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AlGaN is a promising material for ultraviolet optoelectronic and microelectronic devices. In this report, we
investigated the influences of metallization pretreatment on the strain, morphology and optical properties
of AlGaN grown on HVPE-AIN. The results indicated that the pretreatment could effectively alleviate the
compressive strain from HVPE-AIN and thus lower the Al-content in AlGaN. The composition pulling effect
was considered to be responsible for the Al-content reduction. On the other hand, the pretreatment could
help to improve the surface morphology of AlGaN, which was attributed to the growth mode transition in-
volved in the pretreatment. Besides, the optical measurements revealed that the AlGaN directly grown on
HVPE-AIN exhibited distinct compositional non-uniformity and the reasons were the macro-steps in the
surface of HVPE-AIN and the mobility discrepancy of Al and Ga atoms. The pretreatment could eliminate
such non-uniformity effectively. The carbon clusters formed by metal-organic decomposition during the
pretreatment were believed to be responsible for the improvement. The localized excitonic characteristics
were also studied. It was found that the localized excitonic states were abundant and energy transport pro-
cesses were complex in AlGaN directly grown on HVPE-AIN, which would result in undesired light emis-
sions. The pretreatment was proved to be effective in optimizing the localized excitonic characteristics,
which may be attributed to the alleviation of Al-content fluctuation by the pretreatment. These results can
not only provide a deeper understanding of AlGaN epitaxy, but also offer an approach to optimize the
properties of the AlGaN materials.
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tensile stress associated cracks usually exist on the AlGaN
layer on the GaN substrate.

Introduction
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The growth of AlGaN has received extensive attention due to
its promising applications in deep-ultraviolet (DUV) optoelec-
tronic devices and high-power electronic devices. Because of
its direct and tunable wide-band gap, the working wavelength
of AlGaN-based optoelectronic devices covers the region from
DUV of 200 nm to near UV of 365 nm. AlGaN is thus the ideal
material for solar-blind photodetectors (PDs), UV light-
emitting diodes (LEDs), and laser diodes (LDs). Moreover,
AlGaN is also suitable for metal-oxide-semiconductor field ef-
fect transistors (MOSFETs) and high electron mobility transis-
tors (HEMTs)."> However, the growth of high-quality AlGaN
is extremely difficult compared to that of GaN owing to the
weak surface migration of Al atoms. Otherwise, the commer-
cial GaN substrates cannot assist the growth of AlGaN since
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AIN substrates are the best substrates for AlGaN growth
due to their compressive stress on the upper AlGaN layers.
However, the growth of AlGaN has mainly been performed on
AIN buffer layers nucleated on lattice-mismatched sapphire
substrates due to the limitation of commercially available
AIN substrates to date. So, many methods have been applied
to improve the quality of AIN templates and thus the subse-
quent AlGaN materials, such as a two-step growth method,®
low temperature (LT) or middle temperature (MT) interlayer
method,”® and epitaxial lateral overgrowth (ELOG)
method.” ™" Still, the quality of AIN buffer layers is unsatis-
factory. Recently, a clear and DUV transparent AIN/sapphire
template with a mirror-like surface obtained by hydride vapor
phase epitaxy (HVPE) has become commercially available,
which opens a new way to develop AIN and Al-rich AlGaN by
homoepitaxy. AIN homoepitaxy based on HVPE has been
studied before,"* while the AlGaN epitaxy based on HVPE still
remains to be investigated until now.

Although HVPE-AIN is usually more than 5 pm, the strain
cannot be completely released due to the large mismatch

This journal is © The Royal Society of Chemistry 2019
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between the AIN template and the sapphire substrate. Such
remaining strain will consequently affect the upper AlGaN
layer, especially the metal atom incorporation.”** Therefore,
how to alleviate the influences of the sapphire substrate on
the upper AlGaN layer is also a valuable research issue. On
the other hand, the kink sites are indispensable for AIN
growth on foreign substrates such as sapphire because the
surface adsorbed atoms need positions to incorporate and
then to nucleate. The method to acquire kink sites is usually
to cut the substrate along the vicinal face of the growth face.
Moreover, the cutoff was demonstrated to have a positive ef-
fect on dislocation reduction and stress management.'®® To
attain better quality thick AIN templates, the cutoff angle to-
ward the a-plane or m-plane can usually range from 0.1° to
6°.''® However, there are also disadvantages with the cutoff
in sapphire. The cutoff may result in poor surface or interface
smoothness in heterostructures because the bunching effect
may happen and macro-steps will be generated.'®>* And the
macro-steps will result in compositional non-uniformity and
further deteriorate the light emission properties in the subse-
quent epilayers."®'?° So it is necessary to investigate the in-
fluences of HVPE-AIN on the upper grown AlGaN layer and to
find an approach to eliminate the harmful effects.

