PHYSICAL REVIEW B 109, 205206 (2024)

Radiative transitions in undoped and Mn-doped CdGeP, crystals
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New radiative transitions in undoped and Mn-doped CdGeP, crystals have been detected by low-temperature
photoluminescence and excitation at different wavelengths. CdGeP;, is a direct-band-gap semiconductor with
good luminescent properties due to intrinsic point defects, mainly V¢yq and Vp vacancies, Cdg, Gecg, and Gep
cation antisites, and defect pairs. Doping with manganese does not significantly affect the intrinsic defects but
cardinally changes the emission at energies above the band gap. Optical transitions occur due to redistribution
of optical energy channels through Mn ions embedded in the tetragonal lattice, which allows observation of
previously unobserved interband transitions in CdGeP, crystal. The emission at energies of 2.5-3.5 eV becomes
even stronger than the emission through intrinsic point defects, especially when deep levels are excited by violet
(325 nm) and blue (458 nm) lasers compared to green (514, 532 nm) lasers.
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I. INTRODUCTION

Ternary II-IV-V, diamondlike semiconductors are the
closest cationic analogs of II-VI and anionic analogs of III-V
binary semiconductors. Upon doping with Mn, crystals II-VI
become antiferromagnetic, while crystals III-V and II-IV-V,
switch to the ferromagnetic state. CdGeP, belongs to the
direct-band-gap semiconductors and, compared, for example,
with pseudodirect semiconductors ZnGeP, or ZnSiAs,, shows
good emissivity.

CdGeP, (CGP) single crystal is one of the effective materi-
als for laser energy conversion in the terahertz range [1,2]. The
Mn-doped material was the first ferromagnetic semiconduc-
tor with diamondlike crystal structure and Curie temperature
above room temperature, Tc = 318—320 K [3-6]. Optoelec-
tronic properties of CdGeP, include high photosensitivity,
strong luminescence, optical anisotropy in the near-IR and
visible ranges, nonlinear optical efficiency, realization of
both n- and p-type conductivity, and creation of p-n junc-
tions and heterojunctions with III-V binary analogs such
as CdGeP,/InP [7]. The lattice constants of chalcopyrite
CdGeP, are a =5.741 A, ¢ =10.775 A. The direct gap
(Eg =1.73 eV at 300 K; 1.84 eV at 80 K) together with the
edge optical dichroism put this material among the poten-
tially attractive materials for solar cells, polarization sensors,
and other photovoltaic devices [8—12]. Room-temperature
ferromagnetism in CdGeP,:Mn offers great potential for spin-
tronics based entirely on diamondlike materials [13,14].

However, the luminescent properties of CdGeP, were re-
ported rather sparingly in the literature [15—18]. Point defects
have been investigated by electron paramagnetic resonance
(EPR) and optical absorption and identified as charged states
that undergo optical quenching [19]. The fundamental ab-
sorption edge in CdGeP; crystals is affected by shallow and
deep levels of defects, and at high acceptor-donor Ny /Np
compensation, the Urbach tail is significantly extended by 0.4
eV [20,21]. Deep defect levels in chalcopyrite were modeled
theoretically [22], and electron traps known as “DX centers”
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were simulated for the ternary analogs CulnSe; and CuGaSe;.
The defect physics has been intensively investigated by mod-
eling techniques for CulnSe, [23] and ZnGeP, [24-27]. Thus,
the problem of radiative transitions in CdGeP, through defect
centers and d-element centers remains an important experi-
mental task in the study of the fundamental optical properties
of both absorption and emission.

II. EXPERIMENTAL DETAILS

CdGeP; single crystals were grown by the directional crys-
tallization method. No intentional doping or deviation from
stoichiometry was performed during synthesis and growth
(Ioffe Physical Technical Institute). Mn doping was performed
in a molecular beam epitaxy chamber (Tokyo University of
A&T) by deposition and diffusion of metallic manganese. Al-
though annealing CdGeP; crystals at T = 600° C-=700° C can
move defect levels to lower energies by 20-80 meV, the lower
temperatures <510° C do not significantly affect the emission
bands in photoluminescence (PL) spectra [17]. Therefore, we
used the low-temperature annealing (LTA) condition for Mn
diffusion, Ty = 500° C.

Detailed x-ray diffraction patterns were measured in
Refs. [4,5], and the analysis showed that the structure of the
Mn diffusion layer is single crystal. The interplanar spacing
and lattice constants decrease with increasing manganese
concentration: a = 5.741 A — 5710 A - 5.695A in
the series of compounds CdGeP, — Cd;_,Mn,GeP, —
Cd;_,Mn,GeP; (x < y) [4]. The profile of manganese atoms
in the specimen followed the exponential decay characteristic
of diffusion distribution. The concentration ratios of chemical
elements were measured using a field emission scanning elec-
tron microscope [3,4]: Mn/Cd = 0.52, Mn/Ge = 0.28 (top
layer d ~ 100nm); Mn/Cd = 0.2, Mn/Ge = 0.1 (400 nm);
Mn/Cd =Mn/Ge =0 (2.6 um, concentration detection
limit). The high-resolution x-ray diffraction on (112) and
(008) reflexes gave three-dimensional (3D) information
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about ordering in Mn-doped ZnGeP, [5]. Magnetic and
magneto-optical properties are described in Refs. [4-6].

