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ARTICLE INFO ABSTRACT

Keywords: AIN is used as a template layer for deep UV (DUV) emitter and detector applications, because of
AIN its wide bandgap and high thermal conductivity. In this study, trimethylgallium (TMGa) source is
Characterization

used as surfactant to improve crystal quality and decrease dislocation density (DD) of AIN layers
grown on sapphire (AlyO3) substrate surfaces by Metal Organic Vapor Phase Epitaxy (MOVPE)
system. TMGa pre-flow time and pre-flow amount that TMGa pre-flow to the nucleation stage are
the subjects of two distinct optimization studies. The structural and optical properties of grown
AIN are examined by a high resolution X-ray diffractometer (HR-XRD), Raman spectroscopy, and
UV-Vis-NIR spectrophotometer, respectively. TMGa pre-flow time and TMGa pre-flow amount
determined to obtain high crystal quality AIN epilayers are 2 s and 0.446 x 10~° mol/min,
respectively. HR-XRD investigation of these growths yields FWHM values of 159/2718 arcsec and
201/1550 arcsec for the ® (002) and » (102) scans, respectively.

MOVPE
TMGa pre-flow time/amount

1. Introduction

II-Nitride alloys with a direct, wide, and adjustable bandgap and a high critical breakdown field have received great interest in the
fields of UV optoelectronics and high-power electronics such as light-emitting devices, photodetectors, and field-effect transistors
[1-4]. Due to its promising properties such as broad bandgap, UV transparency, strong thermal durability, high breakdown voltage and
high conductivity, AIN has recently gained a lot of attention for usage as a template layer for DUV transmitter and detector purposes
[5-9]. It has been proved that the use of AIN layer instead of GaN or AlGaN NL in the production of GaN or AlGaN based UV LEDs
increases the light output power of the LEDs [10]. The crystal quality of the AIN template has a significant impact on the surface
morphology, defect density of AlGaN, and the bottom quantum well active layer of DUV devices [11]. Growing AIN with a smooth
surface and low threading dislocation density (TDD) is critical for developing DUV device performance [12]. These dislocations can
extend to quantum wells and cause non-radiative recombination centers, thus negatively affecting internal quantum efficiency (IQE). It
was observed that the IQE increased when the dislocations in the AIN layer were reduced to obtain highly efficient UV LEDs [13]. AIN
layers are often grown on heterosubstrates (sapphire (Al,03), SiC, and Si, etc.) because of not being enough large-scale, cost-effective,
and low-defect AIN bulk substrates [14-17]. Due to AlpOs visibility in this wavelength range, low price, wide availability, and high
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thermal stability, an AIN layer grown on Al;Os is indeed the procedure of choice for the fabrication of DUV Ill-nitride systems.
Nevertheless, high-quality AIN produced on the Al;O3 substrate has a number of drawbacks [18]. The large lattice mismatch of
approximately (13.3%) [19] between AIN and Al,Oj3 results in a high DD which limits device performance [20]. Subsequently, the
large mismatch of thermal expansion coefficient between AIN and Al,O3 (45.4%) [21] causes tensile stress within the compound
growth plane at medium temperatures, leading to severe crack formation during cooling.

The introduction of thin nucleation layers (NLs) at low temperature on Al;O3 substrates are a large innovation to overcome this
issue [22,23]. The traditional epitaxy of AIN by MOVPE technique often suffers from intrinsic problems such as restricted surface
migration of Al adatoms and the extreme gas-phase reactions between trimethylaluminum (TMAI) and ammonia (NH3) [24-26]. Until
today, many methods have been used to improve the quality of epitaxial AIN, such as high-temperature growth, pulsed growth of AIN,
migration-enhanced epitaxy, nitridation of the substrate, alternating V/III ratio, and flow-modulation MOVPE [7,25,27-32].

The surfactant method has recently received attention to create high-quality AIN layers. As a result, several surfactants such as
silicon and indium have been investigated [33]. Among the surfactants has been also used gallium, which could strongly minimize the
DD and improve the surface morphology of AIN layers grown on SiC [34,35]. The utilization of the gallium effect along the initial
growth phase on the crystal quality of AIN and GaN layers on the Al;O3 substrate has been occasionally studied, until now [36]. The
nucleation or buffer layer, which is known to play a critical role in the formation of AIN epilayers [37], is usually the first step of high
crystalline quality AIN growth. According to published research, TMGa pre-flow minimizes the possibility of amorphous formations
and dislocations between Al,O3 and AIN, while also improving the structure’s optical quality. Furthermore, it was discovered that
adding TMGa flow to the nucleation stage increased nucleation size and reduced stress [36,38]. These results show up that the sur-
factant effect of TMGa flow gives rise to the nucleation islands becoming bigger, reducing the Al diffusion barrier and increasing the
lateral development of AIN, eventuated grain size, and crystal quality, similarly to the indium surfactant effect on GaN growth [38,39].

