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ABSTRACT

High crystalline and optical quality aluminum nitride (AlN) films with thin

thickness have been grown on Al2O3 by MOVPE (metal-organic vapor phase

epitaxy) and the NH3 flow rate has been changed to improve the morphology

and quality of the films. Some characterization types of equipment such as

atomic force microscopy (AFM), high-resolution X-ray diffraction (HRXRD),

and Raman spectroscopy have been carried out to investigate the effect of dif-

ferent NH3 flow rates on surface morphology, roughness, and crystal quality of

AlN, respectively. Unlike in the literature, in situ optical reflectance measure-

ments have been given depending on NH3 flow rate and optical characterization

has been performed by UV–VIS–NIR spectrophotometry. The well-defined

interference patterns in the optical transmittance graph report a sharp interface

between AlN and Al2O3. Also, all obtained samples have a sharp absorption

edge that shows the quality of the films, but Sample B with 900 sccm NH3 flow

has the sharpest absorption edge because it has high optical quality and low

defect. The RMS (root mean square), DS (screw-type dislocation density), and

DE (edge-type dislocation density) values of AlN with 900 sccm NH3 flow are

0.22 nm, 7.86 [ 107 , and 1.68 [ 1010 cm-2, respectively. The results obtained are

comparable to the literature.

1 Introduction

AlN (aluminum nitride) has direct wide bandgap

(6.2 eV), high resistance (1011- 1013 X cm), high

piezoelectric coefficient (d33 = 5.56), high hardness

(12 GPa for the (0001) plane), and good thermal

conductivity (285 W / mK) [1–5]. Since AlN has

unique properties, it has many different application

areas, for example, ultraviolet photodetectors, light-

emitting diodes (LED), quantum cascade lasers
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(QCL), radio frequency filters, micro-electro-me-

chanical systems, and solar cells [6–15]. Moreover,

AIN is used as a buffer layer for GaN (the most

studied extensively III-nitride semiconductor)

growth on Si. The main reason behind the use of a

buffer layer prevents the occurring reaction, called

meltback etching, between GaN and Si at high tem-

peratures when GaN is grown directly on Si [16–21].

The quality of the AlN film has an important place in

the performance or efficiency of the device to be

produced [22]. However, many difficulties are

encountered since AIN is grown on substrates such

as Si and Al2O3 due to the cost of the AIN substrate.

The substantial discrepancy in the thermal expansion

coefficient and the high lattice mismatch between the

substrate and the AlN are two of these challenges

[23, 24]. Important growth problems including the

poor mobility of Al adatoms and parasitic interac-

tions between precursors should also be taken into

account [25]. However, a variety of methods have

been employed to reduce the impact of current issues

and produce AIN films with good crystal quality.

Here, a few of them that can be mentioned as follows:

In order to decrease the dislocation density and

produce a film without cracks, patterned substrates

are employed [26–28]. The quality of the produced

film depends on many parameters and can be con-

trolled. The mechanism of problems such as anti-

phase boundaries, threading dislocations, and stack-

ing faults is discussed and miscut Si substrate, buffer

layers, thermal annealing, and epitaxial lateral over-

growth methods are suggested to suppress them [29].

Studies in the literature indicated that parasitic

reactions decreased with the use of the pulsed

atomic-layer epitaxy (PALE) technique and the crys-

tal quality of the film changed with the change in the

V/III ratio [30, 31]. In addition, a study has been

reported about the growth of low temperature (LT)

and high temperature (HT) layers like sandwiches

combined with PALE MOVPE. Surface morphology

and crystal quality are significantly improved with

this method [32].