Metallization pretreatment is commonly used in the growth
of IlI-nitrides to improve the material surface morphology.>*>°
It can suppress the formation of SiN, when silicon is used as a
substrate,>® and it can suppress the formation of N-polarity
materials when sapphire is used as a substrate.?****”2° How-
ever, whether the metallization pretreatment has effects on epi-
taxial AlGaN grown on HVPE-AIN still remains unclear. Based
on previous research studies,” > it can be expected that the
metallization pretreatment would have positive effects on the
AlGaN epitaxy on HVPE-AIN.

In this report, we investigated the influences of metalliza-
tion pretreatment on the strain, morphology and optical
properties of epitaxial AlGaN grown on HVPE-AIN. To reveal
the influences, AlGaN epilayers were directly grown on com-
mercial HVPE-AIN by high-temperature metal-organic chemi-
cal vapor deposition (HT-MOCVD). Then trimethylaluminum
(TMAl) and trimethylgallium (TMGa) mixed flow
pretreatment of the HVPE-AIN was introduced. The results
implied that the compressive stress could be released and
the surface morphology could be improved by the
pretreatment. Otherwise, the pretreatment could also allevi-
ate the compositional non-uniformity and alloy potential
fluctuation, thus suppressing the undesired light emissions
and optimizing localized excitonic characteristics. The inves-
tigation presented here will make a significant step in under-
standing the growth of epitaxial AlGaN on the HVPE-AIN and
thus obtaining high quality AlGaN materials and devices.

Experimental

The AlGaN epilayers were grown using an AIX200/4 RF-S TH-
MOCVD system. TMAl, TMGa and ammonia (NH;) were used
as Al, Ga and N precursors, and hydrogen (H,) was used as
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the carrier gas, respectively. The substrates were commercial
2 inch 5-6 um thick HVPE-AIN/sapphire templates with a sap-
phire cutoff angle of about 1.5 + 0.2° toward the a-plane,
which are provided by Suzhou Nanowin Science and Technol-
ogy Co., Ltd (NANOWIN). During the AlGaN growth proce-
dure, the chamber pressure and total flow rate were fixed at
40 mbar and 9600 sccm, respectively. AlGaN layers were
grown directly on HVPE-AIN at 1180 °C without and with met-
allization pretreatment, which are denoted as samples A and
B, respectively. The flow rates of TMAI, TMGa and NH; were
40 sccm, 12 scem and 500 sccm. To pretreat the HVPE-AIN
templates, the NH; flow was closed for 20 s while the TMAI
and TMGa flows were kept at 40 sccm and 12 sccm. The total
growth times of the AlGaN epilayers were both 40 minutes.

X-ray diffraction reciprocal space mapping (RSM) was used
to analyze the strain and composition profile. The equipment
is a Bruker D8 Discover thin film diffractometer. The X-ray
source is a Cu K, radiation line with a wavelength of
0.15406 nm. In situ curvature and reflection monitoring
curves were extracted to study the strain and surface rough-
ness evolution during the growth. Then atomic force micros-
copy (AFM, Bruker Multimode 8) was used to observe the sur-
face morphology. At the same time, cathodoluminescence
measurements (CL) were used to study the light emission
properties at different positions over the AlGaN epilayers.
The working voltage ranged from 4 kV to 20 kv and the
electronic beam current was kept at 6.2 nA. The integration
time and the scanning step were 0.1 s and 0.1 nm, respec-
tively. ~ Moreover, temperature dependence  photo-
luminescence measurements (PL) were applied to analyze the
optical properties of AlGaN epilayers. The excitation wave-
length of the femtosecond laser is 217 nm and the output
power is 20 mW. The repetition frequency of the light pulse
is 76 MHz. During the measurements, the integration time
was kept at 0.2 s and the scanning step was 0.5 nm. The tem-
perature dependence PL measurements were carried out at
temperatures varying from 10 K to 300 K.

