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Preface

Welcome to the Semiconductor Physics Group research report for the year 2021. Please
browse through our results and hopefully something finds your interest. A narrow
window in the pandemic allowed us to hold our meeting on "Halogen Semiconductors"
in the framework of FOR 2857 in Dresden. Our Asian colleagues were patched in online
at least but most participants could enjoy the benefits of a conference held in person
with the associated city tour and dinner events.

TEPRRIEERLLL
_‘f__f“jliiTT

J

Recently we had presented a general stress-strain theory for pseudomorphic layers
for any crystal structure and any interface orientation. One of our predictions was that
for rhombohedral (or trigonal) heterostructures epitaxy on a- and m-planes leads to
different pseudomorphic strain; for hexagonal materials (e.g. wurtzite semiconductors)
there is no difference for these two planes. For epitaxial thin films of a-(Al,Ga),0;
on m-plane alumina the predicted occurrence of a shear strain up to almost 1% was
guantitatively proven using X-ray diffraction, while for a-plane thin films no such shear
strain is present.

Work within the DFG Research Unit FOR 2957 on copper iodide proceeded with
great progress, allowing for single-phase Cul thin films from pulsed laser deposition
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and lift-off and redeposition of such thin films (see cover image). Also, the detailed
exciton-polariton properties of Cul were investigated on bulk crystals from the Leipzig
chemistry department. In the meantime, the Research Unit has been extended for 2023-
2025.

Using our new imaging ellipsometer purchased within the BMBF project UltraSPEC,
waveguides with (Mg,Zn)O layers having a large lateral gradient of chemical compos-
ition could be investigated regarding their dielectric function. Device processing for
our ultracompact spectrometer prototype is now possible using our new direct writing
lithography.

Many exciting results jointly obtained with other colleagues and groups in Berlin
have originated from the cooperation within the GraFOx ScienceCampus. We are in-
debted to all our funding agencies, in particular Deutsche Forschungsgemeinschaft
(DFG) who also helped alleviating some of the pandemic related project delays.

Leipzig, Marius Grundmann
November 2022
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2

Reports

2.1 Mechanical flexibility of amorphous zinc tin oxide
based devices

O. Lahr, M. Steudel, H. von Wenckstern, M. Grundmann

Within the last decade, amorphous oxide semiconductors (AOSs) such as the now
commonly deployed indium gallium zinc oxide (IGZO) became commercially avail-
able in, for instance, novel active-matrix thin-film transistor backplanes as part of
next-generation flat-panel display technology [1]. The combination of the given low-
temperature processability with its ionic bond configuration also makes AOS a suit-
able class of materials for applications in mechanically flexible electronics. Regarding
a more sustainable approach to state-of-the-art IGZO based technology, amorphous
zinc tin oxide (ZTO) has proven to be a promising indium-free and gallium-free al-
ternative due to the possibility of large-scale fabrication at room temperature along
with its high charge-carrier mobility of about 10 cm?V-1s~, Previously demonstrated
ZTO based transistors and integrated circuits exhibit outstanding properties when it
comes to low-voltage operation combined with highly effective performance and cost-
efficient fabrication procedures [2-4]. Since the vast majority of ZTO reports covers
only devices investigated on rigid substrates, we present amorphous ZTO thin films
as well as ZTO/PtO, metal-semiconductor field-effect transistors (MESFETS) deposited
on 50 um thick polyimide substrates at room temperature.

Atomic-force microscopic force-distant spectroscopic measurements of ZTO in de-
pendence on applied tensile strain in terms of bending around certain radii R, ranging
from 5mm down to 2 mm, provide insights into the elastic properties and durability
of ZTO thin films [5]. The minimum bending-induced strain ¢ =(z — Zneura)R™* has
been calculated by estimating the location of the neutral plane z,euta1 Within the entire
material stack of height z, where z,e o) takes into account the individual thicknesses of
constituent layers as well as their respective approximate Young’s moduli [6]. Exceed-
ing a tensile strain of 0.83 % yields a plastic deformation of the ZTO surface, given by
a distinct deviation of the mean slopes of the forces determined from the cantilever-
surface interactions. Comparing the surface elasticity for ¢ =0 % after subjecting ZTO
to a strain of 1.24 % with the initial measurements indicates an increased stiffness, prob-
ably attributed to residual strain and the ZTO thin film not being fully relaxed during
the repeated measurement.
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Associated electrical properties are investigated by Hall effect measurements in van
der Pauw configuration to determine the impact of remaining residual strain on the
resistivity p, free-carrier concentration n and charge-carrier mobility p. 10x 10 mm?
ZTO thin films with p=2x10"% wm, n=4x10'® cm~3 and p=7.2 cm?V~'s™* have been
subjected to bending-induced tensile as well as compressive strain up to +2.5 %, cor-
responding to a radius of 1mm. Overall, the obtained electrical properties remain
unaffected by the applied strain up to +1.24 %. Beyond 2 mm bending radius, a sig-
nificant increase of the resistivity of at least 2 orders of magnitude is observable and
corresponding Hall results are not clearly evaluable anymore due to alternating signs
of the Hall coefficients, which is most likely associated with the ZTO thin film becoming
inhomogeneous, indicated by a brittle and permanently damaged surface.

Further, ZTO/PtO, based metal-semiconductor field-effect transistors (MESFETS)
were fabricated on 10 x 30 mm? polyimide substrates using photolithography in order
to investigate their performance durability under mechanical bending stress for radii
ranging from 5mm to 2 mm. During current-voltage measurements, the samples re-
mained in a bent state for at least 10 min while tensile strain has been applied parallel to
the channel. Respective transistor parameters derived from the transfer characteristics
are given in Fig. 2.1. While the evaluated ensemble of MESFETs roughly maintained a
reasonable current on/off ratio of 6-7 orders of magnitude and a subthreshold swing
of about 350 mV/dec, a negative threshold voltage shift is observable, originating from
an increased channel conductivity under tensile strain. After reflattening the sample,
the investigated MESFETs are fully operational and the negative Vr is reversed. The
samples show no visible cracks even after repeating the bending procedure for a2 mm
radius multiple times.

T L L B B L L B PO L B L B B RS BRI
g 7.0 = @ after bending ] fg 400 |- .
= 65 L 1 = L & © ) R
~ O ) =~ o before bending
g 6l0'_§beforebend|ng § ) @ %_- E 300_— -
§ 55 L 4 (\; 200__ o after bending ]
50 e 1T el P P P S RN B
0 T T B I e 1o T T T T
%after/before ] 0.8 [ slope m=0.54 +/- 0.02
bending §§ § 5

S 100 F 4 =~ o06f[ E
é C /JI o 0.4 § % —
< 200 4 |02 F % -'
u ] 00F o 3
B00 e U I B P B B B
0.00 0.25 0.50 0.75 1.00 1.25 0.00 0.25 0.50 0.75 1.00 1.25
Tensile strain (%) Tensile strain (%)

Figure 2.1: Strain-dependence of the obtained transistor parameters including the current on/off
ratio, subthreshold swing, threshold voltage as well as the field-effect mobility of the investig-
ated MESFETSs for various bending radii ranging from 5mm down to 2 mm

Associated strain-dependent normalized field-effect mobilities are calculated from
the transfer characteristics using p = gmaxL / (endW) with W and L being the gate width
and length and gmax, € and d denoting the maximum drain transconductance, the
elementary charge and the channel thickness, respectively. As expected, the channel
conductivity increases upon subjection the devices to higher tensile bending stress,
resulting in an improved field-effect mobility from initially 4.2 cm?V~1s7! (¢ =0 %) up to
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7.5cm?V-1s7! (e = 1.26 %). The change of the charge-carrier mobility for moderate levels
of mechanical strain can be described by y(e)ygl =1+ me, where u(e) and uo correspond
to the mobility in bent and flat condition and m denotes an empirical proportionality
constant[6]. In case of the presented MESFETSs, m of ZTO was found to be approximately
0.53 +£0.02 while for IGZO, values between + 1.4 and + 2.7 are reported in the literature,
suggesting that the performance of ZTO based devices exhibit a less sensitive response
to bending-induced strain of at least 0.84 %.

[1] H. Hosono, Nat. Electron. 1, 7 (2003).

[2] S. Vogt, Appl. Phys. Lett. 113, 13 (2018).

[3] P. Schlupp et al., APL Mater. 8, 6 (2020).

[4] O. Lahretal., APL Mater. 8, 9 (2020).

[5] O. Lahretal., Front. Electron. 2, 797308 (2021).
[6] P. Heremans et al., Adv. Mater 28, 22 (2016).

2.2 Analysisof Electrical Transport Properties of Amorph-
ous Oxide Semiconductors by an Extended Percolation-
Based Random Band-Edge Model

A. Welk, A. Reinhardt, O. Herrfurth, D. Splith, H. von Wenckstern, M. Grundmann

Amorphous oxide semiconductors (AOSs) as multi-cationic zinc tin oxide (a-ZTO)
or multi-anionic zinc oxynitride (a-ZnON) with Hall mobilities up to 13 cm?V s [1]
or 100cm?V st [2, 3], respectively, have proven to be promising low-temperature
deposition channel materials for metal-semiconductor field-effect [4, 5] and junction
field-effect transistors [6, 7]. Further, the multinary compound ZnMgON has been de-
posited and characterized, showing suitable properties for TFT applications [8]. For
the enhancement of device performance and thereby an optimal trade-off between
electron mobility and charge carrier concentration, it is necessary to gain a profound
understanding of the electrical transport mechanism. Even though the device research
has made much progress during the last twenty years, the description of charge carrier
transport in AOS is still under debate. Hopping transport mechanisms and trap-limited
transport mechanisms have been thoroughly discussed for AOSs [9-11]. But since elec-
tron mobilities > 10 cm?V~*s! are hardly achievable with these transport mechanisms
[12], Kamiya and Nomura et al. [13] proposed a random barrier model, where charge
carrier transport via delocalized states above the mobility edge is dominant. Following
on from this, Nenashev et al. [14] developed a percolation-based random band-edge
model, which takes spatial variations of the mobility edge position due to structural
disorder into account.

In this work, published in Ref. [15], we examine the applicability of the random
band-edge model formalism according to Nenashev et al. to a-ZnON, ZnMgON and
a-ZTO and study the effect of cationic and anionic disorder on the mobility edge
distribution. Therefore, we extend the percolation-based random band-edge model by
considering not only the conductivity, but also the Hall-effect data. For this purpose we
include the Hall-scattering factor in the model. This way we are able to determine the
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Figure 2.2: Results of modeling the temperature-dependent Hall mobility i (2), Hall electron
concentration ny (b) and corresponding electrical conductivity ¢ according to the extended
random band-edge model for a-ZnON thin films deposited at different substrate temperatures
Ts: measured data (symbols) and fit results (solid lines). (d) Obtained band-disorder parameter 6
and density of localized states at the band edge N, in dependence on the substrate temperature
Ts (published in Ref. [15])

Fermi level Eg, the intrinsic band-mobility po, the disorder parameter 6 and the density
of localized tail states N, being material parameters.

For a first verification of our extended model, the electrical properties of amorphous
indium gallium zinc oxide (a-1GZO) thin films [16] as in the publication of Nenashev

et al. are fitted. The mean results for 6 = 32meV are in accordance with the work of
Nenashev et al. and the intrinsic band-mobility u, = 16 cm?V st is in agreement with
Fishchuk et al. [17] who considered the Hall-scattering factor as well. This shows the
presented approach is capable to obtain reasonable material parameters.

Further, we use temperature dependent Hall-effect measurements on magnetron
sputtered a-ZnON thin films with substrate temperature variation [2] and ZnMgON
thin films with magnesium cation variation with concentrations between 2 at.% and
5at.% for modeling. Besides this, we investigate PLD grown a-ZTO with an oxygen
partial pressure variation between 0.003 mbar and 0.0038 mbar and a cation variation
with Zn:Sn ratios of 1:2, 1:1 and 2:1. The modeled conductivity and Hall-effect data for
a-ZnON are exemplarily shown in Fig. 2.2 (a)-(c) and the obtained material parameters
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0 and Ny, are presented in Fig. 2.2 (d).

The disorder parameter of a-ZnON increases with increasing growth temperature from
24 meV to 36 meV, which might be due to the formation of nanocrystalline phases at
elevated temperatures [18, 19]. For ZnMgON thin films deposited at room temperature
it is found that an increased Mg content leads to an increasing disorder parameter
from 20 meV to 42 meV. This confirms quantitatively that the multi-cationic character
of ZnMgON leads to stronger potential fluctuations at the mobility edge compared to
multi-anionic a-ZnON. The intrinsic mobility of a-ZnON increases from 32 cm?V *s!
to 60cm?V1s™! with increasing growth temperature. This means, even though the
global disorder and potential fluctuations increase, the local disorder decreases since
less defects are present at higher deposition temperatures. In comparison, for ZnMgON
the intrinsic mobility decreases with increasing magnesium content from 27 cm?V*s1
to 19cm?V st due to additional scattering centers caused by crystalline magnesium
oxide [8] in the amorphous matrix.

Furthermore, we showed that the inclusion of localized tail states is essential for

modeling the oxinitrides. For a-ZnON we found for the density of localized tail states
values in the order of Ny, ~ 102 cm=3eV ! in agreement with Lee et al. [11], whereas for
ZnMgON slightly higher values between 5.3 x 102 cm=3eV ! and 1.2 x 102 cm—3eV™
are determined. This difference can be explained with variations in anion composition.
Since ZnMgON has a higher oxygen content than a-ZnON [8] the occurrence of ad-
ditional defect states at the mobility edge is possible. In contrast to this, localized tail
states can be neglected for the multi-cationic a-1GZO and a-ZTO.
For a-ZTO we found an increase in disorder with increasing tin content from 22 meV to
38 meV for Sn/(Sn + Zn) ~ 70at.%. This increase can be explained in accordance with
the work of Siah et al. [20] who showed that structural disorder in a-ZTO thin films
increases with increasing tin content. For the localized tail states at the mobility edge
values between (0.11 — 1.) x 102 cm—3eV* are determined, which is in accordance with
the work of Son et al. [21] and Li et al. [10]. Further, for a-ZTO an increasing oxygen
partial pressure leads to decreasing disorder parameters from 58 meV to 27 meV. This
observation can be assigned to the higher coordination number of tin atoms due to
larger oxygen content and therefore smaller atomic distances. The localized tail state
density decreases from 7 x 102cm=3eV ! to N, < 1 x 10 cm=3eV! with increasing
oxygen partial pressure. This can be explained by a reduction of oxygen vacancies or
other oxygen related defects and therefore less shallow and deep defect states [22].