It is well known in the literature that the parasitic

reaction between TMAI (trimethylaluminum) and

NH3 (ammonia) is one of the major factors negatively

affecting the quality of AlN. The effects of the

undesired mechanism between TMAl-NH3 have been

presented in detail. It has been shown that when

there is sufficient TMAl flow as the NH3 flow

increases, the parasitic reactions in the gas phase

increase, and the growth rate decreases [33]. It has

been also demonstrated that as the parasitic reactions

increase, the surface becomes rougher [34, 35]. The

appearance of white particles on the reactor sidewalls

proves the parasitic reactions between TMAl and

NH3 [10, 36]. In other words, large grains are formed

at high NH3 flow, and V-pits are formed as a result of

the large grains, not coalescence, that is, high NH3

leads to 3D growth mode, not 2D [37, 38]. The effect

of the NH3 flow can also be considered in terms of the

V/III ratio. The morphologies of AIN films with high

and low NH3 flow rates are shown schematically in

the literature. The high NH3 flow causes the domi-

nant N polarity and the surface becomes rough due

to the inversion fields formed. Not only high NH3

flow but also low one negatively affects the film, and

low NH3 results in thin films with feather-like

properties [39]. Although the parasitic reactions

between TMAl and NH3 that promote the formation

of AlN nanoparticles in the gas phase are well known

and can be identified by modeling, the mechanisms

affecting surface morphology are still undefined

[38, 40].

In this study, AlN films have been grown on Al2O3

using the PALE technique to prevent parasitic reac-

tions and high growth temperature has been used to

increase the mobility of Al adatoms. After all the

growth parameters have been optimized, it has been

investigated the effect of just the ammonia flow rate

change on the film. Adopting adjusted NH3 flow

rates during the growth process is also intended to

improve the quality of the AlN while reducing the

impact of the parasitic reaction. The use of different

NH3 flow rates has been shown to improve the

quality of the AlN using a variety of characterization

tools. Unlike previous studies [28, 30, 35, 37–39], we

have given in situ optical reflectance measurements

used for control of the epitaxial film surface and

growth rate during growth. Moreover, the effect of

NH3 flow rate on optical quality has been investi-

gated with transmittance and absorbance measure-

ments by UV–VIS–NIR spectrophotometry after

growth.

2 Experimental

The epitaxial AlN films have been grown on Al2O3 by

using MOVPE reactor, AIXTRON 200/4 RF-S hori-

zontal flow. TMAl and NH3 precursors have been
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used to obtain Al and N sources, respectively. Before

the growths, in situ high temperature (* 1100 8C)
desorption has been exposed for * 10 min for ther-

mal cleaning. Following this, an AlN nucleation layer

has been grown at 1080 �C for 10 min with flows of

TMAI = 14 sccm and NH3 = 1200 sccm. Subse-

quently, AlN films have been grown with the PALE

growth method that prevents parasitic reactions at a

temperature of 1440 �C by feeding the TMAl and

NH3 precursors for 4 and 2 s (600 loops), by turn.

Four AlN samples (A-D) have been grown with dif-

ferent NH3 flow rates (750, 900, 1050, and 1200 sccm )

while the TMAl flow rate has been fixed to 77 sccm.

In situ optical reflectance with a monitoring wave-

length of 880 nm has been utilized to control impor-

tant parameters such as growth rate and surface

quality during the growths. HRXRD (Rigaku Smar-

tLab), AFM (Hitachi AFM 5100 N) in dynamic force

mode, UV–VIS–NIR spectrophotometry (Varian Cary

5000), and Raman spectroscopy (Witec) have been

used for the characterization of samples to examine

the impact of NH3 flow rate on dislocation density,

surface morphology, and in-plane stress properties of

AlN.

3 Results and discussion

In situ optical reflectance measurements have been

done to control the growth condition of AlN films.

The in situ optical reflectance curves for Samples A,

B, C, and D are displayed in Fig. 1. AlN’s greater

refractive index than Al2O3 causes its reflectance to

behave more favorably [41]. The amplitude of the

reflectance curves is almost the same, indicating that

the NH3 flow rate does not optically overly affect the

surface property [42]. Start-min and max/min mea-

surements are plotted against NH3 flow in Fig. 2. The

difference between the starting and minimum values

of in situ reflectance measurements is known as the

start-min values. The in situ reflectance’s maximum

and minimum values are represented by the max/

min values. Surface roughness is determined by the

difference between the in situ reflectance’s starting

and minimum points [9]. It is expected that the max/

min value is high, which is the determination of

optical quality while the start-min value is low,

which is the determination of surface roughness.