The structural quality and surface morphology of the created later AIN layers have been observed to be significantly dependent on
the distribution of AIN nucleation islands, which is significantly affected by the short diffusion length and high sticking coefficient of Al
atoms [25]. However, it is not yet fully understood how Ga atoms improve the crystal quality of AIN layers. It is of attention to study
the effect of sent TMGa in the coalescence of AIN before the nucleation stage and a decrease in stress.

In this study, we try to understand better the effect of TMGa conditions on high-temperature AIN layers grown on the Al,O3
substrate. Also, in order to obtain an improved quality of AIN, we enable the determination of the TMGa pre-flow amount and duration.
In this context, optical and structural properties were analyzed to comment on the mechanism leading to improved AIN layer quality.
Before starting NL growth, TMGa pre-flow was studied at certain times. Although there were studies examining the effect of TMGa on
growth, there was no such pre-flow effect study in the literature. The improved high-quality AIN epilayers would be advantageous to
the improvement of the UV optoelectronic and power electronic devices.

2. Experimental part

Six samples of AIN were grown by high-temperature MOVPE on 2-inch c-plane substrates in an Aixtron 200/4 RF-S low pressure,
horizontal-flow MOVPE system with radio frequency (RF) heating to investigate the effect of a TMGa pre-flow. TMAI, TMGa, and NH3
were used as precursors for Al, Ga, and N, respectively. The mixture of Hy and N, was used as a carrier gas for the then growth and the
growth pressure was kept at 50 mbar. Substrates were exposed to in situ Hy atmosphere at 1380 °C for 10 min before growth begin. In
these studies, an optimized AIN NL was formed that grows on the substrate at a surface temperature of 1080 °C and a reactor pressure
of 50 mbar. This NL was conventionally grown with simultaneously supplied TMAI (14 sccm) and NHg (1200 sccm) and the growth
rate was ~0.09 nm/s. Three different flows were made at 0, 3, and 5 s in order to investigate the effect of the appropriate time of TMGa
pre-flow on the properties of the AIN layers grown on substrate. During the growth, the flow rate of TMGa was kept constant at 3.88 x
1075 mol/min. The appropriate TMGa pre-flow time was decided as 2 s with this study. Then, three different flow studies of 3.88 x
107%,1.78 x 1075, and 0.446 x 10~> mol/min, respectively, were conducted to investigate the effect of the appropriate amount of
TMGa pre-flow. Then AIN layer structures were grown by using the pulsed atomic-layer epitaxy (PALE) technique with optimized
changing of TMAI pulses (4-s) and NH3 pulses (2-s). TMAI and NH3 flow for this layer were 77 sccm and 900 sccm, respectively while
the reactor pressure was 50 mbar during the growth. Table 1 provides information on the growth parameters of the samples examined.
The crystalline quality analysis of these AIN layers was performed using 4 bounce Ge (220) monochromator HR-XRD. The Raman
spectroscopy was recorded at room temperature (WITech alpha 300 R). Transmittance spectra of the deposited AIN layers grown on
substrates were recorded by a double-beam UV-Vis-NIR spectrophotometer (Cary 5000, Varian).

Table 1
Growth parameters of samples.
Samples TMAI (sccm) NH; (scem) TMGa Flow (mol/min) TMGa Pre-flow Time (s) Growth temperature (°C)
A 14 1200 3.88 x 107° 0 1080
B 14 1200 3.88 x 107° 2 1080
C 14 1200 3.88 x 10°° 5 1080
D 14 1200 0.446 x 10> 2 1080
E 14 1200 1.78 x 107° 2 1080
F 14 1200 3.88 x 10°° 2 1080
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3. Results and discussion

To increase the crystal quality of the structure, systematic growth mechanisms and characterization investigations of the AIN layers
with TMGa pre-flow were carried out. In this context, firstly the effect of TMGa pre-flow time on the quality of AIN film was
investigated.

