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ABSTRACT

Single-crystalline ZnsN; thin films have been grown on MgO (100) and YSZ (100) substrates by plasma-
assisted molecular beam epitaxy. Depending on the growth conditions the film orientation can be tuned
from (100) to (111). For each orientation, x-ray diffraction and reflection high-energy electron
diffraction are used to determine the epitaxial relationships and to quantify the structural quality. Using
high temperature x-ray diffraction, the ZnsN, linear thermal expansion coefficient is measured with an
average of (1.5+0.1)-10° K in the range of 300 to 700 K. The ZnsN, films are found to be
systematically n-type and degenerate, with carrier concentrations of 10*° to 10 cm™ and electron
mobilities ranging from 4 to 388 cm’Vis . Low-temperature Hall effect measurements show that
ionized impurity scattering is the main mechanism limiting the mobility. The large carrier densities lead
to measured optical band-gaps in the 1.05 eV to 1.37 eV range due to Moss-Burstein band filling, with

an extrapolated value of 0.99 eV for the actual band-gap energy.
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l. INTRODUCTION

Since the 1990s there has been strong interest to establish the epitaxial growth and the fundamental
properties of group lll-nitrides, due to their application in numerous commercial devices, such as
transistors,! LEDs? and Lasers.? On the contrary, there has been only little research on group lI-nitrides:

their epitaxy is not well established and some of their basic physical properties not yet measured.

In the 2000s, the lI-nitride material ZnsN; got into the focus of research, because of the strong interest
to fabricate p-type doped ZnO, which would have led to a breakthrough in ZnO-based opto-electronic
devices. In this context, several attempts were made to achieve p-ZnO by (partial) oxidation of ZnsN,*
12 or by fabricating ZnO:N from Zn3N, targets, as demonstrated by pulsed laser ablation.!® This also led
to increased research activity on ZnsN; itself, including first demonstrations of ZnsN; in the field of thin

film transistors (TFTs).14"22

Although some band-gap studies on Zns;N, estimated values of 2.9-3.4 eV,'#16232% most of the recent
studies and theoretical calculations, including photoluminescence measurements, find values in the
0.8-1.5 eV range.1%'52538 The reason for this large discrepancy lies probably in the tendency of ZnsN;

to oxidize in ambient conditions,3*3°

which could lead to a strong overestimation of the band-gap
energy, as masked by the presence of ZnO (with a band-gap in the order of 3.3 eV %°). However, even
in recent literature, the reported values display a large spread. This is, at least partially, due to poor
crystalline quality, which can complicate the determination of the actual band-gap energy due to the
introduction of numerous energy levels within the band-gap. Indeed, most of previous studies cover
amorphous or polycrystalline ZnsN, thin films and only a few reports are on epitaxial ZnsN,.
Furthermore, it seems to be difficult to fabricate non-degenerate ZnsN; thin films with carrier
concentrations below 10° cm3,27:333437.4142 \hich |ead to a Burstein-Moss shift of the absorption edge
that could have caused an overestimation of the band-gap as well.**** Nevertheless, ZnsN; films show

generally quite large electron mobilities in the range of 100 cm?/Vs, probably due to the low reported

electron effective mass of 0.08 mo,** making it an attractive candidate as active layer for TFTs.
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As mentioned before there are only very few reports on epitaxial thin films, obtained either by
molecular beam epitaxy (MBE) or by sputtering. In the case of MBE, a first report in 2006 showed that
Zn3N; (111) was grown on a-plane sapphire®®, while a more recent work shows on the contrary that
Zn3N; (100) grows on both MgO(100) and a-plane sapphire substrates®®. In the case of epitaxial growth
by sputtering, ZnsN, (100) was achieved on YSZ (100)*2. While some of these studies investigated the

424 none of them

epitaxial relationships between the substrate and the overgrown ZnsN, thin film,
contains a detailed structural analysis of the thin films and none of them determined the correlation

between crystallographic orientation and growth conditions.

In this contribution we report the epitaxial growth of ZnsN, (exhibiting the cubic anti-bixbyite
structure*®) by plasma-assisted MBE on MgO (100) and YSZ (100). We demonstrate the ability to
control the film orientation by varying the growth conditions and we identify the epitaxial relationships
of each configuration. Furthermore, we provide a full picture of the films’ structural, electrical and
optical properties as a function of their growth conditions, determined by in-depth x-ray diffraction
(XRD), Hall effect and UV-vis-NIR transmission measurements, respectively. Finally, thanks to the use
of high-temperature XRD, we report for the first time the thermal expansion coefficient of ZnsN,, an
important parameter in epitaxial growth since it allows to evaluate the lattice mismatch between film

and substrate at the actual growth temperature.

