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Low temperature deposition of high-quality epitaxial GaN is crucial for its integration in electronic
applications. Chemical vapor deposition at approximately 800 °C using SiC with an AIN buffer layer or
nitridized sapphire as substrate is used to facilitate the GaN growth. Here, we present a low temperature
atomic layer deposition (ALD) process using tris(dimethylamido)gallium(i) with NHz plasma. The ALD
process shows self-limiting behaviour between 130-250 °C with a growth rate of 1.4 A per cycle. The
GaN films produced were crystalline on Si (100) at all deposition temperatures with a near stochiometric
Ga/N ratio with low carbon and oxygen impurities. When GaN was deposited on 4H-SiC, the films grew
epitaxially without the need for an AIN buffer layer, which has never been reported before. The bandgap
of the GaN films was measured to be ~3.42 eV and the Fermi level showed that the GaN was
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Introduction

Gallium nitride (GaN) is a key material in microelectronics
based on the group 13-nitride materials. This is due to its
favourable properties of wide and direct bandgap, high thermal
stability, high breakdown field and good electron mobility."™
In high frequency electronics, GaN films are preferably deposited
on SiC due to its high thermal conductivity.”> However, it is
difficult to deposit GaN directly on SiC by CVD due to poor
wetting of GaN on SiC.° Therefore, an AIN buffer layer is used to
facilitate GaN growth.””® Currently, thin films of electronic grade
epitaxial GaN are deposited by chemical vapor deposition (CVD)
processes using trimethylgallium (TMG) and ammonia (NH3) at
temperatures between 800-1000 °C.'° The high deposition
temperatures are required to obtain highly crystalline films
but also to overcome the poorly suited precursor combination
of TMG and NHj3;, which leads to high N/Ga precursor ratios of
10°. CVD also hinder the deposition of highly conformal GaN
films on topographically complex surfaces and on temperature
sensitive materials. To meet these challenges, the low temperature
time-resolved CVD route known as atomic layer deposition (ALD)
has been studied for GaN. Deposition of GaN by ALD has been
achieved using TMG or triethylgallium (TEG) with N,/H, plasma,"
NH; plasma*"? or thermally with NH;."®* However, these processes
suffer non-stoichiometric Ga/N ratios and high carbon and oxygen
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unintentionally n-type doped. This study shows the potential of ALD for GaN-based electronic devices.

impurities. Additionally, thermal ALD with TMG and NH; requires
deposition temperatures of 400 °C, which is relatively high for an
ALD process.” Similar issues has been reported for ALD of GaN
using TEG, were impurities of C and O was the primary issue.****
ALD routes using GaCl and GaCl; together with NH; deposited at
high temperature (>400 °C) have also been investigated, but render
films with Cl impurities."*"”

The disadvantage of TMG and TEG for ALD of GaN is their
strong M-C bonds, which makes it difficult to remove all of their
ligands from the deposited precursor at low temperatures.'®
Amides (M-NR,) have more reactive and desirable M-N bonds,
which would improve the surface chemistry during the NHj
precursor pulse. Herein, we report low temperature deposition of
GaN using tris(dimethylamido)gallium(m), Ga(N(CHs),); 1, with
NH; plasma by ALD. Precursor 1 has been previously used for ALD
of Ga,0;'"*° and Ga,S;>! and CVD of GaN,?** but not for ALD of
GaN. Notably, all previous reports using 1 has resulted in
amorphous films at all deposition temperatures.'®*"*> We show
that 1 displayed self-limiting behaviour in a temperature range
from 130-250 °C on Si (100). Deposition of GaN on 4H-SiC(0001)
rendered epitaxial films with near stochiometric composition
and very low impurity levels of carbon and oxygen. To the best of
our knowledge, this is the first report of GaN grown epitaxially
directly on SiC substrate.