The low-temperature PL. measurements in this work were
performed at T = 16 K in a He cryostat. Temperatures of
10, 20, and 80 K were also used for supplementary mea-
surements. We selected the temperature 7 = 16 K to get true
information about the phosphorus vacancy defect V9 < Vi,
whose behavior at temperatures below 18 K is known [19].
PL spectra were taken in two independent laser setups with
different laser pumping to compare the PL emission param-
eters (peak, intensity, FWHM, etc.) of undoped crystals and
crystals after the doping procedure. Laser excitations with
two wavelengths A; = 458 nm (Ar laser) and A, = 325 nm
(HeCd laser) were used. The light powers of the laser sources
were 40 and 15 mW, respectively. A low-frequency phase
lock-in amplifier detector with FEU-62 and FEU-100 photo-
multiplier tubes (PMTs) was used. The FEU-100 PMT with
high sensitivity S, = 100 A/Im and spectral nonuniformity of
about two orders of magnitude in the range 180—780 nm was
used in the HeCd laser setup. To eliminate the nonuniformity,
the PMT photoresponse was corrected by normalization to
the PLcmgp/PLcegp ratio. In contrast to PL measurements
with green-line excitation at 514 and 532 nm [15], this work
investigates the blue-violet laser pumping at 458 and 325
nm. Excitation by photons of higher energy allows reliable
generation of radiation from deep levels, including intracenter
transitions in Mn ions.

III. RESULTS

A. Photoluminescence excitation, 458 nm

We performed PL measurements at 7 = 16 K, since an-
tisite and vacancy defect centers in CdGeP, easily transition
from one charge state to another at temperatures below 18 K
and under the influence of A = 700 and 850 nm light [19].
This particular temperature was recently determined from
EPR measurements of CdGeP, [19]. Neutral Vg phospho-
rus vacancies are only formed by light near the band edge
(~ 670nm) when the crystal is at T ~ 18 K or below. Vg
donors are unstable at such low temperatures and revert to
the single ionized charged Vi state when the light is turned
off [19]. Thus, the temperature of 1618 K is an important
starting point for studying these defects. The process, known
as optical quenching, was observed in optoelectronic tran-
sients in II-VI and many other semiconductor compounds. In
addition, the temperature conditions for PL (16 K) and EPR
(18 K) are similar, thus taking advantage of data pooling.

Figure 1 shows PL spectra of the undoped and Mn-doped
crystals peaking at 1.33 and 1.546 eV, respectively. All PL
maxima recorded under Ar-laser excitation (2.71 eV) are
located below the band-gap energy of CdGeP,. Radiative
recombination in undoped crystals defines optical transitions
through point defect levels at 1.16, 1.33, 1.46, and 1.55 eV. In
Mn-doped crystals, the same PL peaks of different intensities
indicate that Mn has a strong influence on intrinsic defects
only to redistribute the intensities of the peaks, but does not
affect their energy positions. The energy position of the PL
peaks is consistent with that observed previously in CdGeP,
[15]. LTA is known for ZnGeP, to improve the crystal
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FIG. 1. PL of CdGeP; crystals: undoped as grown (red line) and
Mn doped (black line). The undoped crystal was not heat processed
prior to diffusion.

structure and optical properties [28]; the same is observed for
photoluminescence of CdGeP, after the thermal diffusion at
500° C. The dominant emission in the Mn-doped crystal at
1.55 eV is due to the transition through the acceptor level
created by the V¢q vacancy.

Below we show that the Gecq donor defect is also in-
volved in the donor-acceptor (D-A) transition with V¢q4. This
emission exists in both crystals, but in the undoped one
with much lower intensity. PL and optical absorption at this
energy have also been observed at 7 =80 and 10 K in
undoped, Mn-doped, Ga-doped, and In-doped materials and
after recrystallization of glassy CdGeP, at 500° C [15-18]. It
dominates after Mn doping for short-term LTA and after glass
recrystallization for long-term LTA, annealing in ampoules
filled with powdered CdGeP, compound in Cd or P vapors at
700°C [17]. Thus, it can be concluded that all the above cases
are mainly due to intrinsic defects rather than impurities. The
dominant point defects in CdGeP;, similar to ZnGeP,, are V¢q
and Vp vacancies, Gecq and Cdg. cation antisites, and defect
pairs. LTA processing affects the point defect ensemble more
prominently than doping, since the concentration of intrinsic
point defects in II-IV-V; crystals is very high, ranging from
10'7 to 10?° cm~3. Simulations performed for ZnGeP, [24]
estimate the density of antisite defects in different charge
states to be 10'7-10"8 cm™3, and >10"cm™3 for the Vg,
vacancy. This range and minimum threshold are clearly un-
derestimated because Vy, is the dominant defect in the crystal,
and the modeling contradicts the experimental results of many
groups [19,29-31]. Other simulations [25-27] give a much
better estimate of the density of states (DOS) for the defect
complex (Vz,-Gez,-Vz,), which is rather compatible with
the DOS in an ideal crystal and consistent with experiments.
Thus, we attribute the emission at 1.55 eV to a radiative
transition involving acceptor V¢4 and donor Gecqy defects.