The surface condition was controlled during the growth of AIN films by in-situ optical reflectance measurements as given in Fig. 1.
Colored lines at the left bottom of the Fig. 1 show the flow state of the source gases for Sample B during growth. Before the NL for-
mation of AIN, 2 s of simultaneous flow of TMGa, TMAI, and NH3 gases can be visible. During the growth, TMAI (4 s) and NH3 (2 s)
gases using PALE techniques were flowed, respectively. As there are 5 s of simultaneous flow of TMGa for Sample C and no TMGa pre-
flow for Sample A, they are not shown in the flow diagram. It can be seen that the AIN film growths include pulsed flows. Samples A, B,
and C have nearly the same epitaxial reflectivity curve, revealing that there is no clear effect on surface situation of AIN epilayers.

HR-XRD rocking curve measurements were made to understand the structural properties of the grown samples. Peak positions and
their broadening observed in the ©-20 scans measured with HR-XRD may show the relaxation and crystalline quality of samples. Fig. 2
shows a 20-w scan with three peaks around 34.7°, 36.0°, and 37.8°, as well as a substrate peak at 41.66°. When the flow time of the
TMGa gas is increased, that is, the ratio of Ga sent to the surface increases, it is seen that the intensity of the peaks around 34.7° and
37.8° increases. The most evident peak at 34.7°and 37.8° are seen when there is the 5 s TMGa pre-flow. The peak around 36.0° belongs
to AIN(002) while the peak around 34.7° belongs to GaN(002) growing at the interface due to TMGa pre-flow. Although it is noticed
that the peak around 37.8° increases as the TMGa flow time increases, it is not determined which layer causes this peak. Our inves-
tigation into this matter is still ongoing.

It is seen that the FWHM value of the sample grown without TMGa pre-flow is higher compared to the others when the inset graph
in the Fig. 2 is examined. It was observed that the FWHM value decreased when 2s TMGa flow was applied, and the FWHM value
increased with increasing TMGa pre-flow to 5 s. It was observed that when the TMGa pre-flow was increased from 2 s to 5 s, both screw
and edge type dislocation density (ETDD) increased. According to research published in the literature, FWHM values decreased as the
TMGa pulse time grew, and FWHM values increased somewhat as the TMGa pulse period more increased [25]. Our study backs us up
on this.

TMGA flow affects DD, as illustrated in the HR-XRD scans below. Fig. 3a indicates the graphics of the symmetric (002) ®-scan AIN
layer associated with screw-type dislocation density (STDD), and Fig. 3b reveals the graphics of the asymmetric (102) ®-scan asso-
ciated with mixed-edge type dislocation density. The STDD is high and the ETDD is low when grown without TMGa pre-flow. The high
STDD has been attributed to the formation of many small islands when grown without TMGa pre-flow. Dislocations and surface pits are
formed by the coalescence of these small islands [34]. When 2s TMGa flow was applied, the STDD decreased and the ETDD increased
slightly. TMGa pre-flow is thought to make the nucleation islands expand, lowering the STDD. Increasing the TMGa flow too much
causes larger nucleation sites and consequently the formation of larger islands of nucleation and larger dislocations [25]. Therefore
both screw and edge type dislocation density increased when the TMGa pre-flow was increased from 2s to 5s. The predominant
dislocation in the film is the edge dislocation generated by the substantial mismatch between the AIN epilayer and the substrate, as
seen in the samples in this research. o (002) and ® (102) FWHM values of Samples A, B and C are 226,/2578, 159/2718 and 233/3068
arcsec, respectively. When the FWHM values in o (002) and o (102) scans are compared, it can be seen Sample B with the lowest ®
(002) FWHM and Sample A with the lowest the ® (102) FWHM. However, Sample B should be preferred because of ~30% decrease in ®
(002) FWHM and ~9% increase in ® (102) FWHM compared to Sample A. The 20-0 scan FWHM values in Fig. 2 also support this result.
Measurements demonstrate that TMGa pre-flow is an important growth parameter that affects crystal quality.
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Fig. 1. The in situ reflectance recorded during the growth process for Samples A, B, and C.
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Raman spectra for the first three samples in the current study are displayed in Fig. 4a. Also, Fig. 4b shows Gaussian fits of the E;
(high) mode of these samples. In Raman analysis, a good quality c-oriented AIN wurtzite structure determines only within non-polar Ep
(high) and A; (LO) phonons modes. In addition, it is known that the forbidden mode in c-oriented wurtzite AIN is generally appering
around 615 cm™! [25,40]. Ey high peak seen at a lower frequency than the unstrained AIN-E; high phonon mode show residual tensile
stress, while E; high peaks seen at higher frequencies show residual compressive stress [41]. The mode is only affected by strain [39].
Therefore, it is a good sign for strain fields. The E5 high phonon mode which provides knowledge about in-plane strain marked by the
dashed line specifies the unstrained AIN frequency at 657.4 cm™! [42]. The peak locations of the E; high mode in our Samples (A, B,
and C) are determined to be approximately 656.50 cm ™. Also as shown in Fig. 4a, specific A;(TO) forbidden phonon modes has
observed in all samples. The problem might be caused by crystallites (facets) being disoriented in relation to the sample surface [43]. In
our situation, Sample B has a lower intensity of the A; (TO) forbidden phonon mode than the others. It means that Sample B exhibits a
superior single crystallographic orientation along the c-axis than the others, indicating that it helped to create c-oriented AIN layers.