Il EXPERIMENTAL

Zn3N; thin films were grown by plasma-assisted MBE in a Riber EPINEAT system, equipped with two Zn
(99.9999 %) effusion cells and a radio-frequency plasma cell, operated at 400 W to crack molecular
nitrogen gas (99.9999 %). The base pressure of the MBE system prior to growth was in the order of 10
® Torr. Growth was performed on 10 x 20 mm? MgO (100) substrates purchased from CRYSTAL and on
10 x 20 mm? YSZ (100) (yttria-stabilized zirconia, 9.5 mol% Y,03) substrates purchased from CrysTec.
The substrates were prepared by rapid thermal annealing for 2 min at 1150 °C under oxygen

atmosphere to obtain atomically flat surfaces. Prior to growth, the substrates were systematically
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exposed to nitrogen plasma and Zn flux at 300 °C in the MBE chamber, leading to an improvement of
their surface crystallinity as detected by reflection high-energy electron diffraction (RHEED). The
increased quality of the substrate surface led, in turn, to an improved crystallinity of the subsequently
grown Zn3N; thin films. The growth temperature was varied between 50 °C and 250 °C, as monitored
using a thermocouple placed close to the substrate holder. In-situ optical reflectivity and RHEED were

used to evaluate the growth rate and surface crystallinity, respectively.

The structural properties of the Zn3N; films were characterized with XRD and x-ray reflectivity (XRR)
using a Panalytical X’Pert Pro MRD system with Cu Ke radiation (1.54056 A). High-resolution
measurements (HRXRD) were done using a crystal analyzer in triple axis configuration, where the
diffracted beam undergoes three Ge (220) reflections before entering the detector. High-temperature
XRD measurements were performed under pressurized air in a Rigaku Smartlab diffractometer,
equipped with a closed Anton Paar chamber, also using Cu Kq1 radiation, and the sample height was

realigned after every temperature step.

Electrical properties were measured at room temperature by the van der Pauw method using a home-
built Hall effect system equipped with an electromagnet at a magnetic field of 0.8 T. Temperature
dependent Hall effect measurements of selected samples were done with a Physical Property
Measurement System (PPMS) from Quantum Design Europe in the range of 30K to 300K and a

magnetic field of upto 9 T.

Finally, ultraviolet-visible-near infrared (UV-vis-NIR) transmission measurements were employed to
evaluate the optical properties of the ZnsN; films using a PerkinElmer Lambda 19 spectrometer,
equipped with a photomultiplier tube and a PbS detector for UV-vis and NIR measurements,

respectively.

. RESULTS

A. Zn3N; GROWTH: EPITAXIAL ORIENTATION TUNABILITY
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The effect of substrate temperature on the film orientation was investigated by growing ZnsN, thin
films in a temperature range of 50 °C to 250 °C under N-rich conditions. The detailed growth conditions
of the samples, including their thicknesses and growth rates are given in Table I. Figure 1(a) shows the
26/w scans of ~40 nm thick ZnsN, films on MgO (100) substrates. Note that the XRD patterns were
recorded with a fully open detector in order to detect any possible contribution of parasitic phases.
Besides the MgO (200) substrate peak, only a very weak signal at the Zns;N; (400) position is detected
for the sample grown at 50 °C (sample A). Combined with RHEED observations, which show only faint
circles atop a strong continuous background at the end of the growth (image not displayed), this points
towards a very low-quality microstructure compatible with small crystalline domains within an
amorphous matrix. Increasing the substrate temperature leads to crystallization of the thin films: In
sample B, grown at 100 °C, the Zns3N; (400) reflection dominates the XRD pattern, indicating that the
majority of the grains follow the [100] growth direction, although a low-intensity ZnsN; (222) peak is
also present. When increasing the growth temperature further, the (100) intensity diminishes
gradually and growth along the [111] direction becomes dominant, as observed for the samples D and

E, grown at 200 °C and 250 °C, respectively.

—_—
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3 Mg0(200)
3 MgO (200)
Zn;3N,
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Figure 1: (a) XRD 26/w scans of ca. 40 nm thick Zns;N, thin films grown at different substrate
temperatures, measured with a fully open detector. The letters A to G refer to the different growth
conditions reported in Table I. (b) XRD 26/w scans of ZnsN, thin films grown at different growth
conditions compared to (a), top, and on a different susbstrate, bottom. The growth conditions are
reported in Table I. (c) RHEED patterns taken along the MgO [011] direction of the samples E (top)
and F (bottom). The black dots in sample F denote a simulated diffraction pattern along ZnsN, [011].
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Note that the RHEED of sample E was recorded at the initial growth stage, while the one of sample F
was recorded after the ZnsN, growth.

