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Abstract 

Gallium nitride (GaN) is considered one of most important semiconductor materials for the 

21st century due to its combination of properties (high breakdown field, high electron 

saturation velocity and mobility, and good thermal conductivity) that make it suitable for high 

power, high frequency and high temperature applications. In this paper we demonstrate a 

possible route for the deposition of single crystal GaN on sapphire at 275°C using plasma 

enhanced atomic layer deposition.  TEM images and electron diffraction show that the first 5 

nm of growth is epitaxial then transitions to 3D growth. The films have a preferential (002) 

growth direction, and a small in-plane and out-of-plane misorientation. The refractive index, 

extinction coefficient, and optical band gap are on par with those of GaN films grown at 

higher temperatures. The films are p-type with a carrier concentration of 1.68x1018 cm-3 and 

hole mobility of 110 cm2v-1s-1.  
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1. Introduction 

GaN-based materials have tunable direct band gaps in the UV to IR wavelengths range, which 

makes them an attractive choice for cost-effective high-performance opto-electonic devices 

such as light emitting diodes (LEDs) and laser diodes (LDs) 1,2. High quality GaN thin films 

are routinely grown by MOCVD and MBE 3–5.  

In MOCVD and conventional versions of MBE, a high deposition temperature (>800°) 

is required to overcome the energy barriers to precursor adsorption and surface adatom 

migration 5–8.  However, there are certain limitations associated with deposition methods that 

require high temperatures. For example, these methods cannot be used for deposition of In-

rich III-N materials, due to the low vapor pressure and dissociation temperature of InN 9. This 

limits the potentials of III-N heterostructures in multi-junction solar cells, in which alternation 

between a wide band gap (In-rich) and relatively narrow band gap (Ga-rich) layers is a key 

structural component 10.   Furthermore, on cooling from high deposition temperatures, the 

large differences between the coefficient of thermal expansion of GaN and that of the 

common substrates, e.g. sapphire and Si, leads to a large biaxial stress, which affects the 

optical performance of the films 11,  and may also lead to cracking and substrate bowing. 

Usually a thick (~25-50 nm) buffer layer is introduced between GaN and the substrate, in 

order to relax this stress. The necessity of this layer limits the application of high-temperature 

GaN films. In addition, deposition of III-N materials on flexible polymeric substrates through 

MOCVD and MBE is impossible 12. Moreover, high temperature window of MOCVD (950°-

1050° C) degrades the performance of Si CMOS devices, and this deposition method cannot 

be used for integration of III-N materials with Si CMOS technology 13. 

There are few reports on the low-temperature growth of GaN on commercial 

substrates without the use of complex buffer layers like ZrB2
14 or ScAlO3 

15. Mueller et al. 16 

introduced energetic neutral atom-beam lithography/epitaxy method, which is reportedly 

capable of depositing polycrystalline GaN at 500°C.  Shin et al. 17 reported growth of GaN on 

MOCVD-grown GaN templates at 500° and 550°C using radio frequency plasma-assisted 

molecular beam epitaxy.  Golgir et al. 18 have recently reported deposition of highly c-

oriented GaN on sapphire using laser-assisted MOCVD. No data on the electrical and optical 

properties of the films have been presented. 

  It has been reported that deposition of epitaxial GaN films with (002) orientation, 

which is preferred for device applications19,20, requires substrate temperatures higher than 

600°C 21–25. For instance, Yadav et el. 25 deposited GaN films via radio frequency sputtering, 

and investigated the dependence of GaN crystal structure on substrate temperature. They 
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reported that below 300°C the films were mostly amorphous while between 300° and 550°C 

the films were polycrystalline with (100) preferential orientation. The desired preferential 

orientation of (002) was only achieved at 700°C. Knox-Davies et al.26 reported on the 

deposition of GaN via reactive sputtering at temperatures ranging from room temperature to 

450°C with predominantly wurtzite polycrystalline films.  

