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Electron paramagnetic resonance, optical absorption, luminescence and
electrical studies of InP highly doped with Mn were performed. Electron
paramagnetic resonance revealed presence of manganese in Mn®*(d°) con-
figuration. In optical absorption, systematic reduction of InP band gap was
observed with increase in Mn content. This was correlated with increase in
photoionization-type absorption band starting at 0.2 eV. Time-resolved pho-
toluminescence measurements showed decrease in photoexcited carrier life-
time and shortening of donor—acceptor pair recombination time with increase
in Mn content. Moreover, photoluminescence band was shifted to lower en-
ergies, similarly to optical band gap. In electrical transport two mechanisms
of conductivity were observed. Valence band transport dominated at higher
temperatures, above 160 K, and activation energy of free-hole concentration
was determined as about 0.20 eV. At lower temperatures hopping conduc-
tivity, clearly related to Mn defect band, was present. All these results were
consistent with assumption of creation of Mn-related defect-band at 0.2 eV
above InP valence band. It was found that Mn centers responsible for this
band were in configurations of either d® or d® plus a hole localized about 7 A
around corresponding Mn core.

PACS numbers: 71.55.Eq, 72.20.Ee, 72.20.Jv

1. Introduction

Recent theoretical predictions of possible ferromagnetism at room tempera-
ture in some of diluted magnetic ITI-V compounds trigerred many studies of such
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materials. Up to now the record high Curie temperature, about 150 K [1], be-
longs to GaMnAs. However, in spite of huge effort put in optimization of growth
parameters and post-growth annealing, this temperature is still far below 300 K,
convenient temperature for application purposes. Therefore, it seems important to
study diluted magnetic semiconductors based on other III-V compounds in order
to search for possible better materials. The important issue seems to be the under-
standing of mechanisms leading to ferromagnetism in Mn-based ITI-V compounds,
and especially conditions for Mn centers necessary to fulfill in order to obtain high
temperature ferromagnetic ordering.

In this paper we report results of our studies performed on InP highly doped
with Mn. InP was grown by Czochralski method. Manganese was added during
growth and its concentration reached 8 x 10'® em™3 value. Because of segrega-
tion effect, it was possible to select samples from the same ingot with different
Mn concentration (samples Mn I, Mn I, and Mn ITI). Glow discharge mass spec-
troscopy (GDMS) showed that Mn content was 5 x 10® em=3, 7x 10*® cm~3, and
8 x 10'® em~3 in samples Mn I, Mn II, and Mn III, respectively. Concentration
of other acceptor impurities (mainly Zn) was about 10 cm=3. Concentration of

donor impurities (mainly Si) was about 5 x 10*7 em™3. Two Czochralski-grown
samples without manganese: InP:S (n-type ) and InP:Zn (Hall concentration p =

5 x 101" em™2 at 7' = 300 K) were also studied for comparison.

2. Experimental results

Electron paramagnetic resonance (EPR) studies of the InP samples described
above were performed using Bruker spectrometer working at about 9 GHz mi-
crowave frequency. They revealed presence of manganese in Mn?*(d®) configura-
tion for all Mn doped InP. The corresponding spectra are presented in Fig. 1. They
show characteristic signal with g factor equal to 2.00, similar to the one already
reported by others [2]. Broadening of the line is due to interaction of Mn centers
in highly doped samples.

Continuous-excitation (CW) photoluminescence (PL) was measured, using
He—Ne laser (633 nm) or second harmonic of Nd:YAG laser (531 nm) for excitation
and 50 ¢cm monochromator equipped with germanium detector for analysis of PL
spectra. In time-resolved photoluminescence (TRPL) measurements, 150 fs pulses
of Ti:sapphire laser were used for photoexcitation of free electron—hole pairs in
the samples. Then a monochromator and streak camera analyzed the spectral and
temporal distribution of the PL. The photoluminescence spectra of InP:Zn revealed
excitonic luminescence lines and shallow donor—shallow acceptor recombination.
An acceptor bound line A’X at 1.413 eV (T = 8 K) and lifetime 70 & 10 ps
was observed. For InP:Mn samples, strong decrease in PL intensity in comparison
with non Mn-doped samples was observed. Excitonic lines were hardly visible.
In the energy range of 1.3-1.4 eV PL mostly weak spectrum, corresponding to
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Fig. 1. Electron paramagnetic resonance spectrum for InP:Mn samples. The observed
line is due to Mn®**(d°) configuration (g = 2.00). Inset: the EPR amplitude vs. Mn
content dependence. The dependence is weak since the signal comes from minor Mn?*

state.

shallow donor to shallow acceptor (D—A) transitions peaked at 1.355 eV (T = 8 K),
was observed. Broad luminescence band in the energy range at about 0.9-1.2 eV
dominated the PL spectrum. This band could be assigned to shallow donor-Mn
acceptor (D-Mn) recombination, as it was shifted about 0.2 eV below the excitonic
transitions.