Sample B and Sample C are better than other samples

in terms of these values. In situ reflectance

measurement only gives us an opinion and it is not

enough to check the quality of sample. For this rea-

son, it should be supported by ex situ characteriza-

tion techniques such as AFM and UV–VIS–NIR

spectrophotometry. In this study, we discuss in more

detail the results of AFM and UV–VIS–NIR

spectrophotometry.

X-ray rocking curve measurement has been carried

out to examine the effect of the amount of NH3 flow

on the crystal quality of AIN films. It has been

reported that symmetric (002) and asymmetric (102)

rocking curves are affected by DS and dominantly

DE, respectively [43]. The symmetric and asymmetric

rocking curve measurements of AIN films obtained

with HRXRD are shown in Figs. 3 and 4, respectively.

As is clearly shown in Fig. 3, the symmetric rocking

curve peaks of AIN films with high and low NH3

flow rates are broad. In general, the symmetric omega

peak broadening is expected to decrease significantly

when the growth mode is changed to 2D growth [43].

Sample B and Sample C have been considered to

have 2D growth modes because of their narrow

symmetric omega peaks. On the other hand, the

asymmetric peaks are close to each other according to

the symmetric omega peaks.

Defects in crystals often cause the surface to twist

or tilt. Tilt is the deviation of the grain growth

direction from the c-axis. Tilt introduces screw dis-

locations parallel to the growth direction and

broadens the full width at half-maximum (FWHM)

values of symmetric omega. Twist is the c-axis tor-

sion, introduces edge dislocations parallel to the

growth direction, and broadens the FWHM values of

asymmetric omega. Thus, the FWHM values of the

rocking curve can be used to characterize the quality

of the crystal [44]. The variation of FWHM values

obtained from symmetric and asymmetric omega

measurements is given in Fig. 5. Considering the

symmetric omega FWHM values, it is seen that

Sample A has the max and Sample C has the min.

FWHM of Sample A and Sample C is 886 arcsec and

117 arcsec, respectively. On the contrary, regarding

the asymmetric omega FWHM values given in Fig. 5,

it is seen that Sample C has the highest and Sample D

has the lowest FWHM value. The FWHM values of
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Sample C and Sample D are 2006 and 1518 arcsec,

respectively. The difference between the symmetric

omega values of the samples is large while the

asymmetric omega FWHM values are close to each

other.

FWHM values of symmetric and asymmetric

omega scans are widely used to calculate the dislo-

cation density mainly including DS and DE. DS and

DEare related to FWHM values of symmetric and

asymmetric omega scans, respectively [45]. The fol-

lowing equations give the dislocation densities:

DS ¼
b2002

4:35b2S

DE ¼ b2102
4:35b2E

where bS= 0.4982 nm and bE= 0.3112 nm are the

Burgers vector sizes and bS and bE correspond for

FWHM values of symmetric and asymmetric omega

scans, respectively. DS for samples A, B, C, and D has

been calculated as 1.71 [ 109, 7.86 [ 107, 2.98 [ 107, and
9.40 [ 108 cm-2, respectively. DE for samples A, B, C,

and D has been calculated as 1.29 [ 1010, 1.68 [ 1010,

2.25 [ 1010, and 1.28 [ 1010 cm-2, respectively. The

calculated DE are very close to each other. However,

there are significant differences in the calculated DS.

Sample A has the largest value and Sample C has the

smallest value. XRD analysis results and calculated

TDD (threading dislocation densities) for all samples

grown in different NH3 flow rates are given in

Table 1. It can be said that samples B and C have a

low density of DS but the dominant dislocation in the

film is DE caused by the large lattice mismatch

between the AlN and the Al2O3 [45].

