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ABSTRACT OF THE THESIS

Deposition and Characterization of Post-growth annealed ZnSnN2 thin films.
by
Sudheer Korlam
Master of Science in Materials Science and Engineering
University of California, Los Angeles, 2017

Professor Dwight Christopher Streit, Chair

In order to cater to modern day photovoltaic and solar needs, semiconductor materials which are
earth abundant with a direct bandgap (Eg) around 1.5eV are necessaryl*?l . Of the commonly
known semiconductor materials like Si, Ge or binary I11-V (Where 11l = B, A, Ga, Inand V = N,
P, As, Sb) and 11-VI (Where Il = Zn, Cd; and VI = O, S, Se, Te), only a few candidates consist of
bandgaps which are in the range 1.0-2.0 eV. The requirement for efficient, high quality
photovoltaics energy conversion and opto-electronic devices which can be an alternative to the
current available semiconductor materials inspires the search for other earth abundant materials
(1. One way to search for these new materials is by studying ternary or multi-ternary semiconductor
materials which have more opto-electronic properties.

The Zn-1V-N2 group of semiconductor materials has been attracting a lot of attention following
the synthesis of Sn containing material, ZnSnN2[*®l. These novel Zn-IV-N: group of

semiconductor materials can act as a potential earth abundant alternative to InGaN and other thin



film solar cell materials such as CdTe and CulnGaSe: for use in light generation and light
absorption applications. For materials such as Zn(Ge,Sn)Nz2 alloys, absorption edges which are in
the range of 2.0 — 3.1eV have been shown already!®. And an even larger spectral distribution from
the infrared region to the ultraviolet region is expected for Zn(Si,Sn)N2 alloys. Even wider spectral
coverage from the infrared to the ultraviolet is predicted for Zn(Si,Sn)N2 alloystl. Of all the
potential options, the ZnSnN2 material exhibits properties such as large optical absorption
coefficient and a tunable bandgap range among others that make it a really good potential material
as the absorber layer for the next generation PV devices.

One of the major challenges facing this material is the discrepancies between the measured and
calculated bandgap values. The calculated bandgap values are in the range of 0.35 — 2.64 eV
depending on the crystal structure assumed®® . Whereas the value of the experimental bandgap
lies between 1.7 -2.1 eV %1, One of the reasons for this inability to converge on a bandgap value
has been attributed to the bandgap filling due to the degenerate carrier concentration of the
material®® (around 102 — 10% per cm).

In this dissertation, issues related to the carrier concentration in ZnSnN2 material are studied. Most
of the work done focuses on efforts to reduce the carrier concentration in ZnSnN2 films to around
108 per cm™ range. The growth method used for growing the ZnSnN2 films was RF sputtering
using Zn-Sn cathodes containing Zn-Sn in the ratio 3:1. RF Sputtering was chosen because it
produces films that are more uniform than the films fabricated using other methods like vapor-
liquid-solid plasma assisted growth or CVD. The films were grown on c-plane Sapphire and
(0001) GaN substrates. The so obtained films were characterized using X-ray diffraction (XRD),

Scanning electron microscopy (SEM) and Hall Effect measurement.



The films were later subjected to rapid thermal annealing (RTA) at various temperatures to study
the effect of rapidly heating the samples to high temperatures, holding them for a given time and
cooling them quickly. The samples subjected to RTA were characterized by XRD, SEM and Hall
Effect measurements. The results indicated a significance decrease in the electron concentration
of the material after the annealing process which could make ZnSnNz2 an interesting alternative as

an earth abundant semiconductor material for future absorber layers.
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1. Introduction

1.1 Motivation —

Present day energy demands which are of the terawatt scale, drive the search for new visible range,
direct bandgap materials that are earth abundant and are lower in cost than the current available

options.

The Il-nitride group of semiconductor materials GaN, AIN, and InN have been responsible for
having a major impact on the industry by enabling technologies like Blu-Ray® DVD technology,
ultraviolet lasers, high brightness three color display LED displays, high power electronics and
LEDs for replacing incandescent lightst>2l. There has also been a lot of interest in these materials

for solar energy harvesting.

In spite of these advantages, the I11-Nitride group of semiconductor materials, especially the
In1-xGaxN group of alloys have some major drawbacks. One major drawback is that both Gallium
and Indium are not earth abundant materials which means that any attempts made to mass produce
technologies like photovoltaic modules, LED displays which are made of these materials will be
very limited as the costs of these optoelectronic devices will mainly depend on the availability of
the raw materials. Another drawback is that Indium is not an environmentally friendly material.