In summary, we showed that the presented extended percolation-based random
band-edge model is adequate for quantitative modeling of the experimentally determ-
ined temperature dependence of Hall mobility and carrier concentration of 1GZO,
a-ZnON, ZnMgON and a-ZTO and that the observed parameter trends in dependence
on growth conditions can be interpreted with the current state of research. Therefore,
the extended random band-edge model contributes to the description of charge car-
rier transport in AOSs materials and at the same time includes a method to quantify
the potential fluctuations of the mobility edge, density of localized states and intrinsic
mobility. Hence, this tool gives valuable insights in the material parameters of AOS
that might be used for future experimental and theoretical work to optimize electrical
properties of AOS for TFT applications.

[1] P. Schlupp et al., MRS Proceedings 1633, 101-104 (2014).
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[2] A.Reinhardt et al., physica status solidi (a) 213, 1767-1773 (2016).

[3] Y. Yeetal.,J. Appl. Phys. 106, 074512 (2009).

[4] S. Vogt et al., Appl. Phys, Lett. 113, 133501 (2018).

[5] A.Reinhardt et al., Adv. Electron. Mater. 6, 1901066 (2020).

[6] O. Lahretal., IEEE Trans Electron Devices 66, 3376-3381 (2019).

[7] A.Reinhardt et al., Adv. Electron. Mater. 7, 2000883 (2021).

[8] A. Welk et al., APL Mater. 9, 021120 (2021).

[9] W. Germs et al., Phys. Rev. B 86 (2012).

[10] J. Lietal., Appl. Phys. Lett. 110, 023504 (2017).

[11] S. Leecetal., Scientific Reports 5 (2015).

[12] S.D. Baranovskii et al., EPL (Europhysics Letters) 127, 57004 (2019).
[13] T. Kamiyaetal., J. Display Technol. 5, 462 (2009).

[14] A.V. Nenashev et al., Phys. Rev. B 100 (2019).

[15] A. Welk and A. Reinhardt et al., Phys. Rev. Applied 17, 024007 (2022).
[16] A. Takagi et al., Thin Solid Films 486 (2005).

[17] L1 Fishchuk et al., Phys. Rev. B 93 (2016).

[18] J. Park et al., Scientific Reports 6 (2016).

[19] A.Reinhardt, Dissertation, UniversitAst Leipzig (2017).

[20] S.C. Siah et al., Appl. Phys, Lett. 104, 242113 (2014).

[21] Y. Son und R.L. Peterson, Semicond. Sci. Technol. 32, 12L.T02 (2017).
[22] M.J. Wahila et al., APL Mater.7, 022509 (2019).

2.3 Extrinsic Doping of Cul Thin Films

P. Storm, M.S. Bar, S. Gierth’, S. Selle’, H. von Wenckstern, M. Grundmann, M. Lorenz

*Fraunhofer-Institut fur Mikrostruktur von Werkstoffen und Systemen (IMWS), Halle

The growth of Cul by pulsed laser deposition within the semiconductor physics
group in Leipzig has previously shown promising results to fabricate non-degenerate
semiconducting thin films in conjunction with a suitable Al,O3 capping layer [1]. How-
ever, the requirement of an in-situ grown capping suggests an extrinsic influence on
the defect chemistry of PLD Cul thin films and requires further investigations to obtain
complete control over the electrical properties. Herein, the long-term behaviour of un-
capped Cul or Cul capped with Al,O3; was investigated and optimized with extrinsic
selenium doping of corresponding thin film layers.

Concerning the electrical properties, three regimes with very distinct behavior were
identified as shown in Fig. 2.3(a). For uncapped Cul, the resistivity decreases immedi-
ately after growth and settles at the expected value for, usually degenerate, Cul. Ifan in
situ Al, O3 capping, grown in an oxygen atmosphere, is deposited on top of the Cul, the
electrical properties are much more stable and slowly change on a week- to month-scale
toward lower resistivities. However, if the background gas during capping growth is
switched from O, to N,, the long-term behavior changes drastically. In this regime,
the resistivity increases over up to 4 orders of magnitude on a hour- to day-scale and
slowly decreases afterward. After multiple weeks, the resistivity starts to stabilize well
above the value expected for degenerate Cul. We attribute this behavior to the oxygen
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diffusion between Cul, Al,O3; capping, and the atmosphere, with oxygen acting as an
acceptor in Cul. To further verify these assumptions, depth-resolved ToF-SIMS meas-
urements were conducted as shown in Fig. 2.3(b). Traces of oxygen inside the Cul thin
films were found. In particular, for the Cul, the oxygen and aluminum plasma constitu-
ents from the capping growth process exhibit very large decay lengths up to a 100 nm
scale. 180, isotope diffusion experiments verify this diffusion process as shown in Fig.
2.3(c). To further stabilize the electrical properties and no longer rely on diffusive oxy-
gen to control the conductivity, selenium doping was pursued in the second part. The
long-term behavior of Cul:Se was studied by time-dependent resistivity measurements
as shown in Fig. 2.3(d) and revealed significantly more stable properties compared to
undoped or intentionally oxygen-doped Cul for Al,O3 cappings grown in N, . As a
promising oxygen barrier, Al,O3/SiN,Oy superlattice cappings were investigated that
prevent any notable resistivity decreases close to a month-scale and presumably even
much longer. We explored the doping limits of intentional p-doping as demonstrated
in Fig. 2.3(e) in a range between p = 10 cm~ at x(Se) = 0.2at.% to p = 8 x 10" cm™3
at x(Se) = 1at.%. Further increases in x(Se) result in decreasing carrier densities. Con-
cerning the crystallinity of corresponding thin films, unidentified XRD reflections close
to the y-Cul reflection appeared and successively replaced the y-Cul reflection if the
selenium content was increased to x(Se) = 1at.% as shown in Fig. 2.3(f), in agreement
with the electrically determined doping limits.

In conclusion, the impact of Al,O3; cappings on the long-term behaviour of the
electrical resistivity was investigated in the first part. The results show that the un-
intentional incorporation of oxygen into Cul is the main cause for the p-conductivity
of PLD grown thin films. This was further confirmed by oxygen isotope experiments
and ToF-SIMS depth profiling. A temporal stabilization of the electrical properties was
obtained with selenium doping and the doping limits were determined. For the trans-
ition into the CulSe alloy system, phase separation was observed. For a more detailed
descirption please refer to [2, 3]. The work was founded within the research unit FOR
2857 through projects P01 and PO5.

[1] P. Storm et al., APL Materials 8, 091115 (2020)
[2] P. Storm et al., APL Materials 9 051101 (2021)
[3] P. Storm et al., PSS (RRL) 15 (8), 2100214 (2021)

2.4 Single Crystalline Cul and Epitaxial Lift-Off enabled
by Sodium Bromide Buffer Layers

P.Storm, K. Karimova, M.S. Bar, S. Selle’, H. von Wenckstern, M. Grundmann, M. Lorenz

*Fraunhofer-Institut fur Mikrostruktur von Werkstoffen und Systemen (IMWS)

The occurence of rotational domains is a well known issue for copper iodide (Cul)
that naturally occurs for growth on popular substrates like sapphire. However, this
has detrimental effects on the thin film quality like increasing surface roughness or
deteriorated transport characteristics due to grain boundary scattering. Utilizing pulsed
laser deposition and the in-situ growth of sodium bromide (NaBr) template layers,
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Figure 2.3: (a) Evolution of the electrical resistivity over time for 120 nm Cul thin films with
an additional 30 nm Al,Oj3 thin film on top as indicated. The measurement was conducted at
Tm = 50°C in darkness at air. (b) Depth-resolved ToF-SIMS signal of Al~, O~ and Cul~ of a
0.1 um Al;O3 / 1 um Cul sample on c-sapphire. (c) Depth-resolved ToF-SIMS 180, diffusion
profile after eight days of exposure to a 20, atmosphere with the corresponding model fit.
(d) Evolution of the electrical resistivity over time for 120 nm Cul:Se thin films capped with
30nm Al,O3 in dependence on the indicated growth temperature T, (blue to red) and long-
term evolution of the electrical properties of Cul capped with a SiNyOy thin film (brown) or
SiNyO,/Al,03 superlattice (green). The resistivity measurements were conducted at T, = 50°C.
(e) Hole carrier density in dependence on the calculated selenium content of 250 nm (black)
or 1 um (blue) Cul:Se thin films capped with 30 nm Al,Os. (f) Magnified view on the Cul(111)
and Cul(333) reflections with the two separate reflections designated by R1 and R2. Additional
reflections caused by CuKg, CuK, 2, and WL, radiation are designated correspondingly. The
inset shows the evolution of the calculated out-of-plane lattice constant a, in dependence of
the selenium content x(Se) for a cubic symmetry for R1 (green) and R2 (black). All figures were
adapted from [2, 3]

studies were performed on their potential on suppressing the formation of rotational
domains of Cul on SrF,(111) substrates. Corresponding samples were investigated
concerning their epitaxial properties and further characterized regarding (volume)
crystalline, morphological and electrical properties. Further, an epitaxial lift-off process
was developed, utilizing the water-solubility of NaBr as an advantage and allowed for
the creation of free-standing thin films.

XRD 20-w scans of a 1 um thick Cul film prior to separation and attached to glass
or epoxy are presented in Fig. 2.4(a, top). For all investigated samples, the exclusive
occurence of (nnn) reflections confirms growth in (111) out-of-plane orientation and
similar to previous result of PLD grown Cul. As shown in the magnified view on
the Cul(222) reflection, the CuK,; . splitting is oberservable, indicating a high lattice
coherency in out-of-plane direction. XRD w-scans of these samples are also presented
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in Fig. 2.4(a, bottom right). For Cul still attached to the SrF,, lowest w-FWHM values
are obtained with Aw = 0.5° and also very similar to PLD Cul on c-sapphire [1]. For
free-standing thin films created with an epitaxial lift-off process, the corresponding
FWHM values are not significantly increased. The single crystalline nature was veri-
fied by XRD ¢-scan of the Cul(422) reflection of a free-standing Cul film attached to
glas as shown in Fig. 2.4(a, bottom left). Only three reflections can be recognized with
an angular spacing of 120°. The absence of any additional reflections and distinct cleav-
age along <110> as shown in Fig. 2.4(c) confirms the single crystalline growth of Cul
on the NaBr buffer layer on the SrF, substrate. Atomic force microscopy scans of the
Cul and former Cul/NaBr interface surface are shown in Fig. 2.4(e, bottom) and Fig.
2.4(e, top), respectively. The absence of rotational domains significantly reduces the sur-
face roughness to ~ 1 nm and step-and-terrace structures are observed for the former
Cul/NaBr interface. For thin films with thickness exceeding 2 um, rotational domains
reappear and the crystalline quality of the thin film degrades. This is exemplary shown
in Fig. 2.4(d) with the increasingly defected nature of the cleavage face above the critical
thickness. However, to perform Hall-effect measurements, non-fractured thin films are
required that were only obtained for Cul films with a thickness exceeding 10 um due to
increased mechanical stability. It was therefore not possible to obtain Hall-effect meas-
urements for single crystalline films, but always in conjunction with domain epitaxial
Cul. Similarly to uncapped Cul thin films grown by PLD, the electrical resistivity is
not stable if exposed to the ambient atmosphere as shown in Fig. 2.4(b). Concerning
the Hall-effect measurements, highest hole mobilities and lowest hole densities were
obtained for the shortest atmospheric exposure times t at u = (24 + 2) cm?/Vs and
p = (1.8 £ 0.2) x 10 cm=. These values are also closest to the bulk properties with
smallest impact of interface conduction and mobilities.

In conclusion, an approach to fabricate single-crystalline Cul thin films utilizing
sodium bromide buffer layers was developed. Corresponding thin films possess sig-
nificant improved surface morphologies and no significantly crystalline degradations
were observed for the employed lift-off process. For a more detailed descirption please
refer to [2, 3]. The work was founded within the research unit FOR 2857 through projects
P01 and PO5.

[1] P. Storm et al., APL Materials 8, 091115 (2020)
[2] P. Storm etal., ACS Appl. Mater. Interfaces 14, 12350 (2022)
[3] P. Stormetal., J. Phys. Chem. C 10, 4124 (2022)

2.5 Epitaxially grown In,S;3 thin films on saphhire sub-
strates

T. Jawinski, R. Clausing *, H. Kempa *, M. Grundmann, R. Scheer *, H. von Wenckstern
*Martin-Luther-Universitat Halle-Wittenberg
Indium sulfide (In,Ss3) is a non-toxic I11-VI n-type semiconductor compound and

has been predicted to be a promising candidate for intermediate band solar cell (IBSC)
application [1]. For an IBSC the efficiency can exceed the Shockley Queisser limit of
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Figure 2.4: (a) XRD 20-w- (top), ¢- (bottom left) and w-scans (bottom right) of as-grown
Cul/NaBr/SrF, heterostructures (blue), Cul attached to glass (purple) or epoxy (red). The rhom-
bus represents CuKg- and the asterisk SrF; substrate reflections. (b) Time-dependent measure-
ment of the electrical resistivity p during exposure to the atmosphere tg of a 25 um free-standing
Cul film previously deposited on NaBr/SrF,. The Cul was not capped by protection layers. (¢)
Laser scanning microscopy image in top view of the edge of a free standing 2 um Cul film
(Cul/NaBr/SrF;) glued to glass with epoxy resin and a representation of the (111) out-of-plane
oriented unit cell of copper iodide. (d) Secondary electron microscopy image of a free standing
10 um Cul thin film of the side-view of a 110 cleavage face. The dotted line in (d) is a guide to
the eye for the different defect regimes of the cleavage face. () AFM morphology scan of the
surface of Cul attached to glass via epoxy (top) or directly on glass (bottom). All figures were
adapted from [2, 3]

single junction solar cells by introducing an intermediate band (IB) between the valence
and the conduction band of a photovoltaic material. Thus thermalization losses can be
reduced. Furthermore sub-bandgap photons can be absorped by valence band to IB and
IB to conduction band transitions [2]. In In,S; the IB can be formed by hyper-doping with
transition metals such as vanadium [1]. For sufficient doping concentrations an energy
band with delocalized states forms and thus radiative recombination is suppressed
[3]. pin-heterostructure devices using vanadium-doped In,S; as absorber have been
realized in [4]. Although they show high current rectification of up to 6 orders of
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magnitude, they suffer from interface recombination.

We grew In,S; thin films by physical co-evaporation of the elements. Using a cracker
cell to evaporate sulphur allows us to vary the amount of offered sulphur and the
fraction of reactive sulphur by varying the effusion cell and hot lip temperature, re-
spectively. Furthermore we varied the substrate temperature. To optimize the structural
properties of the thin films deposited on corning glass substrates, we varied these pre-
paration conditions. We further deposited In,S; thin films on sapphire substrates of
different cuts to initiate epitaxial growth.