Fig. 1 In situ optical reflectance curves obtained from AlN growth of Sample A, B, C, and D

Fig. 2 The variation of Max/Min and Start-Min values of Sample

A, B, C, and D with the changing of NH3 flow rate
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In more detail, generally dislocations produced at

the boundaries of nucleation islands are edge type,

while dislocations starting inside the islands are

screw type. Fewer but larger islands tend to form

when the ammonia flow is low. Islands may grow

both laterally and vertically (3D). There is enough

time for these islands to coalescence, but as can be

seen from the RMS values, the dislocations cannot

come together and cannot annihilate each other due

to the height difference of the islands. Even if grown

AlN on c-sapphire with optimum ammonia flow, the

islands may be twisted together as they coalesce, and

edge dislocations occur. On the other hand, screw-

type dislocations bend during lateral growth and can

come together and annihilate each other. Although it

is expected that the edge and screw dislocations will

decrease and increase together, there are many

studies in the literature in which the edge dislocation

increases while the screw dislocation decreases [37].

Many but small islands are formed due to the small

mobility of the Al adatom when the ammonia flow is

too high. Since there is not much space between the

Fig. 3 Symmetric (002)

omega measurements of

Sample A, B, C, and D

Fig. 4 Asymmetric (102)

omega measurements of

Sample A, B, C, and D
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islands, there is little lateral growth time and not

enough time for the screw dislocations to annihilate

each other.

In addition to dislocation density, strain and biaxial

stress calculations were made using symmetric and

asymmetric omega measurements. Firstly, using

Bragg’s law (nk = 2dhklsin h), angle h is determined

to obtain the distance dhkl between a certain set of

planes.

The lattice parameters a and c of the hexagonal

AlN film are found by the following equation.

dhkl ¼
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4
3
h2þk2þhk

a2 þ l2

c2

q

It is sufficient to use the (002) plane to calculate the

c-parameter with this equation, but another plane

(here the (102) plane) should be used to find the a-

parameter. The accuracy of these calculations

depends on the accuracy of the measurement,

although it may contain a small margin of error. First,

c-parameter is found and since there is a-parameter

dependent on c-parameter, the error margin of a-

parameter is larger. Since the AlN films are grown by

the heteroepitaxy method, the lattice may undergo

deformation, and to see this, strain calculation is

made using the lattice parameter. The in-plane (exx)
and out-of-plane (ezz) strain can be calculated with

the equations given below (c0 = 0.49792 and a0 =

0.31114 nm for the strain-free AlN).

exx ¼
ameas � a0

a

ezz ¼
cmeas � c0

c

After that, the equations given below were used in

the calculation of the biaxial and hydrostatic strain

components.

e bð Þ
xx ¼ exx � eh

e bð Þ
zz ¼ ezz � eh

eh ¼
1� v

1þ v
ezz þ

2v

1� v
exx

� �

v ¼ c13
c13 þ c33

e bð Þ
xx , e

bð Þ
zz , eh and m have given in the above equations

represent biaxial (in the a-direction and in the c-di-

rection), hydrostatic strains, and Poisson ratio,

respectively. Poisson ratio has a wide variation as it

depends on the chosen elastic constants. Calculated

values are given in Table 1. While in-plane strain is

compressive, out-of-plane strain is tensile. Sample C

Fig. 5 FWHM value obtained from symmetric and asymmetric

omega measurements of Sample A, B, C, and D

Table 1 XRD analysis results, TDD, and the biaxial and hydrostatic strain components at different NH3 flow rates

Sample PALE NH3

(sccm)

FWHM omega 002

(arcsec)

FWHM

omega 102

(arcsec)

Ds

(cm-2)

DE

(cm-2)

exx
(103)

ezz
(104)

eh
(103)

rf

(GPa)

Sample

A

750 886 1521 1.71 9 109 1.29 9 1010 - 29.14 5.93 - 10.64 -

7.34

Sample

B

900 190 1735 7.86 9 107 1.68 9 1010 - 28.15 9.21 - 10.07 -

7.18

Sample

C

1050 117 2006 2.98 9 107 2.25 9 1010 - 27.88 6.90 - 10.10 -

7.06

Sample

D

1200 657 1518 9.40 9 108 1.28 9 1010 - 28.53 6.58 - 10.37 -

7.21
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has the lowest in-plane strain and Sample A is the

highest. On the other hand, Sample B has the highest,

and Sample A has the lowest out-of-plane strain.