Experimental details
Precursor synthesis

The reaction and manipulations were carried out under a N,
atmosphere on a Schlenk line using Schlenk air-free techniques
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and in a Glovebox-Systemtechnik dry box. All anhydrous solvents
were purchased from Sigma-Aldrich™ and further dried with 4 A
molecular sieves. All NMR spectra were measured with an Oxford
Varian 300 spectrometer. Solvents peaks were used as an internal
standard for the "H NMR (300 MHz) spectrum. The melting point
was determined in a capillary sealed under N, with a Stuart®
SMP10 melting point apparatus and is uncorrected. GaCl;
(99.99%) was purchased from ACROS-Organics™ and lithium
dimethylamide (95%) from Sigma-Aldrich™, and both were
used without further purification.

Synthesis of tris(dimethylamido)gallium(m) dimer (1)

Tris(dimethylamido)gallium(m) dimer 1 was synthesised using
the literature procedure (Fig. 1).>* A room temperature suspension
of lithium dimethylamide (5.2 g, 102 mmol) in n-hexanes (150 mL)
was slowly added to a —20 °C solution of GaCl; (6.0 g, 34.1 mmol)
in n-hexanes (100 mL) via cannula and the mixture was stirred at
this temperature for 1 h. The reaction was slowly warmed to room
temperature and stirred for a further 16 h. The reaction mixture
was filtered through a pad of Celite and concentrated under
reduced pressure to give a solid. The solid was purified by
recrystallisation from Et,O at —35 °C to give the compound 1 as
a solid (4.61 g, 63%).

1: Colourless solid, m.p. 101-104 °C. '"H NMR (300 MHz,
CeDs) 6 2.34 (s, 12H, u-NMe,), 2.68 (24H, u-NMe,).

Thermogravimetric analysis and differential scanning
calorimetry

The volatilization curve was collected using a TA Instruments
thermogravimetric analysis Q500 tool. The ramp experiment of
1 was undertaken inside a N, glovebox in a tared aluminum
pan loaded with 18 mg of 1. The furnace was heated at a rate of
10 °C min~* to 400 °C with a maintained N, flow rate of 60 sccm.
The differential scanning calorimetry (DSC) measurement for 1 was
performed on a TA Instruments DSC Q10 tool. The sample was
prepared in a sealed aluminum pan in a N, filled glovebox and
weighed approximately 0.2 mg. The experiments heated the sample
of 1 and a blank reference pan at a rate of 10 °C min~* to 400 °C.

Film deposition

The films were deposited in a Picosun R-200 ALD system
equipped with a Litmas Remote Inductively Coupled Plasma
Source. The system used a base pressure of 400 Pa with
continuous N, (99.999%, further purified with a getter filter to
remove moisture) flow through the deposition chamber. The Si
(100) and 4H-SiC (0002) substrates were cut into 1.5 x 1.5 cm
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Fig. 1 Synthesis of tris(dimethylamido)gallium() 1.
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pieces and Si (100) was used without further cleaning whilst
4H-SiC was cleaned with RCA-1 (solution of 1 part H,O, (30%),
1 part NH; (25%) and 5 parts H,0) and RCA-2 (1 part H,0,
(30%), 1 part HCI (37%) and 6 parts H,0)** solutions to remove
organic and inorganic contaminants on the surface prior to
deposition. The substrates were loaded into the reactor onto a
heated substrate holder and the system was heated to 450 °C for
120 minutes before each run with a continuous N, flow (300 sccm)
to minimize the oxygen content in the chamber. Approximately
500 mg of 1 was placed in a glass vial in a stainless-steel bubbler
without a dip-tube for incoming carrier gas. The temperature of
the bubbler was set at 120 °C with a N, flow of 100 sccm to aid
transporting the precursor vapor into the deposition chamber.
A 10 s N, purge was used after the pulse of 1. The NH; (AGA/Linde,
99.999%) plasma used as the nitrogen source was an Ar
(99.999%, further purified with a getter filter to remove moisture)/
NH; (100/75 sccm) mixture, ignited using a plasma power of
2800 W. These plasma parameters was previously investigated
to be optimal for our reactor and deposition of nitrides.?®
A plasma pulse of 9 s followed by a 10 s purge was used with
the above parameters unless otherwise stated. The thickness of
the GaN film was 70 nm unless otherwise stated.