Doping with Mn leads to enhancement and broadening of a
number of emissions detected in this work. The most intense
peak at 1.335 eV and a secondary peak at 1.44 eV in Fig. 1
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FIG. 2. (a) PL of Mn-doped CdGeP, crystal. Shaded contours
are Gaussian deconvolution for bands in the impurity spectral region.
They resolve into seven distinct intrinsic defect bands under Ar-laser
excitation. (b) The enlarged inset shows PL bands for interband (E,)
and intracenter (Mn?*) transitions.

were observed in both undoped and In- and Cu-doped crystals
[17], so it is obvious that these bands are due to intrinsic (and
not impurity) causes. The observed emission bands can be at-
tributed to the predominant intrinsic defects affected by LTA,
such as Vp vacancy and Gecq antisite. These point defects are
metastable and their charge state can be switched by IR back-
lighting at specific wavelengths [19]. There is evidence that
LTA improves the local crystal ordering in ZnGeP,, confirmed
by optical dichroism measurements [28].

Due to the manganese impurity and blue-violet excitation,
deeper radiative transitions take effect. As the excitation pho-
ton energy increases (from green to blue), the optical radiative
transitions from higher energy levels become more distinct, as
shown in the magnified view in Fig. 2(b). In addition, the new
emission transitions become more intense when the excitation
photon energy is further changed [from blue to violet; see
Fig. 3(a)]. We used the spectral deconvolution method to
extract individual emissions from the obtained PL spectra,
assuming that each individual emission can be expressed by
a uniformly broadened spectral band. Nonlinear multipeak

fitting involved a Gaussian function of the form

A 5 _2(ha)—ha)0)2 W
w/mn P T e |

where I is the baseline offset, A is the total area under the
spectral curve from the baseline, fiwy is the center of the peak,
and w is 20, approximately 0.85 times the width of the band
at half height. The standard deviation o is used to calculate
the full width at half maximum (FWHM),

I =1+

FWHM = 20+/21n2 ~ 2.35480. 2)

The results of the multipeak Gaussian fitting are shown
in Fig. 2, with arrows in Fig. 2(a) indicating seven extrin-
sic (point defects and/or impurities) peaks and one intrinsic
(Eg) peak. The high-energy part is observed with significantly
reduced intensity, while the low-energy part is consistent
with previously observed PL from (Cd, Mn)GeP, layers and
CdGeP;, layers epitaxially grown on GaAs [15].

Highly sensitive, precise measurements and careful analy-
sis of PL spectra near the band gap allowed identification of
weak emission peaks associated with intracenter transitions
in Mn?* ions. Figure 2(b) shows that the energy of these
emissions exceeds the value of E, and can be confidently
observed under blue and/or violet laser excitations. In fact,
we used different excitation wavelengths to retrieve informa-
tion from different depths of the diffusion layer CdGeP,:Mn.
The Mn concentration in our specimen was as follows: sur-
face, Mn/Cd = 0.534; top layer (d ~ 0.1 um), Mn/Cd =
0.52 and Mn/Ge = 0.28; depth (d = 0.4um), Mn/Cd =
0.2 and Mn/Ge = 0.1; depth (d = 0.6 um), Mn/Cd = 0.12
and Mn/Ge = 0.06; and full thickness (2.6 um), Mn/Cd =
Mn/Ge = 0. The region excited by the violet laser corre-
sponds to a thin top layer with maximum Mn concentration,
while the green laser penetrates deeper and brings information
from the region with lower Mn concentrations.

The most intense emissions are observed in the photon
energy range 1.1-1.8 eV (Fig. 2). The dominant peak was ac-
curately recorded at 1.546 eV in the Mn-doped crystal, and the
intensity of this peak is three times higher than in the undoped
crystal (Fig. 1). We attribute this enhancement in CdGeP,:Mn
to the fact that LTA improves the local crystal structure as
in ZnGeP, [28] with simultaneous substitution of Mn atoms
on Ge sites [32-34]. In particular, Gecq sites are impacted
and can form additional complexes (2V4-Gecq) that have
low formation energies [25]. Thus, we attribute this radiative
transition to the D-A transition Gecq — Vq4. Note that the
emission transition energy of 1.55 eV corresponds to the pho-
ton wavelength interval from 700 to 850 nm, where optical
quenching in the EPR signal was observed [19]. Group-IV
to group-II antisites are the major donors in II-IV-V, phos-
phides [19] because their formation energy is the lowest [25].
The V¢4 vacancy was found to be the most abundant point
defect in undoped CdGeP, [19], and it is present in high
concentration (Ny > 10" cm™3) in as-grown crystals. Thus,
the introduction of Mn into the chalcopyrite lattice impacts
the formation of D-A pairs and complexes. The lowest-energy
emission with a peak at 1.16 = 0.01 eV [Fig. 2(a)] has a
relatively low intensity. Its spectral position coincides with the
optical absorption band at 1.18 eV (80 K) [19].
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Although interband optical transitions in II-IV-V, undoped
semiconductors can be observed in PL only at low tempera-
tures and at very low free charge concentration, such as in
the excitonic PL of p-CdSnP; [35], here we found an unusual
doping effect of Mn leading to the appearance of high-energy
radiative transitions above E,. The optical effect is known in
CdMnTe crystals [36], where the band gap increases upon
Cd — Mn substitution, and PL peaks were found at energies
greater than the E,, of CdTe crystal. However, the binary solid
solution CdMnTe is not ferromagnetic, unlike (Cd, Mn)GeP;,
which is a room-temperature ferromagnetic. This effect was
first detected in the ferromagnetic diamondlike material [3].

