbitals is relatively small,
the d orbitals on nearest-neighboring ions overlap
only slightly and thus form very narrow bands.

The P-P bond of P,S¢ produces two narrow
electronic bands, one bonding with an energy
slightly above the valence band, and the second,
antibonding with an energy just below the conduc-
tion band. Phosphorus and sulfur contribute
3p,, 3p, and 3s orbitals which form the main
valence and conduction bands. The band structure
model assumes that there is little mixing of the
metal d orbitals with the sulfur p orbitals in both
the valence and conduction band states.

The first-row transition metal M,P,S; com-
pounds should have essentially identical spectra,
except for those features arising from the metal 3d
levels. Four different types of electronic transi-
tions may occur in these materials. With reference
to the energy band scheme in fig. 1, they are, in
order of increasing energy:

(1) Weak, localized d « d transitions between
0.5-4 eV, depending upon the transition metal.

(2) Charge transfer transitions in the range
2-3 eV from the sulfur and phosphorus valence
bands to transition metal 3d states, designated
d « V transitions.

(3) Charge-transfer transitions with energies
below 4 ¢V from the localized 3d states to phos-
phorus and sulfur conduction band states, desig-
nated C « d transitions.

(4) Interband transitions > 3 eV from the va-
lence to the conduction bands, designated C « V
transitions.

The absorption edge in semiconductors without
transition metal elements corresponds to excita-
tion across the band gap between the valence and
conduction bands of the material. The analogous
excitation in the M, P, X, lattices corresponds to
the C « V transition of the P, pair (see fig. 1).
However, in the presence of partially filled d
orbitals, the low-energy absorption edge is not a
measure of the gap between delocalized, excitonic
valence and conduction bands, but rather the
crystal field splitting of localized transition metal
states which lie within the band gap. This situa-
tion complicates band-gap measurements in these
materials by optical spectroscopy.

Brec et al. [5] recorded the single-crystal optical
absorption spectra of Ni,P,S;, Fe,P,S;, Mn,P,S;,
Mn, P,Se;, Cd,P,S¢ and Cd,P,Se, in the region of
the absorption edge, 0.5-3.5 eV. They reported
optical band gaps determined from the first inflec-
tion in the absorption curves, noting that the
presence of d < d transitions near the absorption
edge made accurate measurements difficult.
Audiere et al. [6] recorded weak continuous ab-
sorption below 3.5 eV in Cd,P,S,, however, these
results appear to be in conflict with our measure-
ments and those reported by Brec et al. [5].

The reflectance spectra of Ni,P,S;, Mn,P,S,
and Fe,P,S; were investigated by Khumalo and
Hughes [4]. These spectra were found to be almost
identical between 4-14 eV, indicating that above
4 eV the spectra are determined principally by the
electronic structure of the P,S; group and consist
predominately of C < V transitions.

Piacentini et al. [7] examined the electronic
transitions and XPS of Ni,P,S, in the energy
range 1-25 eV. The optical spectrum exhibits a
weak absorption peak at 1.6 ¢V assigned to the
localized d <« d transition. The first strong band in
the Ni,P,S¢ spectrum occurs at 2.2 eV. This band
is assigned to a d « V charge-transfer transition
from sulfur valence bands to the empty Ni 3d
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states. Several bands appear in the optical spec-
trum to higher energy (between 3-4.5 eV). The
bands centered at 3.7 eV were attributed to the
anti-bonding < bonding, C « V excitation of the
P, bond. This transition is expected to be located
at approximately the same energy in other M, P, X
lattices [7].

The weak 1.1 eV peak in Fe,P,S, probably
arises from the 3d states of Fe [8,9]. The bands
observed at 1.75 and 2.14 ¢V may also be of this
nature. Several low-energy bands in the absorp-
tion spectrum of Fe,P,S, that do not have coun-
terparts in the Zn,P,S¢ spectrum, have been as-
signed to charge transfer transitions from the P-S
orbitals to the empty Fe 3d states.