We investigated the surface morphology of the samples using secondary electron
microscopy. The sample prepared on a glass substrate with lowest temperatures dur-
ing growth exhibits a rough surface with randomly orientated irregularly shaped and
partially elongated crystallites on the surface. Samples prepared at highest deposition
temperatures show triangular-shaped crystallites and smoother surfaces. The largest
triangular crystallites and the smoothest surfaces are found for In,S; on a-sapphire
substrates. The structural properties of the films were investigated using X-ray dif-
fraction (XRD). We find a preferred (109) orientation for films deposited at lowest
deposition temperatures, whereas films prepared at highest deposition temperatures
exhibit a preferred (103) orientation. Films deposited on sapphire substrates exhibit a
single (103) orientation. Furthermore epitaxial growth with 4 and 2 rotational domains
was achieved for In,S; thin films grown on a- and c-sapphire, respectively. For 1n,S;
grown on r-sapphire epitaxy can only be assumed due to low intensity. The film grown
on m-sapphire does not show epitaxial growth. Absorption spectra were examplarily
discussed for the sample on a-sapphire and reveal a low onset in absorption at about
1.75eV, which can be attributed to a band gap of 2.1 eV. Furthermore, a strong increase
in absorption was obseved at 2.5 eV, which can be attributed to a band-band transition
at 2.7 eV. We measured the dark resistance of 1n,S; over time after illumination with an
LED light source. We find a strong persistent photoconductivity for all samples. This
might be attributed to deep defects, that lead to the sub-bandgap absorption either.
We prepared pn-structured solar cell devices by depositing p-type zinc-cobalt-oxide by
pulsed laser deposition on n-type In,S; thin films. Current-voltage measurements in
the dark and under illumination reveal rectification of up to 4.4 orders of magnitude
and photovoltaic effect, respectively.

[1] P. Palacios, I. Aguilera, K. Sanchez, J. C. Conesa, and P. Wahnan, Phys. Rev. Lett.
101, 046403 (2008).

[2] A.Luque, and A. Martin, Phys. Rev. Lett. 78, 5014 (1997).

[3] A.Luque, A. Marta, E. Antolyn, and C. Tablero, Physica B: Condensed Matter 382,
320 (2006).

[4] T.Jawinski, L. A. Wégele, R. Scheer, M. Grundmann, and H. von Wenckstern, Phys.
Status Solidi A 215, 1700827 (2018).

2.6 Strain States and Relaxation of a-(Al,Ga;_4),O3 Thin
Films on Prismatic Planes of a-Al,0O;

M. Kneif3, D. Splith, H. von Wenckstern, M. Lorenz, T. Schultz, N. Koch, M. Grundmann
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Figure 2.5: X-ray diffraction 2¢-scans of In,S3 thin films grown on sapphire substrates as labeled.

The metastable rhombohedral a-modification of the ultrawide bandgap semicon-
ductor Ga,0O3 is a promising power device material with unique properties. As it
features the largest bandgap among the polymorphs of Ga,O3; of about 5.3eV [1], it is
also expected to exceed the already large predicted electric breakdown field of the ther-
modynamically stable monoclinic g-modification of about 8 MV/cm [1]. Although no
large size single crystal wafers can be grown from the melt in contrast to 3-Ga,O3, cost-
effective isostructural a-Al,O3 substrates (sapphire) are widely available. The identical
crystal symmetry of a-Ga,0O3; and a-Al,O3; further allows for alloying between these
two binary materials without any miscibility gap and enables a large energy range
for bandgap engineering from 5.3 eV to about 8.8 eV (Eg(a-Al;O3)) [3-5]. This renders
this phase promising for a-(AlGa;_4),O3 heterostructure devices such as high-electron
mobility transistors (HEMTS) similar to the AlGaN/GaN system, but with unpreced-
entedly high expected breakdown voltages. However, for the high-quality pseudo-
morphic growth of such a-(AlyGa;_4),03 heterostructures and the design of devices,
precise knowledge of the elastic constants and relaxation mechanisms of the material is
required. Unlike a-Al,O3, for which the elastic constants as entries of the stress-strain
tensor C;j; are well known in theory and confirmed by experiment, mostly only theoret-
ical values are available in literature for a-Ga, O3 [6]. Based on our stress-strain theory
as developed in Ref. [7], several theoretical values of Cj; and the validity of a linear inter-
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Figure 2.6: (a) Typical RSM measurements of asymmetric (30.6) and (30.6) as well as symmetric
(30.0) reflections of a pseudomorphic a-(Alg goGag 20)2 03 thin film on m-plane sapphire. Intense
reflections in the upper part of the RSMs are always substrate reflections with distinct K 1 /K42
splitting with less intense thin film reflections below. A lattice shear is evident by the non-
identical position of the reflections in the g, coordinate. The corresponding shear angle of
the lattice Ws is indicated. (b) Shear strain e; = tanWs as function of x for pseudomorphic
a-(AlxGa;_)203 on m-plane and a-plane sapphire as determined from RSM measurements. An
excellent agreement with the theoretically expected e, for m-plane growth given by the blue
dashed curve corresponding to eq. 2.1 is found. (c) Typical RSM measurements of asymmetric
(30.6) and (30.6) as well as symmetric (30.0) reflections of a relaxed a-(Aly4Gag 96)203 thin
film on m-plane sapphire. In contrast to pseudomorphic films, no lattice shear, but a global
lattice tilt along the c-axis direction with a corresponding tilt angle 61 can be observed. (d) Tilt
angle 0+ as function of x for a-(AlxGa;_x),03 layers on m-plane sapphire. The dashed curves
are theoretically expected lattice tilts of fully relaxed layers considering the total tilt and edge
components b, and by, respectively, of the Burger’s vectors of possible r-plane or s-plane slip
systems responsible for strain relaxation in c-axis direction

polation between the values of a-Ga, O3 and a-Al, 05 for Cjj(x) for the alloy system could
already be confirmed by analyzing epitaxial strain in pseudomorphic a-(AlyGa;_4),03
thin films on the pyramidal r- and r’-planes of sapphire [8, 9]. Interestingly, in contrast
to true hexagonal systems such as GaN, the threefold pseudohexagonal rhombohedral
R3c symmetry of the corundum structure entails that r- and r’-planes are not crystal-
lographically equivalent and that a non-vanishing C4 component of the stress-strain
tensor is expected. This also corresponds to an inequivalence of the epitaxial strains and
relaxation processes for pseudomorphic layers on the prismatic m-plane and a-plane of
sapphire. As a consequence of the non-vanishing C,4 component, a shear strain e; and
a corresponding lattice shear in c-axis direction are only expected for pseudomorphic
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m-plane a-(AlyGa;_4),03 heterostructures. Especially the m-plane has been reported as
promising for device applications since the a-phase can be stabilized more easily [5]
and up to three times higher electron mobilities were observed for m-plane a-Ga,0O;
compared to other growth planes [10]. Knowledge about the critical elastic constants
and relaxation mechanisms for the prismatic planes is therefore crucial. Unfortunately,
r- and r’-planes are rather insensitive to variations in Cy, such that its theoretical value
could not have been confirmed yet in our previous studies [8, 9]. Relaxation mechan-
isms and differences of the prismatic m- and a-planes are so far unknown as well.

We therefore analyzed the epitaxial strains and relaxation processes for a-(Al,Ga;_x), O3
thin films deposited by combinatorial PLD on m-plane and a-plane sapphire substrates
in the whole composition range of the alloy 0 < x < 1. Pseudomorphic growth on
m-plane sapphire with high crystalline quality has been achieved for x > 0.45 verified
by sharp reflections in reciprocal space map (RSM) measurements which are accom-
panied by intense Laue fringes up to high orders for low epilayer thicknesses (not
shown). Fig. 2.6 (a) shows RSM measurements of asymmetric (30.6) and (30.6) as
well as symmetric (30.0) reflections of an exemplary pseudomorphic 200 nm thick a-
(AlggoGag20)203 layer on m-plane sapphire. As expected, a pronounced shear strain is
evidenced by a shift of the position of the asymmetric reflections in the g, coordinate of
the reciprocal space compared to the symmetric (30.0) reflection in the same azimuth.
This corresponds to a lattice shear in real space in c-axis direction by the shear angle
Ws as indicated in the figure. No shear strain can be observed for the asymmetric (42.0)
and (22.0) reflections and the symmetric (30.0) reflections in the same azimuth with the
a-axis in the plane of incidence of the X-ray beam, i.e. no lattice shear in a-axis direction.
Similarly, no reflections of pseudomorphic a-plane a-(AlyGa;_4),0O3; showed any sign
of shear strain. This is in perfect agreement with stress-strain theory and proves the
inequivalence of m- and a-plane regarding shear strain. Lattice constants as well as the
shear strain were determined for the pseudomorphic layers from the RSM measure-
ments and compared to the theoretically calculated values as function of Al-content
for which all elastic constants Cj;(x) were linearly interpolated between the values of
a-Ga, 03 and a-Al,O3. The strained lattice constants are in excellent agreement with
theory (not shown) and no significant difference has been found between m-plane and
a-plane epilayers due to the insensitivity of the responsible strain € on Cy4. The shear
strain e; = tan Ws as shown in Fig. 2.6 (b) as function of x, however, reveals a significant
difference and vanishes for a-plane growth as expected. The evolution of e can be
reproduced with high accuracy by the theoretically expected ¢; [7]:

Cu [C13 g1 + (Cu1 + Cp2) eé]
ey = 2¢5, =

Xz — C11C44 _ Ci4 (21)

where e] and ¢, are the known fully-strained in-plane values of the epitaxial strain.
Since e, is directly proportional to Cy4, this allowed an accurate fit of the experimental
data for Cyy(a-Ga,03) and delivered Ci4(a-Ga,03) = (15.8 + 1.7) GPa, verifying the
theoretically predicted value of Cy4(a-Ga,03) = 17.3 GPa [6].

In contrast to the pseudomorphic samples, fully relaxed layers beyond the critical
thickness on m-plane sapphire exhibit a significant global lattice tilt in c-axis direction as
can be clearly observed from the shift of the symmetric (30.0) reflection from g, = 0 and
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the corresponding shift of the asymmetric reflections in RSMs as exemplarily shown
in Fig.2.6 (c). Such lattice tilt is caused by a non-vanishing net tilt component of the
Burger’s vectors belonging to the slip systems responsible for the strain relaxation.
Strain relaxation in c-axis direction corresponding to a non-vanishing edge component
of the Burger’s vectors in that direction can only be mediated by pyramidal slip systems,
i.e. r- or s-slip planes and associated Burger’s vectors, for the prismatic growth planes.
The non-vanishing net tilt component of the Burger’s vectors of all possible r- or s-
plane slip systems is now caused by the three-fold symmetry of the crystal. For true
hexagonal systems, the six equivalent r- or s-planes cause a pairwise compensation of
the tilt components of the Burger’s vectors, which is not the case for the rhombohedral
symmetry, where only three equivalent r- or s-planes exist. This results in a net tilt
component for the relaxation of m-plane epilayers. For a-plane epilayers, only two r- or
s-planes can contribute to strain relaxation, causing the tilt components of the Burger’s
vectors to compensate pairwise and no global lattice tilt is observed. By analyzing the
possible slip planes, the total strain released and the magnitudes of the tilt and edge
components of the possible Burger’s vectors, the expected tilt angle of the lattice can
be calculated as function of x. In comparison to the experimentally obtained tilt angles,
as shown in Fig. 2.6 (d) as function of x, the responsible slip systems can be identified.
Here, all three possible (01.2), (11.2) and (10.2) r-slip planes or only the (10.1) s-slip plane
and their associated Burger’s vectors have been found to reproduce the experimentally
observed tilt angles with good agreement, see blue or red dashed line in Fig. 2.6 (d).

In conclusion, we were able to deposit a-(Al,Ga;_4).0O3 thin films with high crys-
talline quality on prismatic planes of sapphire in the whole composition range. RSM
measurements and theoretical modeling of the determined epitaxial strains for pseudo-
morphic layers allowed the verification of theoretically calculated entries of the elastic
tensor for the alloy system. Especially the value of the critical C;4 component respons-
ible for shear strain in m-plane epilayers could be confirmed for the first time. RSM
measurements on relaxed layers showed a global lattice tilt for m-plane epilayers, not
observed on the a-plane. A theoretical modeling of the tilt angle as function of x further
allowed for the identification of possible slip systems responsible for strain relaxa-
tion. These findings could find application in future heterostructure devices based on
a-(AlyGa;_4),03. The detailed study can be found in Ref. [11].
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2.7 x-(AlyGa;_4),03 0on ZnO Back Contacts: Highly Recti-
fying x-Ga,O3; Diodes by a Vertical Device Layout

Ga, 05 received tremendously increasing research interest as wide bandgap semicon-
ductor in recent decades. The lions share of the research is focused on the thermody-
namically stable monoclinic g-modification which exhibits a large bandgap of about
4.6eV and a large predicted electric breakdown field of about 8 MV/cm [1] rendering
it a promising material for power device applications. The possibility of homoepitaxy
on large size single crystal wafers grown from the melt further triggered these research
efforts. Lately, interest sparked for the metastable phases of Ga,O3, one of those being
the orthorhombic x-modification. It is the only known phase of Ga,O3; expected to ex-
hibit a large spontaneous electrical polarization of about 23 uC/cm? along its c-axis [2].
This can be utilized to localize a 2DEG at heterointerfaces due to polarization discon-
tinuities, e.g. at the interfaces of x-Ga,O3/k-(AlyGa;_4),03, k-Ga,03/x-(InyGa; )03 or
xk-(INyGa;_«),03/k-(AlyGa;_«),03 heterostructures. 2DEGs are attractive as active layer
in high-electron mobility field-effect transistors (HEMTSs) due to high carrier densit-
ies and mobilities, but can also be utilized for quantum well infrared photodetectors
(QWIPs), where the ground state of the QWSs can be populated this way without
extrinsic dopants. The alloy systems x-(AlGa;_«),03 and x-(Iny,Ga; )O3 can be sta-
bilized for a broad range of alloy compositions employing e.g. pulsed laser deposition
(PLD) [3-6]. The incorporation of Al increases the bandgap of k-Ga,O3 and In incorpor-
ation decreases it, allowing a wide range of up to 2.5eV for bandgap engineering [3-6].
Additionally, by determining the band offsets in heterostructures, we found that the full
range of bandgap variation is also available as conduction band offsets [7], allowing for
a large tunable wavelength range for QWIPs from far IR to the visible spectral range.
High-quality k-Ga,O3/x-(AlxGa;_x),O3 QW superlattice (SL) heterostructures have also
been reported previously [8].