While the PL emission near Ej is not observed in heavily
doped or compensated material, Mn impurity stimulates the
rearrangement of the defect ensemble in CdGeP,. Radiative
transitions through intrinsic defect centers in the band gap
remain at the same positions, but with different intensity.
Transitions above the band gap get into continuum bands and
electrons relax to the bottom of the conduction band (CB) and
then recombine with holes from the valence band (VB). The
mechanism is similar to Mn-doped II-VI compounds, where
the main PL peak shifts with [Mn] from E, (CdTe) to E = 2.0
eV (first Mn?* intracenter transition) [36,37]. However, in
CdGeP,:Mn two sets of transitions are observed, as shown
in Fig. 2. The appearance of ferromagnetism in Mn-doped
CdGeP,, as we believe, occurs by a mechanism similar to
that for GaAs or GaP. The minor substitution Ge — Mn in
CdGeP; occurs in the same way as Ga — Mn in GaAs, and
the Mng, acceptor creates two free holes, in contrast to the
Mng, acceptor, which has only one hole in III-V compounds.
Exchange between d levels of Mn>* ions and p-like top levels
in the VB of CdGeP; has to be similar to GaAs, but the great
advantage is the high Curie temperature, 7c = 310—355 K, in
various II-IV-V, compounds [6]. The observed radiative tran-
sitions in Mn-doped CdGeP, confirm the double heterovalent
mechanism “substitute and dope,” a specific mechanism for
II-IV-V,; chalcopyrites.

Radiative transitions at energy E, arise between the CB
and VB, and emission at energies above E, is associated with
intracenter Mn?* transitions. The intracenter transitions in
Mn>* ions in structures with tetrahedral crystal field occur be-
tween the excited electronic levels 4T; (*G), *T» (*G), *A; (*G),
and *E (*G) and the ground level 4,(%S) [36]. The symmetry
of Mn?* centers in the crystal structures of sphalerite and
chalcopyrite is similar due to the tetrahedral coordination of
atoms and the quasicubic model approach for chalcopyrite
[38]. Thus, the energy splitting diagram of the lowest excited
state of the 3d° level (*G) relative to the ground state (°S) for
the Mn?* ion [36] can be used in chalcopyrite. Nevertheless,
this phenomenon is different from that known in III-V and
II-VI compounds, since II-IV-V, compounds combine two
mechanisms, “substitute and dope,” in one ternary compound.
The double action was confirmed by EPR, which detected
two different states of Mn ions in chalcopyrite [39], and by
theory [32]. The hybridization of valence-band electrons with
d states localized on the transition metal can be considered as
a self-sustaining mechanism to explain hole-mediated ferro-
magnetism in II-IV-V, chalcopyrites.

There is evidence for hole-mediated ferromagnetism. Mod-
eling [32] predicts that Mng, would be the acceptor and

ferromagnetism results from the interaction of Mn with
hole-producing intrinsic defects. A hole transport experi-
ment in Zn;_,Mn,GeP, evidences the p-type conductivity
with a half-metallic character due to the temperature depen-
dence of resistivity [33,34]. Band-structure calculations of
Cd;_,Mn,GeP; render the material half-metallic and confirm
the carrier-induced ferromagnetism [40,41].

In addition, isolated Mn centers and nanoclusters have
been detected by EPR [39], magnetotransport, and giant elec-
tron spin echo measurements [33,34,42] in (Zn, Mn)GeP;
and simulated for CdGeP,:Mn and ZnGeP,:Mn [43]. The
nanocluster formation in diamondlike compounds occurs in
similar way since it is governed by the tetrahedrally coor-
dinated cation-anion bonds and nanoclusters of P,-Mn-P,
and Asp-Mn-As; type are created in both II-IV-V, and
III-V compounds, e.g., in GaP:Mn [44-48] and GaAs:Mn
[49-51]. Therefore, radiative transitions (Figs. 2 and 3) can
occur through Mn?* cationic antisites, Mn>* nanoclusters,
or isolated Mn® interstitials. We attribute this emission to
intracenter Mn?* transitions because most of the manganese
ions are embedded in cation sublattices.

B. Photoluminescence excitation, 325 nm

Figure 3 shows the PL spectrum of Mn-doped crystal under
violet line excitation, where emission dominates at higher
energies >E,. The curve was normalized by the PL signal
ratio in Mn-doped and undoped crystals to get the relative
quantum efficiency over the broad spectral range 350-600 nm
(2.1-3.5 eV). The resolved bands are given in grey as uniform
Gaussian lines. The main bands are associated with transitions
in Mn centers.