Results and discussion

The RSM measurements were employed to analyse the strain
and composition profile. Fig. 1(a) and (b) show the (10-14)
asymmetric plane RSMs of samples A and B, respectively. The
inserts in each graph are the corresponding epitaxial struc-
ture schematic diagrams. The thickness of HVPE-AIN is more
than 5 pm and those of HT-MOCVD AlGaN epilayers are
about 1.1 pm and 1.2 um. The upper reciprocal lattice points
(RLPs) belong to HVPE-AIN substrates and the lower ones be-
long to AlGaN epilayers. It is shown that the center of the
AlGaN RLP of sample A almost aligns with the line of R =
0 which is called the ‘completely strained line’, implying the
strong compressive stress in the AlGaN epilayer caused by
HVPE-AIN. In contrast, the center of the AIGaN RLP of sam-
ple B is located quite close to the line of R = 1 which is called
the ‘completely relaxed line’, indicating the low stress in the
AlGaN epilayer caused by HVPE-AIN. Otherwise, the RLP

CrysttngComm, 2019, 21, 4864-4873 | 4865
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Fig. 1 The (10-14) asymmetric plane RSMs of (a) sample A and (b)
sample B, respectively. The inserts in (a) and (b) are the epitaxial
structure schematic diagrams of samples A and B, respectively.

discrepancy may also originate from the limited lateral size
and composition difference.’® From the RSMs, the lattice
constants can be determined by formula (1),

> W +hk+k
=2
c=—

QZ

where (Q,, Q.) is the RLP center of the (hkl) planes. The cen-
ter position coordinates of the AIN and AlGaN RLPs of sam-
ples A and B are (-3.6508, 8.0543), (-3.7094, 8.0272),
(-3.6413, 7.8809), and (-3.6716, 7.8669), respectively. Based
on formula (1) and asymmetry (10-14) plane RSM results, the
AlGaN lattice constants a and ¢ of samples A and B can be
ascertained, respectively.

It is reasonable to assume that the II-nitrides satisfy the
biaxial-stress conditions due to their hexagonal structures.
Therefore, the lattice constants of the AlGaN layer obey the
following equation, eqn (2),*"

c(x) —co(x) . Clg(x) ' a(x)—ao(x)
co(x) =2 C33(x) ao(x) )

where c(x) and a(x) stand for the measured out-of-plane and
in-plane lattice constants of the Al,Ga;_,N layer, ¢,(x) and
ay(x) stand for the out-of-plane and in-plane lattice constants
of the strain-free Al,Ga;_,N layer, and Cy3(x) and Cj;(x) are
the elastic constants of the Al,Ga;_,N layer, respectively. As
for the strain-free Al,Ga,_ N, the lattice constants can be
obtained from Vegard's law as formula (3),%*

®)

ay(x)=ay"™ x+a;™ (1-x)
co(x)=cg™ x+ g™ (1-x)

where a3, 4™, a$°N and ¢§*N are the lattice constants of
strain-free AIN and GaN, respectively. By applying a linear
interpolation method as shown in formula (4),
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{CB(x) =N x+ CEN(1-x) @

Cyy(x)=CN x+ ™ (1-x)

where C2N AN cGaN and c$2N are the elastic constants of
AIN and GaN whose values are taken to be 108 GPa, 373 GPa,
103 GPa, and 405 GPa,*® respectively, the elastic constants
Cy3(x) and Cj5(x) of AlL,Ga;_,N layers can be obtained. Eventu-
ally, a cubic equation for Al content x can be derived from
eqn (2)-(4). Through solving the cubic equation, the Al con-
tent x and relaxation R of the AlGaN epilayer of samples A
and B can be determined to be 61% and 0.14 and 51% and
0.89, respectively, which quantitatively verified the different
strain states between the AlGaN epilayers of samples A
and B.