Characterisation

The crystallinity of deposited films was studied using a PANa-
lytical EMPYREAN MRD XRD with a Cu-anode X-ray tube and
5-axis (x-y-z-v-u) sample stage both in 6-260 and grazing incidence
(GIXRD) configuration. Strain in the films was estimated from
the GIXRD measurement for each diffraction peak values of sin’y
and ¢ was obtained using the software X'Pert Stress. PANalytical
X’Pert PRO with a Cu-anode tube and Bragg-Brentano HD optics
was used for 6-20 measurement and in X-ray Reflectivity (XRR)
mode to measure the film thickness. The software PANalytical
X'Pert reflectivity was used to fit the XRR data using a two-layer
model of the GaN film and the substrate (GaN/substrate). A LEO
1550 Scanning electron microscope (SEM) with an acceleration
energy of 10-20 kV was used to characterise the morphology of
the film. The film composition and chemical bonding environ-
ments of the atoms in the film were characterized with a Kratos
AXIS Ultra DLD X-ray photoelectron spectroscopy (XPS) equipped
with Ar (0.5 keV) sputtering source. CasaXPS software was used to
evaluate the data. Gaussian-Laurentius functions and Shirley
background were used to fit the experimental XPS data. The
absorption spectroscopy measurements were conducted using a
custom fibre optical setup consisting of a light source (Ocean
Optics DH-2000-BAL), a detector (Avantes AvaSpec-Dual) and a
bifurcated optical fibre (Ocean Optics BIFBORO-2-1000). An
absorption spectrum for the GaN film was collected using a
custom software based on LabView (National Instruments) with
a Si (100) substrate used as a reference.

Elemental composition of the films was obtained using
Rutherford backscattering spectrometry (RBS) and time-of-flight
elastic recoil detection analyses (ToF-ERDA). The measurements
were carried out in a 5-MV NEC-5SDH-2 pelletron tandem
accelerator. 2 MeV “He' ions were employed for RBS and
detected in a scattering angle of 170°. Two different geometries,

This journal is © The Royal Society of Chemistry 2020
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azimuth angle 5° + tilt angle 2° and azimuth angle 40° + tilt
angle 2°, were chosen in order to minimize channelling effects. In
addition, more suppression of the probable channelling effects
was undertaken by multiple small random-angular movements
around the equilibrium angles within a range of 2°. RBS spectra
were fitted by SIMNRA 7.02 code®® with an ~1% statistic
uncertainty to determine elemental compositions. Recoils, in
ToF-ERDA, were detected at 45° angle between the primary
beam and a ToF-E detector telescope in a gas ionization
chamber (GIC) using a 36 MeV *’I** beam incident at 67.5°
with respect to the sample surface normal. The ToF-E detector
telescope consisted of two circular carbon foils with 8 and
5 pug cm ™2 thicknesses, 6 mm radius, a 0.05 msr solid angle
(AQ), and a flight distance of 425 mm between the foils. Utilizing a
ToF-GIC setup provides the system with a good energy resolution
and enhanced ion species separation in terms of mass and
energy.”” Average elemental compositions were also obtained from
ToF-ERDA time-energy coincidence spectra using two different
software packages, CONTES>® and Potku.?® Systematic uncertain-
ties of the experiment, discussed in more detail elsewhere®® in
particular for light elements, were estimated to be a maximum of
5-10%, whereas statistic uncertainties arisen from the number of
experimental counts were < 2.3%. However, the relative elemental
concentrations were obtained with higher accuracy.*** The stop-
ping power data required for both RBS and ERDA simulations was
retrieved from SRIM2013 code.*

Cross-sectional transmission electron microscope (TEM)
samples were prepared by the traditional sandwich approach,
which includes sample cutting, gluing, polishing and ion milling.
A Gatan Precision Ion Polishing System Model 691 operated at
5 kv and 40 mA, with an Ar ion source, was used to make the
samples electron transparent. Scanning transmission electron
microscopy (STEM) and selective area electron diffraction (SAED)
characterization were performed using the Linkdping double Cs
corrected FEI Titan® 60-300 operated at 300 kv.