The local crystal structure around Mn?* ions in CdGeP,
crystal was improved by LTA and diffusion processing at
500° C. Similar LTA was applied to undoped ZnGeP, [28]
and resulted in improved local order in the defect ensemble.
The introduction of the d element presumably increases the
concentration of Ge-Cd antisites due to Mnéﬁ acceptors. Man-
ganese atoms displace germanium atoms from their inherent
Geg. sites to Gecq antisites and interstitials in accordance
with the Pauling electronegativity difference.

The emission peak at 1.64 eV agrees well with the absorp-
tion band at 1.64 eV [19], and minor emission is observed at
1.735 eV [Fig. 3(b)]. These bands are associated with point
defects Gecyq and Vg. The interband transition at 1.85 eV
corresponds to the band gap E, at T = 16 K (this value
will be defined below). All observed emissions with energies
above E, are related to intracenter transitions in Mn?* ions.
Since the Mng, dopant creates an excess of holes, being an
effective acceptor, the electrical conductivity of CdGeP,:Mn
increases and hole-mediated ferromagnetism takes effect at
room temperature, similar to ZnGeP,:Mn and (Zn, Mn)GeP,
[3-5,32-34,40,42]. Thus, hole transfer between Mn>?* ions
and/or nanoclusters and the crystal matrix occurs quite easily.

C. Temperature dependence of the band gap

The energy band gap of CdGeP, was not measured be-
fore at T =16 K, so we used the Varshni formula E, =
Eo—aT?/(T + ®) [52] to fit the calculated curve to the
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FIG. 3. PL of Mn-doped CdGeP, crystal. Spectral distribution
corresponds to relative quantum efficiency. (a) High-energy Mn**
emissions at 2.0, ...,3.5 eV allowed under HeCd laser excitation and
(b) enlarged inset for D-A and interband (E,) emissions.

available experimental data. Here Ey is the value of the band
gap at 0 K. The constants & and ® are connected with the
electron (exciton)—phonon interaction and Debye tempera-
ture, respectively.

Figure 4 gives the fitting of the Varshni formula to experi-
mental points measured directly at the fundamental absorption
edge in the temperature range 3.4-300 K. Experimental points
were taken from optical absorption and oscillating transmis-
sion measurements carried out on very thin single-crystal
plates (10 and 23 um) [20,21]. Though the crystal had a
heavy compensation Ny /Np = 0.6 — 0.9 and the exponential
Urbach tail can shift the E, value towards lower energies
by 30-60 meV, the characteristic spectral features in the ab-
sorption curve at og = 2% 10* cm™! [20] ensure the correct
E, value at T = 80 and 295 K. The Debye temperature for
CdGeP; is ® = 340 K; it was calculated from the experimen-
tal specific heat capacity [53,54].

Experimental data from two independent measurements
[20,21] demonstrate excellent agreement with each other. An
accurate estimate gives the energy band gap of CdGeP; crystal
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FIG. 4. Temperature dependence of the band gap in CdGeP;.
Blue dots, experiments 1 and 2 [20,21]; red dot, calculation; line,
E, (16 K) = 1.852 eV defined according to the Varshni formula.

as £, = 1.852 eV at T = 16 K. This temperature is consistent
with the experimental conditions of this work. The spectral
analysis below also compares the data measured at 7 = 10 —
20 K, and allows to construct the energy-level diagram with
the exact value of E,.

D. Summary of photoluminescence emissions

The emission intensity in the defect or impurity region,
near Eg, and in the Mn?t transition region varied because
of the different sensitivity of the PMTs in the broad spec-
tral range (Fig. 3). To improve accuracy, we used multiple
runs followed by smoothing of the collected data. The broad
spectra obtained include many overlapping emission bands for
each laser excitation wavelength. They are in good agreement
with each other. The deconvolution method allowed us to per-
fectly reconstruct the individual emission bands as Gaussian
bands according to Eq. (1). By applying nonlinear multipeak
fitting (OriginPro 2018), we identified the spectral parameters
for the individual emission bands and depicted them in 3D
histograms (Fig. 5). The corresponding numerical data are
collected in Table I. The temperatures 7 = 16 K and T = 10
and 20 K from [15] were also used in the present work to
satisfy the narrow range of T and to perform the spectral
analysis correctly.

The ensemble of intrinsic defects and Mn impurity centers
was subjected to various excitations (from green to violet),
resulting in contrasting spectral effects.

The three-dimensional histograms in Figs. 5(a)-5(d) are
plotted for the following spectral parameters: emission band
peaks, FWHM, maximum amplitudes, and radiative transition
powers, respectively. For intrinsic point defects in crystals and
epilayers pumped by green lasers (532 and 514 nm), five main
emissions are known [15] and are shown in green [Fig. 5(a)].
These emissions occupy the interval E < E; = 1.85 eV. High-
energy pumping with blue (458 nm) and violet (325 nm) lasers
excited a number of new emissions at peak energies above
E,. The position of the band gap in histograms is marked
by arrows for both blue and violet pumping. For green-blue
lasers, the uncertainty of the radiative transitions at low ener-
gies of 1.1-1.8 eV was AE = 20—60 meV. This scatter can
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FIG. 5. Spectral parameters of emission bands in Mn-doped CdGeP, crystals. Emission bands 1 to 16 cover the spectral range 1.1-3.5 eV
at 7 = 16 and 20 K. Colors correspond to the laser excitation: violet (325 nm), blue (458 nm), and green (532 nm).

