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We report molecular beam epitaxial growth and electrical and ultraviolet light emitting properties of (AIN)m/(GaN)n
superlattices (SLs), where m and n represent the numbers of monolayers. Clear satellite peaks observed in XRD 20—
scans and TEM images evidence the formation of clear periodicity and atomically sharp interfaces. For (AIN)m/(GaN)n
SLs with an average Al composition of 50%, we have obtained an electron density up to 4.48x10'” cm~> and a resis-
tivity of 0.002 Q-cm, and a hole density of 1.83x10'8 cm=3 with a resistivity of 3.722 Q-cm, both at room temperature.
Furthermore, the (AIN)m/(GaN)n SLs exhibit a blue shift for their photoluminescence peaks, from 403 nm to 318 nm as
GaN is reduced from n = 11 to n = 4 MLs, reaching the challenging UVB wavelength range. The results demonstrate
that the (AIN)m/(GaN)n SLs have the potential to enhance the conductivity and avoid the usual random alloy scattering of
the high-Al-composition ternary AlGaN, making them promising functional components in both UVB emitter and AlGaN

channel high electron mobility transistor applications.

Keywords: AlGaN, superlattices (SLs), molecular beam epitaxy (MBE)

PACS: 68.65.Cd, 77.55.Px, 81.05.Ea, 74.62.Dh

1. Introduction

Wide bandgap AlGaN semiconductors have some excel-
lent properties, such as continuously tunable bandgaps rang-
ing from 3.4 eV (GaN) to 6.2 eV (AIN), high breakdown field,
high thermal conductivity, and a high electron saturation ve-
locity. Due to these unique properties, AlGaN has widespread
applications in UV emitters and high electron mobility transis-
tors (HEMTs).[1-3]

However, the AlGaN-based UV emitters have been
suffering from low efficiency, particularly the UVB LEDs
(280 nm—320 nm) that must use AlGaN with Al compositions
about 30%—-50%, the most difficult for such ternary alloys.[6-8]
Compared to UVC emitters, the epitaxial growth of AlGaN
UVB emitters on AIN templates is expected to be more chal-
lenging due to their higher lattice mismatch.®°1 Although
various methods have been proposed to address the lattice
mismatch issues, such as Al-ion implantation,[m] patterned
substrates,!!! and superlattices.“z’m However, the reported
efficiencies of UVB LEDs emitting at a wavelength of 300-
320 nm remain below 2%. On the other hand, beyond the
traditional AlIGaN/GaN HEMTs based on the 2DEG at their
interface, thanks to the polarization field, AlGaN itself is also
a promising channel material for HEMTs. The breakdown
voltage of high Al composition Al,Ga;_,N (x > 0.5) has been
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proven to be much higher than that of GaN, and it is expected
to be three times that of GaN.!#415] Therefore, HEMTs based
on AlyGa;_,N/Al,Ga;_N heterostructures with x < y have
been proposed to enhance the breakdown voltage and high-
temperature stability. 161"

One notable strategy is the replacement of AlGaN ran-
dom alloys with monolayer (ML) level (AIN)m/(GaN)n short
period superlattices, or digital alloys (DAs), where m and
n represent the numbers of MLs of AIN and GaN, respec-
tively. Such SLs possess the ability to tune the emission wave-
length by adjusting the GaN ML number, as first reported in
1993.291 Since then, many studies have been conducted to
further explore this promising material architecture.!?!~2 For
instance, Gao Na er al.1?2! have demonstrated the successful
growth of high-crystallinity (AIN)m/(GaN)n DAs with inte-
gral ML films and atomically sharp interfaces by MOVPE.
Additionally, a few works have studied the potential of us-
ing nitride SLs as HEMT channel materials.*”?8] Ada Wille
et al.”"l have reported that the insertion of AIN/GaN SLs
within the AlGaN/GaN structure effectively forms a multi-
channel 2DEG, and the structure significantly improves the
mobility of HEMTs, which is partly attributed to the reduc-
tion of AlGaN random alloy scattering. Furthermore, some
groups have reported the SL doping technology in UV LEDs
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to improve the carrier transport.[?1-2>2%39 Jiaming Wang
et al.B% have adopted ultrathin Al ¢3GaNg 37/Aly 46Gag.54N
short-period SLs with an average Al composition of 51% for
efficient Mg doping in a 280 nm DUV-LEDs, achieving a hole
density of up to 8.1x10'® cm~3 at room temperature (RT).