Results and discussion

Tris(dimethylamido)gallium(m) dimer 1 has been previously
used in ALD studies,*® 2" however its thermal properties have

View Article Online
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not been reported as far as we know. Thermogravimetric analysis
(TGA) showed 1 evaporated in a single step from 140-230 °C, with
only 5% of residual mass (Fig. 2a). The 1 torr vapour pressure
of 1 was shown to occur at 109 + 5 °C its AH of vaporization was
59.5 k] mol~' (Fig. S1, ESIf). Differential scanning calorimetry
(DSC) showed an endothermic peak at 103 °C and a small broad
exothermic event with a peak at 193 °C (Fig. 2b). The endothermic
event peak corresponds to the melting point of 1 (103-106 °C),
which matches our observed DSC value, whilst the exothermic
event indicates high temperature decomposition. These results
show that 1 is a thermally stable precursor and has favourable
properties for use in ALD of GaN.

To study if 1 could be used in self-limiting deposition of
GaN, ALD experiments on Si (100) substrates were undertaken
using varied pulse times for 1 and NH; plasma whilst the
temperature was maintained at 200 °C. The GaN growth per
cycle (GPC) saturates at 1.4 A per cycle when the pulse time of 1
is 4 s or longer (Fig. 3a). The GPC saturates at the same value for
NH; plasma when pulse times of 6 s or longer were used. This is
indicative of a self-limiting growth and surface chemistry
between 1 and NH; plasma. The growth per cycle was constant
between 130-250 °C when using a 4 s pulse time for 1 and 9 s
NH; plasma pulse time (Fig. 3b). As the bubbler temperature
was set to 120 °C, lower deposition temperature was not
conducted due to the risk of condensation of 1 on the substrate.
Reactor temperatures of >250 °C resulted in a decreased GPC,
indicating desorption of the precursor from the substrate.

This GPC is roughly 3-5 times that of previous reports of
GaN plasma processes with TMG/TEG.*"** It can be noted
here that the wurtzite GaN lattice has a ¢ lattice constant of
5.182 A. To obtain such a unit cell, three monolayers are required
(Ga source, N source followed by Ga source) which corresponds to
1.5 ALD cycles and therefore the theoretical maximum growth per
cycle is approximately 3.45 A per cycle. The growth of 1.4 A per
cycle obtained with the M-N bonded precursor 1 is lower than the
theoretical growth making it reasonable despite its higher growth
rate compared to other GaN processes.

The films deposited in the temperature window with constant
GPC rendered crystalline GaN with a preferred (002) orientation
on Si (100) (Fig. 4a). The intensity of the XRD peaks, which is
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(a) Thermogravimetric analysis and (b) differential scanning calorimetry of 1.
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Fig. 4 (a) XRD of the films on Si (100) showing GaN (002) peak deposited at 150 °C (red line) and 250 °C (black line) with 9 s NH3 plasma pulse and 4 s
pulse of 1 with a thickness of approximately 70 nm. (b) GIXRD of the films on Si (100) with 4 s pulse of 1, 9 s NH3z plasma pulse deposited at 150 °C (red
line) and 250 °C (black line) showing GaN (002) peak with a thickness of approximately 70 nm. (c) e-sin®y plot from GIXRD measurement on Si (100) with
4 s of 1and 9 s NHz plasma deposited at 250 °C with a thickness of approximately 70 nm. (d) Top-view SEM of the film on Si (100) with 4 s pulse of 1 and
9 s NH3 pulse deposited at 250 °C with a thickness of approximately 70 nm.
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especially clear from the GIXRD measurements (Fig. 4b), increases
with higher deposition temperature suggesting that film crystal-
linity increases with temperature. The (002) plane is present in
both the 6-260 XRD and the GIXRD indicating that grains tilted
with respect to the substrate normal are present in the film. The
stress and strain in the 70 nm GaN films were estimated from the
GIXRD measurement by a e-sin®} plot (Fig. 4c). The positive slope
of the fitted line to the plotted data is indicative of tensile strain of
the film. The strain was obtained from the slope (7475.61 ppm)
and gives a value of 0.00747561. This corresponds to roughly
0.75% of tensile strain. To calculate the stress in the film, Young’s
modulus (E) and Poisson’s ratio (v) for GaN was used (eqn (1)).