Although atomic layer deposition (ALD) may offer a potential alternative for low-

temperature deposition of GaN, the extent of literature on ALD of GaN is very limited. Kim 

et al.27 have reported ALD of GaN, at 650°C, using GaCl3 and NH3, leading to polycrystalline 

films having (002) preferential orientation with a broad XRD peak. Using halide precursors, 

however, may lead to film contamination27 and pose the threat of corrosion of metal contacts28. 

On the other hand, it has been reported that low-temperature deposition of GaN using 

trimethylgallium and NH3 plasma resulted in amorphous GaN films with large amounts of 

impurities 29. Ozgit et al.29,30 have reported that deposition of GaN using a conventional 

inductive plasma source produces amorphous films. However, using a hollow cathode plasma, 

they managed to deposit GaN films with (002) preferential orientation, which incongruously 

is reported to have been observed on Si (100), but not on sapphire (002).  

      In this paper, we report on the deposition of highly oriented (002) GaN on sapphire 

using triethylgallium (TEG) and 95% nitrogen/5% hydrogen plasma at 275oC. The hydrogen 

composition of the forming gas was chosen based on an estimate of quantity of hydrogen 

atoms needed to reduce the ethyl groups during the second ALD half reaction. The structural, 

optical and electrical properties of these films have been investigated using X-ray diffraction 

(XRD), X-ray reflectometry (XRR), atomic force microscopy (AFM), transmission electron 

microscopy (TEM), X-ray photoelectron spectroscopy (XPS), spectroscopic ellipsometry, and 

Hall Effect measurements. HRTEM observations indicate that, not only do the films have a 

preferred (002) orientation, they are actually epitaxial for the first ~5 nm of growth. Epitaxial 

growth of GaN at such a low temperature is an unprecedented observation. 

 

2. Experiments 

Depositions were carried out using an atomic layer deposition research system (ALD-150LX, 

Kurt J. Lesker) equipped with an in situ J. A. Woollam M-2000DI ellipsometer with a fixed 

angle of 70°. Depositions were carried out at 275°C using a cycle that consisted of four 

consecutive pulses: 0.02s TEG dose, 7s Ar purge, 15s N2/H2, 5s Ar purge, repeated for 1000 

cycles to deposit a film ~55 nm thick. All depositions were done on sapphire substrates C-

Plane (0001) orientation with M- axis 0.2±0.1 deg off and  A- axis 0±0.1 deg off. A Kratos 
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AXIS Ultra XPS system was used to study the chemical structure of the films, using Al 

(1486.69eV) x-ray source at 50° incidence angle. An argon sputtering ion gun working at 4 

KeV was used to clean the surface prior to collection of the XPS data. XRR and XRD 

measurements were performed using a Bruker-AXS D8-Discover machine with a Cu Kα 

source (Kα2 was removed before analysis). XRD data were collected using a Vantec 500 2-D 

detector and GADDS software, and analyzed using EVA software. XRR data and azimuthal 

scans were recorded using a NaI scintillometer. Commander D8 and Leptos programs were 

used for data acquisition and analysis, respectively. A Bruker Dimension-Edge AFM system 

was used to map the sample surface.  Silicon tips were used in tapping mode, and the 

amplitude set point was 2.4 V. AFM results were analyzed using Bruker Nanoscope Analysis 

1.5 software. 

The structure and morphology of the ALD GaN films were characterized by TEM 

observation. High resolution TEM (HRTEM) was performed in a Hitachi HF 3300 instrument 

operated at 300kV. Cross-section TEM samples were prepared using a Hitachi NB 5000 dual 

beam FIB/SEM. To minimize ion beam damage to the surface of the top layer (GaN), a 50 nm 

layer of C was deposited on GaN surface prior to FIB processing. Bulk milling of the sample 

was performed using a 40 keV Ga+ beam. Final polishing was done using a 10 keV Ga+ 

beam. The approximate thickness of the final lamellae, mounted on Cu grids, was 100 nm. 

Hall Effect measurements were done using a Nanometrics HL5500 system, which was 

operated at 0.01 µA constant current. Optical transmission data were collected using a Perkin-

Elmer LAMBDA 1050 UV/Vis/NIR spectrophotometer. 