In this study, we have adopted (AIN)m/(GaN)n SLs as
alternatives to AlGaN random alloys to some extent. To ver-
ify this, traditional AlGaN random alloys and (AIN)m/(GaN)n
SLs (with an equivalent Al composition of ~0.5 for the SLs)
were prepared for comparison, where the ratios m : n are 3:3,
4:4, 6:6, and 11:11 respectively. We have separately inves-
tigated the electrical (Si-doped and Mg-doped) and lumines-
cent properties of AlGaN random alloys and SLs. The SLs
exhibit significantly superior electrical properties compared to
traditional AlGaN random alloys. The results indicate that
(AIN)m/(GaN)n SLs hold promise for enhancing the conduc-
tivity of high Al composition AlGaN, which is beneficial for
both optical and electronic applications.

2. Experimental methods

The (AIN)m/(GaN)n SLs were grown on AIN/sapphire
templates by a RIBER Compact 21 plasma assisted
MBE.[31-33] The MBE techniques are capable of precisely
controlling the composition and growth thickness of the epi-
taxial layer through rapidly switching of sources by shutter
opening and closing, thereby facilitating the growth of ultra-
thin hetero-structures. 33339 In these (AIN)m/(GaN)n SLs
samples, m and n were 3, 4, 6, and 11 for both AIN and
GaN, resulting in an equivalent Al composition of approxi-
mately 50%. For comparison, Al,Gaj_xN (x ~ 0.5) random
alloys were also grown. All samples were grown on AIN
templates, which were grown by metal—organic chemical va-
por deposition (MOCVD) on c-plane sapphire substrates. A
500 nm thick Mo layer was deposited on the backside of the
AIN templates. 32341

Before MBE growth, the AIN templates were solvent
cleaned, loaded into the MBE buffer chamber and degassed at
450 °C for 1.5 hours, and then sent to the main growth cham-
ber. During the growth process, AlGaN random alloys and SLs
were both grown at 750 °C, monitored by a pyrometer. The ni-
trogen flow rate was fixed at 0.7 sccm, and the radio frequency
power was set to 450 W. The growth rate was 1.7 nm/min,
which is beneficial for controlling the ML-level thickness of
SLs. The growth process was monitored in-situ using reflec-
tion high-energy electron diffraction (RHEED). The RHEED
pattern and intensity were collected by the KSA400 system
equipped with a charge coupled device camera and a frame
collector. High-resolution x-ray diffraction (HR-XRD) and
transmission electron microscopy (TEM) were used for struc-
tural characterization. Atomic force microscopy (AFM) was

used to study the surface morphology. The electrical proper-
ties were investigated through Hall-effect measurements. The
optical properties were investigated through photolumines-
cence (PL) measurements.

3. Results and discussion

Figure 1 shows the growth process of the (AIN)m/(GaN)n
SLs and the corresponding RHEED intensity variation. One
period of the (AIN)m/(GaN)n SLs growth process is divided
into two parts: the growth of AIN and GaN layer. We
adopt a proper Al modulation epitaxy (AME) method to
grow the AIN layer without Al droplet formation at a lower
temperature.’2! The growth of GaN was in a slightly metal-
rich environment. 33!

Under Al-rich conditions, excess Al atoms are prone to
accumulate and form Al droplets because the reevaporation
rate of Al atoms is relatively low at lower temperatures. There-
fore, in the later stage of AIN growth, the Al cell shutter is
closed for a certain period of time to consume excess Al ad-
sorption atoms with N*. Additionally, this step is advanta-
geous in preventing the incorporation of excess Al into the
subsequent GaN growth. The RHEED intensity gradually de-
creases when opening the Al cell shutter and nitrogen plasma
shutter, and during the closing period of the Al cell shutter, it
gradually increases with N* treatment and returns to the origi-
nal intensity.

(a) Gal layer

On i
AL off | ; - ,,,,,,,,,,,,,, .
On | i P i i
N o [N
One period !
(b)

Intensity (arb. units)

0 100 200 300 400 500
Time (s)

Fig. 1. (a) Schematic diagram of two-period epitaxy of (AIN)m/(GaN)n
SL and (b) the corresponding RHEED intensity variation.