To further investigate the strain variation during the
growth procedure, the in situ temperature and curvature
monitoring curves of samples A and B were obtained as
shown in Fig. 2(a) and (b), respectively. At the very beginning,
the curvatures of samples A and B are almost the same. How-
ever, during the AlGaN growth procedure, the curvature of
sample A gradually decreases while that of sample B almost
stays constant. It is worth noting that the curvature of sample
A varied from a positive value to a negative value, implying
that the stress exerted on the AlGaN epilayer changed from
tensile stress to compressive stress. Meanwhile, the AlGaN
epilayer in sample B continually suffered from tensile stress.
At the end of the growth, sample A exhibits a much larger
curvature value than sample B, indicating that the AlGaN
layer in sample A suffered from stronger compressive stress
than that in sample B, which was demonstrated by the RSM
results. This difference distinctly reflects that the interaction
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Fig. 2 The in situ temperature and curvature monitoring curves of (a)
sample A and (b) sample B. The red curves are for temperature and the
blue curves are for curvature.
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between the epilayer and substrate of sample A is stronger
than that of sample B. Except for the metallization
pretreatment, the growth conditions for samples A and B
were completely the same. Thus it can be concluded that it
was the metallization pretreatment that released the com-
pressive stress from HVPE-AIN.

On the other hand, such an obvious difference in compo-
sition deserves to be investigated. It has been demonstrated
that the inherent strain state will affect the composition pro-
file, which is called the ‘composition pulling effect’.’*™** In
AlGaN alloys, the Ga atoms will be expelled out when they
are under compressive stress while the Al atoms will be ex-
pelled out when they are under tensile stress to lower the sys-
tem total strain energy.>** The above analysis confirmed that
the AlGaN epilayer in sample A suffered from stronger com-
pressive stress than that in sample B. Besides, the metal ele-
ment enrichment during the pretreatment cannot directly re-
duce the Al-content. So it can be deduced that the
composition difference was from the strain pulling effect.
From the perspective of energy, the strain energy density of a
multilayer system can be estimated by the following equa-
tion, formula (5),*

E = ZGH—VZd (5)

where E; is the strain energy density, G and v are the Shear
modulus and Poisson's ratio, and d; and ¢; are the thickness
and strain value of each layer. Previous research illustrated
that the elastic modulus of AlGaN with different Al contents
had a similar value of about 375 GPa.>® Besides, the Poisson's
ratio of AIN and GaN are 0.203 and 0.183, respectively, from
which the AlGaN epilayers of samples A and B can take the
value of 0.193.>**” The calculated strain energy density values
of samples A and B are 5.945 x 10> ] m > and 1.758 x 10° ]
m~>, respectively. Therefore, the conclusion that metallization
pretreatment can lower the Al-content in the AlGaN epilayer
as well as the total strain energy density by releasing the com-
pressive stress from HVPE-AIN can be drawn.

26.9nm
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The surface morphology evolution was analyzed by AFM
as shown in Fig. 3. Fig. 3(a) is the AFM image of HVPE-AIN
within the scale of 10 um x 10 um. There are many large
macro-steps originating from the large cutoff angle in the
sapphire substrate.'>'”'® The HT and low V/III ratio make
the Al atoms energetic enough to overcome the Ehrlich-
Schwoebel barrier and thus the bunching effect will happen
when AIN templates are grown by HVPE. Eventually, the
macro-steps will arise on the surface as shown in Fig. 3(a).
When AlGaN layers were directly grown on such HVPE-AIN as
sample A, the macro-steps still existed on the surface and the
step width became much wider than the substrate, as shown
in Fig. 3(b). Besides, the surface of sample A became much
rougher as it can be seen from the scale bar on the side.
However, the introduction of metallization pretreatment to
the HVPE-AIN could release such phenomena. As shown in
Fig. 3(c), sample B exhibits a much narrower step width than
sample A and even the HVPE-AIN. From the results, it can be
deduced that the bunching effect may continue to work and
to deteriorate the surface morphology when directly growing
AlGaN on HVPE-AIN while the pretreatment can alleviate the
influences. But the mechanisms leading to such differences
need further investigation.

The CL measurements were carried out at electronic accel-
eration voltages of 4 kv, 5 kv, 10 kv, 15 kv and 20 kV with
an electronic beam current of 6.2 nA at different positions of
samples A and B. The resulting spectra within one sample
show similar characteristics but those belonging to different
samples are quite different. Fig. 4 shows the typical CL spec-
tra of samples A and B. As for sample B, there is only one
emission peak located at 4.485 eV, which coincides with the
Al content determined from the RSM results. The slight
asymmetry at the low energy side of the spectrum was attrib-
uted to the band tail states. However, a broader emission
spectrum was obtained from sample A as shown in Fig. 4.
Two peaks located at 4.471 eV and 4.677 eV can be observed
by applying the Gaussian function to fit the spectrum. There
is no doubt that the higher energy emission of 4.677 eV origi-
nated from the intrinsic radiation of sample A. But the origin
of the lower energy emission of 4.471 eV remains unclear. In