It is considered as kind of a heavy metal and is also a potential bio-toxic metal [,

Thus, in order to find a way to meet the environmental safety needs and also to reduce the
production and manufacturing costs, the search is on for the next generation of materials whose

optical and electrical properties are similar to their group I11-Nitride counterparts.



1.2 Objective

The aim of this thesis is to investigate the suitability of ZnSnN2 compound semiconductor material
as an alternative to the I11-V group of semiconductor materials. Affordable electronics have always
been a significant factor in driving the semiconductor industry, hence the major factors stopping
this material from being used as an alternative were discussed in depth. Rapid Thermal Annealing
studies were performed to eliminate the high electron concentration of the material. The different
properties of the film like surface morphology, electrical properties were also measured. Lastly a
relationship between the annealing time, annealing temperature, stability of the films and the

electron concentration was established.



2. Background

2.1 Zn-1V-N2 group materials

The Zn-1V-N2 group of semiconductor materials are considered widely as potential candidates to
replace the group I11-Nitrides after a lot of theoretical calculations and experimental results. This
new group of Zn-1V-N2 semiconductors, where IV = Si, Ge or Sn, are made up of only non-toxic,
earth abundant and inexpensive elements %, As reported by the US geological survey, the
elements tin and zinc are present in much more abundance than Indium(around 100 times

more)*+12 This can be seen in the figure shown below —
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Fig. 2.1- The relative abundance of elements in the Earth’s upper continental crust in terms of the US

Geology Survey.??
The Zn-1V-N2 group of materials are of great interest due to their relative closeness in electrical
and optical properties to the 111-N2 semiconductor materials. The most stable orthorhombic crystal

structure for them is conceptually obtained by replacing the group I11 wurtzite sublattice of the I11-



N2 by an ordered group Il and group IV pair of sublattices. Each of the Nitrogen atoms is bound

to two group IV atoms and two Zn atoms which helps preserve the nitrogen’s octet rule.

The possible space groups for these compounds are Pbn2i1, Pna2: and Pmc21. Beta-NaFeO2 can be

considered as a prototype compound for this new type of materials. The figure below shows the

crystal structures of GaN and Zn-1V-N2 compounds.




Fig. 2.2 - Crystal structures of the GaN and Zn-1VV-N, compounds. (a) A 3-D view of GaN crystal structure:
the small light grey spheres are N atoms and the large yellow spheres are Ga atoms ?°!. (b) A 3-D view of
Zn-1V-Ny crystal structure: the small red spheres are N atoms, the light green spheres belong to group 1V
atoms (Si,Sn or Ge) and the dark blue spheres are Zn atoms.!?! (c) The wurtzite GaN and the orthorhombic
ZnSnN; oriented along the (0001) direction.?!

This new group of Zn-1V-N2 semiconductor materials are at very early stages of their development
as compared to other 111-N2 materials. Their progress is commensurate to the state of 111-N2 group
semiconductors around some forty years ago i.e. Zn—IV-nitrides are at an extremely early stage of
development, comparable to the state of IlI-nitrides some four decades ago. There are very few
experimental reports available on Zn-1V-Nz to date 1. Although the synthesis methods for ZnGeN:
and ZnSiN2 were first reported in 1970, the synthesis of ZnSnN2z was not reported till recently. The
Zn(Si,Ge,Sn)N2 group of semiconductors have the ability to overcome some of the material
problems present in the I11-Nitride materials. For example, according to recent calculations it has
been predicted that the spontaneous polarization of the Zn-1VV-Nitride group are much closer to
each other than that of the 111-Nitrides . Due to this reason there is no need to grow them along
nonpolar crystallographic directions, which is difficult and a non-efficient route to avert the
spontaneous polarization effect in heterostructures. In addition to this, doping of Zn-1VV-N2 can be
achieved in a much easier way compared to I11-Nitrides, especially p-type doping, which can be
really advantageous for developing shorter wavelength ultra-violet lasers. An example for this is
the case of ZnGeP2, which is the Zn-1V-P2 chalcopyrite analogous to the Zincblende GaP, which
was shown to be a p-type material by electron paramagnetic resonance due to presence of Zn-
vacancies. This is opposite to GaP which is normally an n-type material when undoped®l.
Additionally, due to the close lattice parameter match with the group Il1-Nitride materials, it is
also possible to synthesize hybrid structures between these two groups of materials. Hence,
capitalizing on the unique properties of group Zn-1V-N2 materials can lead to new applications.

An additional point of interest is the fact that the Zn(Sn, Si)N2 group of alloys cover the ultraviolet

5



to deep red range of the electromagnetic spectrum completely with non-toxic and earth abundant

materials(].