Defects influence strongly impact the optical properties of AIN-based optoelectronic devices [44]. The variation of the trans-
mittance of the samples belonging to the TMGa pre-flow time study according to the wavelength is shown in Fig. 5. The spectra reveal a
crisp interface between AIN thin films and substrate, as seen by the well-defined interference patterns. The number of interference
fringes is equal for Sample A, B, and C. This observation indicates samples have approximately the same thickness [45]. Moreover,
there are many studies in the literature show that the transmittance level decrease when surface roughness of thin film increases
[46-48]. Wiatrowski et al. stated that the transmittance value decreased when the roughness was high enough [47]. Larena et al.
showed schematically that surface roughness caused high light scattering and increased absorption. The main reason for the decrease
in transmittance value is high light scattering because the increase in absorption is negligible [46]. In our study, we have observed that
the optical transmittance decreases as the TMGa pre-flow time increases. The drop in transmittance values is considered to be related to
the influence of increased TMGa pre-flow time due to increased roughness of the film surfaces. Sample C has the lowest transmittance
of the three samples, suggesting the presence of the most flaws, as shown by HR-XRD. Comparing the transmittance measurements of
Sample A and Sample B suggests that the surface roughness of Sample A is slightly lower than that of Sample B. The effective optical
band gap Eg of the layer can be estimated by taking the linear portion from a plot of (ohv)? versus photon energy (hv), as shown in
Fig. 6. In Sample C, Eg decreases from 6.12 to 6.10 eV. These values are slightly lower than the values reported for bulk AlNin the
literature which is attributed to the variation of strain along these axes [49]. Generally, the increase of absorption band energy is
attributed to the improved crystal quality with TMGa pre-flow.

Based on these measurements, it is seen that the TMGa pre-flow time affects the crystal quality. When these results were obtained
from HR-XRD, UV-Vis-NIR spectrophotometer, and Raman spectroscopy analysis are taken into account in the growths made by
changing the TMGa pre-flow times, 2s flow time (Sample B) has chosen for the next optimization study that is of TMGa flow amount.
Then, it is desired to investigate the effect of TMGa pre-flow amount on the crystal quality during the selected pre-flow time. To
observe the amount effect, three samples are grown 0.446 x 107>, 1.78 x 107>, and 3.88xx10 > mol/min respectively.

Fig. 7 shows the in-situ epitaxial reflectivity curve with monitoring during the growth of Samples D, E and F. Colored lines at the left
bottom of the figure indicate the flow state of the source gases during growth as in Fig. 1 (TMGa, TMAI, and NHj3 from top to bottom,
respectively).

The general behavior of the film surfaces at growth under different TMGa pre-flow, the amplitude of the reflection curves is quite
similar to each other, as can be seen in Fig. 7, which proves that there is no deterioration of the surface during growth. This dem-
onstrates that the amount of TMGa pre-flow does not affect the surface properties excessively.

Fig. 8, Fig. 9a and Fig. 9b reveal the 26-w, ® (002) and » (102) scans of the second set samples, respectively. In the 26-» scan as
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Fig. 5. Transmittance versus wavelength of the samples belonging to the TMGa pre-flow time.
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Fig. 7. The in situ reflectance recorded during the growth process for Samples D, E, and F.