Interestingly, the growth on MgO (100) starts always with (111)-oriented Zns;N,. Indeed, even in
samples where both orientations are obtained (e.g. sample E), no traces of ZnsN; (100) can be detected
by RHEED in the initial growth stages (see Figure 1 (c), sample E). The RHEED pattern is streaky and
very similar to the one obtained for the growth of MgsN; (111) on MgO (100), being iso-structural to
ZnsN,.**8 However, as the growth proceeds in the (111)-oriented films, the growth direction evolves
continuously towards [100], as indicated by the presence of additional spots in the RHEED pattern (not
shown here). This instability might be associated to the surface energy of cubic (100) and (111) planes,
the (100) planes being thermodynamically favorable. Thus, the initial nucleation of Zn3N; (111) might
point towards an effect of the film-substrate interaction, which is overcome by thermodynamics for
sufficiently thick films. This is in agreement with previous MBE-grown ZnsN, on MgO (100), where
(100)-oriented films were exclusively obtained.3® Above 250 °C, no growth was observed, indicating

significant Zn re-evaporation that is not compensated by the impinging Zn flux.

Table I: Growth conditions of the ZnsN, samples.

Sample Substrate Growth temperature Zn flux Nitrogen flow Thickness XRR Growth rate
(°C) (107 Torr) (sccm) (nm) (nm/min)
A MgO (100) 50 2.2 1.0 48 0.69
B MgO (100) 100 2.2 1.0 44 0.69
C MgO (100) 150 2.2 1.0 38 0.60
D MgO (100) 200 2.2 1.0 37 0.59
E MgO (100) 250 2.2 1.0 41 0.54
F MgO (100) 100 2.8 0.85 65 1.08
G YSZ (100) 200 2.0 0.85 25 0.72
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While the Zn3N; (111) nucleation on MgO (100) seems unavoidable, one can accelerate the swing
towards (100) by changing the growth conditions, which is consistent with this orientation being
thermodynamically driven. This can be achieved by changing the Zn/N ratio towards more Zn-rich
conditions, as demonstrated for sample F in Figure 1(b). The associated RHEED pattern (taken along
the MgO [011] direction) can be perfectly simulated with diffraction from only ZnsN; (011), as shown
by the black dots that are superimposed to the pattern in Figure 1(c), sample F. Furthermore, if for a
certain application the presence of (111) grains was unacceptable, one can achieve fully epitaxial
Zn3N; (100) thin films on YSZ (100), as illustrated by sample G in the bottom of Figure 1(b). To our
knowledge this has not been reported so far by MBE. The RHEED of this sample (not shown here)

exhibits the same pattern as that of Zn3;N; (100) on MgO (100) (sample F).

B. Zns3N; EPITAXY: EPITAXIAL RELATIONSHIPS AND STRUCTURAL QUALITY
To confirm the epitaxial character of the ZnsN; thin films and determine their epitaxial relationships
with respect to the substrates, we performed ¢ scans on asymmetric ZnsN; (440) planes, where ¢ is
the azimuthal angle around an axis perpendicular to the sample surface. The ¢ scan of ZnsN; (111) on
MgO (100) (sample E) is presented in Figure 2(a). In principle, only three (440) peaks are expected for
a 360°-rotation of ¢, as the growth direction is [111]. Nevertheless, 12 peaks are experimentally
observed. To explain this fact one has to consider the substrate and epi-layer rotational symmetries as
examined in general by Grundmann et al.:***° due to the four-fold symmetry of the MgO (100)
substrate (see Figure 2(c)) and the three-fold symmetry of the Zn3N, (111) layer, four energetically
equivalent epitaxial twin domains exist for the (111) epi-layer as schematically illustrated in Figure 2(E).
This structure leads consequently to 12 peaks in the XRD ¢ scan. The epitaxial relationships for

ZnsN; (111) I MgO (100) are hence

[110] Zn5N, || [011] MgO

[112] ZnsN, || [01T] MgO,
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plus the three epitaxial twin domains obtained by rotating the ZnsN, by 90°, 180° and 270° around the

[111] axis. We observed the same epitaxial relation for the iso-structural MgsN; (111) on

MgO (100)4748.

The ¢ scan of Zn3N, (100) on YSZ (100) (sample G) is presented in Figure 2(b). This time only four peaks
are observed for the (440) reflection, as expected for a (100)-oriented layer on a (100)-oriented
substrate (see Figure 2(c) for the substrate’s ¢ scan). Consequently, the epitaxial relationships are
given by

[100] Zn3N, || [100] YSZ

[011] ZnsN, || [011] YSZ.
Note that the same epitaxial relationships were found for sample F (Zn3N; (100) on MgO (100), ¢ scan

not shown here), as confirmed by the RHEED pattern of sample F in Figure 1.