TABLE 1. Spectral parameters of emission bands in Mn-doped CdGeP, crystals. Ratios are given for blue/violet laser excitations. Center,
FWHM, area, and height are obtained by nonlinear multipeak fitting for individual Gaussian bands.

Emission band Center (eV) FWHM (meV) Area Height Defect® Radiative transition
1 1.16 106 0.012 0.104 Ge, CB— A

2 1.27 59 0.005 0.076 Vp D— VB

3 1.33 117 0.050 0.401 Vp CB— A

4 1.45 141 0.059 0.389 Gely D— VB

5 1.546 60 0.055 0.856 Gecg, Vea D—A

6 1.64/1.64 115/68 0.010/0.001 0.081/0.012 Vea CB— A

7 1.735 100 0.004 0.038 Gecd, Ved D—A

8 1.85/1.86 71/100 0.001/0.001 0.010/0.013 CB — VB (E,)
9 1.98 59 0.0002 0.003 Mn?* intracenter
10 2.10/2.08 89/224 0.001/0.005 0.006/0.021

11 2.29/2.34 159/271 0.002/0.039 0.014/0.134

12 2.57 247 0.085 0.323

13 2.80 412 0.272 0.620

14 3.17 259 0.138 0.500

15 3.33 200 0.165 0.774

“Defect notation is given on the basis of the present work and data from Refs. [15,19].
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be explained by the different concentrations of intrinsic point
defects in the studied crystals and the large-scale rms potential
modulating the edges of the energy gap due to fluctuations in
the density of charged centers. While the spectral positions of
the emission bands remain unchanged in the undoped material
and after Mn doping, their intensity changes quite markedly.
Green and blue excitations affect the near-IR spectral bands
(1.1-1.8 V), while violet light causes radiative recombination
at 2.0-3.5 eV [see Fig. 5(a)].

The total number of resolved bands in the impurity region
is seven, and the most intense bands are five, as can be seen
in Fig. 5(c). The main emission is due to defects with a fairly
stable energy position, so it can be concluded that the defect
levels in the band gap of this II-IV-V, semiconductor do not
shift much with A excitation. However, at different pumping
A, optical energy is transferred through alternative channels:
from the Mn center to the matrix, via point defect recharging
and optical quenching. This markedly changes the network
of optical transitions. Finally, the introduction of manganese
makes visible emission that could not be generated in undoped
crystals, and its intensity even exceeds that in the impurity
region.

FWHM is an important parameter defining the sharpness
of local levels in energy space. All emission bands in CdGeP,
have comparable widths with a maximum ratio <7 [Fig. 5(b)].
Blue and/or violet pumping generates four more peaks than
green pumping [15] and their FWHM are comparable or
smaller. One of the narrow bands, as would be expected from
the DOS, is located in the E, region. The half-width of the
principal line is ~30kT, which is larger than the characteristic
parameter of interband and exciton lines [35,38]. Obviously,
exciton emission from compensated CdGeP, crystals can-
not be observed, so this broadening can be explained by
large-scale modulation of the rms potential at the edges of
continuum bands [20]. The effect on the DX centers is dif-
ferent and the formation of deep defect or impurity subbands
in II-IV-V, cannot be ruled out.

Distribution histograms in Figs. 5(c) and 5(d) show the
optical energy flows along different channels in the Mn-
doped material. The most intense channels are 4, 5, 6, and
7 under green and blue excitation. Channels 12—-16 become
predominant under violet excitation. Interband transitions are
observed only under short-wavelength pumping due to the
participation of Mn?* ions. Thus, electrons relax from intra-
center Mn?* levels to the CB edge of the CdGeP, matrix and
further go into interband radiative recombination CB — VB.
Such transitions are favored by the anGT: acceptor, which
generates two holes per atom and is expected to have a shallow
level or be located in the VB.

E. Energy-level diagram

Radiative transitions associated with point defects were de-
tected in PL of the investigated CdGeP, crystals in the number
of seven. The energy-level diagram for undoped CdGeP; is
shown in Fig. 6; it brings together experimental data from
this work and data from Refs. [15,19,30]. Belonging to donor
and acceptor type is also in line with point defect calculations
for ZnGeP, [25,26]. The Fermi level Ef is located below the

cB
0.40
Gecq 0.58 s
=/, c
1.55 1.33 1.45 Eg (16K)
1.64 1.16 1.27
_EF
VB

FIG. 6. Energy-level diagram and radiative transitions in un-
doped CdGeP; crystal. Energies of transitions are given in eV and
rounded to 0.01 eV, E; = 1.852 eV (T = 16 K).

middle band gap because the undoped CdGeP, crystal has
p-type conductivity and N /Np compensation.

