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Abstract

In this study, optical properties of Chrome (Cr) and Manganese (Mn) containing GaMnCrAs epilayer are
investigated using temperature dependent photoconductivity (PC) technique. Alloy composition is determined
with secondary ion mass spectroscopy as 3% Mn and 0.5% Cr in GaMnCrAs. Scanning electron microscopy
(SEM) image shows that the interface between GaAs buffer layer and GaMnCrAs epilayer is not abrupt and thread-
like dislocations in GaAs are present. We observed the highest PC signal at the lowest temperature (T= 30 K)
which can be explained in terms of non-activated defects at such low temperatures. At the intermediate
temperatures, PC signals were suppressed due to the activation of the defects causing to trap of the photo-generated
carriers. Such behaviour is originated from the semi-insulating character of the samples. Since photo-generated
and thermally activated carriers are trapped by defects in the GaMnCrAs epilayer at high temperatures, the clear
PC signal can be only observed both below and above fundamental bandgap energy of GaAs, while no optical
transition between the band edges.
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Molekiiler demet epitaksi ile biiyiitiilen Gag.965Mny,03Crg00sAs ince filmin optik
karakterizasyonu
Ozet

Bu ¢alisma kapsaminda, Krom (Cr) ve Mangan (Mn) igeren GaMnCrAs epitabaka yapinin optik 6zelligi sicakliga
bagl fotoiletkenlik (FI) teknigi ile arastirilmistir. GaMnCrAs’in alasim kompozisyonu ikincil iyon kiitle
spektroskopisi ile %3 Mn ve %0.5 Cr olarak belirlenmistir. Taramali Elektron Mikroskobu (SEM) goriintiisiinden
GaAs tampon tabakasi ve GaMnCrAs epitabakasi araylizeyinin keskin olmadig1 ve dislokasyonlarin oldugu
gbzlenmistir. FI 6l¢iimleri sonucunda, en siddetli FI sinyali 30 K gibi diisiik sicakliklarda elde edilmistir. Bu durum
diisiik sicakliklarda aktif olmayan kusurlardan kaynaklanmaktadir. Orta sicakliklarda, aktif hale gelen kusurlarin
foto-uyarilmis tastyicilari tuzaklamasindan kaynakli Fi sinyali baskilanmistir. Bu durum érneklerin yari-yalitkan
karakterisitiginden kaynaklanmaktadir. Tiim foto-uyarilmis ve termal olarak uyarilarak aktive olmus tasiyicilar
yapi igerisinde bulunan dogal kusurlar tarafindan tuzaklanmaktadir. Yiiksek sicakliklarda Fi sinyali GaAs’in band
aralig1 enerjisinin altinda ve iistiinde net bir sekilde elde edilmisken band kenarlarinda herhangi bir optik gecis
gbzlemlenmemistir.

Anahtar Kelimeler: Manyetik yariiletken, GaMnCrAs, Fotoiletkenlik, Yari-yalitkan, Tuzak, Optik gegis.

"Sorumlu yazar (Corresponding author): Mustafa Giines, mgunes@atu.edu.tr
Kiinye Bilgisi: Donmez, 0., Giines, M., Erol, A., Cokduygulular, E. (2021). Optical characterization of Gay ¢ssMng 03Cro00sAs thin film grown
by molecular beam epitaxy. Artibilim: Adana Alparslan Tiirkes Bilim ve Teknoloji Universitesi Fen Bilimleri Dergisi, 4(2), 44-49.

Artibilim:Adana Alparslan Turkes BTU Fen Bilimleri Dergisi



Omer Dénmez, Mustafa Giines, Ayse Erol, Erman Cokduygulular
1. Introduction

Dilute magnetic semiconductors is considered as potential candidate for spintronic applications
[1], similarly Bi-containing alloys [2—4]. Doping or alloying of III-V semiconductor with a transition
metal, such as Mn and/or Cr, gives opportunity to have magnetic characteristics and tailoring of
magnetic properties [5]. In corporation of the Mn atom into GaAs at low temperatures generates
localized level above valence band (VB) edge as ~0.110 eV due to the occupation of Mn as interstitial
position [6]. Increasing amount of the Mn atoms causes localized Mn level to overlap with VB edge and
then goes into the VB [7,8]. Hence, the effect of the Mn incorporation on bandgap induces a shrinkage
of the alloy’s bandgap [9]. As a counterpart of GaMnAs for ferromagnetic application, GaCrAs alloys
have also similar electronic bandstructure, but defect level is close to conduction band (CB) edge [10].
Moreover, Mn and Cr atoms generate different energy states inside the CB. Ibanez ef al. reported that
the free hole density increases with Cr concentration inducing an increment of the localization level and
carrier transport properties for GaMnCrAs alloys.