Zn,N, (440), sample E, on MgO (100) (a)

(E)

w
= [010] 0
3
s =
& [001] 0
_E"\
2 (G)
9
£
——MgO (220), sample E (C)
= YSZ (220), sample G ]

[010]ys;

90°

»[001]y;

-150-100 -50 0 50 100 150
¢ (deg.)

Figure 2: XRD & scans on asymmetric ZnsN, (440) planes of (a) ZnsN, (111) on MgO (100) (sample E)
and (b) ZnsN; (100) on YSZ (100) (sample G), measured with a fully open detector. (c) ¢ scans on the
(220) reflections from the respective substrates. (E) and (G) show the resulting schematic epitaxial
relationships of the samples E and G, respectively.
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In order to evaluate the structural quality of the different Zn3N, thin films (grown with two different
orientations, i.e. (111) and (100), and on two different substrates, MgO (100) and YSZ (100)), we
performed HRXRD on the symmetric ZnsN, reflections. The high-resolution 26/w scan of ZnsN, (111)
grown on MgO (100) (sample E) is presented in Figure 3(a). The (222) main peak is surrounded by finite
size interference fringes, revealing a high crystalline x-ray coherence along the growth direction. This
interference pattern can be simulated and used to precisely determine the average film thickness as
well as the out-of-plane lattice parameter. The theoretical diffraction pattern (considering perfect

crystalline coherence and no surface roughness) is given by>!

19) = F2 sin?(2nndp; sin 6 /1)
T URKL §in2(2ndy sin@ /1)’

(1)

where 6 is the Bragg angle, dyy; is the interplanar distance of the (hkl) planes, Fj; the corresponding
structure factor and n the total number of stacked (hkl) planes leading to the diffraction pattern. As
seen in Figure 3(a) the oscillations surrounding the (222) main peak show a strong asymmetry, with
higher intensity at lower 26 angles, which indicates an in-plane strain (and/or compositional) gradient
along the growth direction.”>*? Lichtensteiger®® developed a software allowing to reproduce this
asymmetry by inserting a dj; in Equation (1) that changes gradually as a function of thickness with
the following functional dependence

dhkl = Ae_N/B + C, (2)

where N is the running unit cell number and A4, B and C are fitting parameters.

For sample E, a good agreement between experiment and simulation is achieved, with an average d,,,
of 2.826 +0.001 A (literature value of fully relaxed ZnsN, (222): 2.820 A*). The larger out-of-plane
lattice spacing compared to the literature value indicates the presence of a global in-plane compressive
strain in the layer. Furthermore, a thickness of 142 + 1 unit cells (40.1 £ 0.3 nm) could be extracted,
consistent with the thickness of 41 + 2 nm obtained from XRR (see Table I). The d,,, lattice spacing as

a function of thickness extracted from the simulation is shown in the inset of Figure 3(a). The in-plane
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compressive strain is strongest close to the film-substrate interface and diminishes as the thickness
increases. This is consistent with the lattice parameter mismatch between the MgO substrate and the
ZnsN; epi-layer taking into account the epitaxial relationships shown in Figure 2(E). The calculated
anisotropic in-plane strains are +0.54 % along ZnsN; [112] and +16 % along ZnsN, [110], considering a
domain phase matching condition of two MgO unit cells for one ZnsN; cell. Thus, the substrate imposes
its smaller lattice to the nucleating layer Zn3N;, as observed also in the iso-structural MgsN; (111) on

MgO (100).4748

(a) Sample E < 284 (b) < 244{Literature Zn N, (400) | —— Sample G
3 Simulation = 3 2243 | ey Simulation
G 283 <l 5 y
@ & @ ] @l &2
= 8 282F------- =~ = S 824 7
:C) Zn.N (222) £ Literature Zn N, (222) g 8 8 /
. 32 L] 0 50 100 150 Tl St 5 0 20 40 60 80 100
g Thickness (unit cells % % Thickness (unit cells)
2 > Zn,N, (400)
7} %)
c c
3 2 . 252nm
= £ A
Vi o
T T T T T T T T T
30.5 31.0 31.5 32.0 32.5 34 35 36 37 38 39

20 (deg.) 20 (deg.)

Figure 3: High-resolution 26/w scans on the symmetric reflections of (a) sample E around Zns;N, (222)

and (b) sample G around ZnsN; (400). The simulations using the Equations (1) and (2) are indicated as

black, dotted lines. The insets in (a) and (b) show the resulting ZnsN, (222) and (400) depth-dependent
lattice spacings, respectively. Note that the curves were measured with a crystal analyzer detector.