Nevertheless, large remaining issues are the conductivity and contacting of x-phase
thin films. When deposited on insulating substrates, lateral currents at the measure-
ment limit of our setups in the order of 10~* A can only be detected. Available literature
on doped x-Ga,O3 thin films report only low conductivities as well with resistivities
in the order of 1 Qcm [9]. Rectifying contacts or diode structures as prerequisite for
QWIPs or HEMTs are lacking completely in literature. We suspect this to be due to
the growth of x-phase layers in three nanocrystalline rotational domains. The high
density domain boundaries could pose barriers for lateral current transport effectively
suppressing lateral conductivity. However, these domains typically grow in a colum-
nar fashion with one domain possibly extending across the whole thin film in growth
direction. Vertical current transport should therefore be possible and only needs to be
enabled by a sufficient sample structure. These issues will be tackled in the next two
sections utilizing a sample structure where the x-phase layer is deposited on highly
conductive Al-doped ZnO back contact layers. First, the growth of x-(AlGa;_4),O3 on
these templates will be evaluated in the first section, while the second section deals
with the proof of the current anisotropy employing these structures and the realization
of first highly rectifying diode structures based on Schottky or p-type contacts.
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Figure 2.7: (a) Typical RSMs around the asymmetric (139) reflection of x-(AlxGa;_4)»,03 layers
on ZnO/Al-doped ZnO growth templates on a-plane sapphire with different Al-content x as
indicated. The position of the asymmetric (10.5) reflection of the growth template is denoted as
well. The k-Ga, O3 (139) reflection for x = 0.48 is caused by a binary x-Ga,O3 layer necessary
for the stabilization of the x-phase for x > 0.4. (b) Out-of-plane c-lattice constant and in-plane
dy39 lattice plane distance of the x-(AlyGa;_4), O3 layers extracted from the RSMs as function of
x. Dashed lines correspond to the denoted linear relations following Vegard’s law. (c) Possible
configurations of the orthorhombic unit cell of the k-(AlyGa;_4)»O3 layers for the three rotational
domains on the ZnO (00.1) surface as determined from XRD ¢ scans. (d) Typical XRD 20-w scan
of a 15 layer pair k-(Aly27Gag 73)203/k-Ga, O3 SL heterostructure on an Al-doped ZnO growth
template on a-plane sapphire. SLy denotes the zero order reflections of the SL structure, while
green asterisks denote sharp SL fringes that occur up to high orders

2.7.1 Growth of High Quality x-(AlyGa;_4),0O3 Layers and Superlat-
tice Heterostructures on ZnO Templates

M. Kneil3, P. Storm, A. Hassa, D. Splith, H. von Wenckstern, M. Lorenz, M. Grundmann

k-(AlyGa;_), 03 layers with different Al-contents were grown by tin-assisted PLD on
a thin film template structure consisting of unintentionally doped ~ 400 nm thick ZnO
on =~ 200 nm thick heavily Al-doped ZnO also deposited by PLD on a-plane sapphire
substrates. SnO, containing (Al,Ga),O; targets are necessary to stabilize the x-phase
with tin acting as surfactant without being incorporated significantly in the bulk of
the layer [10]. ZnO was the material of choice for the template, since it crystallizes in
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a hexagonal wurtzite crystal structure, can be grown with high quality by PLD and
degenerate n-type doping can be achieved employing Al or Ga as dopants. Further, a
hexagonal (00.1) surface, as expected epitaxial orientation of ZnO on a-plane sapphire,
is typically required for x-phase growth with high crystalline quality. A ZnO target with
1 wt.% Al,O3 was selected for the Al-doped ZnO layer resulting in a highly conductive
back contact (p ~ 10° Qm, n =~ 6 x 10 cm3, u ~ 50 cm? (Vs) ™).

Fig. 2.7 (a) shows reciprocal space map (RSM) measurements of the asymmetrical (139)
reflections of three selected x-(AlyGa;_4),03 layers with different Al-contents on the
Zn0O(00.1) growth templates. Typical (001) oriented growth in the x-modification was
observed for all investigated Al-contents in the range of 0 < x < 0.48. A low broadening
of the reflections almost independent of Al-content confirms the high crystalline quality
of the layers. A shift of the (139) reflections to higher g, as well as q, with increasing X is
in agreement with the expected decrease of in- and out-of-plane lattice constants upon
incorporation of Al. The out-of-plane c-lattice constant as well as the in-plane d;39 lattice
plane distance as determined from the RSMs are shown in Fig. 2.7 (b) as function of x.
A linear decrease in agreement with Vegard’s law can be observed in both cases. The
linear relations are close to those reported for x-(AlyGa;_4), O3 layers on c-plane sapphire
substrates [5, 6]. XRD ¢ scans were employed to determine the epitaxial relationships
with the ZnO templates. Epitaxial growth in three orthorhombic rotational domains
was confirmed similar to most other substrates. The possible configurations of the three
rotational domains on the (00.1) ZnO surface are depicted schematically in Fig. 2.7 (c).
The in-and out-of-plane epitaxial relationships can be deduced as k-Ga,O3 (100} || (10.0)
Zn0O, x-Ga,03; (010) || (12.0) ZnO, and k-Ga,03 [001] || [00.1] ZnO. Interestingly, this
corresponds to a rotation of the unit cells of the rotational domains by 30° compared to
the configuration on c-plane sapphire minimizing the lattice mismatch. Further atomic
force microscopy measurements confirmed smooth surface morphologies for all Al-
contents with only slightly enhanced surface roughness compared to the growth on
c-plane sapphire caused by the initial ZnO roughness (not shown).

Finally, to also prove the possibility to grow high quality heterostructures on these
ZnO templates for QWIP applications, 15 layer pair k-(AlyGa;_4),O3/x-Ga,O3 SL hetero-
structures were deposited on Al-doped ZnO templates on a-plane sapphire. Fig. 2.7 (d)
shows a typical XRD 260-w scan of a SL heterostructure with x = 0.27 and nominal
3nm k-Ga,03 QW thickness and 20nm x-(AlyGa;_4),O3 barrier thickness per layer
pair. Apart from the zero order reflections of the SL structure denoted SLy, sharp SL
fringes up to high orders can be observed marked with green asterisks. This confirms
an excellent crystalline quality and coherent growth of the SL structure as well as very
smooth interfaces similar to SL structures on c-plane sapphire in literature [8]. The
double layer thickness of 23 nm estimated from the separation of the SL fringes is also
in excellent agreement with the design.

These findings confirm that «-(Al,Ga;_4),O3 layers and SL heterostructures on ZnO
back contact layer templates exhibit similar crystalline quality and surface morphology
as those grown on c-plane sapphire substrates making them promising for the use in
x-phase device applications. The complete study has been published in Ref. [11].
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Figure 2.8: (a) Schematic cross sectional vertical device structure with nominal ohmic Ti/Al/Au
contact layer stacks on top of the active k-Ga,O3 layer contacted in front-back geometry. The
red arrow denotes a possible current path from a DC-sputtered gold contact at the corner
of the sample to the nominally ohmic contact on top of the structure. (b) IV characteristics
of nominally ohmic contacts in front back geometry for two samples with different x-Ga, O3
thickness in comparison to a sample without unintentionally doped ZnO layer. (c) Highly
rectifying jV characteristic of one of the best reactively sputtered Pt/PtOy Schottky contacts
measured in front-front geometry. Blue arrows denote the direction of the voltage sweep. The
utilized lateral contact layout was structured on top of the k-Ga, O3 layer as repeating sequence
of the schematic pattern in the inset

2.7.2 Realization of Highly Rectifying x-Ga,O3 Schottky Barrier Di-
odes and pn Heterojunctions by Overcoming the Conductivity
Anisotropy

M. Kneil3, D. Splith, P. Schlupp, A. Hassa, H. von Wenckstern, M. Lorenz, M. Grundmann

Binary x-Ga, O3 layers on ZnO back contacts as investigated above were now utilized
to fabricate vertical device structures. We employed two different contact configura-
tions, a front-back and a front-front contact layout. The front-back layout is schem-
atically depicted in Fig. 2.8 (a). Here, the back contact layer is directly contacted by
a sputtered gold layer at the corner of the sample. On top of the k-Ga,O3 layer, the
investigated contacts are deposited and patterned by photolithography. In this case, an
annealed Ti/Al/Au layer stack is depicted that should serve as nominally ohmic contact
proven to exhibit linear current-voltage (1V) characteristics in the case of 5-Ga,Os. In the
front-front configuration, two patterned contacts on top of the x-Ga O3 layer are util-
ized instead of the gold contact. Both of these configurations enable the current to flow
in a vertical direction without charge carriers being forced to cross domain boundaries.
The lateral distance is covered by current flow through the Al-doped back contact layer
as indicated by the current path depicted as red arrow in Fig. 2.8 (a). A conductivity
anisotropy caused by the domain boundaries should express itself now in a greatly
increased current density j in this configuration. As evident in the IV-characteristic
of the nominally ohmic contacts in Fig. 2.8 (b) for two different k-Ga,O3 layer thick-
nesses, this is indeed the case. While current flow in lateral contact configurations for
layers directly deposited on c-plane sapphire is severely suppressed to j < 107 Acm™2,
for the vertical device layout, we obtain current densities exceeding 0.1 Acm™ at 2V
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bias. An unintentionally doped ZnO layer was found to be necessary as otherwise
rectifying characteristics are obtained possibly caused by a barrier developing at the «-
Ga,03/Zn0O:Al interface due to unfavorable band alignment, see red curve in Fig. 2.8 (b)
corresponding to a structure without ZnO layer. The unintentionally doped ZnO layer
is suggested to equilibrate the conduction bands [12] and reduce the barrier. Acomplete
elimination of the barrier might not have been achieved as evident from the nonlinear
IV characteristics of the ohmic contacts.

Rectifying contacts as prerequisite for device applications were realized either by
depositing Pt or Pd via reactive DC-sputtering to form Pt/PtO, or Pd/PdO, Schottky
contacts (SCs), respectively, to obtain Schottky barrier diodes (SBDs) or by depositing
p-type NiO or ZnCo0,0,4 by PLD to obtain pn-heterojunction diodes. For the measure-
ment of jV characteristics, the front-front configuration was utilized in contact patterns
as depicted in the inset of Fig. 2.8 (c), where the circular rectifying contacts are surroun-
ded by the nominally ohmic contact layer stack employed as second contact. Highly
rectifying jV characteristics were obtained for diode ensembles of every type of contact
with up to seven orders of magnitude current rectification ratio on average at +3V bias
without a significant amount of defective devices even in ensembles containing up to
87 contacts. This also confirms the expected n-type nature of the x-Ga,O3 layers. An
exemplary diode characteristic of one of the best Pt/PtOy SCs is depicted in Fig. 2.8 (c).
Low reverse current densities in the order of 10 Acm™ are similar to comparable
p-Ga,0; based diode structures [13]. The forward current density is still limited to
about 1072 Acm™ possibly caused by the barrier at the back contact as evident from
the non-ohmic forward characteristic at voltages where the series resistance should
dominate. This might be improved by a different choice of the back contact material
in the future. The room-temperature jV characteristics of the diodes were modeled
to extract the ideality factor n and additionally the effective Schottky barrier height
$2 in case of the SBDs. Values of 1 as low as 1.3 as well as an homogeneous barrier
height of (pg°m ~ 1.44eV estimated from qbgff vs. 1 plots (not shown) for the Pt/PtOy
SBD ensembles further confirmed similar properties as comparable g-Ga,O3 based di-
odes [13]. Temperature-dependent jV-measurements and modeling of selected Pt/PtO,
SBDs (not shown) finally revealed a mean barrier height of the Gaussian distributed
laterally inhomogeneous barrier height of ¢7' ~ 2.1eV on average and a broadening of
the distribution of about 200 meV, both similar to 5-Ga,O; based devices as well.

In conclusion, utilizing a vertical device layout with back contact layer, a suspected
strong conductivity anisotropy in k-Ga,O3 layers caused by rotational domain bound-
aries could be proven. The enabled current flow through x-GazO3; by these device
structures was then successfully utilized to fabricate and characterize worldwide first
highly rectifying diode structures based on k-Ga,Os. Furthermore, these diodes show
similar quality as diodes based on monoclinic Ga,03; corroborating the large potential
of this phase for heterostructure device applications such as HEMTs or QWIPs. The
complete study can be found in Ref. [14].
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2.8 Band alignment of Al,O3 on a-(AlyGa;_),03

H. von Wenckstern, X. Xia“, N.S. Al-Mamun’, C. Fares*, A. Haque', F. Ren*, A. Hassa,
M. Grundmann, S.J. Pearton*

“Department of Chemical Engineering, University of Florida
1LDepartment of Mechanical Engineering, The Pennsylvania State University
iDepartment of Materials Science and Engineering, University of Florida

The band offsets between Al,O; and a-(AlyGa;_),03; was investigated by X-ray
photoelectron spectroscopy (XPS) as function of the alloy composition x[1]. A tern-
ary a-(AlyGa;_4),03 thin film was grown heteroepitaxially on a two-inch in diameter
a-plane sapphire substrate by continuous composition spread pulsed laser deposition
(CCS-PLD) at a growth temperature of about 640°C[3]. CCS-PLD allows the compos-
ition of ternary or multinary systems to be varied systematically in lateral direction
[2]. The a-(AlyGa;_«),03 thin film covers an alloy range from 0.13 < x < 0.84 and
does not show phase separation[3]. For selected compositions of x = 0.26,0.42,0.58,
and 0.74 Al,O3; was grown on top of a-(Al,Ga;_4),0O3; by atomic layer deposition at
200°C using trimethylaluminum as precursors and an inductively coupled O, plasma
at 300 W[1]. Two different Al,O3; layer thicknesses of 200 nm and 1.5 nm were grown
for measuring bandgaps by reflection electron energy loss spectroscopy[4] and core
levels for the determination of valence band offsets by Kraut’s method[5], respectively.
Structural properties were examined by cross-sectional transmission electron micro-
scopy (TEM), the chemical composition was determined by energy dispersive X-ray
spectroscopy. The TEM investigations reveal a polycrystalline nature for Al compos-
itions investigated. The grain size decreases with increasing Al-content. The valence
band offset of Al,O3 calculated for the different compositions of a-(AlGa;_4),0O;3 are:
0.13eV (x = 0.26 and x = 0.42), —0.07eV (x = 0.56) and —0.17 (x = 0.74). In order to
deduce the conduction band offset, the bandgap of a-(Al,Ga;_«),0O3; was determined
by XPS[4] for each composition and yield values of 5.8eV, 6.1eV, 6.4eV and 7.0eV for
x = 0.26,0.42,0.58, and 0.74. Using a bandgap for Al,O; of 6.9 eV, the conduction band
offsets are 0.97eV (x = 0.26), 0.67 eV (x = 0.46), 0.57eV (x = 0.58) and 0.07 eV (x = 0.74).
A schematic of the band diagrams is shown in Figure 2.9. The valence band offsets are
small for the entire composition range and not sufficient for the confinement of holes at
the Al,O3/a-(AlyGa;_4),03 interface. For x < 0.6 the conduction band offset is sufficient
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for effective electron confinement. The band alignment is straddling type | (staggered
type Il) for x < 0.5 (x > 0.5).