2.2 Synthesis methods
Understanding how to synthesize these Zn-1V-N2 compounds of high quality is a very important
basis of current research which is focused on realizing the fundamental properties of the material
and its device applications.
Five decades ago, Goodman and Pamplin proposed the design and synthesis methods for ternary
and quaternary semiconductor materials by the cation mutation in IlI-V or 1I-VI binary
semiconductor systems(®-8l. One way to achieve this was by replacing two Zn atoms in ZnSe by a
single Cu atom and a single In atom. This would mutate ZnSe into a ternary CulnSe2 system, this
can be further mutated into a Cu2ZnSes quaternary system by replacing the two In atoms with Zn
and Sn. Both the CulnSez and Cu2ZnSnSez systems are highly efficient for light absorption
purposes or as semiconductors in thin film solar-cells, which have been of great interest for the
last couple of years. In a similar fashion, replacing the two Ga atoms in GaN by Zn and Sn, the
GaN compound semiconductor can be mutated into ZnSnNa.
The first time that the preparation of ZnGeN2 was reported was back in 1970. The synthesis method
was based on the reaction of Zn2GeOs with NHz or by reacting Zn metal with GesN4**141

8NH3 + 3Zn2GeO4 > 3ZnGeN2 + N2 + 3Zn + 12H20

GesN4 + 2Zn > 2ZnGeN:2 + Ge

Wintenberger et al. were able to study the ordering of cations (Ge and Zn atoms) by using the
neutron diffraction method. They reported the structure of ZnGeNz2 as orthorhombic with lattice
constants: a=6.44A°, b=5.45A° and ¢=5.19A°*%l, Endo et al demonstrated the first ever growth of
single crystal ZnGeN2 in 1992 by using a high pressure synthesis method. But the so obtained
ZnGeNz2 crystals were opaque and were of fairly low quality with a large amount of impurities

present in them[6l, Chemical Vapor Deposition (CVD) or RF Sputtering methods were also used



by some research groups to synthesize ZnGeN:z from 1999 to 2005. Zhu et al. reported to have
grown thin films of ZnGeN2 using Metal Oxide Chemical VVapor Deposition (MOCVD). The films
were grown on c-plane or r-plane sapphire substrates which were incorporated by a GaN buffer
layer in between [7], Using the experimental results, they were able find out that the so deposited
ZnGeNz: thin films featured disorders on the Ge or Zn sublattice. Another group, Misaki et al. used
Plasma Enhanced MOCVD in order to obtain ZnGeNz: films on substrates made out of sapphire
without the use of a GaN buffer layer 181920 According to them, the measured bandgap of
ZnGeN2 was around 3.3eV. Furthermore, Kikkawa et al. reported the deposition of ZnGeNz2 thin
films by the RF-Sputter method on silicon and glass substrates. The band gap of the films they
obtained was around 3.1eV 211, A different method for synthesizing ZnGeN2 was proposed by Du
etal. in 2008. They used vapor liquid solid (\VLS) technique to synthesize polycrystalline ZnGeN2
materials. This method of growth was seen to result in the formation of large needle shaped crystals
which were a few microns in diameter and about a few hundred microns in length. The band gap
of these materials measured using the photoluminescence technique was found to be around 3.4
eVv.

Endo et al used a high pressure method!® to successfully synthesize ZnSiN2 powder. They used
optical absorption analysis to report a measured bandgap of 3.64eV in the synthesized material. A
few other groups reported the growth of ZnSiNz2 thin films on various substrates.

Cook et al. deposited ZnSiN2 films on a r-plane sapphire substrate using a MOCVD technique.
They calculated the refractive indices of these films and determined the band gap to be 4.4 eV[?7].
Osinsky et al. deposited ZnSiN2 films on SiC substrates 2 and Mintairov et al. used infrared

spectroscopy to repot the IR reflection of ZnSiN2 films deposited on a r-plane sapphire substrate.



The difficulty involved in synthesizing ZnSnN2z groups means there are very few reports related to
the preparation of this materials. Recently, Quayle et al. were able to, for the first time, synthesize
polycrystalline ZnSnN2 by a plasma-assisted vapor-liquid-solid method (PAVLS)EY, Using the
results from their X-ray diffraction (XRD) measurement, the material is found to be orthorhombic
and the obtained lattice parameters were a=6.75 A, b=5.84 A and c=5.42 A. They also used
photoluminescence and photoluminescence excitation (PLE) spectroscopy to measure the band
gap of this material and found it to be around 1.7eV. Feldberg et al. reported single or textured
polycrystalline ZnSnNz2 thin films which were grown using the molecular beam epitaxy (MBE)
technique. They reported that disorder in the cation sublattice leads to a significant effect on the
crystal structure as well as the bandgap. In 2013, Lahourcade et al. synthesized ZnSnN2 thin films
on c-plane sapphire/GaN substrates using the RF-sputtering method. The deposited films had an
orthorhombic crystal structure with a Pna21 space group. The carrier concentration was measure
using Hall measurement and was found to be 10%'cm™. The optical bandgap based on ellipsometry

was found to be around 2eV.