Boerio-Goates et al. [10] have analyzed the
photoluminescence and optical excitation spec-
trum of Mn,P,S; and Mn*™ centers in Cd,P,S,
in the energy range 1-6 eV. The excitation spec-
trum below 3 eV exhibits only d « d transitions.
A strong excitation edge (corresponding to the
onset of photoconductivity in Mn,P,S;), was ob-
served in both compounds at about 3 eV. The
results of previous spectroscopic studies are cor-
rellated and summarized in table 1. The question
marks in table 1 indicate that the transition has
not been observed and solid line entries indicate
that a transition is not appropriate because of the
d-orbital configuration.

Intercalated M, P, X, lattices

Brec et al. [5] studied changes in the absorption
spectra of Ni,P,S;, Fe,P,Se; and Fe,P,S; in the

0.37-2.49 eV range upon electrochemical interca-
lation of lithium. The dramatic increase in the
absorbance over the entire range examined was
attributed to an increase in the number of free
electrons. In contrast, the absorption spectrum of
Ni, P,S; is little changed by metallocene intercala-
tion [9]. Shifts in the energies of the d «- d transi-
tions suggest changes in the strength of the crystal
field at the metal ion. '

Finally, very few optical emission studies of
intercalated lattices have been reported and none
for the intercalated M, P, X lattices.

2. Experimental
Sample preparation

Single crystals of the M, P, X transition metal
phosphorus sulfides (M = Zn, Cd, Mg, Mn) were
synthesized by procedures described in detail
elsewhere [1,2,11]. Cd,P,Se; was synthesized from
the metal, P and Se. These components were thor-
oughly mixed by grinding the stoichiometric
amounts together. A one gram charge of the mix-
ture was placed in an 8 cm X 1 cm diameter Vycor
tube together with approximately 10 mg of crystal-
line iodine. The tube was evacuated to less than
10~* Torr, sealed-off and heated to 700°C for 75
h.

Cd,P,S,(pyridine), s was prepared by heating
single crystals of Cd,P,S, in pyridine to 77°C for
1-3 d in a sealed glass ampule. The amount of

Tabel 1
Electronic transitions of M, P, S, lattices (energies in eV)

Mg, P,S, Mn, P, S, Fe,P,S, Ni, P, Cd,P,S Zn,P,S; Ga$
ded - 1.92 1.1¢ 10° - _ —
ded 2.482P 1.75¢ 16°
ded 2.69 *P 2144
deV - ? ? 22¢4d - . -
CoV 3.0 & ? 308 3.0¢% 3014
CoV 3350 35° 3.3¢d 34° 34¢
CoV 35¢ 389

* Photoexcitation, this study.
® Transmission, this study.

¢ Transmission, ref. [7].

9 Transmission, ref. [8].

¢ Transmission, ref. [5].
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intercalated pyridine was determined from TGA
measurements and chemical analysis. Thermal
gravimetric analysis (TGA) was done on a DuPont
Instruments Model R90 Thermal Analyzer e-
quipped with a Model 951 Thermogravimetric
Analyzer. X-ray diffraction data were collected
using both a Phillips automatic powder dif-
fractometer and a Debye-Scherrer camera using
CuK , X-ray radiation. The observed basal plane
expansions were in agreement with previously
published values for this compound.

Electronic spectra

Excitation and photoluminescence spectra were
recorded using single crystals of high optical qual-
ity, grown from the vapor phase, which exhibited
well-defined morphology. The crystals were cooled
to temperatures between 77 K and 4 K using a
Janis 10DT cryostat. Sample photoluminescence
was excited with the output from a high-pressure 1
kW xenon arc lamp, dispersed with a 1 m mono-
chromater (bandpass 0.01 eV or less). The crystal
photoluminescence was filtered with either a
Corning 3-70, 3-67, or 2-62 glass filter, dispersed
with a 1 m Interactive Technology monochroma-
tor (bandpass ~ 0.02 eV), and detected with a
cooled RCA 7102 photomultiplier.