x=0.24 x=0.42 x=0.58 x=0.74

E 6.9eV 7.0eV

AE, (eV) 0.13 0.13 -0.07 -0.17

Figure 2.9: Band diagrams for Al,O3/a-(AlxGa;_4)»,0O3 heterostructures.
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2.9 Fermi level controlled point defect balance in ion ir-
radiated indium oxide

H.von Wenckstern®,J. Borgersen’, K.M. Johansen’, L. Vines’, M. Grundmann, A. Kuznetsov’

“Department of Physics, University of Oslo, Norway

lon irradiation of In,O3 was used to study the Fermi level controlled charge state of
Frenkel defects introduced in this transparent conducting oxide [1]. The investigated
samples include nominally undoped, Sn donor-doped and Mg acceptor-doped thin
films grown by pulsed laser deposition on c-plane sapphire substrates. The samples
were irradiated at 50K by 3 MeV Si* ions and the electrical resistivity was measured
in-situ with ion beam shut as function of the accumulated dose D. The Fermi level
positions were calculated using the carrier density at 50 K of as-grown samples and as
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Figure 2.10: Fermi level energy relative to the conduction band minimum E. determined for
indium oxide samples as labelled at 50K for the as-grown state, the dose resulting in maximum
resistivity and minimum carrier density Nmin and maximum accumulated dose 1017 cm~2 (centre
panel). Accumulated doses up to D(nmin) introduce Frenkel pairs and corresponding charge
transition levels of intrinsic point defects, predicted by Chatratin et al.[3], are shown in the
left panel. For the maximum accumulated dose secondary defects can form and corresponding
charge transition levels, predicted by Chatratin et al.[3], are shown in the right panel. Red
dashed lines are a guide to the eye. Green arrows indicate defect reactions resulting in the
experimentally observed changes of the Fermi energy

function of accumulated dose. The total number of Frenkel pairs was calculated using
the SRIM code[2]. For nominally undoped and Sn-doped samples the carrier density
initially decreases, reaches a minimum for D(n»in), Which increases with increasing Sn-
doping level and initial carrier density, respectively, and increases again with further
increasing accumulated dose. For Mg-acceptor doped samples, the initial resistivity is
beyond the measurement limit. For D > 10 cm? it becomes measureable and decreases
monotonically for higher D enabling calculation of the carrier density[1].

The dose-dependent variation in electron densisty and Fermi energy can be under-
stood assuming that for D < D(nmin) primary defects (Frenkel pairs) are introduced
in the In,O3 lattice. For D > D(nhnin) the defect density is sufficiently high for defect
reactions to occur such that secondary defects form. Then, changes of the Fermi energy
within these two regmies can be understood considering charge transition levels (CTL)
of primary and secondary defects predicted by theory[3]. Figure 2.10 summarizes the
Fermi energy of all investigated sample for the as-grown state, D(Nnin) and Dyhax as well
as calculated CTLs of primary and secondary defects in the vicinity of the conduction
band minimum E.. We explain the experimental findings examplarily for nominally
undoped In,0;. Initially, the thin film has degenerate electron concentration and the
Fermi energy is more than 100 meV above E.. The subsequent irradiation steps intro-
duce Frenkel pairs (left panel of fig.2.10). Interstitial oxygen in split position (O;spiit)
and the indium vacancy (Vf’n) on b-site do not have a CTL in the vicinity of E; and hence
a fixed charge state of 0 and —3, respectively. The oxygen vacancy (Vo) and interstial
indium on a-position (In¢ ) have a 0/+ and a +/++ CTL, respectively, within the Fermi
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energy range of interest. This implies, that the creation of a Frenkel pair in the cation
and anion sublattice creates an overall charge of —2 (+1 due to the donor In,bn and
—3 due to the acceptor V?n). Hence, the carrier density and the Fermi energy decrease
intially. It will cross the +/++ CTL of Inf. and from now on a net charge of only -1 is
introduced during irradiation. As soon as the Fermi energy equals the 0/+ CTL of Vg ho
addtional net charge is introduced and the Fermi energy is pinned. This corresponds
to D = D(nmin). Increasing the accumulated dose further leads to the formation of sec-
ondary defects (right panel of fig.2.10), since, due to the large density of Frenkel pairs,
defect reaction may occur. The defect pair V?n + Oispiit and the antisite defect O?n have
a single charge state of —3 and —1, respectively, and hence the formation of O?n from
V?n + Oi spiit releases two electrons into the conduction band and the Fermi energy and
carrier density increase. The defect pair In?. + Vo has a +/+++ CTL and for the antisite
InO a ++/+++ CTL was predicted. If E¢ lies above the +/+++ CTL of Inf_+ V, the form-
ation of the antisite from the Iné + Vo defect pair will additionally introduce electrons
into the conduction band. Hence the Fermi energy and carrier concentration increase
further. The variations observed for the other samples can be explained similarily.

In conclusion, in-situ characterization of electric transport properties as function of
accumulated irradiation dose is a valuable methodology for benchmarking predictions
on defects and their charge transition levels in semiconductors.
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2.10 Ultrawide Bandgap Rhombohedral (001) Zn,GeQ,
Epitaxial Thin Films

S. Luo, L. Trefflich, T. Hoche’, R. Hildebrandt, E. Kriiger, M. Lorenz, H. von Wenckstern,
M. Grundmann

*Fraunhofer Institute for Microstructure of Materials and Systems (IMWS), Halle

Rhombohedral spinel Zn,GeO, is a promising ultrawide bandgap semiconductor
material. To date, there was no work reported on the epitaxial thin films of Zn,GeO,.
Here we report the epitaxial growth of high-quality Zn,GeO, thin films with [001]
crystallographic orientation on c-plane sapphire substrates using pulsed laser depos-
ition. The in-plane orientation relationships are [110] Zn,GeO,// [11.0] Al,O3 and [1-10]
Zn,Ge0y// [1-1.0] Al,O3. The epitaxial thin films with 380~700 nm thickness show a
surface RMS roughness of less than 3 nm and exhibit a full width at half maximum
(FWHM) of rocking curve of about 0.40°. The evaluated direct optical bandgap of films
from UV-visible transmission spectra is about 4.92 eV. The steady-state photolumin-
escence spectra of films under 266 nm laser excitation at room temperature exhibit a
broad defect-related blue emission band at 2.62 eV with a FWHM of 0.55 eV. This work
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advances the fundamental studies on ultrawide bandgap Zn,GeO, epitaxial thin films
for potential device application.

Rhombohedral spinel Zn,GeO, with the space group R3 (No. 148), is a promising
ultrawide bandgap semiconductor material with a bandgap greater than 4.5 eV, has
attracted abundant of researches on its optical, dielectric, and photocatalytic proper-
ties in the past two decades. Polycrystalline Mn-doped Zn,GeO, phosphor thin films
present good performance in green-emitting electroluminescent device,[1-3] while the
persistent luminescent Mn-doped Zn,GeO,4 nanoparticles show a great potential in bio-
luminescence application.[4, 5] The Zn,GeO, nanowires exhibit excellent performance
in deep-UV photodetector.[6-10] Zn,GeO,4 nanorods and nanoribbons show effectively
photocatalytic activity in degradation of organics, hydrogen generation, and conver-
sion of carbon dioxide to fuels.[10-13] Furthermore, Zn,GeO, bulk ceramics exhibit
good microwave dielectric properties as a promising candidate material for millimeter-
wave application.[14] However, there is a lack of experimental investigation of epitaxial
Zn,GeOq, thin films for fundamental research in view of potential device application.
To be best of our knowledge, to date epitaxial thin films of rhombohedral Zn,GeO,
have not been reported. In order to carry out fundamental study on physical and
chemical properties of the material for developing the practical device application, the
heteroepitaxial growth of Zn,GeQ, thin films takes priority.

Heteroepitaxial growth of ultrawide bandgap Zn,GeO, thin films on commercial
sapphire (a-Al,O3 single crystal) substrates is crucial for studying their optical and
electrical properties in view of device applications in optoelectronics and power elec-
tronics. Sapphire has a trigonal (rhombohedral) unit cell (space group R3c, No. 167),
but is generally treated as a hexagonal crystal structure (a= 4.754 A, c= 12.982 A,
y=120°).[15] Considering the symmetry similarity between hexagonal (00.1) a-Al,O;
plane and rhombohedral (001) Zn,GeO, plane (a=b= 14.284 A, y= 120°),[16] together
with a small lattice mismatch of about 0.2 % along the a and b axis between one
(001) Zn,GeOy4 unit cell and three (00.1) a-Al,O3 unit cells, a heteroepitaxial interface
may form between (001) Zn,GeO, and (00.1) a-Al,O; crystal planes through a domain
matching epitaxy mechanism.[17] Here we report the heteroepitaxial growth of rhom-
bohedral (001)-oriented Zn,GeO, thin films on (00.1)-oriented a-Al,O3 single crystal
(c-sapphire) substrates by pulsed laser deposition (PLD).

The rhombohedral Zn,GeQy, is a the thermodynamically stable phase under ambient
conditions. A major challenge in epitaxial growth of rhombohedral Zn,GeO, thin films
by vapor deposition probably lies in the large difference in vapor pressure at high
temperatures between Zn and Ge. The metallic Zn has a melting point of about 420
°C and a boiling point of about 907 °C, while the theoretical vapor pressure values of
Zn are about 84, 336 and 1060 mbar at 700, 800 and 900 °C, respectively.[18] Whereas
the melting points of metallic Ge and compound GeO, are around 938 °C and 1115 °C,
respectively. In PLD process, the laser ablated species from target consist of Zn, Ge,
Zn-0O, Ge-0, and perhaps Zn-Ge-O. Among them, Zn-O easily decomposes in the gas
phase upon collisions owing to the small bond energy of about 1.61 eV for ZnO.[19, 20]
This, therefore, leads to severe loss of Zn during the film deposition. Adding extra Zn
into the target is an effective way to compensate the severe loss of Zn in heteroepitaxial
growth of zinc spinel oxide thin films by PLD.[20]

In this work, a homogeneous bulk target for PLD was fabricated through a two-
step sintering process: a pressed pellet of mixture of 25 wt. % GeO, (purity 99.999 %,
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Figure 2.11: (a) XRD patterns of thin films deposited at 800 °C under different O, pressures. (b)
Selected (006) peaks of XRD, and (c) rocking curves of (006) peak of the thin films deposited at
different O, pressures of 0.05, 0.1 and 0.2 mbar. (d) Phi scans of (113) and (116) for the (001)-
oriented thin films and the c-sapphire substrates, respectively. AFM surface morphologies of
the films deposited at different O, pressures of (e) 0.2 mbar, (f) 0.1 mbar, and (g) 0.05 mbar.

ChemPUR) and 75 wt. % ZnO (purity 99.99 %, Alfa Aesar) raw powders was firstly
sintered at 1100°C for 12 hours, the resulting pellet was crushed and grinded into fine
powders for the sintering at 1300°C for 12 hours to obtain the PLD target. The atomic
ratio of Zn: Ge is approximately 4:1 for the target, which is much greater than the
stoichiometric ratio of 2:1 for Zn,GeO,4. The extra Zn in target is to compensate the
severe loss of volatile Zn during the thin-film growth at high temperatures. A 248 nm
KrF excimer laser was used for PLD with a 5 Hz repetition of laser pulses. The laser
fluence on target surface is about 5 J/cm?, the deposition time is 1 hour (18000 pulses)
and the setting temperature is about 800 °C for the film growth. The O, partial pressure
was changed from 0.01 to 0.3 mbar to study the effect of O, pressure on microstructure
and optical properties of the thin films.

Figure 2.11(a) shows the XRD patterns of the films deposited at different O, pres-
sures of 0.01, 0.05, 0.1, 0.2 and 0.3 mbar. The 26-w scans were aligned with calibration
using (00.6) a-Al,O; reflection at 41.700° (c=12.980 A). Itis clearly observed that the films
deposited at 0.05, 0.1 and 0.2 mbar O, pressure exhibit only one peak corresponding to
(006) reflection of rhombohedral spinel Zn,GeO,, suggesting that a moderate O, pres-
sure range from 0.05 to 0.2 mbar is suitable for the growth of phase-pure (001)-oriented
Zn,GeOq, thin films. The thickness of films is determined by generalized ellipsometry
approach using a B-spline anisotropic fitting mode. The evaluated film thickness is
about 81, 384 and 704 nm for the films deposited at 0.05, 0.1 and 0.2 mbar O, pressure,
respectively. Apparently, the higher O, pressure significantly decreases the deposition
rate of (001)-oriented Zn,GeO, thin films, and thus leads to the remarkably thinner
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film. In addition, the thickness of film deposited at 0.2 mbar is also measured by x-ray
reflectivity (XRR), and evaluated to be about 79 nm, which is in very good agreement
with the thickness value measured by ellipsometry. Figure 2.11(b) shows the selec-
ted (006) reflexes of XRD patterns of the films deposited at 0.05, 0.1 and 0.2 mbar O,
pressure. A slight shift to smaller angles for the (006) peak is observed as O, pressure
increases while film thickness decreases. The calculated c-lattice constant of the 81 nm
and 704 nm thick films deposited at 0.2 and 0.05 mbar, according to the 26 values of
57.944° and 58.060° for the (006) Zn,GeO;, reflection, is approximately 9.542 A and 9.524
A, respectively. These results are in line with the experimental value range from 9.507
A (powder) to 9.547 A (single crystal),[16, 21] indicating no significant strain present
in the films. It was found that a higher O, pressure could effectively decrease the loss
of Zn in high-temperature growth of zinc spinel oxide thin films by PLD,[22] while the
interstitial Zn preferentially forms due to the open structure of rhombohedral Zn,GeO,
when excess Zn exists.[23, 24] The slightly increased c-lattice constant of films with
increasing O, pressure, may be resulted from the possible introduction of interstitial
Zn into the crystal lattice of films as excess Zn species exist in the plasma ablated from
the Zn-rich target.