similar to the first set, one sees produced from high-intensity sharp peaks on the substrate around 41.66°, as well as AIN peaks about
36.0°. Also, the unexpected peak noticed in the first set’s HR-XRD findings is present in this set, and it can be seen that it is placed at
37.8°. We can observe this peak in the 20-o scan of Sample F, but the strength of the peak has diminished to nearly non-existent in
Sample E, and there are no unexpected peaks in Sample D. It is noticed that the unexpected peak disappears with the decrease of TMGa
flow, and the FWHM value also decreases when these three samples are examined. The FWHM values obtained from w (002) scan and o
(102) scan for Samples D, E, and F are 201/1550, 203/1590, and 290/1372 arcsec, respectively. The FWHM values of the » (002) and
(102) scans have changed significantly with the amount of TMGa pre-flow. As mentioned above, FWHM values prove that low-density
screw dislocation occurs and the main dislocation in the film is the edge dislocation caused by the large mismatch between the AIN
epilayer and the substrate. The highest crystal quality is found at the stage when the TMGa pre-flow quantity is 0.446 x 10> mol/min,
according to the FWHM values of the o (002) and » (102) scans.

The recorded Raman spectra for Samples D, E, and F and Gaussian fit plots are indicated in Fig. 10a and Fig. 10b, respectively. As
can be seen in Fig. 10b, the peak positions of the E2 high mode for Samples D, E, and F have been found as 656.50, 655.35, and 655.35
cm—1, respectively. Samples E and F have the same peak value and are on the lower frequency side of the unstrained position, which
determines the residual tensile stress. It means that Sample D has less residual tensile stress and a better single crystallographic
orientation along the c-axis than the other samples. Residual stress can have two basis, the first being a compensatory effect of lattice
expansion due to TMGa flux and the second being related to the intrinsic stress occurred from a change in growth mode and coa-
lescence of nucleation islands by TMGa flux causing [25,36]. Indeed, a certain time and amount TMGa pre-flow before the growth lead
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to an improved optical quality accompanied by decreased residual tensile strain. It has been proven by Raman and spectroscopy
measurements for current samples.
The in-plane compressive stress can be calculated using equation (1):
j-R - j-a
— 1

o X @
where K (4.3 cm ™! GPa™ 1) is the pressure coefficient, and Ag — A, is the phonon peak shift [50], while the in-plane compressive strain
can be calculated by equation (2):

(2)

€=y
where Y (469 GPa) is the biaxial stress of AIN, and ¢ is the in-plane compressive stress [51].

On the other hand, the crystal quality of the AIN epilayer can be defined by the FWHM value of the E; (high) mode because
extended defects lead to a broadening of this mode [50]. The FWHM of the E; (high) mode is 7.23 cm’l, 8.12cm " and 6.83 cm™! for
the Samples D, E, and F, respectively. Sample D has the lowest FWHM value, as seen in Fig. 11. These findings show that the increased
crystal quality of the AIN epilayer agrees well with HR-XRD results. The stress and strain calculations given above were made for both
sets and given in the Fig. 11.

After that, optical transmission measurements in the wavelength range of 200-800 nm are performed on the substrate. All the films
exhibit high transmittance in the visible and near IR regions, especially there are samples that have a transmittance higher than 90%,
as shown in Fig. 12. The material is nearly transparent above the 210 nm wavelength region. However, it is observed that the highest
transmittance is Sample D and the lowest transmittance is Sample F. As a consequence, this result implies that Sample D’s crystal
quality is superior to Sample F’s. As shown in Fig. 13, the bandgaps of Samples D, E, and F are calculated to be around 6.16 eV, with the
predicted bandgap of AIN being somewhat less than the stated value for AIN [17].

4. Conclusions

In the present study, the TMGa preflow method applied to grow a high crystal quality AIN epilayer on substrate using the MOVPE
system was reported. HR-XRD, UV-Vis-NIR spectrophotometer, and Raman spectroscopy were used to assess the suggested growth
method’s influence on the structural and optical characteristics of current samples. TMGa pre-flow time and amount were the subjects
of two optimization experiments for this investigation. As a result of the characterization studies, the optimum values of TMGa pre-
flow time and amount were determined as 2 s and 0.446 x 10~> mol/min, respectively. An improvement in the structural and op-
tical properties of the films was observed when the optimum amount of TMGa pre-flow. As both the pre-flow time and the amount of
pre-flow increased (the ratio of TMGa increased in the medium), unexpected peaks were observed in both HR-XRD scans, and it was
noticed that the optical quality of the films deteriorated according to the situation as a result of UV-Vis-NIR spectrophotometer and
Raman spectroscopy measurements.

For the first time, the TMGa pre-flow effects have been thoroughly investigated in this study. These findings are promising for the
performance of devices to be used AIN epilayer.

Data availability statements

The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable
request.
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