 

3. Results and Discussion 

3.1. Composition 

The XPS spectrum of a GaN film after ~5 nm of the film surface was argon ion sputter etched 

to remove any organic or atmospheric post-deposition contamination is shown in Fig. 1. In 

addition to Ga XPS peaks, Ga Auger peaks, and the nitrogen XPS peak, those from O 1s and 

C 1s are present. The carbon is due to remnants of the ethyl groups in the TEG precursor, and 

its presence indicates some degree of incomplete reaction between the nitrogen plasma and 

the chemically adsorbed TEG. As will be discussed in Section 3.4, carbon acts as an acceptor 

in GaN, and contributes to p-type conductivity. Oxygen is also an impurity that affects the 

electrical and optical properties of GaN 31,32. The presence of oxygen has been well 

documented and reported in III-N thin film growth, especially when the growth process 

involves a plasma 18,27,29,33,34however the source of this impurity is not yet fully understood.  
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Table 1 lists the elemental composition of the film, obtained by XPS. Gallium and 

nitrogen atomic fractions are almost equal, while 2.5 at.% oxygen and 1.1 at.% carbon are 

detected. When compared to industry-standard high-temperature MOCVD, these can be 

regarded as high O and C impurities. However, in comparison with recent reports of low-

temperature growth of GaN, which show carbon concentrations as high as 26 at.%18, and 

extremely non-stoichiometric Ga:N ratio30, these XPS results can be considered significant. 

 

Table 1: Elemental composition of the GaN films, as determined by XPS 

Element Gallium  Nitrogen Oxygen Carbon 

Representative subshell Ga 3d N 1s O 1s C 1s 

Atomic fraction 48.8 47.6 2.5 1.1 

 

The AlN literature suggests that, at low concentrations of oxygen, the Al and O atoms inside 

the AlN lattice form Al2O3
35. Recent XPS research36 confirms that the oxidation state of Al 

bonded to oxygen is the same as that in Al2O3. Extending  this concept to GaN, and assuming 

that every three oxygen atoms replace two nitrogen atoms in a stoichiometric compound, 

study of Table 1 reveals the existence of ~0.6 at.% gallium vacancy (2.5% oxygen is 

equivalent to 1.6%N, therefore in total there are 49.2% anions and 48.8% cations). It is known 

that Ga vacancies have a strong tendency to react with oxygen, and deposit at the base of edge 

dislocations 31. The combination of these defects will affect the optical properties of GaN 
32,37,38, and is likely to be partially responsible for the deviation of the optical properties of the 

films from those of the bulk material, as explained later. This hypothesis agrees well with the 

results of Hall mobility measurements that show a strong possibility of oxygen 

overcompensation by Ga vacancies. This will be discussed later. 

3.2. Structure 

XRR results for two different 2θ ranges are shown in Fig. 2. In Fig. 2a, the low-angle range, 

the reflected intensity shows a drop indicating the onset of x-ray penetration into the sample 

and the limit of total external reflection, also known as the critical angle. Since it is difficult to 

obtain a precise critical angle from the plot in Fig. 2a, minimum of the second derivative of 

the intensity was chosen as the point of deflection, and the onset of X-ray penetration. This 

method, shown in the inset of Fig. 2-a, gives a value of 0.32° for the critical angle. Bulk 

single crystal GaN is known to have a theoretical critical angle of 0.36°. Considering the 

relationship of �� ∝ ��  39 one can estimate the density of the film to be ~95% of the 

theoretical value. The higher-angle XRR data in Fig. 2-b show the characteristic reflectometry 
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spectrum of single-layer thin films. A simulation using a genetic algorithm was run to model 

the film parameters. The RMS value of 3.1 nm for roughness, from atomic force microscopy, 

was input in the model. The data from simulation agree well with the experimental data. 