Figure 2.11(c) shows the rocking curve of (006) peak of the films deposited at different
O, pressures of 0.05, 0.1 and 0.2 mbar. The fitting result of rocking curve of the film
deposited at 0.2 mbar, indicates an obviously two-layered structure of the thin film,[25-
27] consisting of a strained bottom layer with a full width at half maximum (FWHM)
of about 0.11° and a strain-relaxed top layer with a FWHM of about 0.45°. While the
FWHM of rocking curve of (006) Zn,GeO, peak is about 0.40° and 0.38° for the films
deposited at 0.1 and 0.05 mbar, respectively, suggesting a good crystalline quality of the
films. The phi scan was performed to determine the in-plane orientation relationship
between rhombohedral (001)-oriented Zn,GeO, thin films and c-sapphire substrates.
Asshown in Figure 2.11(d), six peaks with 60-degree intervals of the Zn,GeO, thin films
are aligned with respect to the six peaks of the c-sapphire substrate, confirming an in-
plane epitaxial matching between the (001) crystal plane of Zn,GeO, thin films and
the (00.1) crystal plane of c-sapphire substrate. The in-plane orientation relationships
are identified to be [100] Zn,GeO,// [10.0] Al,O5 and [110] Zn,GeO,// [11.0] Al,Os. The
AFM surface morphologies of epitaxial (001) Zn,GeO, thin films deposited at different
O, pressures are shown in Figure 2.11(e-f). Even though the difference in film thickness
is huge, the surface roughness is similar for the films. The RMS roughness of the 81
nm, 384 nm and 704 nm thick epitaxial thin films is about 1.8 nm, 2.5 nm and 2.2 nm,
respectively, indicating a smooth surface for the high-quality epitaxial thin films.

Figure 2.12 illustrates the atomic-scale schemes of (001) Zn,GeO, and (00.1) a-
Al,O3 (c-sapphire) crystal planes for in-plane atomic lattice matching. Considering the
formation of chemical bonds between Zn and Ge atoms of (001) Zn,GeO, plane and O
atoms of (00.1) a-Al,O3 plane, the maximum distance between nearest O atoms on (00.1)
a-Al,O3 plane is about 0.286 nm, which is about 12~16 % smaller than the minimum
Zn-Ge (0.320 and 0.328 nm) and Ge-Ge (0.331 nm) distances on the (001) Zn,GeO,
plane. In the case of the present study, an apparent compressive strain forms in the
initial bottom part of the layer of (001)-oriented Zn,GeO, epitaxial thin film due to the
large lattice mismatch greater than 10 %. The strain gradually relaxes with increasing
film thickness over a critical point, and a top relaxed layer consequently forms above
the critical thickness with a large number of lattice defects. This is in good agreement
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Figure 2.12: Schematic of atomic scale in-plane lattice matching relationship between (001)
Zn,GeO,4 and (00.1) a-Al,O3 crystal planes. Crystallographic data of crystal planes and sur-
face atomic terminations of rhombohedral (001) Zn,GeO,4 and hexagonal (00.1) a-Al,O3 are
from Cambridge Structure Database (CSD).[15, 16] Atomic-scale structures are visualized us-
ing VESTA software.[28]

with the fitting result of rocking curve of the 81 nm thick epitaxial thin film deposited
at 0.2 mbar O, pressure. A similar process was observed in the heteroepitaxial growth
of hexagonal (00.1) CuFeO, thin films on c-sapphire substrates by PLD.[26]

{001} | (003)

L. wio @20 @0
thin film ) (1;0) |

[170] Zn,GeO,

. ZnQGeO4-.

Figure 2.13: Cross-sectional HRTEM image around interface of the (001) Zn,GeO, epitaxial thin
film with inserted SAED patterns of the film and substrate.

The cross-sectional HRTEM image around interface between the film and the sub-
strate, and the SAED patterns of epitaxial thin film and c-sapphire substrate are shown
in Figure 2.13. The interface appears sharp, and there are no signs of secondary phases.
The SAED patterns confirm that the orientation matching relationships are out-of-
plane [001]Zn,Ge0,4||[00.1]Al,O3, and in-plane [110] Zn,GeO,|[11.0] Al,O3 and [1-10]
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anGeO4”[1-1.0] A|203.

Raman spectroscopy was carried out at room temperature under a 325 nm laser
excitation to further confirm the rhombohedral spinel Zn,GeO, phase of the films.
From the Raman spectra shown in Figure 2.14(a), two peaks at 802 and 776 cm™ are
clearly observed corresponding to A, and E4® modes of rhombohedral Zn,GeOy,
respectively. This result is consistent with the experimental values of 802 and 777
cm? for Zn,GeO, microrods.[29, 30] In addition, two other theoretical weak modes
of rhombohedral Zn,GeO,, the Ag® and E4® at about 745 and 752 cm™,[29, 30] just
overlap the 748 cm™ mode of c-sapphire substrate. Furthermore, the peak of c-sapphire
around 570 cm™ is not broadening and its relative intensity does not apparently in-
creases for the different samples, indicating no ZnO impurity detected in the films.[31]
Raman analysis result verifies the pure-phase rhombohedral Zn,GeO, epitaxial thin
films. Figure 2.14(b) presents the room-temperature UV-visible transmission spectra of
epitaxial (001) Zn,GeO, thin films grown on one-sided polished c-sapphire substrates.
The optical absorption of Zn,GeOy, is in the range from 250 nm to 270 nm, while the
absorption band of around 270~380 nm is attributed to the band-to-band transition of
defect energy levels.[32] From the Tauc plots shown as the inset in Figure 2.14(b), the
evaluated direct optical bandgap of the epitaxial thin films is about 4.92 eV, which is
greater than the experimental values of around 4.5~4.7 eV at room temperature for
Zn,GeO,4 nanorods, nanoribbons, and nanowires.[11, 12, 33] This bandgap value of
4.92 eV is even larger than the experimental value of 4.76 eV at low temperature of 4
K for Zn,GeO, microwires by measurement of photoluminescence emission (PLE).[34]
A recent DFT calculation by using the HSE06 hybrid functional with a mixing factor of
0.25 and 0.33 for stoichiometric Zn,GeO, predicts bandgap values of 4.62 and 5.2 eV,
respectively.[34] A mixing factor of 0.25 for HSE functional generally underestimates
bandgap values of wide bandgap materials.[35] Whereas a larger mixing factor of 0.40
was tested to evaluate ZnO and produced better results.[36] The experimental bandgap
value of 4.92 eV for epitaxial (001) Zn,GeO, thin films should be closer to the theoretical
bandgap value of Zn,GeO,4, which may be similar or even greater than the predicted
value of 5.2 eV.

Some literature reported room-temperature steady-state photoluminescence (PL)
emission spectra of Zn,GeO, materials under 325 nm laser excitation, but we could not
observe any apparent PL signal from the Zn,GeO, epitaxial thin film under excitation
using a 325 nm laser. Figure 2.14(c) shows the room-temperature steady-state PL emis-
sion spectra of the epitaxial thin films under 266 nm (4.67 eV) laser excitation. A broad
blue emission band is observed at around 2.62 eV (473 nm) with a FWHM of about
0.55 eV (100 nm). Apparently, it is a defect-related emission band. Figures 2.14(d-f)
shows the room-temperature time-resolved PL spectra of the epitaxial thin films with
different thicknesses. All three decay curves can be well fitted to double-exponential
curves represented by the following bi-exponential decay function:

I(t) = loger + ale_% + aze_% (2.2)

where Iy IS @ constant; a; and a, are the relative weight factors; 7; and 7, are the
time constants of fast and slow decay processes, respectively; t is decay time, and I(t) is
the luminescent intensity at t time. Then the average decay time t is calculated by the
following equation:

T=0a1T1 + X272 (2.3)
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Figure 2.14: (a) Raman spectra of epitaxial (001) Zn,GeO,4 thin films grown on c-sapphire
substrates. (b) UV-visible transmission spectra of the epitaxial thin films, with an inset of Tauc
plots from the transmission spectra. (c) Room-temperature steady-state photoluminescence (PL)
spectra of the epitaxial thin films. Room-temperature time-resolved PL spectra with double-
exponential curve fitting for the epitaxial thin films with different thicknesses of (d) 81 nm, (e)
384 nm, and (f) 704 nm.

The fitting parameters and average decay times for the three PL decay curves are
shown in Table 2.1. The decay curves of films with different thicknesses show similar
fitting parameters and average decay times of around 20~30 us, suggesting a similar
kinetic mechanism that the blue luminescence originates from donor-acceptor recom-
bination process. It is well-known that rhombohedral Zn,GeO;, is a native defect phos-
phor, in which the native oxygen vacancies (plus perhaps zinc interstitials) and cationic
(germanium and zinc) vacancies are related to the donors and acceptors, respectively.
A similar blue band PL emission at around 2.6 eV by UV light excitation at 5.10 eV and
4.13 eV was suggested to be related to the introduction of interstitial Zn into the crystal
Zn,GeO,4 phase in the nanocrystallized 15Li,0-15Zn0O-70GeO; glass.[37] The intersti-
tial Zn was speculated to markedly affect the PL of Zn,GeO4 nanorods due to the lack
of oxygen vacancies.[24] In the case of this study, the blue band emission peak does not
apparently shift for the films deposited at different O, pressures, which directly correl-
ate to the formation and concentration of oxygen vacancies in the oxide films. On the
other hand, the interstitial Zn probably formed in the epitaxial thin films as previously
discussed. Therefore, we speculate that the observed blue emission in (001) Zn,GeO,
epitaxial thin films is probably related to zinc interstitials and possible germanium
vacancies, the latter may be resulted from evaporative loss at high temperature.

In summary, this study demonstrates the heteroepitaxial growth of pure-phase and
high-quality rhombohedral (001) Zn,GeO, thin films on c-sapphire substrates by PLD.
The in-plane orientation relationships are identified to be in-plane [110] Zn,GeO,//
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Table 2.1: The fitting parameters and average decay times for the epitaxial (001) Zn,GeQ, thin
films with different thicknesses.

Film thickness | loget | 21 T1 (uS) | a2 To (uS) | T (us)
104 nm 0.024 | 0.93 | 11 0.13 | 103 23.6
450 nm 0.008 | 1.01 | 14 0.10 | 143 28.4
789 nm 0.007 | 0.99 | 13 0.11 | 122 26.3

[11.0] Al,O3 and [1-10] Zn,GeO,// [1-1.0] Al,O3. The FWHM of rocking curve of 380~700
nm thick films is about 0.40°. The direct optical bandgap of thin films evaluated at room
temperature is about 4.92 eV. The room-temperature PL spectra of epitaxial thin films
exhibit a broad defect-related blue emission band at 2.62 eV. The epitaxial thin films,
deposited at different O, pressures and with different thicknesses, exhibit similar bi-
exponential decay curves with a short lifetime of about ten microseconds and a long
lifetime of about hundred microseconds. The blue luminescence may relate to the
possible interstitial Zn existed in the films. This work is opening a way to the epitaxial
thin films of rhombohedral Zn,GeO, for fundamental research in view of potential
device applications.
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Within the DFG-funded Research Group FOR 2857, we are dealing in project P01
with pulsed laser deposition (PLD) of Cul-based thin film heterostructures. Due to
the long-term experience with PLD and the given lab infrastructure [1], we could
establish the Cul film growth in a satisfying fashion surprisingly fast [2], see also our
previous Semiconductor Physics Group report 2020. A unique advantage of the film
growth by PLD is the high flexibility to explore doping by simply mixing the dopant
into the PLD source target. Figure 2.15 shows a selection of Cul-based PLD targets
with various dopant elements as indicated. The targets were prepared and used in the
current funding period of FOR 2857.

Figure 2.15: Selection of one-inch diameter Cul-based PLD targets doped with the following
elements or compounds: top row from left: CuO, CuTe, CuSe, Zn, Mgl ,; bottom row: Sn, Snly,
Cus, CuO, Rbl. Most of the targets are elliptically segmented with different outer ("A:" on target
box) and inner ("I:") phase to allow a control of the dopant concentration in the grown film by
the radial laser focus position on the target, as presented for example in [3]. Targets prepared
by P. Storm and M. Hahn, photo by M. Lorenz.

Oxygen (like all oxychalcogenides) is expected to act as an acceptor in Cul [4],
and the unintentional incorporation of oxygen from the atmosphere into Cul could
influence the electrical properties in particular for the Cul films without top capping
layer. However, there is still some discussion if for example also adsorption of water
enhances the electrical conductivity of Cul. We performed investigations on the time-
dependent electrical behavior of PLD grown Cul in dependence on growth parameters
of the Al,O3; capping layer and of the Cul film itself [4].

Figure 2.16 (a) shows the remarkable impact of growth parameters of the in-situ
Al,O3 capping layers on the resistivity of PLD Cul thin films [4]. Growing the capping
in oxygen (blue) increases the acceptor concentration by orders of magnitude in relation
to growth in nitrogen (green), which is most probably due to the diffusion of excess
oxygen from the capping into the Cul film. The Cul film without any capping layer
(red) shows an immediate and even stronger decrease of conductivity. Figure 2.16 (b)
shows the long-term diffusion dynamic of oxygen through the AlLO; capping layer
with an oscillation period of about one day. These surprising oscillations are most
probably induced by the minor day-night temperature variations in our unregulated
lab environment [4].

As PLD has nearly no limitation concerning the source target material [1], Figure
2.17 (a) demonstrates single crystalline Cul films, i.e. with only one rotation domain,
grown in-situ on SrF,(111) substrates with a NaBr template layer with good lattice
match. Due to the high water solubility of NaBr, free-standing um-thin Cul with high
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Figure 2.16: (a) Impact of growth atmosphere during the Al,O3; capping deposition on the
time evolution of resistivity of 120 nm Cul thin films as indicated. Dashed lines represent
the simulated behavior [4]. Measurements were done in air at 50°C in darkness. (b) Long-
term degradation of resistivity of an Al,O3(N>) / Cul heterostructure in an unregulated lab
environment, i.e. at given room temperature. Green arrows point to the oscillation maxima
with a period of about 24 hours. The diffusion regimes 1 to 4 (indicated by gray-levels) are
explained in [4]. Figure is taken from [4].

crystalline quality could easily be prepared that way, see Figure 2.17 (b) and Refs. [5]
and [6].

In summary, considerable progress could be obtained in Cul film growth by PLD, as
summarized by the points below. A main technical advantage of the Cul PLD growth
is that no extra source of the highly corrosive iodine vapour is required.

e Optimized PLD process: (a) epitaxial growth with enhanced crystallinity for in-
creasing growth temperature Tg, (b) smooth film surfaces (rrms < 1 nm) for
decreasing Tg, (c) tunable electrical properties of p ~ 5x10® cm= with a hole
mobility of y = 20 cm?/Vs up to p ~ 10 cm= with u = 8 cm?/Vs [2]. (d) In-situ
capping for stable carrier density [2].

e Origin of free carriers and p-doping of PLD Cul further clarified: () conductivity
in Cu-rich PLD Cul is due to oxygen doping [4], (f) p-doping demonstrated
with Cul:Se [3]. Also, the whole mixing range from Cul via Cu(Brl) to CuBr was
presented, as reported in another contribution.

e Suppression of rotational domains, volume crystals and epitaxial lift-off: (g) single
crystalline, free-standing Cul realized with NaBr template layers [5], (h) epitaxial
lift-off successfully demonstrated [6], (i) preliminary limits for volume crystals
were determined [5] and [6].