The high-resolution 26/w scan around the symmetric (400) reflection of sample G (ZnsN, (100) grown
on YSZ (100)) is presented in Figure 3(b). Finite size interference oscillations are observed in this case
too, revealing again a high crystalline x-ray coherence along the growth direction and enabling to
extract a thickness of 104 + 1 unit cells (25.2 + 0.2 nm), consistent with the thickness of 25+ 1 nm
obtained from XRR (see Table I). The average d,q, extracted was 2.420 + 0.001 A (literature value of
fully relaxed ZnsN, (400): 2.442 A*), indicating this time the presence of a global and strong tensile
strain in the layer. Indeed, the lattice parameter mismatch between the YSZ substrate and the ZnsN,

layer, taking into account the epitaxial relationships of Figure 2(G), amounts to -5.1 % (considering a
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domain phase matching condition of two YSZ unit cells for one ZnsN, cell). Therefore, an in-plane
tensile strain in the nucleating Zn3N, is expected, explaining the smaller out-of-plane dq. Using
Equations (1) and (2) we reproduced also in this case the asymmetry of the finite-size interference
fringes surrounding the ZnsN, (400) main peak, with the resulting depth-dependent d 4,9 shown in the
inset of Figure 3(b). Although a higher intensity at lower 20 angles is observed too, similarly to
sample E, the thickness-dependent lattice spacing shows this time a tensile strain that is strongest at
the film-substrate interface and that relaxes slowly towards the literature value. This is explained by
the intensity contribution of the YSZ (200) reflection coming from the substrate, which has been

included in the simulation.

Interestingly, no interference fringes were observed for sample F (ZnsN; (100) on MgO (100),
diffractogram not shown here), revealing a loss of x-ray coherence along the growth direction and

pointing towards a lower structural quality, as will be demonstrated in the following.

A good indication of the crystalline quality of a material is given by the full width at half maximum
(FWHM) of XRD rocking curves (w scans). The FWHMSs of symmetric reflections contain information
about out-of-plane lattice rotations (tilt), whereas the FWHMs of asymmetric reflections (measured in
the skew geometry) contain information about both out-of-plane and in-plane lattice rotations (twist).
Lee et al.>* developed a model to fit the FWHM s as a function of their inclination angle y with respect
to the film surface, in order to evaluate the crystalline quality of GaN, AIN and AlGaN thin films
heteroepitaxially grown on the basal planes of sapphire or SiC. Within this model, the FWHM [}, of

the respective (hkl) reflection is given by

Fria = [y cos 02 + (I sin 0% + /1) Qe &
where [}, represents the tilt, I; the twist and Qpy; = 47” sin O is the magnitude of the scattering vector

of the (hkl) reflection. The last term corrects for broadening coming from finite grain sizes, containing

the effective coherence length L.
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The measured FWHMs of the symmetric and of various asymmetric reflections as a function of y, for
the samples E, F and G are presented in Figure 4. Using Equation (3), and neglecting size effects, it is
possible to obtain a good agreement with the experiments for all samples, the extracted values for I,
and I, being reported in Table Il. Generally, an increase of FWHM as a function of inclination angle is
observed, indicating a microstructure that is dominated by twist. However, while sample E exhibits a
relatively moderate tilt value of 0.3°, comparable to more mature heteroepitaxially-grown materials

(e.g. GaN), samples F and G (i.e. the (100)-oriented films) display much larger tilt values of 1° and 1.6°,

respectively.

| 4 Sample E, Zn,N, (111) on MgO (100)
64" Sample F, Zn,N, (100) on MgO (100)

| ® Sample G, Zn,N, (100) on YSZ (100)
(222)

(213)

(233)

(233)

) e (213)
| sw@00) (712 (512) (440) (222)
1 -
1222y % 7% z -
233) (213)  (440) (400)

0 10 20 30 40 50 60 70 80
Inclination angle y (deg.)

Figure 4: FWHMs of various ZnsN; reflections as a function of inclination angle, measured on a
ZnsN; (111) layer grown on MgO (100) and two ZnsN, (100) layers, grown on MgO (100) and on
YSZ (100) (samples E, F and G, respectively). Note that the measurements were done with a fully open
detector.

o
=
B Table Il: Extracted tilt and twist values from the fits using Equation (3)
=} . - .
= and neglecting finite size effects.
Sample [, (deg.) I, (deg.)
E 0.3 1.1

F 1.6 4.9
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Note that contrarily to sample G (ZnsN; (100) on YSZ (100)), sample F (ZnsN; (100) on MgO (100))
shows a dramatic increase of FWHM as a function of y, with a twist as large as I, = 4.9°. To explain this
highly in-plane misoriented structure, we should recall the top panel of Figure 1(b), where the large-
range 26/w scan of sample F is shown. While the diffractogram is largely dominated by Zns;N, (400),
there is, however, a small signal at around 31°, corresponding to ZnsN; (111). As explained in
Section A, this ZnsN; (111) occurs always at the very initial growth stage when growing on MgO (100).
Consequently, the ZnsN, (100) layer grows on top of (111)-oriented grains, which disturb the
subsequent growth compared to a direct nucleation of (100) grains, as on YSZ (100). The large
misorientations (tilt and twist) in this sample explain also the loss of x-ray coherence along the growth

direction, which prevents the appearance of finite size interference fringes, as discussed in Figure 3.