Simulation, run using Bruker Leptos software, gave the values of 55.6 nm and 6.08 g/cm3 for 

thickness and mass density, respectively, the latter of which equals 98% of the theoretical 

value of bulk material. Evaluation of Kiessig fringes is a more accurate measure of density, 

compared to critical angle, as it takes into account the surface roughness. Nevertheless, the 

two methods independently give high values for the density of the film. As mentioned earlier, 

an in-situ ellipsometry system was used to monitor the deposition. A Cody-Lorentz model 

was found to offer a good description of the material’s optical behavior. As was the case in 

XRR, a roughness value of 3.1 nm measured by AFM was input to the model. The derived 

value for thickness is 53.2 nm, which is ~4% lower than what was obtained from XRR. 

A coupled scan XRD spectrum of the GaN PEALD film is shown in Fig. 3-a. Only 

two peaks at 34.5° and 41.7° (d-spacings 0.27 and 0.23 nm) are observed in the spectrum, 

which correspond to those of wurtzite GaN (002) and sapphire (006) reflections respectively. 

The absence of wurtzite GaN (100) and (101) reflections may be indicative of a single crystal 

or strongly oriented polycrystalline film with (002) preferred orientation. The FWHM of the 

GaN peak is 21.0 arc min, compared to 16.5 arc min for that of the single-crystal sapphire 

substrate. FWHM is related to crystallite size, and is an indicator of crystal order. The fact 

that the two numbers are comparable, is indicative of the high crystal quality of the GaN film. 

In order to probe the degree of out-of-plane tilting of crystals, a two-dimensional Hi-Star x-

ray detector was employed. The rotation axes relative to the sample and the beam are 

schematically illustrated in Fig. 3-d. If the conventional out-of-plane rotation is denoted by ω 

(in a coupled scan, such as the one shown in Fig. 3-a, ω=2θ) and φ indicates the degree of in-

plane rotation, then χ measures the out-of-plane rotation, whose axis is perpendicular to ω and 

φ rotations. The detector used in this study allows for simultaneous data collection for wide 

ranges  of 2θ and χ 40. Fig. 3b shows a GADDS frame centered at 2θ=34.5°. Data collection 

time was ten times higher than it was for Fig. 3a. It is expected that random out-of-plane 

orientation make cones of diffracted x-rays, which are detected as rings of uniform radial 

intensity distribution 41. Therefore the degree of radial nonuniformity is a measure of crystal 

order 42,43. It is clear from Fig. 3b that the film exhibits a high degree of order, while the 600-

second-long collection time allows for detection of diffraction by (101) plane, whose intensity 

is negligible compared to that of the dominant (002) diffraction. Fig. 3-b shows an integration 

of the signals over 2θ, in the range of 33.5-35.5°, along χ, which confirms the narrow 
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distribution of the diffracted beam. Figs. 3a and 3b, in combination, provide a clear evidence 

that the structure of the GaN films consists of highly ordered wurtzite crystals oriented along 

the (002) crystallographic axis.  

In thin films with strong preferential orientation, the diffraction intensity of the planes 

parallel to the surface is extremely sensitive to sample orientation. The maximum intensity is 

achieved when the beam vector and surface normal are exactly coplanar, and that is rarely the 

case in practice. The effect of this misorientation was revealed in a ϕ-scan and shown in Fig. 

3-d. The higher intensity spectrum is the (006) reflection of sapphire, while the other 

spectrum is the (002) reflection of GaN. For the two spectra, the ω angle was set to 20.8° and 

17.2° respectively, and 2θ was kept constant at twice the mentioned values, while the sample 

was rotated 360° around the surface normal. The two independently recorded spectra were 

then superimposed for comparison. The most noteworthy feature of Fig. 3c is the large 

variation of the recorded intensity vs ϕ.  As explained earlier, this effect is caused by 

noncoplanarity of the beam vector and the surface normal. The exact coplanarity angle cannot 

be detected using a two-dimensional detector. Therefore a scintillometer was used to record 

the data in Fig. 3c. Another noteworthy feature of Fig. 3c is the fact that the two spectra show 

maxima and minima at the same ϕ values. This is an indication that the normal to the sapphire 

(006) plane and GaN (002) plane are aligned. In other words, this is proof of crystallographic 

relationship between the two lattices, and a sign of epitaxy at the interface. 