According to calculations [24], anion-cation antisite de-
fects Gep and Pg. in ZnGeP, have low energies of formation
and high concentrations of 10'7-10'® cm™. The modeling
yielded an estimate comparable to that of the main dominant
defect Vz,. Since ZnGeP, crystals often exhibit an excess
of Ge, and undoped CdGeP, and ZnGeP, are compensated
and of p type (at least at low temperatures 7' < 20 K), we
can attribute the observed 1.16 eV emission to a deep Gep
acceptor involved in the CB — Gep transition. The deficit
energy of 0.69 eV for this level is roughly 1/3 E, in both
CdGeP;, and ZnGeP;. The energy position of the level should
be blurred due to two ionized charge states (-/0) that change
relative to the Fermi level upon annealing or optical quench-
ing. Among the 12 point defects calculated in Ref. [24], we
cannot consider Vg, Znp, Pz,, and Pg. as unlikely point
defects in terms of chemistry and crystal growth. The three
interstitials Zn;, Ge;, and P; are also unlikely due to their high
energy of formation and therefore cannot be involved in the
spectral analysis.

The first dominant point defect, Cd vacancy, in CdGeP,
participates in three radiative transitions as shown in Fig. 6.
One of them is the CB — V4 transition with the emission
at 1.64 eV [Fig. 3(b)], and the energy deficit 0.21 eV. The
acceptor activation energy of 0.20 eV for the V4 defect in un-
doped CdGeP, was found by a direct electrical measurement
[30]. It was also shown that CdGeP, crystal is compensated,
and the p type appears at low temperatures 7 < 284 K, but
at room temperature the electric conductivity turns out to be
n type. The two independent experiments from Refs. [20,30]
are in good agreement for low-temperature p-type and high-
temperature n-type undoped CdGeP,.

The three defects Vg, Gecqd, and Vp were defined by EPR
as one acceptor and two donors [19]. Their charge state can
be switched by the 700 and 850 nm backlighting for the ac-
ceptor V&, — Vg, donor GeZ — Gef,, and donor Vi —
Vg. This means that photons with energy of about 1.77 and
1.459 eV activate paramagnetic centers with unpaired spins.
Radiative transitions through the defect levels were found at
1.735 eV, and 1.45 eV under both excitations [Figs. 2(b) and
3(b)]. Optical absorption in the defect or impurity region can
differ from emissions in experiments by a few meV. This small
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violation of Kirchhoff’s law is caused by the deviation from
thermal equilibrium of the crystal during laser pumping. The
situation is typical for II-IV-V, and other compound semi-
conductors. Thus, we ascribe these two emissions to the V¢q
acceptor and the Gecq donor, respectively.

The transition at 1.735 eV is shown in the energy-level
diagram (Fig. 6) as a transition of electron from shallow donor
to shallow acceptor with a deficit of 0.08 4 0.04 eV, although
the absorption transition observed in Ref. [19] occurs slightly
differently, 1.77 eV (80 K). This radiative transition is weak,
whereas other alternative recombination channels with much
higher DOS (CB and VB) provide optical transitions with
higher probability.

The strongest PL emissions at 1.33, 1.45, and 1.55 eV
taken in undoped and Mn-doped materials were also observed
in In-, Ga-, and Cu-doped materials [17,18]. The first two
transitions occur between the defect level and continuum
band; the third D-A transition may be associated with the de-
fect complex Veq-Gecgq-Veg forming with a very low energy
similar to the Vz,-Gez,-Vz, complex in ZnGeP, [25]. Mn
doping helps the appearance of emissions through these lev-
els, indicating the steadiness of the defects in more complex
formations than single point defects.

The calculation in Ref. [26] predicts the Vp defect in
ZnGeP; to be amphoteric with donor (-/0) and acceptor (0/-)
levels at 0.6 = 0.1 eV and 1.25 = 0.1 eV above the VB,
respectively. Chemical bonds in the chalcopyrite lattice of
analogs are arranged by the same isostructural mode; there-
fore, we expect the phosphorus vacancy in CdGeP, forms the
two D- and A-type levels in the gap. The radiative transitions
at 1.27 and 1.33 eV (Fig. 6) can be tentatively attributed to
this phosphorus vacancy in the donor and acceptor states. In
addition, manganese as a source of extra holes suppresses
the donor defects through Coulomb interaction or neutral pair
formation, resulting in weaker emission intensity at 1.27 eV
compared to 1.33 eV.

A special question remains about the Mn impurity level in
the energy-level diagram. The preliminary electrical measure-
ment of the Mn diffusion layer was conducted and obtained
that the layer is of p type with the electrical conductiv-
ity o higher by several orders of value compared to the
undoped CdGeP, at T =300 K. This indicates the Mn-
related acceptor level is shallow (details will be reported in
a separate publication). PL measurements do not allow distin-
guishing the Mn-related level among levels of multiple point
defects in CdGeP,:Mn. However, the theory performed for
Cd;_Mn,GeP, [32] confirmed that the isolated Mng, defect
generates a shallow acceptor level that is strongly spin polar-
ized. The spin states are split such that the up-spin level is
higher and the down-spin level is lower than the VBM.