In-plane biaxial stress (rf) occurs due to lattice

mismatch, growth conditions, and difference in

thermal expansion coefficients between film and

substrate. In-plane biaxial stress is calculated by the

equation given below and c11,c12, c13, and c33 elastic

modulus values are taken as 345, 125, 120, and 395

GPa, respectively.

rf ¼ c11 þ c12 � 2
c132

c33

� �

e bð Þ
xx

Although the calculated in-plane biaxial stress

values are close to each other, Sample C has the

lowest value, followed by Sample B.

AFM images of 5 lm 9 5 lm area of all samples

are indicated in Fig. 6a–d. The RMS surface rough-

ness values of Sample A-D on an area of 5 lm 9 5 lm
are 7.30, 0.22, 2.27, and 0.16 nm, respectively. When

AFM images are examined, it has observed in 3

dimensions growth mode and islands in Fig. 6a.

However, in Fig. 6b, the islands coalesced and there

are a few surface pits. When the NH3 flow rate has

been kept increasing, it is observed that the islands

coalesce in Sample C and more surface pits are

formed compared to Sample B. It is known that the

coalescence time is dependent on the amount of NH3,

as the NH3 is reduced, the islands begin to coalesce

with each other. An increase in roughness is most

likely regarding long-term coalescence [45, 46]. It is

seen that as the NH3 flow increases, the surface

roughness also increases [47]. Small size islands with

high density are seen in Fig. 6d. It has been proved

by the AFM technique in the studies that smaller

islands are formed with the further increase of the

NH3 flow rate (the V/III ratio). The formation of

small islands in Sample D can be attributed to the

excessive increase in NH3 flow [48]. It can be said that

the film with the smoothest surface is Sample B. This

is based on the increasing dominance of Al-polarity

with the reduction of the NH3 flow rate induced by

the N polarity [47]. The surface and strain energy of

the film affect the morphology of the surface. The

wrinkling and buckling of thin film create high and

low strain energies. The strain energies are related to

the mass transfer process in the thin film [49]. The

smaller stress corresponds to wrinkles with a larger

wavelength. As the Al fraction on Al2O3 increases,

the wavelength of the surface oscillations increases,

resulting in a smoother surface [39]. On the other

hand, the surface roughness increased when the NH3

flow rate has been reduced to 750 sccm. It is esti-

mated AlN films grown with PALE form whisker-

like structures [49]. In Fig. 6e–h, 3D AFM images of

the 2 lm 9 2 lm area of all samples are given. The

RMS values of Sample A-D on an area of 2 lm 9

2 lm are 7.19, 0.29, 4.34, and 0.30 nm, respectively.

As mentioned above, it is seen more clearly the

existence of the islands when looking at Fig. 6e and

the islands coalescence and smooth surface are

obtained in Fig. 6f. Also, surface pits in Fig. 6g and

small islands in Fig. 6h are very evident.

The schematic representations of AlN film grown

on the Al2O3 at different NH3 flow rates are given in

Fig. 7. The film has been formed layer by layer with

an optimum NH3 flow rate. On the contrary, the Al

atoms are stacked on top of each other with a low

NH3 flow rate, and the Al atoms cluster with a high

NH3 flow rate.

An optical transmittance graph is obtained by the

interference of reflections from the film surfaces and

the interfaces between the film and substrate [50, 51].

The optical transmittance versus wavelength graph

for samples is shown in Fig. 8. It is seen that the

average transmittance of all films for the wavelength

larger than 250 nm wavelength is above 75%. AlN

films show high optical transparency in the UV–vis-

ible region.