The Figure 2.3 shown below indicates the bandgap as a function of lattice constant “a” for the 111-
nitride materials and the Zn-1V-N2 materials. The open symbols in the graph indicate the calculated
data and the solid circles represent the experimental results. The experimental values of the
bandgaps, lattice constants and bowing parameters of the Il1-nitrides (AIN, GaN and InN) are from

[31] and the experimental parameters for the Zn-1VV-N2 group materials are taken from [25,27,30]

7 I I 1 1 T

0 1 1 1 1 1

0.30 0.31 0.32 0.33 0.34 0.35 0.36
"a" lattice constant (nm)

Fig. 2.3 - Band gaps versus lattice constants “a” in ITI-N and Zn-1V-N nitrides.
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Fig 2.4 - Bandgap variation with carrier concentration in ZnSnNo.
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Fig. 2.4 shows the variation of the bandgap with the carrier concentration. As can be seen from the
image, the high electron concentration in the material leads to the free electrons filling the bottom
of the conduction band which leads to the pinning of the fermi level at energies above the

conduction band. The effect leads to an increased value of the measured bandgap value.

11



3. Preparation and Deposition of ZnSnN: thin films

3.1 Materials used —

The substrates used in this experiment were (0001) GaN template on c-plane sapphire layers. The
GaN layers were grown on the sapphire layers by using MBE at Northrop Grumman Aerospace

System (NGAS). The wafers were then diced into smaller samples of 1cm x 1cm dimension each.
3.2 Substrate cleaning —

Standard cleaning procedures were followed for cleaning the samples. The substrates were first
cleaned in acetone for 10 minutes by sonication. After this the samples were then cleaned in

Isopropanol for 5 minutes by sonication. Lastly all the samples were given a H20 rinse.

T _

GaN/Sappire
Substrate
m— IPA — -
Solution
Blow dry
with N,

Dip for 10 minutes and Dip for 5 minutes
sonicate and sonicate

Fig 3.1 — Schematic for the procedure used in Stage 1 of cleaning.

GaN/Sappire \

Substrate
BOE = 3 parts H,0 —_— _-— .
Solution +1 Part HCI Water
<l - / - N S Blow dry
Dip for 1 minute Dip for 30 seconds Dip for 5 seconds with N,

Fig 3.2- Schematic for the procedure used in Stage 2 of cleaning.

12



The next stage of cleaning involved acid cleaning. The substrates were cleaned in BOE for 1
minute to remove any oxide material that might have formed along with some fraction of the ionic
contaminants too. It is important to carry out this step with chemicals of high purity as well as
ultra-clean containers as the substrates can be recontaminated really quickly. Next, the substrates
were rinsed with H20 once before being cleaned with a solution containing 3 parts of H20 + 1 part
of HCI (37% by weight) solution for 30 seconds. This ensures the complete removal of any
remnant metallic or ionic contaminants from the previous step. Lastly the substrates were all

cleaned with H20 and blow dried by Dry No.

13



3.3 Distinguishing between ZnSnN and GaN surfaces

An interesting problem that was faced during the experiments was the inability to determine which
surface was which. During the dicing process of the wafers, the cut samples were placed randomly
in the substrate holder which made it impossible to distinguish between the Sapphire and GaN

layers by visual inspection.

GaN ' }
Sa ire
Sapphire PP

GaN

Fig 3.3 — Contact angles of water drops on the GaN and Sapphire sides of the substrate.

A goniometer was used to determine the contact angles of both the surfaces. A water droplet was
dropped onto both the surfaces and the contact angle of the water droplet with the surface was
measured. The Al20s side of the substrate had an obtuse angle of contact and the GaN side of the

substrate had an acute angle of contact.

After the contact angles were measured the substrates were carefully placed with GaN side up in

the substrate holder and cleaned in Isopropanol before depositing ZnSnNz2 films onto them.

14



3.4 Deposition of zinc tin nitride thin films

In this thesis work, polycrystalline ZnSnNz thin films were deposited by reactive radio frequency
(RF) magnetron sputtering system, ULVAC JSP 8000 on c-plane sapphire and (0001) GaN
template layer substrates. The sputtering target that was used was a 4 inch diameter alloy of zinc
and tin (Zno.7sSno.25 of 99.995%purity, ACI alloy Inc.) The substrates were held using a rotating

metal plate inside the sputtering system at a distance of around 15cm from the target material.