 

3.3. Growth Mechanism 

Cross-sectional transmission electron microscopy images of the samples are shown in Fig. 4. 

Ion beam damage, due to the final polishing step of sample preparation by FIB, is evident in 

all TEM images. Fig. 4a shows that the films have a polycrystalline structure with an epitaxial 

layer of ~5 nm at the sapphire interface. Fig. 4b shows this epitaxial layer in greater detail. To 

identify the structure of this epitaxial layer, convergent beam electron diffraction (CBED) 

analysis was performed. An example of a CBED pattern, shown in Fig. 4c, reveals a single 

crystal array of spots which can be indexed to the [110] zone axis of wurtzite GaN. 

Furthermore, the lattice fringes in Fig. 4b correspond to the GaN c-plane interplanar distance, 

indicating the epitaxial layer is c-plane oriented. 

In general, two growth scenarios can be hypothesized to explain this structure. The 

first scenario is the coalescence of epitaxial islands with low misorientation that gives rise to a 

single crystal layer 44,45. The other explanation is a transition from layer by layer to 3D 

polycrystalline growth. The second scenario, i.e. break of epitaxy, has been reported and 
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investigated in the literature before. Edge dislocations and impurities have been identified as 

the two potential sources for this phenomenon. It is known that after a 30° rotation, there is 

still a large lattice mismatch (~16%) between GaN and sapphire at the growth temperature 46. 

This results in a large density of misfit dislocations. By studying the dislocation density of 

GaN layers grown on AlN,  Daudin et al. 47,48  hypothesized that edge misfit dislocations act 

as nucleation centers, which give rise to GaN dots on top of the original epitaxial layers, and 

eventually lead to breakdown of epitaxy.   

 

On the other hand, Liliental-Weber49 demonstrated that a range of hollow crystal 

defects, mainly caused by impurities, are responsible for the transition of the GaN growth 

front from two-dimensional to three-dimensional. Oxygen was specifically mentioned as a 

likely candidate to cause these “nanotube” and “pinhole” defects. Oxygen atoms or clusters 

can arguably create regions with different atomic bonding at the surface. This accelerates the 

growth in energetically favorable areas, and leads to lack of homogeneity in growth rate at the 

growth front and birth of 3-D islands.  Further accumulation of the defects aggravates this 

situation and increases surface roughness.  

 It must also be mentioned that exposure of sapphire (001) surface to nitrogen plasma 

has been shown to result in nitridation of the surface and formation of a thin AlN layer. This 

phenomenon has been confirmed using XPS50–52, RHEED53, and AFM50,54. Although we do 

not have experimental evidence for nitridation of the surface, considering the rich literature on 

this subject, it is considered as the likely scenario for promotion of epitaxial or highly c-

oriented growth of GaN on sapphire. Thorough understanding of the growth mechanism needs 

further investigation. 

In order to study the phenomenology of the growth front, the top-view topography of 

the samples was studied via AFM. Fig. 5a shows the tapping phase image from the surface of 

the GaN films. This mode of imaging maps the surface based upon the phase lag in the 

oscillation of the cantilever, compared to that of the original signal. The phase image provides 

better spatial resolution compared to standard height image, and has been previously selected 

for the study of the grain structure of the thin films 55,56.  Fig. 5a shows that the surface of the 

film consists of regularly-spaced features, whose outline is similar to the grain structure of a 

typical polycrystalline film. As mentioned earlier, detailed X-ray diffraction experiments 

indicate that these grains have low in-plane and out-of-plane misorientation. A 3D 

reconstruction of the sample surface, using the height data, as prepared by Bruker NanoScope 

Analysis software is shown in Fig. 5b. This is a visual representation of the growth front. The 
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arithmetic average and root mean square values for roughness are 3.1 nm and 3.9 nm 

respectively. Considering the fact that the film is ~56 nm thick, these values are decidedly 

higher than the roughness resulting from a two-dimensional growth regime 57,58. This supports 

the previous proposition that the two-dimensional growth regime that creates the initial 

epitaxial layer was not sustainable, and later transforms into a three-dimensional island 

growth.  Defect-induced surface inhomogeneity, in conjunction with surface mobility values 

lower than what is needed for a step-flow growth regime are believed to be the major reasons 

behind this transition.  