E xeg
O':
1+v

&)

The Youngs’s modulus and Poisson’s ratio of GaN have been
determined from previous studies to be 325.3 GPa and 0.25,
respectively.>* This gives a tensile stress of about 1.95 GPa for
the GaN thin film on a Si substrate. Tensile strain and stress in
the GaN film is expected due to the large difference in lattice
constant and crystal structure of cubic Si to hexagonal GaN.

Top-view SEM analysis showed that the films deposited at
250 °C is composed of many small crystalline grains with little
variation in grain size (Fig. 4d). The little variation in grain size
indicates that the film grows in a layer-by-layer fashion without
any observable secondary nucleation.

The chemical bonding environment and atomic composition
in the GaN films deposited at 250 °C were analysed by XPS
(Fig. 5). High resolution XPS spectra were used to analyse the
chemical environment of the Ga 2p;, and N 1s regions. Two
peaks were used to obtain a good fit for the Ga 2p;,, at 1117.5 eV
and 1119.4 eV, which were attributed to Ga-N and Ga-O bonds,
respectively (Fig. 5a). Three peaks were used to fit the N 1s at
397.1 eV, 394.8 eV and 392.7 eV, which were assigned to N-Ga
and two Ga Auger peaks, respectively (Fig. 5b). This is in
accordance with previous XPS measurements on GaN thin
films.""'?%%7 After sputter cleaning the film surface, XPS
measurements gave an initial overall composition of 25.0 at% Ga,
74.5 at% N, 0.5 at% O with no detectable C. It should be noted
that the N 1s peak overlaps with Ga Auger peaks, which results in a
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broad N 1s peak and an overestimate of the N content. To obtain
the Ga/N ratio in the film without Ga Auger interference, the Auger
peaks were subtracted from the contribution to the N content. The
N-Ga peak contribution is 33% of the overall N content, which
gives 24.6 at% of N that is attributed to the actual N content of the
film. This gives a corrected Ga/N ratio of 1.02, which is close to
stochiometric GaN. The high resolution XPS peak of Ga 2p;/, can
be fitted with contributions from Ga-N and Ga-O bonds while the
high resolution XPS N 1s peak cannot be fitted with a N-O peak,
suggesting that all oxygen in the film is bonded to Ga. If oxygen is
subtracted from Ga 2p;), spectra and only the Ga-N and N-Ga
bonds are considered, a near stoichiometric Ga/N ratio of 0.99 is
obtained. To investigate if the subtraction of the Ga Auger peaks
from the N 1s XPS region is a sound strategy, RBS combined with
ERDA was conducted on the GaN film. The RBS/ERDA measure-
ment showed that the GaN film contained 45.7 at% Ga, 47.2 at% N,
2.8 at% C, 3.1 at% O and 1.2 at% H giving a Ga/N ratio of 0.97,
which indicates a slightly under-stochiometric film composition.
This shows that even when subtracting the Ga Auger peak from the
N 1s XPS region, the film composition and Ga/N ratio is not reliable
using XPS and other techniques are required to determine an
accurate atomic content. In addition, C impurities were not detected
by XPS after clean sputtering whilst RBS/ERDA showed C present in
the film, showing the latter is preferred for detection of impurities.
In addition, sputtering was used in the XPS measurement, which
could cause preferential sputtering and change the composition and
impurity levels in the film. Nonetheless, XPS is highly important for
accessing the chemical environment of each element.