[1] M.  Lorenz, Wiley-VCH Verlag GmbH & Co. KGaA (2019),
doi:10.1002/3527600434.eap810

[2] P. Storm, M. S. Bar, G. Benndorf, S. Selle, C. Yang, H. von Wenckstern, M.
Grundmann, M. Lorenz, APL Mater. 8, 091115 (2020); see also Aili McConnon,
AIP Scilight 391103-1 (2020)

[3] P. Storm, M. S. Bar, S. Selle, H. von Wenckstern, M. Grundmann, M. Lorenz, Phys.
Status Solidi RRL 2021, 2100214 (2021)
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Figure 2.17: (a) XRD-g-scans of (top) Cul / NaBr films on SrF,(111) and (bottom) 2 um thin,
free-standing Cul glued to glass with epoxy resin. Artifacts originating from broken off crystals
during separation from the substrate are marked with asteriks. (b) Laser scanning microscope
top view of the edge of a free standing 2 um Cul film (lift-off from Cul/NaBr/SrF;) with
representation of the (111) out-of-plane oriented unit cell of copper iodide. Figures are taken
from [5].
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2.12 Optical Properties of Cul

Wide-bandgap semiconductors show promising properties regarding higher operation
voltages, frequencies and temperatures for devices, while additionally their transpar-
ency enables further applications. While many wide-bandgap n-type materials are
available nowadays, suitable intrinsic p-type materials are still missing. A possible p-
type candidate is Cul [1]. Its intrinsic p-type conductivity in conjunction with its high
hole mobility and transparency in the visible spectral range and a high exciton binding
energy make Cul a promising material for future optoelectronic applications.

2.12.1 Dynamics of exciton-polariton emission

E. Kriiger, M.S. Bar, S. Blaurock’, L. Trefflich, R. Hildebrandt, A. Muller, O. Herrfurth®,
G. Benndorf, H.von. Wenckstern, H. Krautscheid®, M. Grundmann, C. Sturm

*Institut fur Anorganische Chemie, Universitat Leipzig, Johannisallee 29, 04103 Leipzig

fhow at: Active Fiber Systems GmbH, Ernst-Ruska-Ring 17, 07745 Jena

We investigated static and dynamic aspects of recombination of exciton-polaritons
in Cul as a function of temperature in the range of (10—250) K [2]. For this purpose,
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Cul single crystals were grown in autoclaves filled with copper iodide-acetonitrile
solution saturated at room temperature and penta-2,3-dione in a 10:1 ratio. A typical
photoluminescence (PL) spectrum is shown in Fig. 2.18(a). The emission lines between
3.055eV and 3.12 eV, previously incorrectly assigned to the transverse and longitudinal
excitons[3, 4], can be attributed to the coupling of the I's singlet and I';4 triplet exciton
states to the photons. The calculated dispersion of the corresponding bulk polariton
branches (see inset in Fig. 2.18(a)) agrees very well with our experimental data. The
observed emission peaks at lower energies between 2.98eV and 3.05eV at 10 K have
been attributed to bound excitons. In particular, the emission in the energy range of the
C-E lines (cf. Fig. 2.18(a)) is considered to be due to recombination of excitons bound
to flat neutral acceptors. The activation energy of the electrically active flat acceptors
measured on similar single crystals was determined from tempearture-dependent van
der Pauw measurements to be E =108 meV. Assuming that the acceptors contribute
to the free carrier density as well as to the previously mentioned emission peaks of
the bound excitons, we roughly estimate the Haynes rule factor, which describes the
ratio of the binding energy of the exciton to the impurity Eg to the binding energy of
the hole to the impurity, to a value of 0.08-0.17. Furthermore, the decay times of the
bound excitons were found to follow the E¥'% rule[5] (see Fig. 2.18(b)), indicating that
recombination is dominated mainly by radiative recombination processes.
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Figure 2.18: (a) Typical time-integrated micro-PL spectra (Dexc = 6 nJ/cm?) of a Cul single
crystal at 10 K obtained from a streak camera image. The energy positions of the free exciton-
polariton and bound exciton transitions, labeled with (LPB, MPB, UPB) and (C-H), respectively
are indicated by vertical dashed lines. Gray horizontal arrows visualize the LO-phonon energy
of approximately 19 meV. Red and blue symbols represent the different decay time components
71 and 7, obtained for the corresponding transitions. The inset shows the calculated polariton-
dispersion curves (without damping). Dotted vertical lines visualize the photon dispersion in
vacuum (hck) and in Cul (hck/ +/eg) respectively. (b) Decay times of bound exciton transitions
in dependence on Eg/z. The gray dashed line highlight the observed proportionality for the
transitions C-E; . (c) Fast and slow decay components 7; and 7, of the UPB emission as a
function of temperature. The gray dashed line serves as an eye guide to highlight the 7 oc T3/2
proportionality for temperatures below 160 K. Adapted from Ref. [2]

As the lattice temperature increases, the emission profile shifts to lower energies
due to bandgap renormalization processes. Typically, changes in bandgap energy can
be attributed to the electron-phonon interaction and thermal lattice expansion via the
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deformation potential. Although the latter contribution can be neglected for many ma-
terials, it leads to nonphysical results in the case of Cul. Therefore, we consider the
bulk thermal expansion and the electron-phonon interaction individually, obtaining
an effective phonon energy of about 20 meV, which agrees well with the experimental
values for the LO phonon energy determined by Raman spectroscopy. However, we
note that effective temperature determining the thermal polariton distribiution along
the UPB may exceed the crystal temperature after an optical excitation. The corres-
ponding temperature evolution can be described by a simple exponential cooling with
a cooling constant of approximately 20 ps, which was determined based on line-shape
analysis of the high-energy tail of the transient UPB emission. Moreover, the observed
polariton temperature was found to exceed the nominal lattice temperature even 100 ps
after optical excitation. We explain this overheating by the depletion of the polariton
population in the radiation region with wavevectors k; < kyac, Which prevents complete
thermalization of the entire polariton population.

For the recombination of free polaritons and bound states we find a different tran-
sient behavior: the decay of the free polariton emission shows a non-monoexponential
decay, which can be described by a sum of two exponential decays, while the transient
behavior of the bound exciton emission can be well described by a monoexponential
decay. The corresponding decay times 7; and 7, are shown in Fig. 2.18 (a). We assign
the fast decay component with decay times 7; between 10 ps and 40 ps observed for
the free polariton emission peaks to the trapping of polaritons be defects due to their
strong excitonic like character. The slow decay component with decay times 7, in the
range of (145-165) ps at 10K is assumed to represent the intrinsic radiative decay of
the free polaritons. Due to a significant overlap of the LPB and MPB emission peaks
at elevated temperatures, we focused on the decay dynamics of the UPB emission as
a function of temperature (see Fig. 2.18 (c)). We find that the slow decay component
T, increases with increasing temperatures up to approximately 350 ps at 160 K, fol-
lowing 7, oc T%/? as expected for the radiative decay of free excitons in bulk material
[6]. Such increase can be explained by the conservation of the in-plane wave vector
component k; at the crystal surface, since polariton states at higher k-vectors, which are
populated at higher temperatures, cannot be transmitted through the crystal surface.
For temperatures above 160 K the decay time start to decrease again, probably due to
an increasing impact of non-radiative recombination channels. Finally, we note that
the decay time remains constant at temperatures below 45 K revealing an unchanged
polariton distribution at low temperatures, which is in good agreement with the fact
that no thermal equilibrium of the polarriton distribution is not achieved in this case.
In contrast to 7,, the fast decay time 7, is almost independent on the temperature, such
that we attribute this decay channel to non-radiative decay process, as e.g. trapping
by defects. This interpretation is also supported by the fact that the obtained PL rise
times of bound exciton emission are around 30 ps and thus comparable to 7;. Based
on this interpretation we estimate the defect density in the investigated Cul crystal to
a value in the order of 2x10' cm=3, which is in reasonable agreement with measured
hole density at room temperature.
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Figure 2.19: (a) Integrated PL intensity as a function of the excitation power for different
excitation energies Eg (coloured circles). The values of the slopes resulting of the linear fit
are indicated. (b) Exponent y versus the excitation photon energy for two crystals (coloured
squares).

2.12.2 Two-photon absorption induced Photoluminescence

A. Mlller, L. Trefflich, E. Kriger, S. Blaurock *, H. Krautscheid *, M. Grundmann,
C. Sturm

*Universtat Leipzig, Institute of Inorganic Chemistry, Johannisallee 29, 04103 Leipzig.

We have investigated the emission spectra by means of two photon absorption
(TPA). The integrated PL intensity as a function of the excitation power Eg,. is shown in
Fig. 2.19a for selected energies of the excitation. We observed for all excitation energies
an excitation power dependent power law, namely | o« P7Ee<), The determined exponent
y as a function of the excitation energy is shown in Fig. 2.19b for two crystals. For small
excitation energies, i.e., E < 2 eV the magnitude of the exponent y of about 2 is obtained,
which is expected for an excitation via a virtual state [12]. However, for an excitation
energy of about E = 2.64 eV the exponent y exhibit a minimum of about 1.5, which
can be attributed to an excitation via a real state within the band gap. This is support
by density functional theory calculation performed by Koyasu et al. [13]. According
to their calculations, an anti-site defect at 2.7eV is expected. We want to note, they
had to use an off-center model [13-16] by reducing the symmetry from P-43m to P1
to permit the movement of the substituted iodine ion. By using this off-center model,
the calculated defect generation energy is about 1eV, implying that the I -off center
model is a plausible explanation for the observations in our current studies.

We also investigated the impact of the self absorption on the emission spectrum.
In Fig. 2.20(a) the PL spectrum by single photon absorption (SPA), i.e., by using an
excitation energy above the band gap energy, as well as by TPA for a Cul bulk single
crystal measured at 300 K is shown. We observe a red-shifted of the TPA-PL spectrum
with respect to the SPA-PL spectrum. As the penetration depth of the exciting laser
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Figure 2.20: (a) SPA- and TPA-PL spectra (solid lines) measured at 300 K and the absorption
coefficient. (b) TPA-PL spectra for different depth of the focal point measured at 20 K, respect-
ively.

in the case of the SPA-PL is about 100 nm, the generated electron-hole-pairs are very
close to the surface and the emitted photons can easily escape out of the crystal. In
contrast to that, Cul is transparent in the case of the TPA-PL, which means that the
excitation and thus the generation of the photons takes place in the entire crystal. Due
to the absorption coefficient of Cul, most of the high energy photons with E > 3.1eV
will be absorbed before they can reach the surface, which can explain the observed the
red shift in the case of the TPA-PL. For a further investigation, we perform TPA-PL at
different focal points within the sample. Figure 2.20b and ¢ shows the TPA-PL spectra
for different focal point depths at 20 K, respectively. A red shift of the near band gap
emission is clearly visible. For T = 20 K, the PL spectrum exhibit an additional peak at
2.95eV. In contrast to the peak at an energy of about 3.02 eV, the energy of this peak
is independent on the focal point. This can be attributed to the fact that the absorption
coefficient in this energy range is almost zero and supports the assumption that that
the observed red shift is a consequence of self absorption.

In order to describe the measured spectra PLgeected, We applied an approach which
takes into account the internal TPA-PL (PLi,) at the focal point, the absorption coef-
ficient a, the propagation of emitted photons within the crystal, multiple (j) internal
reflections at the interfaces and a carrier density shape n(z) o« 1/w(z)* caused by the
irradiance of a Gaussian beam in two dimensions [17, 18]. Within this model, we as-
sume that the PL is generated in a certain depth z” within the crystal. The photons will
then travel to the front and to the back interface and will be reflected at the front and
backside with a probability r; and r,, respectively. The corresponding emitted PL is
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then given by [17]

PLgetected (E) = PLgirect(E) + PLittered (E) (2.4a)
PLgirect(E) = ﬁL PLint(E) - n(2)? - (1 - r) - exp (—a(E) - 2) dz (2.4b)
PL fiitered(E) = fOL JZ:; PLint(E) - n(2)* - (1 — r¢) - (Aj + Bj) dz (2.4c)

with
Aj = rjf . ri -exp [-a(E) - (2jL + 2)] (2.5a)
Bi=r"t-rl . exp[-a(E) - (2j - 1)L + (L~ 2))] . (2.5b)

PLgirect @and PL+iiereq represents the PL which escapes directly out of the crystal and is
detected after multiple internal reflections, respectively. By means of this approach the
internal PL was determined, which is quite similar to those obtained from SPA-PL.

2.12.3 Exiton mediated resonant Raman scattering
R. Hildebrandt, E. Kriger, S. Blaurock®, H. Krautscheid™, C. Sturm, M. Grundmann

*Institut fur Anorganische Chemie, Universitat Leipzig, Johannisallee 29, 04103 Leipzig

By Raman scattering, nondestructive characterization of Cul for various structural
and electric properties is enabled via optical scattering. This process involves electronic
transitions and is strongly enhanced at resonance conditions. This is the case for a
325 nm excitation, i.e., with an energy close to the conduction-band-split-off-valence-
band exciton. Here the laser energy is about 100 meV above the exciton ground state and
this way the exciton mediates as outgoing resonance via the emission of multiple LO
phonons, the so-called overtones [20] (cascade model). For (111) oriented zinc blende
crystals, the cross polarization reveals a photo luminescence (PL) signal from the exciton
ground state (n = 1) and its first excited state (n = 2). Takinfg a closer look reveal at
the high energy of the n-th LO overtones, side modes are located at about 3 meV and
6 meV. Those are possibly related to one additional phonon scattering processes with
acoustic phonons. All these processes are depicted in Fig. 2.21.
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Figure 2.21. (a) Resonant Raman spectra (middle panel) of Cul for Bulk crystal 11K excited
with a 325 nm. The observed nLO-Overtones (middle, orange numbers) are result of multiple
relaxation of excitonic states with LO phonons (left). In the cross polarization (dark green line
in the middle) the PL signal of recombining excitons of the ground state (n = 1) and the first
excited state (n = 2) can be observed. Weak side modes (green and light blue asterisk in middle)
observed about 3meV and 6 meV above each nLO overtone are related to one additional
scattering of LA or TA phonons with wavevector conservation (left, only for LA shown).
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2.13 Dielectric function of CuBryl,_ alloy thin films

E. Kriger, M. Seifert’, M.S. Bar, S. Merker®, H.von. Wenckstern, H. Krautscheid',
S. Botti*, M. Grundmann, C. Sturm

“Institut fur Festkorpertheorie und Optik, Friedrich-Schiller-Universitat Jena,

Frobelstieg 1, 07743 Jena

Finstitut far Anorganische Chemie, Universitat Leipzig, Johannisallee 29, 04103 Leipzig

The demand for transparent materials for optoelectronic applications has increased
significantly in recent years[1]. In particular, copper halides and especially copper
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iodide (Cul) have recently become the focus of research as wide bandgap p-type semi-
conductors [2-4]. Although the application potential of Cul has recently been demon-
strated in e.g. transparent p-n heterojunctions and thin-film transistors, the excessive
hole densities are detrimental to active device applications[2]. However, substitution
of iodine with bromine is expected to enable tunable carrier density in thin films of
CuBr, |, _, alloys [6]. Since the optical response of the alloy system has not been stud-
ied in detail so far, we have investigated the dielectric function of the CuBr, I,  alloy
and the origin of the underlying electronic transitions by combining experimental and
computational methods.