68.5nm 25.2nm

10um |

-22.3nm

10um | 10um

-87.9nm -26.8nm

Fig. 3 The AFM images of (a) HVPE-AIN substrates, (b) sample A and (c) sample B with a scale of 10 um x 10 pm.
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Fig. 4 The CL spectra of samples A and B measured at an electronic
acceleration voltage of 5 kV and an electronic beam current of 6.2 nA.
The black curves are the experimental results and the colored ones are
the fitted curves.

previous reports, such light emission abnormality was ob-
served and it was attributed to compositional non-unifor-
mity."®">?° In the RSM results, it can also be seen that the
AlGaN RLP of sample A is not symmetrical, and the tailing of
the RLP points to the low Al direction, indicating the compo-
sitional non-uniformity in sample A. However, whether the
compositional non-uniformity in sample A is along the verti-
cal or horizontal direction remains unclear and further stud-
ies need to be done.

Different electronic acceleration voltages correspond
to different penetration depths. The energy distribution
and maximum energy depth at different electronic ac-
celeration voltages can be calculated by applying H. ]J.
Fitting's electronic energy density distribution law as

formula (6),*
] (6)

where x is the depth in nm, E is the electronic acceleration
voltage in keV, and C;, B, xo/R(E), ky, k, and x;/R(E) are all
empirical constants related to the average atomic number of
the material. R(E) is the maximum penetration depth of
electrons at the acceleration voltage E in nm estimated by the
K-O equation (7),*°

& &

2
=C-E"{exp _B[)ICQ(_;())) +k1-exp(—k2-);(_];‘)‘

A4 3
R(E)=27.6- — 7)
p.ZQ

where p is the material density in g cm™, and A and Z are the
average atomic weight and number, respectively. The average
atomic weight and number of AlGaN with Al content x were
obtained by a linear interpolation method. The needed em-
pirical constants were determined by the atomic number of
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Al,Ga; N through linearly fitting the constants with atomic
numbers provided by H. J. Fitting.*®

Fig. 5(a) shows the normalized energy distributions of
Aly ¢Gay 4N at electronic acceleration voltages of 4 kv, 5 kv,
10 kv, 15 kV and 20 kV, respectively. The electron energy den-
sity gradually increases with increasing penetration length
and reaches a maximum at a certain depth. Then the electron
energy density will fleetly decrease to zero. The variation of
the maximum energy density depth and the maximum pene-
tration depth in AlGaN with Al content at the electronic accel-
eration voltages of 4 kv, 5 kv, 10 kv, 15 kv and 20 kV were
calculated as shown in Fig. 5(b) and (c). The maximum en-
ergy density depth and maximum penetration depth increase
with the rise of the Al content and the electronic acceleration
voltages. At electronic acceleration voltages of 4 kv and 5 kV,
the electron beam energy concentrates on the position about
100 nm beneath the surface and then vanishes at 200 nm.
When the electronic acceleration voltage rises to 10 kv, 15 kv
and 20 kv, the electron beam energy concentrates on the po-
sitions about 200-300 nm, 400-600 nm, and 600-1000 nm be-
neath the surface, respectively. Correspondingly, the electron
beam energy vanishes within about 400-700 nm, 1.0-1.5 um,
and 1.5-2 um. So the CL spectra at different electronic accel-
eration voltages can reflect the information at different
depths.