 

3.4. Electrical and Optical Properties 

Hall mobility measurements were done using a Nanometrics HL5500 system at 0.32 Tesla. 

The results show a relatively low resistivity of 0.033 Ω-cm. In addition, the films are p-type 

with a carrier concentration of 1.68x1018 cm-3 and carrier mobility of 110 cm2/vs. Oxygen is a 

well-known donor in GaN, and is considered as one of the main sources of high donor 

concentration in nominally undoped GaN films 59,60. XPS results indicate an oxygen atomic 

concentration of 5x1020cm-3. The fact that the films are p-type semiconductors in the absence 

of any other impurity, suggests an overcompensation of O by Ga vacancies. Positron 

annihilation spectroscopy, as well as theoretical calculations, have demonstrated that the two 

defects have a strong tendency to react and form stable complex defects with mobility 

considerable lower than the values observed for pure oxygen 60,61.  In addition, the fact that 

carbon impurities in the form of CN has been shown to act as an acceptor 62–66  means that the 

carbon impurity present in the films may act as a compensation source for oxygen donors. 

   The refractive index and absorption coefficient were measured using spectroscopic 

ellipsometry, and the dispersion curves are shown in Fig. 6-a. The value of refractive index at 

632 nm is 2.21, compared to 2.38 for the bulk value. Considering the porosity of 2%, as 

obtained by XRR, one can apply the Bruggeman effective medium approximation to calculate 

the expected refractive index from the bulk value. This yields a value of 2.31, which still 

higher than the thin film value.   

      In order to study the effect of structural variations on the refractive index, the results 

of in-situ spectroscopic ellipsometry were analyzed, and refractive index was derived at 

various depths. The results are displayed in Fig. 6-b. As observed, at ~10 nm, the decreasing 

trend of refractive index reverses to a rising trend. These results can be analyzed in view of 

the discussions presented in section 2.3. As the films have an epitaxial structure during the 

first few nanometers of growth, the refractive index is high and closer to that of the bulk value. 

Page 9 of 23 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



  

10 
 

A transition from two-dimensional growth regime to three-dimensional results in higher 

porosity and lower crystalline quality, hence lower refractive index. Further increase in 

thickness yields larger crystals and lower concentration of defects, therefore higher index. 

While the rising trend has been reported for various semiconductors67–69, the initial decrease is 

a rare observation caused by the specific structural evolution of this film. 

      It is known that in proximity of the band gap, semiconductors with direct optical band 

gaps, Eg, follow Eq. (1),  

(�ℎ	)� ∝ �
 − 
��									(1) 

 where � = 4����� is the absorption coefficient, � is wavelength, 	 is frequency, ℎ	is Plank’s 

constant,  and k is the extinction coefficient, and A is a constant related to the effective mass 

of holes and electrons in the semiconductor 70. When the left hand side of the Eq. (1) is 

plotted as a function of photon energy (ℎ	), the intercept of the tangent to the linear portion of 

the graph with the x-axis gives the approximate value of the optical band gap. In addition to 

ellipsometry, the absorption coefficient was also derived from spectrophotometry in 

transmission mode (Fig. 6-c).  Fig. 6-d shows the aforementioned procedure applied to the 

two sets of data and the resulting band gaps.  The values resulting from ellipsometry and 

spectrophotometry are 3.62 and 3.55 eV, respectively. The two numbers are both higher than 

the bulk value of 3.4 eV. 