C. LINEAR THERMAL EXPANSION COEFFICIENT OF Zn3N,
The growth temperature of most epitaxial materials is generally higher than room temperature.
Therefore, the knowledge of the linear thermal expansion coefficient of both the substrate and the
thin film is necessary to evaluate their lattice mismatches at the actual growth temperature and to
understand defects that may be introduced during cooling-down (e.g. cracks). Furthermore, this
knowledge can be used to design pseudomorphic heterostructures or to force, on the contrary, a rapid

plastic relaxation of the growing film, followed by the overgrowth of relaxed material.

We employed XRD to determine the out-of-plane lattice parameter of ZnsN; as a function of
temperature in the range of 300 K to 700 K, allowing us to extract the linear thermal expansion
coefficient. A shift towards lower 26 angles for the Zn3;N; (400) reflection is clearly observed as the

temperature is increased, as shown in Figure 5(a) for a ZnsN, thin film grown on YSZ (100),
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demonstrating the increase of the out-of-plane lattice parameter. Above 700 K (i.e. ~427 °C), no XRD

signal could be detected, indicating a degradation/evaporation of the Zn3;N, thin films.

Since our ZnsN; thin films are epitaxially attached to their substrates, two extreme cases can be
considered for the thermal expansion. If the layer is fully pseudomorphic with a low defect density, its
thermal expansion will be driven by the thermal expansion of the substrate, whose influence needs to
be corrected for when calculating the linear thermal expansion coefficient of the film. On the other
hand, if the layer exhibits a high defect density, it can expand independently from the substrate. For
addressing this issue, we measured the thermal expansion coefficient of ZnsN; grown on MgO (100)
and YSZ (100) substrates, which display very different thermal expansion coefficients (40 % relative

difference).

The d4qo interplanar distances calculated from the measurements on both samples were found to
increase linearly as a function of temperature, with an averaged linear thermal expansion coefficient
of (1.5+0.1) - 10° K. This value is roughly four times larger than thermal expansion coefficients
corresponding to lll-nitrides such as AIN>® or GaN,® but in the same range as the one of the iso-
structural MgsN,.*” The linear thermal expansion coefficient a; for both samples has been also
extracted point-by-point®”*® using

_ dago(T + AT) — dygo(T)
T — 1 )
3 [d4oo (T + AT) + dyoo(T)]AT

a

(4)

where T is the temperature and AT the temperature difference between two consecutive points.
Generally, the thermal expansion coefficient as a function of temperature follows a well-documented
S-behavior, with a fast increase at temperatures close to 0 K and a saturation at higher temperatures,

which can be explained by the successive occupation of acoustic and optical phonons.>>>9¢°

As shown in Figure 5(b), the thermal expansion coefficients of our layers increase only slightly as a
function of temperature in the measured range, indicating that the thermal expansion is already in the

saturation regime. It should be noted that, despite being grown on two substrates with a large
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difference between their thermal expansion coefficients (MgO: ~1.2 - 10° K, YSZ: ~8 - 10 K1),6%62

both samples show very similar a. This suggest that the substrate influences only marginally the
thermal expansion properties of our ZnsN, layers, consistent with their rather low structural quality
and a large defect density at the substrate/film interface. Hence, no correction based on the thermal
expansion of the substrate was carried out. Besides, it should be noted that this correction would have
further required the knowledge of the elastic constants of ZnsN,, in particular its Poisson ratio, which

have not been yet explored in the literature.

Zn;N b | e OnMgO
3N ( )3.0- . G

T
¥
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£ ]
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Figure 5: (a) High-temperature XRD of a ZnsN; thin film grown on YSZ (100). (b) Linear thermal
expansion coefficient point by point for two ZnsN; films grown on both YSZ (100) and MgO (100),
calculated using Equation (4).

D. ELECTRICAL PROPERTIES OF Zn3N;

The impact of the growth conditions on the electrical transport properties of the ZnsN; thin films was
investigated using Hall effect measurements. All layers were found to be n-type and display large
electron concentrations, as commonly observed for ZnsN,.27:33:3437.384L42 Eigre 6(a) shows the electron
mobilities and concentrations (measured at room temperature) as a function of ZnsN, growth
temperature, i.e. of the samples discussed so far. The layers are highly conductive (resistivity ~10

