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Abstract: In this study, the optical properties of Gao.o7-xMno.oc3CrxAs thin films with various Cr
concentrations are investigated using photomodulated reflectance (PR) spectroscopy at room
temperature. PR spectra were analyzed with the third derivative functional form (TDFF) signal’s
line shape. Analysis of the TDFF shows that the fundamental bandgap of Gao.97.xMno.03CrxAs
alloys increases with Cr concentration. The bandgap of Gao.g7.xMno.03CrxAs alloy is calculated
using the valence band anti-crossing (VBAC) model. The fundamental and spin split-off band
related optical transition of the induced defect is calculated by VBAC model. The interaction
energy between localized Mn- energy level and valance band edge, which is experimentally

determined as 0.7 eV is in agreement with the one found by the VBAC model.
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INTRODUCTION

Functional magnetic semiconductors (MS) based on I11-V alloys meet the requirement of the
spintronic technology for the control of both the charge carriers and the spin degree of freedom of
the carriers due to the native magnetic order together with semiconductor characteristics [1,2]. To
exploit these fundamental features and develop advanced technological devices using MS, the
magnetic properties should be observed at least at room temperature. Different kinds of I11-V
semiconductors doped or alloyed with transition metal (TM) such as GaMnAs, GaCrAs, GaCrN,

and GaMnN, have been utilized for spintronic applications [3—7]. However, it has been witnessed



that there is great solubility problem of TM in semiconductors to incorporate large amount of TM
in semiconductors [4-6,8]. Hence, many studies have focused on the GaMnAs alloys due to their
high solubility in I11-V semiconductors and the easy manipulation of their magnetic properties by
means of optical and electrical methods [9-12]. However, the GaMnAs alloys have Mn-related
defects that form an impurity band (IB) above the valence band (VB) [2,13] and the electronic
band structure of GaMnAs can be understood with impurity band model or valence band anti-
crossing model [14,15]. As far as we know, there is still not an established unique model to explain
the electronic band structure of GaMnAs.

The formation of the impurity (band) has led to the exploration of different kinds of MS, such as
GaCrAs and CrMnAs materials, with the aim to increase Curie temperature. It has been shown
that GaCrAs has a great potential for super-magnetism, but this property is suppressed by
precipitation of TM in the lattice [16,17]. Lutz-Kappelman theoretically showed that
antiferromagnetism of CrMnAs reveals with Cr-Cr, Cr-Mn and MM-Mn interactions [18].

However, the combination of Mn and Cr atoms in GaAs is still very scarce in the literature.

In order to eliminate the obstacle to advance MS materials due to the formation of defect states
and/or nanoclusters, several approaches have been explored [19,20]. One of the methods to
overcome the formation of defects and clustering in TM in semiconductors is co-doping MS with
acceptors and donors atoms where the repulsion between transition metals occurs [21-23].
Mahadevan et al. showed theoretically that isovalent doping of GaAs with transition impurities
such as V, Cr, Mn and Fe result in the substitution of Ga host atoms. The substituted solute doping
atoms repulse each other, while pair of them attract each other and generate defect states in the
bandgap [24]. These behaviors may be controlled by optimizing the growth conditions. However,

the effect of high density of co-doping and alloying with two or more TM is still unknown.

In this study, we investigate the effect of the incorporation of both Cr and Mn atoms in GaAs on
the optical properties and electronic band structure of GaMnCrAs semiconductor. The optical
properties of GaMnCrAs semiconductor are investigated using photomodulated reflectance (PR)
spectroscopy. The optical transitions in PR spectra are analyzed with third derivative functional
form (TDFF). The electronic band structure of the alloys is determined by considering the impurity
band model with valence band anti-crossing (VBAC) model. The optical transition type is

identified by comparing TDFF analysis and VBAC model results.



MATERIALS and METHODS

Gao.97-xMno.03CrxAs thin films with x =0.005, 0.07 and 0.18 were grown on (001) semi-insulating
GaAs substrates by molecular beam epitaxy (MBE). A 20 nm GaAs buffer layer was grown at
around 580 °C, which was followed by a 100 nm thick Gao.g7-xMno.03CrxAs epitaxial films grown
at 220 °Cx10°C. Secondary ion mass spectroscopy (SIMS) was used to determine the Mn and Cr
concentrations of the samples. The layer structure of the samples is shown in Table 1.