The RF sputtering power used was 300W, and the substrate temperature was set to 400°C to obtain
a uniform thin film. The reactive gas inside the sputtering system was a mixture of pure N2 and Ar
with plasma activation. The gas flow rates for each of these gases was 24 sccm and 16 sccm. The
base pressure inside the sputtering chamber was around the low range of 10 Torr (1.0 X105Torr
to 3.0 x 10 Torr). A pre-sputtering process was performed prior to the deposition of the films in

pure Ar gas atmosphere in order to clean the surface of the target.

After the deposition, the thickness of the deposited film was obtained using a DEKTAK surface

profilometer.

ZnSnN, (~ 360 nm)

(0001) oriented GaN

(0001) oriented sapphire
substrate

Fig 3.4— Cross-section figure of the deposited ZnSnN, film and the substrate.
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3.5 Rapid Thermal Annealing

Rapid Thermal Annealing is a processing step used widely in the semiconductor industry. The
wafers are heated to either activate dopants, facilitate interfacial reaction of the metal contacts,
change the states of grown films, drive dopants into different films or to repair damage from ion
implantation. The working principle of this technique basically involves heating a wafer rapidly
to temperatures as high as 800°C - 900°C, holding it there for a certain amount of time and

quenching it as quickly as possible.

The wafer is heated either by using an indirect IR lamp, a hot plate or a hot chuck which is brought
near the substrate and the temperature is measured using a thermocouple or a pyrometer. Unlike
conventional furnace anneals, the annealing times are really short, with each anneal lasting from a
few seconds to a few minutes. The small quench times help to effectively control the diffusion of

dopants inside the wafers but can lead to issues like wafer stress and loss of process uniformity.

The ZnSnN: films in this work were first deposited at 400°C and were subjected to Rapid Thermal
Annealing treatment for 20 minutes at different temperatures from 350°C to 550°C with 50°C
intervals. The films were also subjected to RTA treatment at 450°C for different time intervals

from 20, 40, 60 to 90 minutes and their properties were studied.

16



4. Characterization of the ZnSnN: thin films

4.1 High resolution X-Ray Diffraction —

X-ray diffraction is a method used to characterize epitaxial layers in semiconductor materials
which are used in electronic or optical devices. X-rays are produced by suddenly decelerating
electrons moving at high velocities by using a target. These decelerated electrons at the target
produce a continuous spectrum of radiation along with sharp intensity peaks. These sharp peaks
are due to the k-shell electrons being knocked out of their shells which leads to a plethora of other
electrons filling the empty shells and releasing energy. This phenomena leads to something known

as characteristic wavelength of the radiation K a to have a higher intensity than normal.

Usually during the coupled scan or 2theta-omega (26-m) scan, the source is fixed and the detector
and samples are rotated. This type of a scan is generally used to study parameters like lattice
mismatch, relaxation and composition which effect the position of the Bragg peak. Whereas
rocking curves or omega () scans have the samples tilted while the detector is set at an angle
during which the omega changes. The rocking curve is primarily used to study the dislocation and

defects which are primarily linked to the full width at half maximum (FEHM).

The ZnSnN2 thin films” X-Ray Diffraction (XRD) measurements were performed using a
PANalytical X'Pert Pro x-ray powder diffractometer. A Cu Ka radiation source was used with a

sealed proportional detector which was equipped with an X’Pert highscore software.
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Fig 4.1 — Calculated XRD pattern for the deposited ZnSnNy films.
In the figure 4.1 shown above we can see the calculated powder diffraction spectra for the ZnSnN2
which is based on the orthorhombic crystal structure in the Pna2l space group. The growth
conditions for the films are as follows- The substrate temperature was set to around 400°C and the
ratio of N2/(N2+Ar) ratio of 50%. It can be seen that the dominant characteristic peaks from the
experimental data match with peaks in the calculated pattern, from which we can confirm that the

structure of the deposited ZnSnNz2 films is orthorhombic. The lattice parameters for the material

are listed in the table below and can be calculated as follows!®?! -
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Bragg’s equation: A=2dsin6

Where A is the X-ray wavelength (here, the Cu Kol characteristic line is 1.54A); d is the lattice

spacing distance; and finally 6 is the diffraction angle.