An absorption measurement was conducted on the GaN film
and the data was used to construct a Tauc plot to calculate the
bandgap. The optical bandgap for a direct bandgap material is
expressed by eqn (2). Extrapolating the linear part in the Tauc
plot and setting (a¢/v)> to 0 gives the band gap.

=

ahv = A(hv — Eg) (2)
The Tauc plot for GaN films deposited at 250 °C gave a band
gap value of approximately 3.42 eV (Fig. 6a). This is close to
the previously reported single crystalline GaN value of 3.40 eV.’
The valence band (VB) spectrum obtained from XPS has two
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Fig. 5 HR-XPS of Ga 2p (a) and N 1s (b) with 4 s of 1 and 9 s NHz plasma pulse deposited at 250 °C with a thickness of 70 nm.

This journal is © The Royal Society of Chemistry 2020

J. Mater. Chem. C, 2020, 8, 8457-8465 | 8461


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0tc02085k

Open Access Article. Published on 25 May 2020. Downloaded on 1/19/2026 11:49:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry C
(a) (b)
5x10'% | A
""’l.
1o 1 H
(1\ 4x10 ’fZ’\ .- 1 B
D E" . .,
g s ; Tan™,
O 3x10'° S | 4 [ 1
3 s ] \,
~— ‘Z\ | " [
L 2x10"° ‘B T b
> 5 ’
G £ 1 5
b 16 ] - '.
1x10 ] Ep [
J
0 T T T T T I T T — . : : T T |
2,81 291 3,01 3,11 321 331 341 351 361 3,71 381 0 2 4 6 8 10 12
Energy (eV) Binding Energy (eV)
(c)
~ Conduction Band
£
. m
.8 e o
< w
> Ep (2.2 @V) wooveereseesmsmsssmssssisisis ™
= N
=!
L1 ()
= i EF 5
|
E Valence Band
2 0 2 4 6
Binding Energy (eV)
Fig. 6 (a) The absorption spectrum for the GaN deposited at 250 °C with a 4 s pulse of 1 and 9 s NHz plasma pulse on Si (100) with a thickness of

approximately 70 nm. (b) The valence band spectrum of the GaN film with a thickness of approximately 70 nm obtained by XPS. (c) The near Fermi level
(Ef) region together with the valence band maxima obtained from extrapolating the baseline with the linear fit of the XPS spectrum. (d) Schematic

illustration of the energy band diagram for GaN deposited at 250 °C.

distinct features, labelled A and B in Fig. 6b, which correspond
to Ga 4p-N 2p and Ga 4p-N 4s hybridized orbitals, respectively.
These features are in line with previous studies on GaN thin
films.***° The VB near the Fermi level (E5) was obtained by XPS
(Fig. 6¢). By extrapolating the linear part of the leading edge
and the baseline, the valence band maxima (VBM) could be
obtained. It was found that the VBM lies approximately 2.20 eV
below the surface Fermi level and is in line with a previous GaN
study deposited with by MBE.*® In combination with the
estimated band gap of 3.42 eV, this result indicates that the
Fermi level is not positioned in the middle of the bandgap, but
closer to the conduction band (CB) instead of the VB (Fig. 6d).
This shift of the Fermi level indicates that the deposited GaN is
n-type doped. This is expected as GaN normally shows n-type
behaviour due to impurities and defects in the film such as
oxygen and nitrogen vacancies.*®™*>

By replacing the Si (100) substrate with 4H-SiC (0001), which
is a more suitable substrate for GaN with respect to the lattice
mismatch and crystal structure, XRD in 6-20 geometry showed
only the GaN (0002) and (0004) peaks together with the sub-
strate peaks. This indicates that growth occurred only in the