During the growth of the GaN layer, the excess Ga atoms
on the sample surface are thermally desorbed due to the high
re-evaporation rate of Ga atoms at 750 °C. The RHEED inten-
sity rapidly decreases with the opening of the Ga cell shutter
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and nitrogen plasma shutter, quickly reaching and remaining a
minimum. Finally, it gradually returns to its original brightest
intensity as the thermal desorption time increases. The Si or
Mg cell shutter is opened during the growth of AIN and GaN.
For 3:3, 4:4, 6:6, and 11:11 SLs, the growth times of both the
AIN and GaN layers are 27 s, 36 s, 54 s, and 99 s, respectively.

The surface morphology and roughness of AlGaN ran-
dom alloys and (AIN)m/(GaN)n SLs are characterized by
AFM images (2 x 2 um?), as shown in Fig. 2. The surfaces of
the AlGaN random alloys display numerous hillocks, yet there
is no significant difference in surface morphology between un-
However, the Mg-doped Al-
GaN sample exhibits slightly lower RMS roughness, primar-

doped and Si-doped samples.

ily attributed to the additional epitaxial growth of 15 nm GaN
layer on the AlGaN layer to fabricate a lower resistivity p-type
ohmic contact. Notably, these hillocks prevalent in the Al-
GaN random alloys are virtually absent on the surface of the
SLs. Furthermore, a notable reduction in the RMS roughness
is observed for the SLs compared to the random AlGaN al-
loys. Figures 2(a’)-2(e’) show the RHEED patterns along the
[11-20] azimuth at the end of growth. All RHEED patterns
exhibit sharp and well-defined bright streaks, demonstrating

the smooth and dry nature of the surfaces.

Aly.45Gag 55N Si Alo 47Ga0_53N Si: Alp5GagsN Mg: Alp5GagsN

0.4'pm
m R=0.89 nm

Si- doped 4:4 Si- doped 6:6

Si-doped 11:11
I - -

Fig. 2. The 2 x 2 um?> AFM images and RHEED pattern along [11-20]
azimuth at the end of growth of AlGaN alloys and (AIN)m/(GaN)n SLs.
(a), (a") Alg.4sGag 55N, (b), (b) Si: Alg47Gag 53N, (c), (¢) Si: AlgsGag 3N,
@), (d) Mg: AlysGagsN, (e), (¢) Mg: 3:3 SLs, (f), (f') Si: 4:4 SLs, (g),
(g') Si: 6:6 SLs, (h), (h') Si: 11:11 SLs.

We have grown four distinct series of (AIN)m/(GaN)n
SLs, specifically designed with thickness ratios of m:n=3:3,
4:4, 6:6, and 11:11 MLs. To confirm the structural parameters
of (AIN)m/(GaN)n SLs, the results of XRD 26— scans in a
very wide range are illustrated in Fig. 3. All samples exhibit a

series of satellite peaks across a wide 260 range from the AIN

template and sapphire substrate, demonstrating the formation
of sharp interfaces and clearly periodic structures.

_m:n (MLs)

Intensity

E 6:6 10 Si doped
F 4.3 7\2_)\_)“\‘47\1 ;J2 3

e Doeths, b1/ W bt T i A LR I
15 20 25 30 35 40 45 50
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Fig. 3. The HR-XRD patterns of the 26— (0002) scans of (AIN)m/(GaN)n
SLs. From top to bottom, samples are 3:3, 4:4, 6:6, and 11:11 MLs, respec-
tively. In each panel, the upper line is the measured scan, and the lower line
(dark yellow) is the simulated curve.

The satellite peaks are related to the combined thickness
of AIN layer and GaN layer. The thickness of each layer and
the equivalent Al composition of SLs can be obtained by sim-
ulating the satellite peaks and the zero-order equivalent Al-
GaN peaks simultaneously. For the four (AIN)m/(GaN)n SLs
samples, the simulated thicknesses of AIN and GaN (m : n)
are 3.1:2.7, 4.0:4.0, 5.8:6.2, and 11.1:11.2 MLs, respectively.
These values are in agreement with the growth parameters and
the design expectations. The XRD scans reveal that the zero-
order satellite positions of the four samples are nearly identi-
cal, indicating a similar Al composition in all SLs samples. By
simulating the satellite peaks, we can obtain the thicknesses
of AIN and GaN, and the Al composition of all samples is
approximately 0.5. As the thickness of one period increases,
the distance between the satellite peaks decreases. Taking the
(AIN)11/(GaN)11 SL as an example, the zero-order peak and
the satellite peaks up to 12 order are clearly observed within
a wide angular range of 15°-50°. Notably, the angular inter-
val between the 1st and 2nd order satellite peaks is extremely
narrow. For the (AIN)3/(GaN)3 SL, one can see that only the

st and 2" order satellite peaks are observed and the angular
interval between the 1% and 2" order satellite peaks becomes
extremely wide.