3Qcm) due to the high electron concentrations in the range of 10 to 10?°cm?3. The electron
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concentration increases moderately as a function of substrate temperature for the samples A to E. This
may indicate a main donor associated to nitrogen vacancies (or zinc interstitials) and an increased
desorption of nitrogen during growth, which is in agreement with the decrease of the growth rate (see
Table I). Another possible reason for the increase of electron concentration as a function of substrate
temperature may be the enhanced incorporation of residual oxygen at high temperatures (e.g. from
the reevaporation of oxides stuck onto the reactor walls). Indeed, oxygen is known to act as an electron
donor in Zn3N,,**%® eventually explaining the correlation between growth temperature and carrier
concentration. Interestingly, all samples exhibit electron mobilities around a value of 150 cm?V1s?,
independently of their crystallinity (compare with Figure 1). Indeed, the conduction band of Zn3N; is
mainly composed of spherical Zn 4s and N 2s states,”® making the electron conductivity relatively
insensitive with respect to the atomic bond angles,®® as opposed to e.g. Si, where sp® states dominate

the conduction band, and the mobility of amorphous material is roughly two orders of magnitude

smaller than that of crystalline Si.%

(a) 200_ T T T T T ] (b) 200_lA 2 T T |_
27 150F , ., . Z o 150f ]
8N¢>E 100} ] gmz 100} ]
= 5 s0f ] = 5 s0f A 4 ]
0: 1 1 1 1 T O_I 1 |A f-
g 1021 E S 1021— [
§ ‘E "’.’-‘ E S -E &
85 510% , B ¢ "1 3§51 . *
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Substrate temperature (°C) Zn flux (107 Torr)

Figure 6: Electron transport properties at room temperature of ZnsN; thin films determined by Hall
effect measurements as a function of (a) ZnsN, growth temperature (see Table 1) and (b) Zn flux
(samples grown at 100 °C and with 0.85 sccm N).

In order to better identify the mechanisms that determine the mobility, we grew another series of

Zns3N; thin films on MgO (100) as a function of Zn flux, at a substrate temperature of 100 °C and
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nitrogen flow of 0.85 sccm. The results of the Hall effect measurements of this series are presented in
Figure 6(b). A strong increase of electron concentration as a function of Zn flux is observed, with values
around 10° cm? for the lowest Zn fluxes, and greater than 10%! cm™ for the largest Zn fluxes. Again,
this tendency would be consistent with a main intrinsic donor associated to nitrogen vacancies or zinc
interstitials, being common defects in nitride semiconductors and predicted to be also the most stable
defects in ZnsN,.54%. Furthermore, a simultaneous decrease of the electron mobility is observed,
indicating an increased electron scattering at higher Zn fluxes. Carrier scattering occurs in general due
to lattice phonons, defects and ionized impurities. The strong decrease of electron mobility from ca.
200 to 3 cm?Vls? with increasing carrier concentration indicates that scattering due to ionized

impurities is probably the main mechanism limiting the mobility.

To confirm this statement we plotted the electron mobility as a function of the electron concentration
of all Zn3N; thin films grown in this study (Figure 7). Besides demonstrating a sample with a mobility
as high as 388 cm?V'!s (same growth conditions as Sample G, but with a thickness of 175 nm), close

151 3667) 3 clear anti-correlation between the

to the highest ever reported value for ZnsN; (395 cm?V
electron concentration and the mobility is observed, confirming the dominant role of ionized impurity
scattering. Hence, a further decrease of electron concentration below 10'° cm™ could, in principle, lead
to even higher electron mobilities. Unfortunately, we were not able to grow thin films with an electron
concentration below 10'° cm?3. Nevertheless, for a given electron concentration, our films show the
highest mobilities published so far, suggesting that epitaxial growth and improving crystalline quality

still represents a means to enhance the electronic properties of Zn3N; thin films, even if they seem less

sensitive to structural defects than in other semiconductors.
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Figure 7: Electron mobility as a function of their concentration for all grown ZnsN; thin films,
compared with previous literature work.

We measured the electron transport properties of selected samples with comparatively low electron
concentrations (between 2:10'° cm™ and 7-10%° cm?3) as a function of temperature between 30 and
300 K, as shown in Figure 8. The electron concentration depends only weakly on the ambient
temperature, indicating that all samples are degenerate (see Figure 8(a)), as discussed before. On the
other hand, the electron mobilities are constant in a temperature range of ca. 30 to 100 K and decrease
slightly for temperatures above, as shown in Figure 8(b). Using a model applied for polycrystalline
transparent conducting oxides (i.e. for degenerate semiconductors), one can deduce the main
scattering mechanism by simulating the temperature-dependent mobility.®® Within this model, the

reciprocal mobility of the thin films is given by

1 1 1 1
—=—t =+ (5)
oW W Ky

where 1;, 1, and p, are the limiting mobilities due to scattering by ionized impurities, lattice phonons

and grain boundaries, respectively.