The well-defined interference patterns in the opti-

cal transmittance graph report a sharp interface

between AlN thin films and Al2O3 [52]. The shift of

the optical absorption edge shows that the quality of

the films changes; in other words, the surface

roughness and the defect density can increase the

scattering of the incident light and cause a decrease in

transmittance [53–55]. All samples have a sharp

absorption edge, but Sample B has the sharpest

absorption edge. The sharp drop in the absorption

edge of Sample B at 900 sccm of NH3 flow and

interference patterns show that Sample B has the

highest optical quality. Considering the transmittance

level, it has been thought that the number of defects

causing light scattering and absorption decreased as

the NH3 flow rate increased from 750 sccm to 900

J Mater Sci: Mater Electron (2023) 34:250 Page 7 of 13 250



Fig. 6 The AFM topography images of the surface of Sample A (a, e), B (b, f), C (c, g), and D (d, h). a–d AFM scanning images of

5 lm 9 5 lm area and (f–h) 3D AFM scanning images of 2 lm 9 2 lm area

Fig. 7 Schematic diagram of

grown AlN films with

a optimum b low and c high

NH3 flow rate

Fig. 8 The optical

transmittance versus

wavelength plots for the AlN

films at room temperature
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sccm, but these defects increased when the NH3 flow

rate has been increased above 900 sccm. Our spec-

trophotometry results are very compatible with AFM

results. It can be said that Sample B has a high

transmittance level because it has the smoothest

surface. Sample D may have a low RMS value, but

transmittance is low due to having many small

islands on its surface.

The plot of (ahm)2 versus photon energy (hm) is

given in Fig. 9, and the linear extrapolations to the

photon energy axis in the inset graph are shown. The

optical bandgap (Eg) of the AlN films can be deter-

mined by linear extrapolations to the photon energy

axis. The effective bandgaps of samples A-D are,

respectively, about 6.12, 6.14, 6.12, and 6.12 eV. The

enlargement of absorption band energy is proof of

improved material quality [52]. The fact that the

absorption band energy of Sample B is higher than

other samples can be attributed to the quality.

Figure 10 shows the Raman spectra of Sample A, B,

C, and D in the 200–1000 cm-1 wavelength range

(a) and the graphs of the Gaussian fit of the AIN-E2

(high) mode (b). Al2O3 Eg modes are around 750, 577,

378, 431, and 448 cm-1, and Al2O3 A1g mode is in the

range of 416–419 cm-1. The AIN–E2 (high) mode

peaks of the four samples have been seen, using the

shift in the AIN-E2 peak to calculate the in situ

compressive strain. The AlN-E2 mode peaks of

samples A, B, C, and D are 659.37,655.53, 658.22, and

658.22 cm-1, respectively. The unstrained peak of the

AIN-E2 (high) mode is taken as 657 cm-1 , and this

wavelength is indicated as dashed in Fig. 10b [53].

The AIN-E2 (high) peak shifts to lower wavelengths

or higher wavelengths indicating tensile or com-

pressive strain.

The in-plane compressive stress can be calculated

follow as:

r ¼ kR � ko
K

where kR - ko and K are the phonon peak shift and

the pressure coefficient (4.3 cm-1 GPa-1), respec-

tively [54].

The in-plane compressive strain can be calculated

as follows:

e ¼ r
Y

where r and ! are the in-plane compressive stress

and the biaxial stress of AlN (469 GPa) [55].

The calculated and presented in Table 2 in-plane

stress and strain values are consistent with the

studies in the literature. In Table 2, the stress

obtained with XRD and Raman spectroscopy is given

in GPa. A large difference has been observed between

the results from XRD and Raman spectroscopy.

