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Abstract

Bound exciton lines are found in the luminescence spectra of Mn, Sn, Cd, and Sb doped
tetragonal zinc diphosphide crystals at the temperature of 10 K. Zero phonon lines of bound
and free exciton emission, as well as their phonon replica, are identified in the spectra. The
emission lines are described in terms of levels of an axial center. The superposition of
luminescence due to free excitons and excitons bound to the axial center is investigated in
detail. The amplification of lines associated with forbidden transitions of bound excitons is
observed in the region of phonon replica of free exciton recombination.

1. Introduction

The ZnP,- D] compound is an indirect band semiconductor with a bandgap of 2.21 eV at

10 K. The ZnP,- D! crystals demonstrate a strong birefringence and bright luminescence as

well as a high photosensitivity [1-7]. Active elements, such as p-n junctions, Schottky diodes,
optical pulse switches, etc., are elaborated on the basis of these crystals, which are also promising
for polarization sensitive optoelectronic devices.

In this paper, we present new data concerning the fine structure of absorption and
luminescence spectra of undoped and Mn, Sn, Cd, and Sb doped tetragonal zinc diphosphide
crystals at 10 K. The superposition of luminescence due to free excitons and excitons bound
to the axial center is observed in ZnP; crystals.

2. Experimental

The CuAlSe, crystals with 2.5x1.0 cm? mirror surfaces and 300 — 400 pm thickness
were grown by vapor phase transport. The surface of some platelets were parallel to the C
axis. The optical transmission and reflectivity spectra were measured with a MDR-2
spectrometer. The samples were mounted on the cold station of an LTS-22 C 330 optical
cryogenic system for low-temperature measurements.



Moldavian Journal of the Physical Sciences, Vol. 10, N3-4, 2011

3. Results and discussion

Optical properties of tetragonal zinc diphosphide were reported in a number of papers,
the indirect character of the bangap being established and the energy of E4 and optical
phonons being determined [5-9]. A stepwise structure was revealed in the absorption spectra
measured in E || c and E_Lc polarizations in the region of low values of the absorption coefficient.
The absorption edge is well described by the K(hv) dependence characteristic of allowed indirect
transitions. The threshold value of the zero-phonon indirect transition in the exciton band E,

equals 2.21 eV. A stepwise absorption due to emission of phonons is observed in this region
[5, 6]. Direct allowed transitions are observed in the region of high values of the absorption

coefficient. The direct bandgap Eg at 2 K equals 2.40 eV [5, 6].

Figure 1 presents the photoluminescence spectra of undoped and Mn doped ZnP, - D}

crystals measured at 10 K in the region of the absorption edge. A weak Eeq" luminescence
peak is observed at 2.2085 eV, which is due to emission from the free exciton level. The features
x1—X10 IN the spectrum correspond to the optical phonon replica of the free exciton emission band

Eg. =2.2085 eV (see Table 1) [10-14]. Narrow lines due to various optical phonon replica of the
bound exciton emission were observed in the luminescence spectra of ZnP,- D [5-7, 16] and
CdP,- D [15] crystals.
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Fig. 1. Emission spectra of undoped (a) and Mn-doped (b) ZnP,- fo crystals measured at 10 K.

The unit cell of ZnP, crystals with the D; (D; ) space group contains 8 formula units, i.e.,
24 atoms, and the number of phonon branches equals 72 [10-13]. Due to this large number of
vibration modes, one can observe the luminescence of free excitons with the emission of many
phonons. Narrow Ep-Egs lines and weaker x1-x10 lines are observed in the luminescence spectra
of Mn-doped ZnP,- D crystals (curve b in Fig. 1). The X; lines are the phonon replica of the
free exciton emission line. These lines are observed simultaneously with the narrow Ep;-Egs lines
associated with excitons bound to the Mn impurity atom. Ey (2.1951 eV), Ep; (2.1944 eV),
Eo3 (2.1928 eV), Ey (2.1927 eV), and Egs (2.1898 eV) zero phonon lines of the bound exciton
very narrow. The x; lines are two orders of magnitude weaker, and their width is an order of
magnitude larger as compared to the Ey; -Egs lines. These two types of lines x; and Eop; -Eos are
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observed simultaneously in the same energy interval (Fig. 1).