In this study, the optical properties of the GaMnCrAs alloy were investigated at temperature
range between 30 and 300 K. The structural properties and optical transition energies were determined
by scanning electron microscopy (SEM), and temperature dependent photoconductivity (PC)
measurements, respectively.

2. Materials and methods

Gayg 96sMng 03Crg 005As film was grown on (001) SI-GaAs substrates by molecular beam epitaxy
(MBE). A 20 nm GaAs buffer layer and 100 nm Gag¢7.xMng0;CriAs epitaxial layer were grown at
temperatures 580 and 220 £10 °C, respectively. The low temperature growth was employed due to
effectively incorporate Mn and Cr atoms in the structure. A secondary ion mass spectroscopy was
employed to determine the Mn and Cr concentrations of the samples. The sample structure is given in
Table 1.

Table 1. The investigated sample structure with nominal thickness

Ga0‘965Mn0_03Cro_005As Epitaxial film
(100nm)

GaAs Buffer (20nm)
SI-GaAs Substrate

Temperature dependent photoconductivity (PC) measurements were carried out at a steady state
mode between the temperatures 30 and 300 K. The samples were excited with monochromatic light
obtained with a 0.5 m Acton monochromator from 100 W halogen lamp. To obviate second order effect
on the PC signal, two second order filters with cut-on wavelength at 560 nm and 715 nm) were utilized
in the experiments. The spectrum of the excitation source was detected with a pyro detector to normalise
the PC spectrum. Further detail for experimental technique can be found in elsewhere [11].

3. Results and discussion

The cross-sectional SEM image of the sample which was taken using a scanning electron
microscope (SEM; FEI Quanta-650) is given in Figure 1. The top layer of GaggssMng03Cro005AS is
approximately 100nm and the interface between this layer and GaAs buffer layer is not abrupt. It is also
clear that thread-like dislocations are present. Since the growth temperature was much lower compared
to the optimal growth temperature of GaAs, the observed non-abrupt interface and thread-like
dislocation formation mainly in GaAs substrate might be originated from low growth temperature
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conditions. Using the cross-sectional SEM, the epilayer thickness is determined as 90+2 nm and
observed thread-like dislocation formation in GaAs buffer is also present in the GaggssMng 03Cro005AS
epilayer with an ignorable density.

10/13/2017 HV HFW pressure mag BB WD det 200 nm
2:55:15PM | 20.00 kV | 863 nm | 1.51e-5 mbar | 240 000 x | 13.1 mm | ETD CUKUROVA UNIVERSITY

Figure 1. Cross-sectional SEM image of the sample.

In order to determine the optical properties of the GagossMng 03Crog0sAs layer, the temperature
dependent PC measurements were carried out. Figure 2 showed the PC spectrum of the sample at
temperatures of 30 and 300 K. Sharp GaAs-related peaks, which were at ~1.5 (30 K) and 1.4 eV (300
K) were observed, exhibiting excellent match with the energy levels of GaAs bandgap energy [12]. Two
distinct PC signals, whose energies are higher and lower than the fundamental GaAs bandgap energy,
were detected together with GaAs-related PC signals. The latter PC signal started from ~1.15 eV and
suddenly increased at 1.2 eV then show small rise at ~1.35 eV, just before the GaAs-related sharp peak
at 30 K However, PC signal at 300 K is quite broaden feature between ~0.9 eV and 1.3 eV then reaches
its maximum value at ~1.35 eV. The former PC signal starts increasing at 1.90 eV at 30 K. On the other
hand, no PC signal at around 1.9 eV is observed at 300 K.