3. Results

At temperatures between 77 K and 4 K, the
photoluminescence spectrum of Cd,P,S, consists
of three bands. Each may be separately excited by
irradiation at a different energy as illustrated in
fig. 2 for the spectra recorded at 77 K. Excitation
at 2.95 eV produces the 2.11 eV photolumines-
cence peak (fig. 2b); excitation peaks at 3.55 eV
and 3.16 eV produce a photoluminescence peak at
2.41 eV (fig. 2a) and excitation at 3.46 eV stimu-
lates the 1.5 eV photoluminescence band (fig. 2c¢).
The relaltive intensity of the three emission bands
varies reproducibly with temperature and some-
what from sample to sample and also depends
slightly upon the methods of crystal preparation.
The emission spectrum of Zn,P,S, is qualitatively
similar to that of Cd,P,S, and is not shown.

WAVELENGTH (A)
3000 9000
Bes 12411 T 77 T

CdxPrSg

265 186
Cd P,
(Pyridine)
d
= 1
45 30 15
ENERGY (eV)

Fig. 2. Photoluminescence and photoexcitation excitation spec-
tra of Cd,P,S; and its pyridine intercalation compound re-
corded at 77 K. (a) 3.55eV and 3.16 eV excitation peaks and
the associated 2.41 photoluminescence band. (b) Absorption
edge of Cd,P,S¢ is shown together with the 2.95 eV excitation
peak and the associated photoluminescence band. (c) 3.46 eV
excitation peak and the associated 1.51 eV photoluminescence
band. (d) Excitation spectrum and photoluminescence spec-
trum of the pyridine/water intercalated lattice.

Only a single photoluminescence band at
1.37 eV is observed from Mn,P,S;. When the
photoluminescence is monitored, the excitation
spectrum shown in fig. 3 is obtained.

The emission spectrum of Cd,P,Se, exhibits
two bands (1.86 eV and 1.37 eV) and is similar in
general appearance to those of the sulfide lattices,
but shifted to lower energy.

The absorption edge of Cd,P,S, obtained with
light normally incident to the basal plane is shown
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Fig. 3. Photoexcitation and photoluminescence spectra of
Mn, P, 5 recorded at 77 K.

in fig. 2b. Essentially identical absorption edge
curves were obtained for Zn,P,S; and Mg,P,S;.
Note that the lowest energy excitation band
(2.95 eV) falls just below the absorption edge in a
region of weak absorption near the tail.

The photoluminescence spectrum of Cd,P,
S¢(pyridine), s varied depending upon whether
water was present during the intercalation process.
When pyridine containing 3% by weight of water
is used, the rate of intercalation is rapid and the
product crystals are opaque and yellow. The exci-
tation maximum shifts approximately 0.5 eV to
lower energy and none of the original host lattice
photoluminescence bands are present. Rather a
broad, photoluminescence band is observed at
1.66 eV (fig. 2d). These spectral changes are
accompanied by a tenfold increase in photo-
luminescence intensity and persist even after ther-
mal deintercalation under vacuum.

When the intercalation reaction is carried out
under anhydrous conditions, the rate of reaction is
considerably slowed and the product crystals are
clear, colorless and virtually indistinguishable in
appearance from the unintercalated lattice. The
excitation and photoluminescence spectra are un-
perturbed by the intercalation process when car-
ried out in the absence of water.

4. Discussion
Host lattice luminescence and excitation spectra

The photoluminescence spectra of the M, P, X
lattices investigated in this work are qualitatively
similar to the photoluminescence spectra of the
structurally related compounds GaS and GaSe.
The photoluminescence of the GaX lattices has
been investigated intensely for more than a de-
cade. The GaX lattices are lamellar in nature [12]
and are derived from the M,P, X, lattice by re-
placing both the transition metal ions and the P,
pairs with Ga, atom pairs and changing the sulfur
coordination geometry from octahedral to trigonal
bipyramidal. The electronic band structures of the
M,P, X, and GaX lattices are very similar and
have been compared by Piacentini et al. [8].