Table 1: A schematic diagram showing the layer structure of the samples investigated in this study

Gao.967-xMng.03CrxAs -Epitaxial film
(~100nm)

GaAs-Buffer (20nm)
SI- GaAs-Substrate

PR measurements were conducted at room temperature. In the experimental setup, 514 nm Argon-
lon laser and 100 W halogen lamp were utilized as pump and probe sources, respectively. The
pump light is modulated at 167 Hz. The quasi white light from 100W halogen lamp was dispersed
by an 0.5 m Acton 2500i monochromator, and dispersed light was detected with Si and GalnAs
photodiodes. The output of the detectors was monitored with a lock-in technique. The details of

PR measurements can be found elsewhere [25-30].

PR spectra were analyzed by using low electric field TDFF given as [21,25-30]

AR i . —

? = Zn Ane 1On [En - ETDFF + 11-‘n] fin (1)
where A, 8, E, Etorr and 7" are the amplitude, phase, photon energy, optical transition energy, and
line broadening, respectively. The type of critical point, depending on the dimensionality of the
structures, is represented as mn and its value is 2.5 for epitaxial layers. Details for fitting procedures

can be found in Refs [29,31-33].



RESULTS and DISCUSSION

Figure 1 shows the PR spectra of Gao.g7-xMno.03CrxAs alloys (x=0.005, 0.07 and 0.18) with TDFF
fitting results at room temperature. The TDFF simulated PR spectra well match the experimental
PR spectra. The obtained results using TDFF method are given in Table 2. We observed a sharp
signal for GaAs layer (buffer or substrate), which suppresses the optical transitions above the
bandgap of the GaAs layer as seen in Figure 1. However, the optical transition energies (T) are
slightly lower than the well-known GaAs bandgap energy value due to the low temperature growth
of the samples. The suppressed optical transitions become more prominent with increasing Cr
concentration in alloys. In addition, a PR signal at higher energy region at >1.4 eV is observed.
The optical transition signal at higher energies has more noise as compared to the lower energy
transitions around GaAs bandgap energies. The optical transition energies will be addressed by
calculating the electronic band structures. It is worth noting that we did not observe Franz-Keldysh
effect in PR spectra, which is indicative of compensation of ionized defects inside the quaternary
alloys. Full width at half maximum (FWHM) of the optical transition energies increases with Cr
composition, except for T1. The optical transition energies and the FWHM of the PR lines are
tabulated in Table 2.
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Figure 1: Experimental PR results (black solid line) with TDFF fitting of samples (red solid line)
with a) 0.5% Cr, b) 7%Cr and 18% Cr, respectively. The data on the right-side of the blue dotted

line are multiplied by a factor of 5 for clarity.

Table 2: Experimental optical transition energies (T) and FWHM values
FWHM FWHM FWHM
0,
%Cr T1 (eV) (MeV) T2 (eV) (MeV) T3 (eV) (meV)
0.5 1.421 34 1.427 62 1.71/1.84 54/120
7 1.415/1.425 9/28 1.58 72 1.757 60
18 1.417 19 1.507 95 1.69/1.86 50/80

The formation of the electronic band structure of ferromagnetic Mn-doped GaAs is explained by
Ruderman, Kittel, Kasuya, and Yosida (RKKY) model [21]. In this model, Mn atoms are located
above the valence band (VB) and generate a shallow acceptor impurity band (IB). Chapler et al.
reported that 1B impurity band is still present up to 16% Mn concentration in Ga;.xMnxAs alloys
[34]. Pela et al. theoretically showed that the position of the shallow impurity band with respect to
VB depends on the Mn composition [35]. Alberi et al. modeled the electronic band structure of
GaMnyAsy.x alloys with VBAC model by considering the large differences of ionization energy,
electron affinity, and radius between Mn and Ga atoms [15]. According to the VBAC model, the
localized Mn atom state interacts with VB states, namely heavy hole (HH), light hole (LH), and
spin split-off band (SO), where each band is split into two branches while the conduction band
(CB) is not affected by the incorporation of Mn [15,25-27,30]. The HH band is divided into two
new bands, one of them is an impurity band and the other is an optical band. This results in an
upward shift of VB with regard to the top of the GaAs VB. The energies of the two new bands
can be given by [15,25-27,30].