As for samples A and B whose Al contents are 0.61 and
0.51, the depths of maximum energy density at electronic ac-
celeration voltages of 4 kv, 5 kv, 10 kv, 15 kV, and 20 kV are
56 nm, 80 nm, 253 nm, 496 nm, and 801 nm, and 53 nm, 76
nm, 240 nm, 472 nm, and 761 nm, respectively. Since the
AlGaN epilayers are about 1.2 pum, it can be confirmed that
the CL signals mainly came from the corresponding depths
of the AlGaN epilayer. The resulting spectra at different
electronic acceleration voltages of one sample showed a simi-
lar behavior to that shown in Fig. 4. However, for sample A,
as the electronic acceleration voltage and the position alter,
the peak positions of the lower and higher energy peaks show
no notable changes as Fig. 5(d) and (e) show, which demon-
strates that the above-mentioned compositional non-
uniformity is along the horizontal direction. Further, the CL
panchromatic images of sample A also confirmed the hori-
zontal compositional non-uniformity. On the other aspect, it
was found that the CL intensity ratio of low energy to high
energy emission peaks gradually increased as the electronic
acceleration voltage increased as shown in Fig. 5(f). At an
identical voltage, the ratio only oscillates slightly at different
positions. The voltage dependent CL measurements were also
applied to sample B, and it was found that the wavelength
fluctuation between 4 kV and 20 kV at different positions was
within 50 meV. This phenomenon implies that the composi-
tional non-uniformity was severest at the beginning of the di-
rectly grown AlGaN on HVPE-AIN. As the AlGaN thickness in-
creased, the compositional non-uniformity gradually became
relatively mild. Therefore, it can be concluded that hori-
zontal compositional non-uniformity would happen and
such non-uniformity would gradually relax as the thickness

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) is the calculated normalized electronic energy distributions in Alp ¢Gap 4N at different electronic acceleration voltages. (b) and (c) are the
calculated maximum energy depth and maximum penetration depth in AlGaN with different Al contents at different electronic acceleration
voltages. (d) and (e) are the peaks of sample A at different electronic acceleration voltages and positions for the lower and higher energy peaks,
respectively. (f) is the CL peak intensity ratio of the lower to higher energy peaks of sample A at different electronic acceleration voltages.

increased when AlGaN was directly grown on HVPE-AIN. And
the metallization pretreatment could effectively suppress the
compositional non-uniformity. However, the mechanisms of
the horizontal compositional non-uniformity generation and
relaxation with increasing thickness, as well as the suppres-
sion by the metallization pretreatment, all remain to be
studied.

As it can be seen in Fig. 3(a), many macro-steps exist in
the surface of HVPE-AIN. When growing AlGaN layers directly
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l
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on such substrates, the bunching effect might continue to
work. However, the introduction of Ga atoms in the AlGaN
growth would lengthen the migration distance of metal
atoms. And a HT of 1180 °C would also favor the atom migra-
tion especially Ga atoms. Consequently, the step width might
further expand and some macro-steps might vanish with in-
creasing thickness, which can be clearly observed in Fig. 3(b).
On the other hand, the Al atoms migrate slower than the Ga
atoms and the Al atoms also have a shorter migration

Ga atoms

(b)

Macro-steps
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Fig. 6 (a) is the schematic diagram of the formation mechanism of compositional non-uniformity. (b) is the mechanism schematic diagram of the
metallization pretreatment preventing the compositional non-uniformity. (c) and (d) are the reflection curves for samples A and B, respectively.
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distance than the Ga atoms at a certain temperature. Poten-
tially, the Al atoms might not have enough energy to cross
the Ehrlich-Schwoebel barrier, while the Ga atoms could
overcome the Ehrlich-Schwoebel barrier and stop at the
macro-step areas or even cross a macro-step area to another,
as shown in Fig. 6(a). Eventually, the macro-step areas
contained a higher Ga content than other areas. The in situ
reflection monitoring curve, as shown in Fig. 6(c), continues
to decrease during the AlGaN growth, which supports the
above analysis. As for sample B, the surface morphology was
improved and the compositional non-uniformity was
suppressed by the metallization pretreatment. Once the so-
called ‘two-monolayer mode’ was used to explain the phe-
nomena. However, if the metal atomic monolayers were
formed, the metal atoms would migrate further at the begin-
ning of the AlGaN growth, resulting in a much broader step
width. So it can be deduced that there might be some other
mechanisms. In recent research studies, it was found that
the metal-organics would decompose to form carbon clusters
when pretreating the substrates using metal-organics.”®>° So
the mechanisms of metallization pretreatment improving the
surface morphology and eliminating the compositional non-
uniformity can be explained in Fig. 6(b). Due to the absence
of an NH; flow at the very beginning of the AlGaN growth,
the metal-organic flows would decompose to form randomly
distributed carbon clusters on the HVPE-AIN, which could ef-
fectively impede the metallic atoms to migrate. So the Ga
atoms could not migrate further than Al atoms and thus the
compositional non-uniformity was suppressed. Moreover,
during the growth of AlGaN, the carbon clusters could play
the role of masks. The AlGaN epilayer would prefer the three-
dimensional (3D) growth mode at the beginning. As the
thickness increased, the 3D islands coalesced and the growth
mode transitioned to a two-dimensional (2D) growth mode.
Therefore, the bunching effect would be alleviated and the
surface morphology would be improved. Fig. 6(d) shows the
in situ reflection monitoring curve of sample B. As the growth
proceeded, the reflection curve decreased first and then in-
creased, which supports the 3D growth mode transition to
the 2D growth mode.