Peak Positions | Milled Index | Lattice spacing Lattice parameters
20 (°) hkl d (A°) a (A° b (A% c (A°)
30.4536 120 2.9328
32.4756 002 2.7547
34.5657 121 2.5926 5.855 + 6.749 + 5.527 +
0.0112 0.0238 0.0143
54.1137 320 1.6934
59.3385 123 1.5561

Table 1 — Lattice parameters calculated from the measured XRD pattern.
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Fig 4.2— Measured XRD patterns for a) Sample wit as deposited ZnSnN film b) Samples subjected to RTA
at 350°C. c¢) Samples subjected to RTA at 400°C d) Samples subjected to RTA at 450°C e) Samples
subjected to RTA at 500°C f) samples subjected to vacuum anneal at 400°C.
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Fig 4.3— Background stripped XRD patterns of the samples subjected to RTA at various temperatures.
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002 (120) 122 Averaged
grain size (nm)
FWHM | Grian FWHM Grian FWHM Grian
(deg) |size (nm) (deg) size (nm) (deg) size (nm)

As-deposited | 0.886 9 0.783 11 1.127 8 9
350 °C air 0.876 9 0.958 9 1.444 6 8
annealed
400 °C air 0.888 9 0.964 9 1.441 6 8
annealed
450 °C air 0.927 9 0.702 12 1.676 5 9
annealed
500 °C air 0.427 19 0.429 19 0.538 16 18
annealed

Table 2- The values of full width at half maximum and average crystalline sizes of the deposited ZnSnN,
films subjected to RTA at different temperatures.
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Fig 4.4 - 26 — o vs Intensity for ZnSnN, samples annealed a different conditions.
(002 120 122 Averaged
grain size
(nm)
FWHM Grian size | FWHM Grian size | FWHM Grian size
(deg) (nm) (deg) (nm) (deg) (nm)
As-deposited 0.886 9 0.783 11 1.127 8 9
400 °C air annealed 0.888 9 0.964 9 1.441 6 8
400 °C vacuum 0.572 14 0.513 16 0.823 10 13
annealed

Table 3- The values of full width half maximum (FWHM) and average crystallite sizes of the as deposited
films and films annealed at different conditions.
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4.2 Surface Morphology —

Scanning electron microscopy (SEM) was used to investigate the surface characteristics of the
deposited ZnSnNz2 films. The scanning electron microscope images were obtained on a FEI Nova

NanoSEM230 field emission scanning electron microscope.

tnt‘ prysea e B e —

TLD | SE

mag WD pot T

100000x| 5.3 mm| 3.0 [10.0 kV‘O

Fig 4.5- SEM image of ZnSnN2 thin films deposited at the substrate temperature of 400 °C and vacuum
annealed for 4 hours with N2/(N2+Ar) ratio of 50%. (SEM conditions are HV=10kV, WD=5.3 mm, spot
size=3.0, and scale bar=1um).
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Fig 4.6- SEM image of ZnSnN2 thin films deposited at the substrate temperature of 400 "C and vacuum
annealed for 4 hours with N2/(N2+Ar) ratio of 50%. (SEM conditions are HV=10kV, WD=5.3 mm, spot
size=3.0, and scale bar=500nm and 200nm).

mag WD |spot| HV tilt | det | mode
100061 x|52mm| 3.0 |5.00kV|-0°|TLD| SE

rﬁé’g”"’"\J‘G’B’Ts‘bé't"”"H’\"/""?l'{""éf" mode | ———— 1 ym ———
©# 100000 % 5.2 mm| 2.0 |10.0kv|-0°| TLD| SE

Fig 4.7 - SEM image of ZnSnN2 thin films deposited at the substrate temperature of 400 "C and rapid
thermal annealed at 450°C for 20 minutes with N2/(N2+Ar) ratio of 50%. (SEM conditions are HV=10kV
and 5kV, WD=5.3 mm, spot size=2.0 and 3.0, and scale bar=1um).
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The SEM images show that the average grain size after deposition is really small and the grain
orientation is very random. This is expected given the deposition was done by sputtering.
RF Sputtering is a deposition process which occurs in a plasma and is a non-equilibrium process.
Due to the low ion energies from frequesnt collisions with other atoms and high pressure inside
the chamber, the mobility of the surface atoms is very limited. Due to the low mobility of the
adatoms, the coalescence process is limited kinetically which reulsts in smaller grain sizes

distributed in many different orientaitons.
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4.3 Electrical properties

Hall Effect measurements are used to characterize semiconductors and provides information on
the majority type concentration, mobility, and resistivity. These measurements are commonly used

to measure the channel conductivity in most semiconductor devices.