      It has been documented that the thickness of thin films affects their refractive index 

and optical band gap 68,71–74. In the case of CdS, it has been reported that an increase in 

thickness from 40 to 113 nm results in narrowing of band gap from 2.88 to 2.61 eV, while the 

refractive index at 632 nm increases by 0.35 72. In the case of CdSe, a decrease of 0.6 eV in 

optical band gap energy has been reported as the thickness is increased from 250 nm to 400 

nm 68. Goh et al.75 have reported that the optical parameters of Ge films deposited by electron 

beam evaporation stabilize at thicknesses >20 nm75, whereas CuInS2 films deposited by 

thermal evaporation have been reported to reach stabilization for thicknesses >200 nm 73.   In 

addition, or very thin films (<15 nm), quantum confinement becomes relevant, and the energy 

spectrum of the two-dimensional system becomes discrete, which results in the size-

dependency of the band gap 76. However, in the case of thicker films, such as those studied in 

this work, the potential effect of thickness on optical parameters may be attributed to crystal 

disorder, caused by dislocations, stacking faults and grain boundary misorientation. The 

presence of acceptor-like defect bands above the valance band could also lead to effective 

widening of the band gap 77. Defect states between the conduction band and valance band will 
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generally make the fundamental transition less probable, effectively resulting in a higher 

observed band gap energy 72. 

 

4.  Conclusions 

We have presented compositional and structural evidence of the growth of gallium nitride thin 

films using atomic layer deposition at 275°C. XPS shows that the films are nearly 

stoichiometric with low amounts of oxygen and carbon impurities, compared to the values 

reported in the literature for low-temperature growth of GaN. X-ray reflectometry shows that 

the deposited GaN has a density equal to 98% of that of the bulk. X-ray diffraction confirmed 

that the films are (002)-oriented and highly ordered with low out-of-plane misorientation. 

Superimposed azimuthal scans of GaN (002) peak and Sapphire (006) peak show evidence of 

the crystallographic relationship between the film and the substrate. Cross-sectional high 

resolution TEM micrographs shows that the films are epitaxial for the first ~5nm, before 

turning polycrystalline. The combination of TEM and AFM observations reveal that the initial 

epitaxial growth is not sustainable, and transforms into a three-dimensional island growth 

regime after the first few nanometers of growth.  Preliminary electrical measurements indicate 

that the films are p-type semiconductors with a resistivity of 0.033 Ω-cm,  1.68x1018 cm-3 

carrier concentration and a carrier mobility of 110 cm2/vs. These results have been interpreted 

in light of XPS stoichiometry analyses. Optical performance of the films has been evaluated 

using an in-situ spectroscopic ellipsometry. It is shown that the refractive index is slightly 

lower than the bulk value, and the amount of deviation is within the expected range for films 

of comparable thicknesses. A similar trend was observed for the optical band gap.  
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Figure Captions: 

Figure 1: XPS survey spectrum of the GaN film after ion etch cleaning. 

Figure 2: (a) X-ray reflectometry spectra of a 1000-cycle ALD GaN film showing the critical 

angle; the inset shows the method used to extract the critical angle; (b) characteristic Kiessig 

fringes in GaN XRR spectra. 

Figure 3: (a) Coupled scan XRD spectrum of GaN on sapphire; (b) a two dimensional XRD 

frame of GaN on sapphire with the accompanying integration of the intensity along the χ axis; 

(c) superimposed azimuthal scans of sapphire (006) and GaN (002) XRD peaks; (d) the 

schematic illustration of the geometrical parameters of the XRD tests. 

Figure 4: (a, b) High resolution transmission electron micrographs of GaN-sapphire interface; 

(c) convergent beam electron diffraction pattern of the epitaxial layer at the interface. 

Figure 5: (a) Phase image atomic force micrograph of the surface of the GaN films; (b) a 

three-dimensional reconstruction of the surface contour, extracted from the AFM height 

sensor data. 

Figure 6: (a) Variations of the refractive index and extinction coefficient, extracted from 

spectroscopic ellipsometry data (b) the evolution of the refractive index of GaN at 632 nm 

during the growth process (c) transmission spectrophotometry data for GaN films on sapphire 

(d) comparison of the optical band gap extracted from spectrophotometry and ellipsometry 

data. 
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