The influences of the metallization pretreatment on the
optical properties of AlIGaN grown on HVPE-AIN were then in-
vestigated. Fig. 7(a)—-(c) show the normalized temperature de-
pendence PL spectra at temperatures ranging from 10 K to
300 K, the PL spectrum at 10 K and the PL spectrum at 300 K
of sample A, respectively. There are two main emission peaks
for the AlGaN epilayer both at 10 K and 300 K, as shown in
Fig. 7(b) and (c), which are similar to the CL spectra,
confirming the existence of compositional non-uniformity.
When applying the Gaussian function to fit the PL spectra at
10 K and 300 K, at least four Gaussian curves are essential,
indicating that there may be complex defects. According to
the peak intervals, the defects can be deduced as shallow do-
nor defects.*>*! With increasing temperature, as shown in
Fig. 7(a), the peak positions at each temperature present a
slight shift and the shift does not possess the typical S-shape
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Fig. 7 (a) is the normalized temperature dependence PL spectra from
10 K to 300 K for sample A. (b) and (c) are the PL spectra of sample A
at 10 K and 300 K, respectively. (d) is the PL peak positions at different
temperatures for sample A.

as the PL spectra of AlGaN alloys usually present. At certain
temperatures such as 30 K, 90 K and 120 K, some more peaks
appear in the PL spectra. The peak positions at different tem-
peratures were extracted from the PL spectra and plotted in
Fig. 7(d). The upper blue curve is the dependence of higher
energy peak positions on the temperature. As temperature in-
creases, three minima appear at 20 K, 70 K and 180 K, which
indicates that there may be three types of localized exciton
states. Varshni's equation was applied to estimate the local-
ized excitonic energy (Ejo.) which is defined as the difference
between the theoretical band-gap and the minimum.** Theo-
retically, the band-gap will reduce with temperature as
Varshni's equation (8),"

al?
p+T

E(T)=E[0)~ 8)

where E,(T) and E,(0) are the band-gap at temperature of T
(K) and 0 K, and « and g are Varshni's coefficients, respec-
tively. By fitting the band-gap at temperature higher than 180
K, the theoretical band-gaps can be obtained as the upper
green curve. Accordingly, the localized exciton energies at 20
K, 70 K and 180 K, which are denoted as Ejgc.a5-1, Fioc-a2-2, and
Eloc-az3, are 45 meV, 65 meV and 27 meV, respectively.
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Different localized excitons played the main role at different
temperatures, indicating the carrier transport among local-
ized excitons. The carrier transport barrier (Eparrier) can also
be estimated as the difference between the maxima and min-
ima. The Ep,qier Values from localized exciton states Ejgc.pazq
t0 Eioeaze and Ejgeazo tO Ejgenrs, Which are denoted as
Eparrier-az-1 and Epgirier-az-2, are 34 meV and 35 meV. The exci-
ton localization is always attributed to the random alloy po-
tential fluctuation, which results in the typical S-shaped tem-
perature dependence band-gap curve.**** The random alloy
potential fluctuation can be estimated from modified
Varshni's equation (9),*

EAT)=E(O) - 5T ©)