From the XRD scans of these four series of SLs, the an-
gles of all satellite peaks can be well matched with each other,
indicating the excellent repeatability and periodicity of these
samples. The m : n and equivalent Al compositions are listed
in Table 1, which also summarizes Hall effect experimental
data obtained at RT.
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Table 1. Summary of the structural and electrical parameters of (AIN)m/(GaN)n SLs and AlGaN random alloys. The equivalent Al compositions
and m : n values of SLs were obtained by simulating the zero-order peak and satellite peaks in 26—@ XRD scan. The density, resistivity, and mobility

were obtained from RT Hall experiments.

Structural properties

Electrical properties

Samples Al (%) Simulation (m:n)  Si(10° cm3) Mg (10™ cm 3) Density (10 cm ) Resistivity (Q-cm) Mobility (cm2/(V-s))
0 . g cm enSIy cm €s18 1V1y cm (0] lly cm’ S
Sidoped AlGaN 047 Z 4 0.95 0.118 5.55
AIGaN  0.50 - 4 152 0.037 9.93
44 050 40: 4.0 4 1.9 0.021 15.5
66 047 58:62 2 0.74 0.026 313
1:11 0.50 11112 4 4.48 0.002 64.6
Mg doped AlGaN  0.50 - -
33 052 3.1:27 0.183 3722 0.917

As clearly shown in Fig. 4, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
measurements were precisely conducted on the 3:3 and 4:4
SL samples to gain a deeper insight into their microstruc-
tural characteristics. In the images, the bright stripes repre-
sent GaN, which contrasts sharply with the darker stripes cor-
responding to AIN. This alternating pattern of GaN and AIN
stripes is distinctive of the SL’s layered structure.

Fig. 4. Cross-sectional HAADF-STEM images of (AIN)m/(GaN)n SLs.
(a) 3:3 SL, (b) 4:4 SL.

The TEM images of the two SL samples clearly demon-
strate that each period exhibits remarkable periodicity and
a uniform thickness. Furthermore, typical magnified TEM
images reveal the exceptional quality of the GaN/AIN inter-
face. In two types of samples, the interfaces appear atomically
smooth and sharp, indicating a high crystallinity and minimal
defects. This atomic-level smoothness and sharpness are cru-
cial for the SL’s performance, as they facilitate efficient charge
transport and minimize scattering at the interfaces. However,
notable fluctuations in the thickness of the ML layers are ob-
served in both samples. For instance, as shown in Fig. 4(a),
within the GaN layer, some localized white stripes exhibit a
thickness of 4 MLs, indicating variations in the thickness of
these layers.

As shown in Table 1, we have systematically doped con-
ventional AIGaN random alloys and (AIN)m/(GaN)n SL with
Si and Mg in order to investigate the n-type and p-type elec-
trical properties. For Si-doped traditional AlGaN random
alloys, the electron mobility values are 5.55 cm?/(V-s) and
9.93 cm?/(V-s), corresponding to the electrical resistivities
of 0.118 Q-cm and 0.037 Q-cm, respectively. The mobil-
ity of Si-doped SLs is significantly higher than that of Al-

GaN random alloys, leading to a correspondingly lower re-
sistivity. For Si-doped SLs, as shown in Fig. 5, we have
noticed that the mobility of Si-doped SLs increases with the
thickness of one period. As the thickness of one period in-
creases from 8 MLs to 22 MLs, the mobility increases from
15.5 cm?/(V-s) to 64.6 cm?/(V-s), exhibiting a linear trend
of increase. In the (AIN)11/(GaN)11 SL with a Si concen-
tration of 4x10' cm™3, the highest mobility observed is
64.6 cm?/(V-s), corresponding to a resistivity of 0.002 Q-cm.
Based on the activation energies calculated through tempera-
ture dependent Hall effect results in our previous work,*3! it
is evident that Si dopant ionization energies in SLs are much
lower than that for usual AlIGaN random alloys.