The Hall Effect measurements are based on the measurements of induced voltage of a samples in
magnetic field oriented perpendicular to samples surface. The electrons moving in the magnetic

field are influenced by the Lorentz Forcel".:
F=q-(vgXB)

Where q is elementary charge (1.602 x 101° C), vq is drift velocity, and B is the inductance of the
magnetic field. Using the relationship between current density J = env, for electrons and electric

field (E):

And the Hall factor (RH):

Conductivity ( 6_n) is measured and the Hall mobility ( u_n) for electrons can be determined: [6]

On

u, = —
n en
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In our experiments, Hall Effect measurement was performed to measure the electrical properties
of the deposited ZnSnNz film like its carrier concentration and mobility. The room temperature
Hall Effect measurements were performed in a DHE-21 Hall system from SES Instruments Pvt.
Ltd, using a standard four point Vand der Pauw contact layout!®¥. For good electrical
measurements we generally need good ohmic contacts so a small layer of InP was used on the
ZnSnNz2 films in the Van der Pauw pattern before the electrical measurements were carried out.
The magnitude of the magnetic field was set to around 2800G in the Hall system. A magnetometer
was used to measure the magnetic fields. The samples that were investigated were grown on ¢
plane sapphire substrates with a (0001) GaN template. The obtained films were then subjected to
rapid thermal annealing at different temperatures varying from 350 to 550°C at which point the

films were observed to degrade.
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Fig 4.8 — Graph for the carrier concentration in the ZnSnN, films annealed at different temperatures for 20
min.

The hall measurements showed that all the samples demonstrated n-type semiconductor
characteristics. For most samples, the carrier concentration was found to be in the range of
10%°-10%* cm-3 and the resistivity was found to be between 102 Q-cm and 107 Q-cm calculate
these values, and the values of mobility are in the range of 4.6 to 15.3 cm?V-1s. These results are

consistent with the data reported in previous works%31l,

Figure 4.9 reflects the relationship between the mobility values of ZnSnN: at different annealing
temperatures. The carrier concentration was observed to have no significant change till 325°C, but
decreased thereafter as the annealing temperature was increased till 450°C. This can be attributed
to a reduction in the concentration of Zn-Sn anti-sites which are a major reason for the high carrier
concentration in this material. At this point the films started to show degradation and annealing at

higher temperatures caused a sharp increase in the carrier concentration.
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Mobility vs Annealing temperature
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Fig 4.9— Graph for the mobility in the ZnSnN, films annealed at different temperatures for 20 min.

The measured value of Hall mobility was observed to increase initially with increase in the
annealing temperature and reach a maximum value of 15.3 cm?V1S? at 450°C and later on
decreased to around 4.36 cm?V1St at 550°C. The Hall mobility first increased then decreased
with increasing temperatures from 275 °C to 400 °C. To understand this behavior, we have to take

a look at the carrier transport phenomenon in ZnSnNz2 films.
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The relationship between Hall mobility, carrier concentration and resistivity is illustrated using the

following equation:

Here pis the hall mobility, p is the resistivity, n is the carrier concentration and e is the free electron
charge (1.609x1071°C). It is a well-known fact that polycrystalline semiconductor materials have
mobility values which are dependent on the ionized impurity scattering and grain boundary
scattering®324. In our case, as the annealing temperature increases from 350°C to 450°C, the thin
films’ crystallinity increases. The increase in the average grain size in the deposited film can also
be verified from the XRD observations where the grain size increased from 8nm at 350°C to around
11nm at 450°C. So the mobility increases in this temperature range along with the carrier
concentration which may suggest that the mobility is affected more by grain boundary scattering.
The mobility was observed to decrease thereafter till 550°C. Although this might seem counter-
intuitive from a materials standpoint, it can be explained by the following mechanism - In the
temperature range of 500°C — 550°C, the ionized impurity scattering becomes the dominant factor
in determining hall mobility. As we go to higher and higher temperatures, more and more defects
are activated, but due to the rapid cooling process in our experiment, the defects cannot be

eliminated and this leads to a reduction in the mobility of the film.

Another explanation for this decrease in mobility at high temperatures can be found in a recently
published computational work on the compositional inhomogeneity present in multinary and
tetrahedrally bonded semiconductor materials®®. Drawing from that work, the compositional
inhomogeneity described there essentially refers to an entropy driven tendency for all non-octet

rule preserving tetrahedra to cluster together when subjected to heat treatment or even during high
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temperature growth. This kind of clustering was shown to have resulted in charge localization
which in turn leads to an increase in concentration of charge scattering centers and subsequently
leading to a decrease in the mobility of the material. The ZnSnNz2 films which were deposited by
RF sputtering undoubtedly contain a large degree of cation disordering from the beginning. When
these films were subjected to annealing treatment at high temperatures, it may have motivated the
formation of motifs which lower the mobility. One potential way to avoid this clustering of motifs
while still being able to subject the grown films to annealing treatments would be to grow the
initial film in such a way that the growth process will encourage order like for example growing

them on lattice matched substrates.
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Fig 4.10- Graph for the carrier concentration in the ZnSnN, films annealed at 450°C for different time
intervals.
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Fig 4.11- Graph for the mobility in the ZnSnN films annealed at 450°C for different time intervals.
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The effect of different annealing times on the carrier concentration and mobility was also studied
as shown in the figures above. A downward trend in the carrier concentration was observed with
increasing annealing time and after around 40 minutes of annealing, the carrier concentration
started to increase. The hall mobility first increased with increasing annealing time and then

decreased.