IV. DISCUSSION

One of the minor emission bands is excited at 1.16 eV by
the violet line, at 1.18 eV by the blue line, and at 1.195 eV by
the green line. All three emission bands were attributed to the
radiative transition from the CB to the acceptor level of the
Gep anion-cation antisite. This Gep antisite exists because ex-
cess Ge is commonly observed in CdGeP, and ZnGeP,, even
in crystals of high optical quality. The concentration of this

antisite defect was calculated for ZnGeP; as 10'7-10'8 cm—3

[24]. The presence of this defect can lead to local strain
around the Gep atom, since the tetrahedral covalent radii of
Ge and P are 1.225 and 1.084 A, respectively [55]. The radius
difference of Ge and P atoms counts 12.2% and can lead to
crystal instability. During the epitaxial growth of CdGeP;,
the lattice mismatch between the epilayer and GaAs substrate
(a=5.741 A, ¢/2=5388A, and a=5.653 A, respec-
tively) can induce partial disorder and generate additional
anion-cation antisites. Indeed, epitaxial growth is accompa-
nied by the creation of an island structure, and the emission
from the epilayer CdGeP, becomes much stronger at 1.195 eV
[15]. Thus, the weak emission observed from the Mn dif-
fusion layer indicates that Gep antisite defects also exist in
CdGeP,:Mn, but their concentration is low.

Defect complexes such as defect pairs and nanoclusters
may play an important role, since the formation energy of
defect pairs (Cdge-Gecq) is expected to be low, similar to
the modeled pairs in the isostructural analogs CulnSe, [23]
and ZnGeP, [25]. The radiative transition CB — Vg4 with
a deficit of 0.21 eV can be alternatively considered as a
transition associated with a defect complex (2V, — Geéji'),
whose formation energy is very low [25]. We can go further
by assuming a quasichemical reaction for three different point
defects combined into a triple complex:

2V +Gell + Vi — 2V +Gely + Ve, (3

All three point defects V¢q (acceptor), Gecq (donor), and
Vp (donor) exist in CdGeP, [19] and their formation energy
is low (hence, high concentration) [25-27,32], so they con-
tribute to the No/Np compensation. Combining into triple
complexes, Eq. (3), allows charged centers to exchange with
electrons without violating local electroneutrality.

The electron exchange does not change the favorable con-
ditions for the EPR signal, since the complex remains single
charged (—), as shown in Eq. (3). Obviously, the exchange
inside of the complex must be photoinduced and thermally
specified. The formation of triple complexes should contribute
to the reduction of the number of free carriers in the undoped
crystal resulting in compensation. The known electron con-
centration in n-CdGeP, was measured as low as (1.2-1.5) x
101°cm=3 at T =300 K, and No/Np = 0.6 — 0.9 [20]. In
light of theoretical calculations performed in the last decade
for compensated chalcopyrites, it can be assumed that the
presence of triple complexes in p-ZnGeP, and p-CdGeP; is
very likely at low temperatures.

The hole concentration in p-CdGeP, increases upon dop-
ing with Mn, and the charge exchange between point defects
is greatly facilitated. This may be the reason for the stable
emission and absorption observed at 1.64 eV. The hole trans-
fer occurs at low temperatures (<18 K) and when the light
is on. The initial charge state of the defects in the left part of
Eq. (3) is stable at higher 7 and light off. In the right-hand side
of Eq. (3), hole transfer is complete and the defects still have
unpaired electron spins that produce the EPR signal. While the
complex of defects (2V,-GeZ}) is confirmed by calculations,
the existence of another complex of defects (ZVEd-Vg) is un-
likely, as this could lead to extended voids in the crystal lattice,
which is low probability. The formation of a triple defect
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complex (nanocluster) of the type (ZVEd-Gea’-Vg) may be
plausible with low energy of formation.

V. CONCLUSIONS

A series of radiative transitions in CdGeP, crystals, both
undoped and Mn doped, was detected. One group of transi-
tions is interpreted in terms of the participation of intrinsic
point defects, which permanently exist in the crystalline ma-
terial despite doping (Mn, In, Ga, Cu). The second group
of transitions is related to Mn doping, which leads to two
unusual effects: optical transitions through some defect levels
are enhanced, including the interband transition, and high-
energy optical transitions at >Es, become dominant in the
Mn-doped material. These two facts fundamentally distin-
guish Mn-doped ternary semiconductors II-IV-V, from their
binary analogs III-V.

The structure of the p-like top valence bands in diamond-
like compounds III-V and II-IV-V;, is similar due to the same
P and As anions. However, Mn dopes the crystal differently
due to the acceptors Mng, (one hole) and Mng, (two holes),

although both contribute to hole-mediated ferromagnetism.
The energy band gap of undoped CdGeP, was determined,
E, =1.852 eV (16 K), and an energy-level diagram for in-
trinsic point defects was proposed.

Radiative transitions at energies above the band gap pro-
ceed through Mn?* ions and Mn?* bound nanoclusters (quan-
tum dots), which have already been observed in Mn-doped
CdGeP, and ZnGeP; crystals. Manganese ions are easily in-
corporated into the chalcopyrite lattice without visible defor-
mation of the crystal structure in both crystals. Introduction of
Mn promotes the formation of Mncgq and Mng, defects, while
the diamondlike lattice of CdGeP, remains structurally well
compatible with III-V compounds, germanium and silicon.
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