Notably, achieving p-type AlGaN with high Al composi-
tion has presented greater challenges compared to n-type one.
In this work, to facilitate ohmic contacts, a p-GaN epitaxial
layer with a thickness of approximately 15 nm was deposited
onto both the AlGaN random alloy and the (AIN)3/(GaN)3
SL. Unfortunately, no conclusive results are obtained from the
Hall measurements conducted on Mg-doped Aly sGag 5N ran-
dom alloy. Conversely, for the Mg-doped (AIN)3/(GaN)3 SL,
we have achieved a hole density of 1.83 x 10'® cm™3, a resis-
tivity of 3.722 Q-cm, and a mobility of 0.917 cm?/(V-s).

100

> (=] ©
(=] (=] (=]
T T T
\
\
\
\
\

Mobility (cm?-V-1l.s~1)
¥
S

08 10 12 14 16 18 20 22
One period thickness (ML)

Fig. 5. Relationship between the electron mobility and the thickness of
one period in Si-doped (AIN)m/(GaN)n SL.

The optical properties were studied through PL using a
213 nm laser excitation source, as shown in Fig. 6. For the tra-
ditional AlGaN random alloy, the peak wavelength is 293 nm
for Alg47Gag 53N, and 284 nm for Aly 5Gagy sN. However, for
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the (AIN)m/(GaN)n SL with the Al compositions, the spec-
tra differ from the AlGaN random alloys. As the thickness of
AIN and GaN increases from 11 MLs — 6 MLs — 4 MLs, the
peak wavelength shows a blue shift from 403 nm — 357 nm
— 318 nm at RT, reaching the UVB wavelength range. Fur-
thermore, as the GaN layer thickness decreases, a significant
enhancement in luminescence intensity is also observed. As
the thickness of the GaN well decreases, the quantum con-
finement effect leads to larger energy separation between the
electron and hole subbands, resulting in the blue shift of PL
peaks.m] On the other hand, a narrower GaN well leads to a
higher spatial overlap of the the wave functions of electrons
and holes,*°! which thus enhances the radiative recombina-
tion probability and the luminescence intensity. On the con-
trary, a wider GaN well results in a reduction in transition en-
ergy, and a separation of the wave functions in space due to
the tilted strong polarization field, and thus the PL intensity
reduces significantly due to the quantum confinement Stark
effect (QCSE).

w
=t Al 5GagsN
g 1.0f (a) i - - 'Alg.;GiOin,szN
X "y —4:4 SL
i ——6:6 SL
= 0.8F ! —(1):(1)1 SL
&
2
= 0.6f
=]
et
g 04r
el
9}
2 0.2F
:6 1
g ;
s 0 = :
Z 250 300 350 400 450 500

Wavelength (nm)
10° 420

£ _® Ja00
s ~ o g
5 10t % T~ {380 &
2 <
Voo i o0
z . 360 2
Z S @ s
§ 108} Tee-le {340 %
i ,' =
- n 1320
102L s x x 300
4 6 8 10 12

GaN thickness (ML)

Fig. 6. (a) The normalized PL spectra of AlGaN random alloys and
(AIN)m/(GaN)n SLs. (b) The relationship between the GaN thickness
of one period and the intensity and wavelength.

4. Conclusion

In this work, we have successfully grown (AIN)m/(GaN)n
SLs and AlGaN random alloys (with Al compositions of ap-
proximately 0.5 for all samples) by PA-MBE, where m : n
are 3:3, 4:4, 6:6, and 11:11 MLs. XRD scans and TEM
images indicate the formation of sharp interfaces and dis-
tinct periodic structures, demonstrating excellent periodic-

ity of the SLs. Notably, the hole or electron mobilities in
the Mg or Si doped (AIN)m/(GaN)n SLs were significantly
higher than those traditional AlGaN random alloys grown un-
der identical conditions in the same MBE system. More-
over, within the (AIN)m/(GaN)n SLs, a blue shift towards
the UVB wavelength range was observed, accompanied by
an enhanced luminescence intensity, as the GaN thickness de-
creased within one period. These results demonstrate the po-
tential of (AIN)m/(GaN)n SLs as functionally viable alterna-
tives in electronic and optical device applications.
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