GaS is an indirect band-gap semiconductor.
The band structure of the hexagonal (beta) poly-
type of GaS has been calculated by Schluter [13].
The direct-gap absorption spectrum of GaS begins
at about 3 eV. The photoluminescence spectrum
[14-17], which is believed to originate from the
indirect band at 2.59 eV, extends from about
2.6 eV to below 1.8 eV and consists of a high-en-
ergy, structured photoluminescence between
2.6-2.5 eV, a broad structureless band at 2.45 eV
and a weaker broad feature at 2.15 eV. The sharp
high-energy photoluminescence is strongly sample
dependent and is due to indirect band-gap, free-
exciton emission. The remaining features have been
identified unambiguously with localized donor-
acceptor recombination photoluminescence [18].

The spectral behavior of GaS is closely re-
produced in the M,P,S; lattices. Thus, the first
sharp feature in the absorption spectrum of GaS
at ca. 3 eV corresponds closely to the energy of
the first band in the excitation spectrum of the
M,P,5 lattices investigated in this work. This
feature is assigned to the Ga, and P, antibonding
© bonding transition in the respective com-
pounds. All of the lattices investigated possess this
feature in the excitation spectrum at approxi-
mately the same energy. This assignment is con-
sistent with both the expected energy of this tran-
sition, the weakness in direct absorption and the
narrowness of the electronic band [4]. Moreover,
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the transition is strongly polarized along the di-
rection of the P, bond which is normal to the
basal plane. The direct absorption spectrum was
recorded at normal incidence, which would pro-
hibit observation of the P, anti-bonding <
bonding transition. Essentially identical polariza-
tion behavior is observed for the equivalent transi-
tion in GaS and GaSe [19]. Bourdon and Khelladi
[20] have observed enhanced absorption at oblique
incidence when the electric field of the incident
radiation had a component parallel to the stacking
axis.

The high-energy photoluminescence peak of
Cd,P,S; at 2.4 eV may be compared to the first
emission band in GaS which originates from the
indirect band [18]. The gap (0.6 eV) between the
highest energy photoluminescence band and the
first absorption feature would then correspond to
the separation between the direct and indirect
band gaps as in GaS (0.4 eV). The band gaps in
these two materials are expected to be nearly
identical. Finally, the photoluminescence spectra
of the M,P,S; lattices also exhibit broad maxima
(2.11 eV, 1.5 eV) depending upon crystal history,
temperature and wavelength of excitation. The
similarity of the M,P,X, photoluminescence
spectra to that of GaS suggests that the multiple
photoluminescence bands are due to donor-
acceptor recombination photoluminescence. How-
ever, considerably more studies of the type pre-
formed on Ga$ would be required to confirm this
supposition.

Mn,P,S, does not exhibit either C -V or re-
combination photoluminescence. Rather, Mn(II)
d — d emission (*T;, =°A,) is observed [10]. The
3d orbitals of Mn fall in the band gap and evi-
dently quench the band-edge photoluminescence.
Similar behavior has been observed when Mn(II)
is doped into GaSe [20]. Mn d — d photolumines-
cence can be stimulated either by direct excitation
of d<d CEy, Ay, *Ty,, *Ty, <°A,) transitions
lying below the main band edge, or by excitation
into the phosphorus anti-bonding state. This sug-
gests some overlap of the metal d and phosphorus
p orbitals in agreement with the conclusions of
previous workers [8]. Mn d — d photolumines-
cence was also observed from dilute (10'® /cm?)
Mn centers in Cd,P,S; when the P, anti-bonding

< bonding transition is excited [10]. Therefore,
some exciton migration occurs within the phos-
phorus anti-bonding band to the Mn quenching
centers.

There are no features observed in the excitation
spectrum of Mn,P,S; that can be attributed to
d « V or C « d charge transfer transitions. This
does not necessarily imply an absence of such
transitions in the direct absorption spectrum. In-
deed, Piacentini et al. [7,8] have identified intense
features in the spectrum of Ni,P,S, and Fe,P,S¢
associated with charge transfer transitions of this
type. It does indicate, however, that such transi-
tions, if present, do not produce d — d photo-
luminescence. The photoexcitation spectrum of
Mn,P,S, below the main absorption edge at 3 eV
may be analyzed entirely in terms of d « d transi-
tions with a crystal field splitting parameter of
10Dg = 8750 cm ™' [10], indicative of a relatively
strong ligand field interaction.