Although this has been unexpected at first, it was

observed that they encountered similar discrepancies

when the studies in the literature have been exam-

ined, it was observed that they encountered similar

Fig. 9 The change of (E * a) 2

versus energy and enlarged

band gap peaks (inset graph)

of samples grown with the

different NH3 flow rates

J Mater Sci: Mater Electron (2023) 34:250 Page 9 of 13 250



discrepancies. Given that stress cannot be measured

directly, these discrepancies were thought to be due

to the physics of the technique used. Changes in the

spacing of the lattice planes take place due to defor-

mation. Therefore, x-ray diffraction method takes

advantage of the crystal structure, using the lattice

spacing as a stress gauge. Reference parameters such

as the strain-free AlN lattice parameters, Poisson

value, and elastic modules affect the stress value

while calculating with XRD. Raman scattering can be

used to obtain structural information and properties

of crystals from vibrational transitions. Raman peak

shift relative to the unstressed position provides

information about the stress present in the samples.

Unlike X-ray, Raman scattering cannot detect dislo-

cations and wafer bending. Although stress mea-

surement with XRD is common in the literature,

Raman spectroscopy has recently been used because

it is stress sensitive. The stress values given by XRD

are very close to each other. And for that reason,

samples were compared considering the Raman

results. Sample B has tensile stress while other sam-

ples have compressive stress.

AIN A1 (LO) modes are less clear. In addition, the

forbidden modes AIN A1 (TO) in the z xxð Þ�z scatter-

ing configuration are seen in the Raman Spectra of A

and C samples. This may be due to the roughness

orientation of the AIN grains [56]. Stress causes

rough surface and poor quality, thus revealing the

forbidden AIN A1 (TO) mode in the Raman spectra

of the samples [43]. The forbidden mode peak indi-

cates that the crystal quality of Sample A and C is not

as good as Sample B and D, which is identical to the

results of XRD.

In Table 3, dislocation density and RMS values are

given in order to compare this study with similar

studies in the literature. It is known that RMS and

XRD FWHM values of the AlN film improve with

increasing thickness [46]. The thickness of Sample B

has been found to be approximately 250 nm by using

spectroscopic ellipsometry. The AlN film thicknesses

given in Table 3 are larger than the thicknesses

examined in this current study. However, we

Fig. 10 a Raman spectra for AlN films with various NH3 flow rates deposited on Al2O3 and b Gaussian fit graph of the AlN-E2

Table 2 Calculated in-plane

stress and strain at different

NH3 flow rates

Stress from Raman (GPa) Strain from Raman (%) rf from XRD (GPa)

Sample A - 0.551 - 0.117 - 7.34

Sample B* 0.342* 0.072* - 7.18

Sample C - 0.2835 - 0.060 - 7.06

Sample D - 0.2835 - 0.060 - 7.21
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obtained dislocation density and RMS values are very

close to the values in these studies.

4 Conclusion

To sum up, the effect of NH3 flow rate on optical

properties has been investigated for the first time by

UV–VIS–NIR spectrophotometry. Obtained results

are given together with the effects of NH3 flow rate

on crystal quality and surface morphology that have

been analyzed with ex situ characterization methods

such as HRXRD, AFM, and Raman. In the absence of

sufficient NH3 flow, it has been noticed that DS, RMS

value, and stress and strain values are high, and also

the transmittance level is low. The islands formed on

the surface coalescence and better crystal and optical

quality have been obtained when the NH3 flow has

been increased to 900 sccm, so the flow has been

accepted as the optimum NH3 flow. For Sample B

with the flow, the values of DS and DE are 7.86 [ 107

and 1.68 [ 1010 cm-2, respectively. The AFM mea-

surement shows a smooth surface with RMS of

0.22 nm and the transmittance spectrum of the AlN

dropped sharply around the absorption bandgap of

AlN. The film deteriorates both in terms of surface

morphology and optical properties when the NH3

flow increases further. By changing the amount of

NH3 flow, not only the crystal quality is increased,

but also the surface morphology and optic properties

improve. Although these samples have thinner

thicknesses, the results obtained are comparable to

thicker films in the literature.
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(TÜBITAK, project number 118F425), and Cumhur-

iyet University Scientific Research Projects

(CUBAP, project number M-2022-827).

Author contributions

GY participated in the conceptualization, investiga-

tion, and writing of the original draft. MNK, DHÜ,
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