Estimation from TRPL results gave photoexcited carriers lifetime in InP:Mn
of the order of a few tens of femtoseconds. Taking into account that recombination
rate rg is proportional to the concentration of Mn centers Ny, rs = Ry /Nun,
one could estimate recombination coefficient Ry = 10~° cm3/s. The increase in
Mn concentration in InP samples leads to decrease in lifetime of the D—A line.
The decay time observed for InP:Zn samples was o = 430 ps. It was reduced to
™ = 200 £ 50 ps, ™o = 150+ 30 ps, ™o = 75 £ 10 ps for samples Mnl, MnlI, and
MnlII, respectively. Therefore it was clear that Mn content leads to faster decay
of D-A luminescence.

Optical absorption was measured in the wide range of energy, from 40 meV
to 1.5 eV, using CARY5 and Bruker 113V spectrometers. In energy region close
to InP band-to-band transitions, systematic reduction of band gap was observed
with increase in Mn content. We present this behavior in Fig. 2, together with
results of the measurements performed on InP samples with no intentional Mn
doping. At lower energies absorption band appeared for Mn-doped samples with a
threshold at about 0.2 eV — see Fig. 3. This band has been already observed by
Lambert et al. [3] and assigned to ionization of hole from Mn center to InP valence
band. However, the absorption band observed by us is broader and structureless.
This indicates, together with broadening of band-to-band transitions, creation of
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Fig. 2. Optical absorption spectrum in the range of InP band-to-band transitions for
InP:Mn (samples Mnl, MnII, and MnlII), for InP:S and for InP:Zn. Reduction of band
gap for InP:Mn is clearly visible.
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Fig. 3. Photoionization spectrum of Mn in InP corresponding to hole transition from
Mn level to InP valence band. For comparison absorption of InP:S in the same energy

range is shown.

Mn-related impurity band. This band is placed about 0.2 eV above InP valence
band. Further experiments were performed in order to support this thesis as well
as to characterize Mn center responsible for the impurity band.

Hall effect measurements were performed on the three InP:Mn samples with
different Mn content in the temperature range of 60-300 K. Temperature-dependent
electrical transport revealed two mechanisms of conductivity. At high tempera-
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tures, above 160 K, valence band transport dominated, whereas at low tempera-
tures hopping conductivity was present. In the case of hopping conductivity, the
conductivity is given by the formula

OHo = OHoo exp(—1.73N_1/3/af — Es/kT), (1)

where N is concentration of defects, which pins Fermi level, and a; has a meaning
of localization radius of a carrier (in our case hole) trapped by the defect [4]. The
activation energy E3 describes potential fluctuations in the hopping band. In the
case of two transport mechanisms, the effective conductivity tensor e is a sum
of two tensors: 0et = OvB + OHo. Therefore, the effective mobility per measured in
presence of the both transport mechanismsis pter = uVBUVB/(UVB + 0Ho) and the
effective hole concentration is per = (0vB + 0Ho)?/eUVBIVE.

Fitting to the experimental data made in the frame of this simple model (see
Fig. 4) allowed determining activation energies E3 as 18 £ 1 meV, 19 £ 1 meV,
21 &£ 1 meV for samples Mn I, Mn II, and Mn III, respectively. Taking into ac-
count the Mn content determined by GDMS, localization radius of a hole at man-
ganese center, ay = 0.74+ 0.1 nm could be calculated. This value is smaller than
hydrogen-like radius, even for heavy holes in InP equal to about 1.2 nm [5].
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Fig. 4. Temperature dependencies of resistivity for InP:Mn (samples Mn I, Mn II,
and Mn IIT). Experimental points are fitted with solid curves that involve hopping
conductivity and with dashed curves that assume hole transport in the valence band

only.

The high temperature parts of concentration, mobility and resistivity curves
were described by similar parameters for all three samples. It meant that free-hole
concentration was similar in all the samples. Its activation energy determined from

the fitting was £a = (0.205 4 0.005) V.
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3. Conclusions

Results of the performed experiments, in particular broadening of optical ab-
sorption bands, reduction of InP band gap, luminescence shift and especially hop-
ping conductivity observed at low temperatures, suggested formation of Mn-related
defect band, in all the investigated samples with Mn concentration of the or-
der of a few times 10'® cm~3. For these samples the Fermi level was pinned at
FEa =(0.205 £ 0.005) eV. The width of Mn impurity band was about 20 meV (as
estimated from hopping activation energy Fs). Therefore, taking into account low
compensation (5%), one could expect Mn-related level at about 0.22 eV above
the top of InP valence band. This value is in agreement with the value reported
by Lambert [3]. Tt is also consistent with observation of Mn-related PL band in
the energy range of 0.9-1.2 eV. The question arises about the configuration of Mn
center responsible for this defect band. Basing on the results of electron paramag-
netic resonance, the center was in d°® configuration when occupied by electrons.
From hopping parameters the other configuration could be determined as Mn(d®)
plus a hole of localization radius equal to about 7 A.

The data obtained by time-resolved photoluminescence measurement showed
that Mn defects are fast and efficient recombination centers in InP. The amplitude
of luminescence decreased about 500 times in comparison with InP not doped
with Mn. Together, decay times were a few times shorter in the case of D-A
recombination, and roughly two orders of magnitude shorter in the case of free
carriers. The hole recombination coefficient was about Ry, = 107° cm3/s, which

allowed to estimate the Mn cross-section for hole capture g, = 2 x 1072 ecm?.
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