Intercalated lattice photoluminescence and excita-
tion spectra

When Cd,P,S; is intercalated with pyridine
containing even small amounts of water, the pho-
toluminescence and excitation spectra of the host
lattice are dramatically altered. The first excita-
tion peak is located at ca. 2.6 eV, or 0.4 eV to
lower energy of that in the host lattice. The ob-
served shift in the excitation edge is too large to
be explained solely in terms of changes in inter-
layer interactions. The spectral changes persist
even after thermal deintercalation at room tem-
perature in high-vacuum. The position of the exci-
tation band is close to the indirect band edge.

It has been previously demonstrated [3] that
amine intercalation of transition metal dichal-
cogenides perturbs the electronic band structure in
a variety of ways, including broadening of the
conduction and valence bands so that the band
edges extend into the band gap, shifting the Fermi
energy through charge transfer to the lattice and
formation of charge transfer complexes between
the intercalate and the host lattice. For example, a
0.6 eV red shift in the 2.8 eV absorption edge of
1T-HfS, is caused by intercalation with cyclo-
propylamine. In addition, a new band attributed
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to a charge transfer excitation is introduced 1.2 eV
below the original absorption edge [21].

ESR studies of pyridine intercalated Cd,P,S;
[22] indicate that substantial lattice disorder re-
sults from a single intercalation—deintercalation
cycle. This is consistent with EXAFS measure-
ments on metallocene intercalated Mn,P,S, [23]
which have shown that intercalation introduces
disorder into the Mn-S and Mn-Mn bond dis-
tances. The RMS distortion amplitudes are typi-
cally 0.05 A for the M-S bonds and 0.10 A for the
Mn-Mn bonds [24].

States introduced below the conduction band
edge have increasingly localized character as they
fall deeper within the band gap. The increase in
the intensity of photoluminescence may result di-
rectly from an increase in the density of such
states upon intercalation. The shift of the photo-
luminescence peaks to lower energy suggests that
more states are created deeper within the band
gap.

When Cd,P,S, is intercalated with pyridine
under anhydrous conditions, the excitation spec-
trum, absorption edge and the photoluminescence
spectrum remain virtually unperturbed. This ob-
servation suggests that the electronic band struc-
ture of these materials is determined dominantly
by two-dimensional intraplanar interactions and is
little affected by interplanar interactions. More-
over, the intercalation of pyridine does not signifi-
cantly affect the two-dimensional band structure
of the material, nor does pyridine create character-
istic defects in the lattice which might serve as
trapping sights for the mobile excitons present in
these materials. Neither does the pyridine affect
the position of the fermi energy in these materials
through donation of charge to the host lattice.

5. Conclusion

Ultraviolet photoexcitation spectroscopy of the
M, P, S, lattices results in a considerable simplifi-
cation of the electronic spectrum as a result of
suppressing absorption bands which do produce
photoluminescence. By selectively monitoring
either transition metal or band-edge photolumi-
nescence, it has been possible to gain some insight

to the origin and probable assignment of certain
features of the direct transmission spectrum.

Analysis of the ultraviolet photoexcitation spec-
tra of several M,P,S¢ compounds indicates that
all exhibit a narrow (FWHM < 0.5 ¢V) band &
band transition at ca. 3 eV on the absorption edge
of the main C & V transition. This band is as-
signed to the P, pair anti-bonding < bonding
transition that is predicted by the electronic band
model for these materials to lie near the position
observed experimentally.

Excitation and photoluminescence spectros-
copy of pyridine intercalated Cd,P,S; indicate
that small amounts of water, when present during
the intercalation process, results in irreversible
changes to the host lattice electronic band struc-
ture. Pyridine/H,0 intercalation of these layered
lattices intensifies the band-edge photolumines-
cence and results in a ca. 0.4 eV shift to lower
energy. This behavior is consistent with the broad-
ening of the conduction band edge into the band
gap or the activation of the forbidden indirect
band-gap transition. In the absence of water,
pyridine intercalation does not substantially affect
the electronic structure of the lattice.
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