Due to the degeneracy of the investigated films, their Fermi levels lie in the conduction band, leading
to a constant ; as a function of temperature.® Lattice phonons, on the other hand, are inactive at low
temperatures and activated at higher temperatures, showing a p; < T~ dependency in degenerate
thin films.® Grain boundaries, at last, are commonly described by some sort of trap states that create
potential barriers for conduction between neighboring crystallites. Applying Fermi-Dirac statistics, the

grain boundary scattering-dependent mobility becomes®®

(6)

eV,

=cT lex (— ),

where V, represents the activation energy related to the potential barrier, e is the elementary charge,
kg the Boltzmann constant and c is a fitting constant. Inserting the dependencies of y;, y; and pg in

Equation (5) gives

T T

11,1,
w a' b [ e\ (7)
" cexp (~ 1)

a

where a and b are fitting constants. We used Equation (7) to reproduce the experimental temperature-

dependent mobility shown in Figure 8(b), where the fits are indicated by solid lines.
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Figure 8: Temperature-dependent Hall effect measurements on selected thin films. (a) Electron
concentration and (b) electron mobility as a function of inverse temperature.
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The curves reproduce well the behavior of the electric characteristics. Interestingly, the extracted V,,
denoting the barrier height due to grain boundaries, is in the order a few peVs, far below kT at room
temperature, indicating an extremely low influence of p, on the electrical characteristics in our thin
films, as commonly observed in degenerate semiconductors. Indeed, omitting the contribution of p,
in Equation (5) leads to almost identical fits (curves not shown here), explaining also the electron
transport characteristics in the context of Figure 6(a), where the mobility stays roughly constant and
independent of the crystallinity of the thin films. Thus, in our thin films the main mechanism limiting
the electron mobility is scattering by ionized impurities, with phonon scattering practically contributing
at temperatures above 100 K. This result is in agreement with Cao et al., who investigated the electron
transport mechanisms of polycrystalline and epitaxial ZnsN, thin films obtained by sputtering.*? They
found too that the main mechanism limiting the mobility in their degenerate thin films was ionized

impurity scattering.

E. OPTICAL PROPERTIES OF Zns3N;

To evaluate the optical band-gap of our ZnsN; thin films, UV-vis-NIR transmission measurements of
selected samples were performed at room temperature, allowing thereby the extraction of the
absorption coefficient a, which was found to be in the 10° cm™-range close to the band edge. This
large a points towards a direct band-gap in ZnsN,, consistent with previous literature observations.?®"
31,3436-38 Eor direct band-gap semiconductors, a plot of (aE)? against the photon energy E exhibits a
linear increase close to the band edge. Extrapolating this linear dependence and identifying its
intersection with the horizontal axis reveals the optical band-gap E,,;. This so-called Tauc plot is shown
in Figure 9(a). All measured samples show optical band-gap energies between 1.05 and 1.37 eV, being
in agreement with most of the previous literature.'®>2>38 Byrstein and Moss**** described the
influence of the carrier concentration in semiconductors on their optical band-gap. The displacement

of the Fermi level into a parabolic conduction band leads to a band-gap shift AE according to
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Eope = Eg + AERZ3, (8)

where n, denotes the electron concentration.
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Figure 9: (a) Tauc plot for all measured samples. Note that the change of noise for the right curve is
due to a change of detector. (b) Band-gap energy as a function of ne”> at room temperature.

Plotting E,p; as a function of nez/3 (see Figure 9(b)) reveals a linear increase, whose fit indicates a
band-gap energy of E;=0.99eV with AE = 1.07-10* eVem?. Suda et al. performed similar
measurements on their ZnsN; thin films, grown by metalorganic chemical vapor deposition and MBE,
with reported values of E; = 1.06 eV and AE = 1.30-10"* eVecm?,*” in good agreement with our results.
These results shine light into the large dispersion of band-gap values appearing in literature, which can

be mostly explained by residual doping occurring naturally in ZnsN, thin films (see Figure 7).

IV.  CONCLUSIONS

Epitaxial ZnsN; thin films were grown along the [111] as well as [100] directions on MgO (100) and
YSZ (100), and their orientation could be tuned by varying the growth conditions. Their structural

properties, such as epitaxial relationships and crystalline quality have been addressed by in-depth XRD
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characterization. Interestingly, the structural quality of these films has a low influence on their carrier
mobility, being mainly influenced by ionized impurity scattering, with a maximum achieved value in
this work of 388 cm?/V-s. The degenerate thin films show carrier concentrations between 10%° and
10%! cm3, leading to a blueshift of the 0.99eV optical band-gap due to the Burstein-Moss effect. Finally,
the linear thermal expansion coefficient of ZnsN, was measured for the first time, which opens a way
for the growth optimization of possible epitaxial heterostructures, being an important step towards

device fabrication.
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