Table 1. Energies of indirect transitions of the free excitons determined at 10 K from the absorption and
photoluminescence spectra in ZnP, - Df crystals

Polarization Ellc [5-7] Polarization E_Lc [5-7
S | Peak label poiri]t?cr)%yof Phonon energy, Peak label Energy position Phonon
= meV of the peak, eV | energy, meV
o peak, eV
§ Eqx 2.2085 E 2.2085
< a 2.2180 9.5 by 2.2168 8.3
a, 2.2210 12.5 b, 2.2204 11.9
az 2.2238 15.3 bs 2.2232 14.7
Unpolarized light
Phonon energy,
3 Eox 2.2085 yd
§ X1 2.2002 8.3
@ X, 2.1975 11.0
= X3 2.1941 14.4
3 X4 2.1937 14.8
Xs 2.1913 17.2
Xg 2.1900 18.0

It is known that at thermodynamic equilibrium and assuming the absence of
degeneracy, the rate of radiative recombination is given by the correlation [15]:

k3T % nU’K
R _ 87[2 B3 J‘ lJu dU ’ (1)
ch® ¢ e -1
where kg is the Botzmann constant, c is the speed of light, h is the Planck constant, T is the
temperature, n is the carrier concentration, k is the absorption coefficient, U =kh_v_ It follows
Y4

from this formula that transitions contributing to the recombination and to the absorption
coefficient are the same.

The spectral distribution of the absorption for indirect transitions in the excitonic band with
the absorption and emission of phonons is determined by the formula

2 2
A(ho-E, +E,, +Gyy) . A(hw-E,—E,+Gqy) N

K(hw) = GEnFT_q 1_g En/F )
A'(ha)—Eg +Ep2 +Gext2)2 A’(ha)—Eg _Ep2+Gext2)2
+ /K _q + 1_g Be/F

The first two terms determine the indirect transitions with the absorption and emission of a
phonon E),; to the excitonic band Gex1, While the last two terms determine the indirect transitions
with the absorption and emission of a phonon E,, to the excitonic band Gey. Expression (2)
suggests that both transitions to the Gexr and Gey excitonic bands are possible simultaneously
provided that

Epl = Gextl _Gextz + Ep2 (3)

The indirect transitions with the absorption of phonons are determined by the following

249



Moldavian Journal of the Physical Sciences, Vol. 10, N3-4, 2011

terms:
2 2
A(ho-E,+Ey+Gyy) A(ho-E,+E,,+Gy,)

eEn /M g eE /T g

The transition described by the two terms represents two independent processes occurring
in the first and the second excitonic bands, respectively. The absorption with the emission of two
and more phonons in one excitonic band is described by the following expression:

2 2
A(ha)— Ey+Ep +Gem) N A(ho—Eg,+E,,+G,,) .

eEn /KT _q pEre T g

K(hw) =

=K,,(ho) + K, (hw) (4)

K, (7o) = ®)

In ZnP,- D crystals at the temperature of 10 K, the energy difference between the
) and bound E; (G,,,) excitons equals 13.3 meV, while the energy of the
optical phonons reaches the value of 59.5 meV. Therefore, the condition E , =G, -G

is satisfied by the levels of the bound and free excitons, and the process of recombination
emission occurs simultaneously from the two centers. The emission due to the dissociation of
free excitons leads to the emergence of a number of (x;) bands in the long-wavelength region
from the E!® (2.2085 eV) band at the distance equal to the energy of optical phonons.

Figure 2 presents the energy diagram of exciton levels of an exciton bound to the axial
center. The narrow lines E; —E; are due to zero-phonon lines of the exciton bound to the axial
center [5, 6]. An exciton composed of an electron with spin %2 and a hole with spin 3/2 forms two
levels (£ and IT) from the level J = 1 [15,16]. The state J = 2 splits into three levels X, IT, and A
under the action of axial filed and spin-orbit interaction. The energy separation between
>(IT) — A states determines the value of level splitting due to spin-orbit interaction (A ). In this
model, the value of the splitting due to spin-orbit interaction can be larger or smaller than the

value of the splitting due to the crystal field. The lines E; and E, are the most intensive among
the E;—E; group of lines. That means that the ES and E; emission lines are due to allowed

transitions from bands with £ and IT (J = 1) symmetry to the ground state, respectively. These
lines are split with a value of around 0.1 meV (Figs. 1, 2). The lines E; and E; are split by

levels of the free (G

extl ext2

ext 2 + Ep2

0.75 meV, and they are less intensive than the EJ and E, lines. The lines E; and E? are due to

transitions from the X and IT levels of the forbidden bound exciton state (Fig. 2). These levels are
split by the crystal field of the axial center the exciton is bound to. The energy interval between
the X—X levels is 2.2 meV. The obtained intensity of luminescence lines and their energy
position indicate that the value of the spin-orbit splitting is larger than the splitting due to the
crystal field (Fig. 2). Two allowed intensive emission lines should be observed with a model of
excitons bound to the axial center. These lines should be observed in the short-wavelength region
of the spectrum. The luminescence lines due to the selection rule for forbidden transitions could
be observed as weak lines. The situation can change if the energy of the photon emitted as a
result of annihilation of the free exciton with the emission of a phonon corresponds to the energy
of the bound exciton forbidden transition. This can lead to a resonant excitation of forbidden
states of the bound excitons and to the lifting of the prohibition imposed by the selection rule
which should result in the intensification of corresponding luminescence lines [3]. One can see
from the experiment that an emission line is observed at 2.1951 eV, which could be attributed to
a phonon replica of the free exciton emission. The energy of this emission line differs from the
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Egx energy by the energy of the optical phonon (13.3 meV). On the other hand, this line
(2.1951 eV) coincides with the energy position of the bound exciton level E; (2,1951 eV), and it

is close to the E. (2,1944 eV).
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Fig. 2. Energy levels and transitions related to excitons bound to an axial Mn center in
ZnP,- D} crystals.