where kg is the Boltzmann constant and ¢ is the standard de-
viation in the case of the most probable Gaussian distribu-
tion of the potential fluctuation. The upper red curve in
Fig. 7(d) is the fitted band-gap using eqn (9), resulting in a
oaz value of 51 meV, which implies a large potential fluctua-
tion. The lower blue, green and red curves in Fig. 7(d) are the
temperature dependent PL peak positions of the lower energy
side of sample A and theoretical fitting curves by Varshni's
equation at temperature higher than 120 K and modified
Varshni's equation at temperature higher than 70 K, respec-
tively. At temperatures of 20 K and 90 K, two minima exist
and the corresponding E),. values can be determined to be
Ejloc-a1-1 = 50 meV and Ejpea1-» = 33 meV, respectively. The car-
rier transport barrier Ep,iera1 from localized exciton states
Eloc-a1-1 t0 Ejoea12 1S 27 meV. It is noticeable that peak posi-
tion vibration exists between 20 K and 90 K, indicating that
defect energy levels may play an important role in the carrier
transport from a localized exciton state to another. In addi-
tion, the potential fluctuation o, is calculated to be 26 meV.
As for sample B, the results are different. Fig. 8(a)-(c)
show the normalized temperature dependence PL spectra at
temperatures ranging from 10 K to 300 K, the PL spectrum at
10 K and the PL spectrum at 300 K of sample B, respectively.
Only one main emission peak exists with a narrower spectral
width both at 10 K and 300 K as shown in Fig. 8(b) and (c).
When using the Gaussian function to fit the PL spectrum at
10 K, there are three peaks located at 4.441 eV, 4.522 eV and
4.596 eV, respectively. The two lower energy peaks were first
speculated to be LO phonon replicas. However, the LO pho-
non energies of GaN and AIN are 91 meV and 110 meV,*>*’
which implies that the emissions are not LO phonon replicas.
So it is believed that there are still shallow donor defects in
the AlGaN epilayer of sample B. However, the shallow donor
defect types in the AlGaN epilayer of sample B are less than
that in sample A. The variation of peak positions of sample B
with temperatures exhibits more ordinary and affirmatory, as
shown in Fig. 8(a). The peak positions at different tempera-
tures were extracted from the PL spectra and plotted in
Fig. 8(d). With increasing temperature, the peak position first
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Fig. 8 (a) is the normalized temperature dependence PL spectra from
10 K to 300 K for sample B. (b) and (c) are the PL spectra of sample B
at 10 K and 300 K, respectively. (d) is the PL peak positions at different
temperatures for sample B.

red-shifts and then blue-shifts. When the temperature in-
creases to higher than 40 K, a typical S-shape curve is
obtained. The green and red curves are theoretical fitting
curves by Varshni's equation and modified Varshni's equa-
tion at different temperatures, respectively. Two localized ex-
citon states are obtained with an Ej,..; value of 38 meV and
an Ej,.p value of 35 meV and the carrier transport barrier
Eparrier-s 1S 20 meV. Besides, the potential fluctuation op is 37
mevV.

Based on the calculations of localized excitonic energies,
carrier transport barriers and alloy potential fluctuations, it
can be known that there are abundant localized exciton
states with high localization energy and the carrier transport
barriers are high in the higher Al content areas of sample A.
This is due to the high alloy potential fluctuation. Besides, as
the carriers transport in the lower Al content areas of sample
A, some defect levels will participate. These localized exci-
tonic characteristics will complicate the carrier transport and
the light emission. However, for the metallization pretreated
sample B, there are only two localized exciton states and the
localized exciton energies are very close. In addition, the car-
rier transport barrier is comparatively smaller than that of
sample A. This can be attributed to the lower alloy potential
fluctuation. Conclusively, the metallization pretreatment can
be used to suppress the redundant excitonic states, to
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alleviate the discrepancy between localized excitons and thus
to improve the light emission properties.

Conclusions

In summary, the influences of metallization pretreatment on
AlGaN homoepitaxy by HT-MOCVD on HVPE-AIN have been
investigated. It was found that the metallization pretreatment
could release the compressive stress to the AlGaN epilayer
from HVPE-AIN. The Al content will be lowered due to the
pulling effect. The surface morphology can also be improved
by the metallization pretreatment, which can be explained by
the growth mode transition from 3D to 2D. The macro-steps
in the surface of HVPE-AIN would result in detrimental com-
position non-uniformity. The mobility discrepancy between
Al and Ga atoms and the obstructive effect of the macro-
steps on Ga atoms were responsible for the non-uniformity.
The metallization pretreatment could effectively suppress the
non-uniformity as the metal-organics would decompose to
form carbon clusters that would diminish the mobility dis-
crepancy between Al and Ga atoms. Otherwise, the AlGaN di-
rectly grown on HVPE-AIN would have abundant localized ex-
citon states and complex energy transport processes, which
would result in undesired light emissions. The metallization
pretreatment could suppress redundant excitonic states, alle-
viate the discrepancy between excitons and thus optimize the
light emission characteristics. These results indicate that the
metallization pretreatment is an approach available to opti-
mize the properties of epitaxial AlGaN and then to improve
the performances of DUV optoelectronic devices.
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