Ex(X) =0 = 0.5 [Eyp(x) + E}E F/(Evp(x) — ENE)? + 4 Vi, _ypx ] 2

where x and E}, 5z are Mn atom composition and VB energy bands, namely HH, LH and SO bands,
respectively. EYE and Vy,,,_,5 are Mn atom energy level and the interactions between Mn-atom
energy level and each VB edges, respectively. The electronic band structure of Gao.g7Mno3AS is
calculated using VBAC model and shown in Figure 2a. In this model, E, (x) is the eigenvalue of
IB band which is redshifted, while E_(x) is the eigenvalue of the top of VB which is blue shifted.



It is worth pointing out that the strain effect on the VB edges is not taken into account, hence, the

eigenvalue of E_(x) in Eq. 2 is forbothHHand LHatk = 0 .
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Figure 2: Formation of electronic band structure of ferromagnetic alloys for (a) Gao.97Mno3As
and (b) Gao.9oMno:3Croo7As. The parameter Vi, cr-—yp IS taken as 0.7 eV to obtain best fit for

both Gao.97Mno.3As and Gao.eoMno.3Cro.o7As. +/- represent the roots of Equation 2 as being split
energies.

In GaixyMnxCryAs alloys, Cr atoms substitute Ga atoms sites as in GaMnAs alloys and form
GaMnCrAs alloys and the bandgap of the alloy can depend on the Cr composition in the alloy
however, to the best of our knowledge, there is no reported value of the band gap and alloy
composition dependence of the bandgap of Gai-xyMnxCryAs in the literature. It was shown that Cr
atoms generate a donor impurity level in midgap of GaAs [36], which can be compensated with
IB of Mn in Gai-x-yMnxCryAs.

Here, we exploit VBAC model to determine the band alignment of GaMnCrAs because there are
large differences between ionization energy and electron affinity of Cr and Ga atoms. In the band
alignment calculation, we consider the interaction between VB states and 1B of Mn and Cr atoms.
Firstly, the VBAC model is applied to Gao.os7Mno3As alloy to find the energy levels by considering
the interaction between VB/SO and IB of Mn level. Then, we calculate the energy state of Gao.g7-
yMno 3CryAs alloys by taking into account the interaction between VVB/SO and IB band of Mn and
Cr atom levels. Considering all interactions between VBs and IBs, we have obtained several
possible eigenvalues, but we show only some solutions of Eg. 2 in Figure 2b because optical

transitions occur among them.



Figure 3 shows the calculated bandgap energies of Gao.g7.yMno3CryAs together with experimental
results. The Vi cr-—yp parameter used to fit the experimental results is 0.7 eV. As seen from
Figure 3, the optical transition energies between CB and VB (red-circle in Figure 4), and CB and
SO (triangle in Figure 4) bands increase with Cr composition, but the optical transition energy

between IB of Mn (square in Figure 3) decreases with Cr as expected [15].
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Figure 3: Calculated optical transition energies in all samples. Symbols and lines represent experimental
and calculated optical transition energies, respectively. IB, Ec, and SO are impurity bandgap, fundamental
bandgap, and spin split-off band edge, respectively.

Compering the T values in Table 2, the T is attributed to the bandgap of Gao.g7-yMno3CryAs alloys.
The higher Tz is attributed to CB-SO optical transitions. The lower transition energy in Tz for the
sample with 0.5 and 18% Cr may be originated from the localized states in the band edge as
measured in GaAs layers.

CONCLUSIONS

The electronic band structure of GaixyMnxCryAs alloys was investigated by PR spectroscopy. PR
signal was analyzed with TDFF signal form. All optical transition energies in Gao.o7.yMno.3CryAs
layer increased with Cr atoms incorporated in the GaAs host lattice. The electronic band structure
of Gao.e7-yMno 3CryAs alloys and the increment in optical transition energies were determined and
accounted for by using the VBAC model, respectively. Comparing the optical transition in PR
with VBAC model, the optical transitions are found to be between IB and CB, VB-CB and CB-
SO bands.
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