8462 | J. Mater. Chem. C, 2020, 8, 8457-8465

c-direction (Fig. 7a). The GaN film was deposited at 250 °C
using a 4 s pulse of 1 and 9 s NH; plasma pulse. GIXRD of the
GaN film grown on SiC showed no peaks, indicating no tilted
grains present in the film (Fig. 7b). Pole figures were con-
structed to investigate the epitaxial relationship between the
film and the substrate (Fig. 7c and d). The GaN (1013) plane was
used due to large difference in the psi angle between GaN and
SiC, making it possible to distinguish between the GaN and SiC
poles. The pole figure showed six poles, representing the
hexagonal GaN lattice with its six-fold symmetry (Fig. 7c). The
SiC (1012) plane show six poles, representing its hexagonal
six-fold symmetry (Fig. 7d). These pole figures show that the
hexagonal GaN crystals have grown exactly on top of the SiC
crystals, confirming that epitaxial GaN has been grown directly
on SiC substrate. The epitaxial relationship between the film
and the substrate is GaN (0002)|/SiC (0004) and GaN (1013)||SiC
(1012). It is worth noting that no AIN interlayer was used to
aid the growth of GaN on SiC, which is required for CVD of GaN
on SiC.”** This opens up the possibility for deposition of GaN
on transistor structures without the need of a buffer layer
between SiC and GaN.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 XRD of GaN deposited at 250 °C with 4 s of 1 and 9 s NHz plasma with a thickness of approximately 70 nm. (a) 6—260 showing the (0002) and
(0004) plane of hexagonal GaN (b) GiXRD showing no present peaks indicating no tilted grains for GaN on SiC. (c) Pole figure of (1013) plane for GaN
showing six poles of hexagonal GaN. (d) Pole figure of (1012) plane for 4H-SiC substrate showing six poles representing its six-fold symmetry.

Top-view SEM of the GaN film on SiC deposited at 250 °C
was composed of larger grains compared to GaN on Si substrate
(Fig. S3, ESIY).

Further structural characterization was undertaken using
scanning transmission electron microscopy (STEM) with high
angle annular dark field (HAADF) imaging and SAED). An
overview cross-sectional STEM-HAADF image, along [1120], together
with corresponding SAED patterns (shown in the insets)
acquired from the film and substrate are shown in Fig. 8a.
According to the STEM-HAADF images recorded under strong
elemental contrast (Z-contrast) conditions, two distinct regions
in the film were observed. The film appears uniform starting
from film/substrate interface for the first ~6 nm. Afterward, the
growing film starts to develop columnar microstructure, leading
to a pronounced surface roughening. The darker STEM-HAADF
contrast dotted pattern in the columns and columnar boundaries
can be attributed to the presents of point defects, e.g. vacancies
and impurities, in the film.

The epitaxial grown GaN film on 4H-SiC can be identified by
SAED pattern shown as insets in Fig. 8a. The GaN is oriented
with the c-axis perpendicular to the 4H-SiC substrate surface,
GaN [0002]] SiC [0002] and the in-plane relation GaN [0110]||SiC