Fig. 2.22(a) shows the dielectric function of the CuBr,l,  alloy for 0 < x < 1.
As mentioned previously the thin films are almost fully transparent in the visible
spectral range. The lowest energy transition labeled with E; was attributed to excitonic
transitions at the fundamental bandgap at the I'-point. The next transition Ey + Ay was
assigned also to transitions at the I'-point but involving the split-off valence band.
The high energy transitions between 4.5eV and 6.5eV are labeled with E; and Ej in
accordance to previous publications [4, 5]. Although, the E; resonance in Cul and CuBr
was assigned in the past to transitions at the I'-point between the split-off components
of the top VB and second conduction band [5], we could show based on the DFT
bandstructure calculations that the corresponding transitions occur also in the vicinity
of the L-point similar to the E; transition.

We note that the E, transition does not exhibit monotonic behavior as a function of
the alloy composition. The corresponding nonlinear contribution to the energy shift can
be described by the quadratic term bx(1 — x) where b represents the bowing parameter
(see Fig.2.22 (b)). At room temperature, the estimated bowing parameter is determ-
ined to be 0.49eV, which is in reasonable agreement with our DFT calculations for
an ordered CuBr |, alloy yielding a value of b=0.58eV. We note that the observed
discrepancies between the experimental and calculated values are due to the impact
of the temperature on the band gap energy, which in turn leads to an increase of the
bowing with decreasing temperature.

In order to investigate the effect of the p-d-hybridization of the valence band max-
imum (VBM) in detail the spin-orbit splitting was determined as a function of the alloy
composition. Fig.2.22 (c) shows the almost linear decrease of the spin-orbit splitting Ay
with increasing Br-content, which can be explained by a lower one-electron spin-orbit
splitting of the bromine in comparison to iodine[5]. However, the absolute values of
Ay are significantly lower as expected due to strong p-d-hybridization of the VBM. We
show that the contribution of the copper d-orbitals decreases from a ~ 0.52 to a ~ 0.36
with increasing Br-content, which is in excellent agreement with our DFT calculations.
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Figure 2.22: (a) Spectra of the real (1) and imaginary (&) part of the dielectric function of
CuBryl;_yx alloy thin films depending on the alloy composition. The observed resonances labeled
with Eq, Eq + Ag, E1 and E are highlighted by vertical arrows. For better clarity, the spectra are
shifted vertically against each other. (b) Quadratic bowing contribution of the Eq energy shift as
a function of the alloy composition. The black symbols represent the experimentally obtained
transition peak energies, while the red symbols represent the calculated values for ordered
CuBrylyi_x alloy. (c) Spin-orbit splitting at the I'-point Ay in dependence on the Br-content. The
black and red symbols again represent the experimental and calculated values, respectively.
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Figure 2.23: Kretschmann configuration and prims excitation of BSWP in a) and reflectivity
spectra with red lines corresponding to the fit of a Fano-type resonance.

2.14 Bloch surface wave polaritons at temperatures up to
430 K

S. Henn, C. Sturm, M. Grundmann

Light traveling inside a material comprises a mixture of an electromagnetic wave
as well as a polarization wave, that can exchange quantised energy (fiw) with other
systems, e.g. the vacuum radiation field and these energy quanta are called polaritons
[1]. Prominent examples of these are exciton-polaritons, where the photon interacts
with the elctron-hole pairs of a semiconductor, e.g. inside a microcavity [2], displaying
a wide variety of interesting physical phenomena, like low-theshold lasing and Bose-
Einstein condensation [3]. Another platform for the formation of exciton-polaritons
is a distributed Bragg reflector (DBR) with a truncated surface layer. This surface
layer supports an evanescent wave propagating along the interface, the so-called Bloch
surface wave (BSW) [4]. Its dispersion can be modeled by a simple (2 x 2) transfer
matrices and lies in the stop band of the DBR. While this surface wave is lossless,
a rough surface or interface leads to scattering processes, rendering its propagation
length finite [5], which can, however, reach up to 100 um.

By depositing a semiconducting ZnO surface layer on the reflector, these modes can
be coupled to excitons, forming a Bloch surface wave polariton (BSWP). This holds sev-
eral advantages compared to exciton-polaritons in conventional planar microcavities:
a reduced complexitiy of production (small number of layers) and direct access to the
mode-supporting layer for the deposition of further structures, e.g. interferometers,
gratings, which is useful for application purposes. Additionally, the Bloch-polariton
has no ground state, i.e. k # 0 and inherits the low-loss-natur of BSW, promising large
propagation lengths.

The coupling between an exciton and a photon splits the two individual dispersions
into an upper and lower polariton branch (UPB, LPB) in the vicinity of the crossing
point, called the strong-coupling regime. In structures with a ZnO surface layer it was
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Figure 2.24: Temperature dependent BSWP dispersion in a) with the exciton energy (dotted),
bare BSW dispersion (dashed-dotted) and light line (vertical line). The temperature evolution
of the fit parameters, i.e. Ex, V, ¢, iS given in b).

possible to observe BSWP for temperatures of up to 430 K [6]. HowevVer, the absorption
for energies above the band gap renders the UPB non-observable [7]. The experimental
values were obtained from measuring the TE-polarized reflectivity in a Kretschmann
configuration [5] and mode energies were extracted from modelling Fano-type reson-
ances [8], which can be seen in figure 2.23. The temperature evolution of the mode
dispersion as well as the fit parameters, i.e. the coupling strength V, the flat exciton
energy Ex and the dielectric background of the bare BSW mode ¢, is given in figure
2.24. These findings are in agreement with the temperature evolution of the exciton
energy and broadening, which is redshifted and broadened for increasing temperat-
ures, respectively. The coupling strength ranges decreases from 100 meV to 70 meV
for temperatures between 290—-430 K. This coupling strength exceeds the broadening
of the mode and therefore confirms the strong-coupling regime. The stable formation
of BSWP at such high temperatures can be exploited for on-chip polariton devices
operating above room temperature.
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2.15 Singular optic axes in bulk materials

M. Grundmann, C. Sturm

In 1902, Voigt pointed out, that in orthorhombic crystals each of the two optic axis
splits into two singular optic axes as soon as the absorption sets in. [1] In contrast to
an optic axis, along a singular optic axis either a left-handed or right-handed circular
polarized wave can propagate without changing its properties. The presence of singular
optic axes are not limited to orthorhombic crystal only and appear in general for crystals
having an orthorhombic crystal symmetry or lower. [2, 3]

The wave eqution for homogeneous waves in crystals without optical activity is
given by ME = 0 with

100
M=R?eR-n?.[0 1 0Of, (2.6)
000

Here, n represents the complex-valued refractive index, € the tensor of the dielectric
function and R = R,(¢)Ry(0) the rotation matrix, which transfer the dielectric tensor
defined in the framework of the crystal into the system in which the wave propagates
along the z’ direction. R; is the rotation matrix around the i-th axis. The eigenvalues,
i.e., the complex-valued refractive index, can be then found by det M = 0. In the case of
the singular optic axes, both eigenvalues are degenerated. If we assume a symmetric
dielectric tensor, the solution for a degeneration of the complex-valued refractive index
can be written by [4]

j=4 j=4
[Z 7,5 xj] [Z g, xi] =0 2.7)

with x = 1/(itan 0/2) and x = exp i¢p. The coefficients g; are given by

go = —(€xz + ieyz)z + (exx + 2iexy - eyy)ezz (2.8a)
g1 = A(ieyy€x, — ExxEy; + Exy(€xz — I€y;)) (2.8b)
g2 = 2(6)2(2 + ef,z - 26)2(y + 2exx€yy — (Exx + Eyy)€zz) (2.8¢c)
gs = _4(_i€yy€xz — Exx€yz T exy(exz + ieyz)) (2.8d)
ga = —(€xz — i‘?’yz)z + (exx — 2iexy — €yy)ez; - (2.8e)

Interestingly, the roots of the first and second brackets of Eq. 2.7 represents the
solution for a left-handed or rather right-handed circular polarized wave and thus
proves that the eigenmodes of the singular optic axis cannot be elliptical polarized.
Furthermore, each bracket in Eq. 2.7 represents a quartic polynomial and so eight
directions in total exists, where the complex-valued refractive index is degenerated.
However, if (¢, 0) is a solution of the first bracket in Eq. 2.7, then (. + ¢, m — 0) is a
solution of the second bracket. Thus, two opposite directions with opposite polarization
forming an singular optic axis. Therefore, four singular optic axes can exist in maximum.

[1] W. Voigt: Ann. Phys. 314, 367 (1902).
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M. Grundmann: Report Halbleiterphysik/Semiconductor Physics 2020, Universitat Leipzig
(2021)
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Books

M. Grundmann: The Physics of Semiconductors, An Introduction including Nanophysics and
Applications, 4th edition, (Springer Nature, Cham, 2021), ISBN 978-3-030-51568-3
doi:10.1007/978-3-030-51569-0

Talks

M. Grundmann: Halbleiter mit groRer Bandliicke, Berliner Physikalisches Kollogquium,
Magnus-Haus, Berlin, Germany, July 2021 (invited)

E. Kruger, A. Mdller, G. Benndorf, S. Blaurock, H. Krautscheid, M. Grundmann, C.
Sturm: Time-resolved luminescence of Cul microwires, 13th Annual BuildMoNa Conference
(online), Leipzig, Germany, March 2021

E. Kruger, M. Bar, S. Merker, M. Seifert, D. Splith, L. Trefflich, P. Bischoff, H. von
Wenckstern, H. Krautscheid, S. Botti, M. Grundmann, C. Sturm: Dielectric function of
CuBryl,_ alloy thin films grown by pulsed laser deposition, 11th Workshop Ellipsometry;,
Steyr, Austria, September 2021

O. Lahr, H. von Wenckstern, M. Grundmann: Metal Oxide Based Field-effect Transistors:
From Design Basics to Microelectronic Applications, University of Helsinki Guest Lecture:
Instrumentation of Particles, Helsinki, Finland, March 2021 (online)

O. Lahr, H. von Wenckstern, M. Grundmann: A Sustainable Approach to Amorphous
Oxide Semiconductor Based Electronics, PhD Fortbildungsseminar, Leibniz-Institut fur
KristallzGchtung (IKZ) Berlin, Leipzig, Germany, December 2021

R. Osskovski, O. Arteaga, and C. Sturm: textitHow to analyze optically active media,
11th Workshop Ellipsometry, Steyr, Austria, September 2021 (invited tutorial)

T. Stralka, C. Yang, H. von Wenckstern, M. Grundmann: Dynamic AFM on Cul thin films,
Annual BuildMoNa Conference 2021, Leipzig, Germany, March 2021

T. Stralka, H. von Wenckstern, M. Grundmann: Multistack AFM for localised current,
For2857 Annual Meeting and Status Seminar, Dresden, Germany, September 2021

C. Sturm, K. Hingerl, V. Zviagin, R. Schmidt-Grund, T. G. Mayerhéfer, M. Grundmann:
Optical properties of low symmetry materials and their determination by spectroscopic ellipso-
metry, E-MRS (online), Strasbourg, France, June 2021 (invited)

L. Trefflich, C. Sturm, M. Grundmann: Optimization of the optical properties of thin film su-
perlattices by combining ellipsometry with statistical methods, 11th Workshop Ellipsometry;,
Steyr, Austria, September 2021

Posters

K. Dorywalski, C. Sturm, M. Grundmann: Combination of a global-search method with
model selection criteria for the ellipsometric data evaluation of DLC coatings, 11th Workshop
Ellipsometry, Steyr, Austria, September 2021
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S. Henn, M. Grundmann, C. Sturm: Strong coupling of Bloch Surface Waves to excitons in
ZnO, 13th Annual BuildMoNa Conference (online), Leipzig, Germany, March 2021

S. Henn, M. Grundmann, C. Sturm: Strong coupling of Bloch Surface Waves and excitons in
ZnO up to 430K, DPG-Tagung der Sektion Kondensierte Materie (SKM) (online), Bad
Honnef, Germany, October 2021

T. Stralka, F. Schéppach, M. Bar, H. von Wenckstern, M. Grundmann: Multistack AFM
on Cul thin films, DPG Konference, September 2021 (online)

C. Sturm, L. Trefflich, M. Grundmann: Uncertainty and correlation estimation by means of
global-search algorithm, 11th Workshop Ellipsometry, Steyr, Austria, September 2021
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5

Graduations

Doctorate

Stefan Hohenberger

Magnetoelectric Coupling in BaTiOs-BiFeOs Multilayers: Growth Optimization and
Characterization

January 2021

Anna Hassa
Epitaxy and Physical Properties of Group-111 Sesquioxide Alloys
June 2021

Lukas Trefflich
Carbon nanodots as active medium for planar microcavities
September 2021

Master

Cai Zichao
Bloch surface wave polaritons in ZnO-based 1D periodic multilayer structures
June 2021

Max Steudel
Charakterisierung flexibeler Halbleiterbauelemente basierend auf Zink-Zinn-Oxid
September 2021

Jasper Petschat

Simulation of the Influence of Cosmic Radiation at Mean Sea Level on the Electrical
Behavior of "Fully-Depleted Silicon-on-Insulator” MOSFETSs

October 2021

Bachelor

Wen Wu Lee
Cul-based thin films prepared by developed iodization method
January 2021

Ruey Jing Ong
Optimization of In,Oz-based Field Eftect Transistor devices
September 2021
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e Jorrit Bredow

Influence of sputter parameters on amorphization and electrical conductivity in
reactive magnetron sputtered Cu-Sn-I alloy thin films
November 2021
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Guests

e Fangjuan Geng
University of Jinan, Jinan, PR China
ChinaScholarship Council: Agreement for Study Abroad for CSC Sponsored Chinese
Citizens
September 2019 — August 2021

e Jingjing Yu
Ningbo Institute of Materials Technology & Engineering (NIMTE), Ningbo, PR China

China Scholarship Council
August 2020 — August 2023
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