PC Signal (arb.unit)

1.0 12 14 16 18 20 22
Energy (eV)

Figure 2. Normalized PC spectra of the sample at 30 and 300 K. Black and red colours depict the results for 30
and 300 K, respectively.
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Alberi et al. explained the bandgap shrinkage of GaMnAs with two different mechanisms. The

first mechanism so-called band-anticrossing is based on interaction of localised Mn level the VB of the
host material, leading to splitting of the VB into the two bands. [6]. And the second mechanism is the
formation of impurity band with increasing Mn content. Pela ef al. showed by exploiting first-principle
calculation of GaMnAs within GGA-1/2 method that the bandgap of the GaMnAs are shrunk due to
both impurity level and interaction of the localised Mn level with VB of the host GaAs [9]. Moreover,
Ibanez et al. showed that Cr atom generates a deep defect level in GaAs. [13]. In our GaMnCrAs sample,
the PC signal below GaAs bandgap might be originated from the optical transition from the impurity

band of Mn to CB.

Figure 3 shows the temperature dependent PC spectra of the sample. The PC spectra were
divided into two regions corresponding below and above the GaAs bandgap energies, respectively. For
below GaAs transition in Figure 3a), PC signal decreases with increasing of temperature up to 50 K,
while the signal goes to zero expanding the GaAs transition energy at temperature range between 77
and 150 K due to lower signal/noise ratio as a result of trapping of the photo-generated carriers. The PC
signal becomes almost zero between 1.15 eV and fundamental bandgap of GaAs at the temperature of
150 K. When temperature is increased such as above 150 K, PC signal is detected in the same region
(1.15 eV and fundamental bandgap of GaAs) then we detected the PC signal at 300 K.
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Figure 3. Temperature dependent normalized PC spectra of the sample. a) low energy region spectra taken with
low pass bandedge filter (cut-on 715 nm). b) high energy region spectra taken with high pass bandedge filter
(cut-on 560 nm). ¢) high energy region spectra taken with high pass bandedge filter (cut-on 560 nm). For
comparison, 30 K result in Figure ¢) is multiplied by 10.

It was shown that Mn and Cr atoms generate shallow and/or deep defects in their host
semiconductor [14,15]. Their defect energy levels are strongly depended upon the charge-state of the
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impurities and the alloy composition. Look et al. found that depending on lattice temperature, the
ionisation status of Cr changes from Cr" and Cr ', resulting in different energy levels with respect to
VB. Therefore, it can be concluded that below bandgap PC signals at both low and high temperatures
can be related transitions from Mn and/or Cr defect levels to the CB. Figure 3 c) pointed out that at
intermediate temperature range, the density of the defect levels is close to each other to quench PC signal
exhibiting the semi-insulating behaviour. Moreover, the PC signal detected between 1.85-1.95 eV at 30
and 50 K in Figure 3 b) cannot be explained in terms of valence band anti-crossing model [6], since the
bandgap increment is almost 10 meV per %Mn. Also, this energy range is much higher than bandgaps
of GaAs and GaMnCrAs. It can be concluded that the origin of the PC signal above bandgap energies
might be associated with the different ionized states of the Mn and/or Cr atom in the alloy.

4. Conclusions

The structural and optical properties of the GaMnCrAs alloy were studied. SEM images showed
that the interface between GaAs and GaMnCrAs is not abrupt due to the low growth temperature of the
sample. Direct optical transition was not observed between the band edges. However, PC signals were
detected which might be originated from defect/impurity level at low and high temperature ranges. We
considered that Mn and Cr related defect levels compensate each other between 1 eV and 1.45 eV at the
intermediate temperature. Hence, this kind of materials has a great potential to comply temperature-
selective semi-insulating property for optoelectronic and ferromagnetic applications. Thus, the sample
shows semi-insulating behaviour due to approaching of PC signal or signal/noise ratio to zero. After
increment of the temperature, quenching is eliminated by thermal energy and hence we observed PC
signal again.

Ethical Statement: Scientific rules, ethics and citation rules were followed during the writing process
of the study titled “Optical characterization of GaggssMnyg ¢3Cro0osAs thin film grown by molecular beam
epitaxy”; No falsification has been made on the collected data and this study has not been sent to any
other academic journal for evaluation.
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