ZnP, crystals doped with Sn, Cd, and Sb also demonstrate bright luminescence. Narrow
emission lines, as well as broader lines, are observed in these crystals. Figure 3 presents sections
of spectra containing zero-phonon luminescence lines of excitons bound to these impurities.
These spectra were measured under identical experimental conditions in crystals doped with
these impurities. Phonon replicas are also observed in addition to the zero-phonon lines. Figure 4
presents luminescence spectra of the ZnP,-D.® crystals doped with Sn and Cd measured at 10 K.
Zero phonon lines of excitons bound to Sn atoms (Fo1,Fo2, Fos) as well as phonon replicas
f1,£2,...f5 are observed in these spectra. A large number of bands are also observed in the
long-wavelength side of the f5 line (not shown in this figure). A group of intensive narrow lines
Do1, Doz, Dos, Dos, as well as weaker d;-d, lines, are observed in crystals doped with Cd (four of
these lines are shown in Fig. 4).

The narrow intensive Dy Doy, Do3, and Dy lines in ZnP,-D8 crystals doped with Cd are
also due to excitons bound to the axial center of Cd. The d;-d, lines are phonon replicas of the
Do1, Doz, Des, Doy lines. These data demonstrate that the centers involved have identical
parameters. The energy interval ¥ - X is the following: 2.28 meV in crystals doped with Mn
(Eo* —Eg*), 2.0 meV in crystals doped with Sn (Foi-Fos), and 2.3 meV in crystals doped with Cd
(Do1-Do3). One can see that the splitting of the states of the electron with a spin J.=1/2 and the
holes with a spin J,=3/2 due to the crystal filed practically coincide for the three considered
centers.

Two groups of lines are present in the long-wavelength region of luminescence spectra of

ZnP, - D} crystals doped with Sh as previously reported [6, 7]. The narrow intensive emission
lines A,'(2.1444 eV) and A,*(2.1442 eV) are zero-phonon lines of excitons bound to the axial

center, and are due to transitions from the X, IT (J=1) levels to the ground state. These lines are
split by 0.22 meV. The weak luminescence lines B,'(2.1422 eV), B.2(2.1417 eV), and
B,3(2.1400 eV) are due to forbidden transitions from the ¥, IT, and A (J=3/2) levels to the
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ground state (Fig. 5). The emission lines ai, as,....ai;g are phonon replicas of the A,! and A,’
lines. The B}, B2, and B,® lines are weak, since removal of prohibition due to participation
of phonons does not occur in these spectra. Apart from that, the B,!, B, and B,> emission
lines are situated in the long-wavelength region from the A,* and A’ lines. Therefore, the
value of the spin-orbit splitting is lower than the crystal field splitting in the band model of
this center. The splitting of the J=1 and J=3/2 states deduced from the energy difference
between the A," and B, levels is equal to 2.2 meV. The scheme of electronic transitions
responsible for the emission lines is shown in Fig. 5. The lines b,' (2.0212 eV) and
b,? (2.0210 eV) observed in the long-wavelength region, which were also previously reported
[16], are zero-phonon lines of excitons bound to another axial center. The phonon replicas of
these lines are also observed in Fig. 5 similarly to previous data [16].
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Fig. 4. Luminescence spectra of ZnP,-D,

Fig. 3. Sections of the luminescence spectra ]
containing the most intensive lines at 10 K for Crystals doped with Snand Cd measured at 10 K.

ZnP,-D,® crystals doped with Mn (curve e), Sn
(curve f), Cd (curve d), Sb (curves a and b). Levels
and transitions related to excitons bound to an axial

Mn center in ZnP,- Df crystals.
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A Fig. 5. Luminescence spectra of ZnP,-D,
crystals doped with Sb measured at 10 K.
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3. Conclusions

The luminescence spectra of the tetragonal modification of zinc diphosphide crystals doped
with Mn, Sn, Cd, and Sb are described by allowed and forbidden recombination transitions in the
model of axial center levels. The superposition of the luminescence from free and bound excitons
enhances the emission lines related to forbidden recombination transitions of excitons bound to
axial centers. The amplification of the emission from levels of forbidden transitions of bound
excitons occurs when the energy of the photon emitted as a result of annihilation of the free
exciton with the emission of a phonon coincides with the energy of the bound exciton forbidden
transition.
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