The aim of this dissertation was to determine the suitability of ZnSnN2 as an absorber layer for
next generation solar cells. As stated earlier, one of primary obstacles for this has been the presence
of a high electron concentration in this material. In a recent study by Atwater et al.[*®! they reported
that one of the primary reasons for the high electron concentration of the material is due to the
presence of defects in the films. The donor defects like Snzn antisite defects (Sn which has 2 more
valence electrons than Zn, substituting Zn atoms), Zni (Zn on the interstitial site which is
surrounded by four N atoms) and Vn (Nitrogen vacancy) have much lower formation energies than
acceptor defects like Znsn (Zn substituting Sn atoms), Vza and Ni. This leads to a predominantly
intrinsic n-type doping in this material. The purpose of annealing in this study was to try to
eliminate these defects in the films deposited using sputtering and thereby decreasing the disorder

in the lattice structure.

Hall Effect measurement was used in order to measure the change in the free electron concentration
after the annealing process. However the results above indicate that the lowest achieved value of
carrier concentration in this work are higher than the values that were expected at the beginning.
This can be explained using the fact that the presence of point defects is only one of the factors

contributing to the n-type doping of the material.
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In the same study, Atwater et al.[*3] reported that another likely factor influencing the properties of
ZnSnNz is the coexistence of secondary phases in the grown films. Due to its low heat of formation,
the ZnSnNz2 films synthesized are quite unstable and there is a high chance of secondary phases
like Zn and Sn metals and Zn3sNz2 to be present in the grown films. The coexisting Zn and Sn metal
phases may also be a reason for the high electron concentration. So methods to avoid the formation
of these secondary phases are critical for the future developments and applications of the ZnSnNz2

semiconductor material.

35



5. Conclusion

The work done in this thesis was mainly centered on the properties of ZnSnNz2 films. Different
properties like crystal structure, lattice parameters and the carrier concentration were investigated.
Post growth rapid annealing studies were performed to determine the suitability of this material as
a viable option to replace some of the 111-V materials. The main achievements in this work are

listed as follows:

(1) ZnSnNz2 films were successfully deposited on c-plane sapphire and (0001) GaN substrates using
the reactive RF-sputtering method. The growth conditions were optimized to get smooth and
uniform ZnSnN2. Smooth films are usually preferred as the absorber layers in solar cells so as to

maximize the ratio of the illuminated area to the area of the interface.

(2) The obtained ZnSnNz2 films were then subjected to Rapid Thermal Annealing and the annealed

films were characterized using X-ray diffraction, Hall measurement and SEM.

(3) A relationship between the annealing parameters and electrical properties of this material like

mobility, carrier concentration and resistivity was established for the first time.

(4) 1t was shown that the combination of RF Sputtering plus Rapid Thermal Annealing is a way of
improving the properties of the material in terms of the carrier concentration, and is a step in the

right direction.

Quite non-intuitively, it has been shown that the mobility of this material initially increased as a
function of temperature but started to decrease at higher annealing temperatures. This was
attributed to the fact that at lower temperatures the more dominant phenomenon affecting mobility

values was grain boundary scattering and at high temperatures, ionized impurity scattering was the
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more dominant mechanism. The increase in mobility at high temperatures was also a likely
indicator of non-octet rule preserving motif clustering in this material. This highlights the need to
deposit high quality ZnSnN:z films which have a minimal initial disorder before going for post

growth annealing treatment.

The free electron concentration in this material was found to initially decrease with annealing
temperature reinforcing the fact that the anti-site defects stated as a possible reason for the high
electron concentration were indeed a major factor affecting the carrier concentration in this
material. Although the carrier concentration increased at high annealing temperatures, it is likely

from the degradation of the film.

In conclusion the work done here suggests that ZnSnN2 has a tremendous potential as an earth
abundant semiconductor material to be used as an absorber layer in solar cells and other
optoelectronic applications. Further work to develop controlled n and p-type doping in this

material is required to truly realize the potential of this material.
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