This journal is © The Royal Society of Chemistry 2020

[0110]. According to our HRSTEM-HAADF imaging and the Fast
Fourier Transforms (FFTs), the stacking of the GaN lattice
planes is more ordered close to the GaN-SiC interface com-
pared to the upper part of the film (Fig. 8b). The arc-shaped
diffraction spots associated with GaN (inset in Fig. 8a), indicating
part of GaN crystal is deviated from the ideal c-axis epitaxy, are
ascribed to the curved stacking of (0002) planes for the upper part
of the film (Fig. 8c). The lattice curvature together with various
types of structural imperfections becomes more and more
pronounced for the top part of the film. The GaN film can
accommodate the stress in the beginning of the growth, the first
~6 nm as evidenced from Fig. 8b. We believe that when the
GaN grows over this critical thickness the increased stress (due
to compressive lattice mismatch of 3% with the substrate) forces
the GaN planes to curve. The curvature of the planes increases
along the c-direction, further away from film/substrate interface.
X-ray Rocking Curve (XRC) was employed on the epitaxial GaN,
showing that the full width at half maximum (FWHM) for the
(0002) plane was 523 arcsec (0.1452°), Fig. S2 (ESIt). This is on
par with previous high temperature CVD study of GaN films
were an AIN seed layer was deposited on the SiC substrate.®
These findings could revolutionize the transistor industry,
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Fig. 8 (a) An overview STEM-HAADF image from the GaN film with a
thickness of approximately 40 nm on 4H-SiC together with SAED in the
insets. HRSTEM-HAADF image from (b) film—substrate interface and (c) the
top part of the film. FFT patterns are shown as insets in (b) and (c).

especially for the production of high electron mobility transistors
(HEMTsS). Being able to deposit very thin GaN directly on SiC
without the need for an AIN seed layer allows for increased design
freedom when producing HEMTs, which could in turn improve
their performance.

Finally, a thermal ALD route to GaN was investigated using 1
and NH; without plasma discharge. The same pulse parameters
were used as the plasma process, but a 16 s of NH; pulse was
used in a temperature range of 150-400 °C. GaN films could
also be obtained via this thermal process, however, the films
were X-ray (0-20 and GIXRD) amorphous. The XPS analysis
showed the films contained high amounts of C and O impurities,
4 at% and 15 at%, respectively (Fig. S4, ESIt). The Ga/N ratio
could not be accurately be measured due to the Ga Auger overlap
with N 1s. The high level of impurities could explain the
amorphous nature of these films, which are likely to distort the
long-range order of the atoms in the lattice. This also highlights
the efficiency of the NH; plasma to remove carbon and oxygen
impurities from the growing film surface.

Conclusions

We successfully deposited GaN on Si (100) and 4H-SiC (0001)
using tris(dimethylamido)gallium(m) together with NH; by both
thermal and plasma ALD. The NH; plasma process showed that
surface saturation could be obtained with a GPC of 1.4 A per
cycle after 4 s of 1 and 6 s of NH; plasma. The growth per cycle
was independent of temperature between 130-250 °C and the
growth rate was 3-5 times higher than previously reported ALD
of GaN. The deposited film at 250 °C showed a Ga/N ratio of
0.97 with 2.8 at% of C and 3 at% of O measured by RBS/ERDA.
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A Tauc plot revealed that the deposited GaN had an optical
bandgap of 3.42 eV. XPS measurements showed that the Fermi
level lies closer to the conduction band in comparison to the
valence band, indicating unintentionally n-type doped GaN
films. Pole figure measurements showed that epitaxial GaN
was deposited directly on 4H-SiC (0001), without any buffer
layer, with NH; plasma at 250 °C. The epitaxial relationships
were determined as GaN (0002)| SiC (0004) and GaN (1013)||SiC
(1012). SAED confirmed the epitaxial relationship between the
GaN film and SiC substrate. This is to our knowledge the first
epitaxial GaN on SiC without a buffer layer. The STEM-HAADF
images also revealed that the GaN planes starts to curve along
the growth direction after a critical thickness of approximately
6 nm. XRC shows that the GaN (0002) has a FWHM of 523 arc
sec which similar to that of CVD grown GaN. The thermal route
rendered X-ray (0-20 and GIXRD) amorphous GaN in the
temperature range of 150-400 °C. The high impurity levels in
the thermal GaN films are believed to be the reason for its
amorphous nature.

These findings could open up the doors for new and smaller
HEMTs based on group 13 nitrides. By being able to deposit
high quality GaN films at these low temperatures also present
the opportunity to deposit on temperature sensitive materials
which has previously been hindered due to the high deposition
temperatures. The ability to deposit GaN directly on SiC also
reduces the number of material interfaces which could potentially
improve the transistor performance.
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