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Abstract.  By optimising the growth temperature of the AlGaN lay-
ers and using high-temperature AlN buffer layers, high-quality 
AlxGa1 – xN layers (x = 0.15, 0.21, 0.26, and 0.3) were obtained, in 
which stimulated emission in the UV spectral range 330 – 297 nm 
was implemented with the threshold intensity of excitation Ith » 
0.7 – 1.4 MW cm–2, respectively. It is found that the threshold value 
of the stimulated emission of AlGaN layers grown by molecular 
beam epitaxy is largely determined by the intensity of the process 
of thermal decomposition of GaN, which affects the surface mor-
phology and, consequently, the amount of optical scattering loss. It 
is shown that no pronounced localisation of nonequilibrium charge 
carriers occurs in the AlGaN layers, which is manifested in the 
absence of a large Stokes shift and in the realisation of optical 
amplification at transitions in an electron-hole plasma, and also 
indicates a relatively homogeneous material composition. 

Keywords: optical pumping, ultraviolet stimulated emission, AlGaN 
epitaxial layers, ammonia molecular beam epitaxy.

1. Introduction

AlGaN-based solid solutions are the main material from 
which most modern optoelectronic devices are made that 
operate in the UV spectral range and are in demand for appli-
cations such as disinfection, spectral analysis in medicine, 
biology, and criminalistics, atmospheric monitoring, etc., as 
well as devices of power and high frequency electronics. 
Despite the impressive results achieved in recent years in the 
field of making light-emitting and photo-receiving devices 
based on AlGaN for the UV spectral region [1 – 4], their char-
acteristics are still far from those of similar InGaN-based 
devices operating in the visible spectrum. One of the main 
problems with the growth of AlGaN epitaxial layers is the 
low surface mobility of aluminium atoms, due to the rela-
tively high energy of the AlN bond [5]. As a result, the growth 
of AlN or AlGaN in comparison with GaN has a more pro-
nounced three-dimensional character with the formation of a 

set of islands with a higher density of grain boundaries and, 
accordingly, dislocations. The AlGaN layers in the composi-
tion of the device heterostructures, whose characteristics 
depend on the efficiency of charge carrier transport (light 
emitting diodes, photodetectors, transistors with high elec-
tron mobility), are often required to ensure a high composi-
tion uniformity and smooth surface morphology, which is a 
difficult task because of the AlGaN tendency to form a three-
dimensional surface during growth. In addition, the smooth-
ness of the heterointerfaces of quantum wells can also affect 
the magnitude of the Auger recombination coefficient [6].

In this work, we studied the radiative properties of 
AlxGa1 – xN layers of different composition, grown by the 
method of ammonia molecular beam epitaxy (MBE), and the 
main factors that determine the magnitude of the excitation 
threshold of stimulated emission in them.

2. Experiment

The epitaxial structures with AlGaN layers studied in this 
work were grown by the ammonia MBE method in the 
STE3N setup (SemiTEq, Russia) on sapphire substrates with 
a diameter of 50.8 mm and a roughness no worse than 0.2 nm. 
The pre-growth preparation of the substrate included anneal-
ing at a temperature of 1000 °C for 30 min and nitridation in 
an ammonia flow of 30 cm3 min–1 under standard conditions 
and a temperature of 850 °C. The design of the heterostruc-
tures studied is schematically shown in Fig. 1. The epitaxial 
process began with the growth of the buffer structure with a 
total thickness of 460 nm, which included the seed and buffer 
layers of AlN, as well as the matching AlxGa1 – xN layer of 
variable composition. The growth of the AlN seed layer 
began at a low (0.05 mm h–1) growth rate, which by the time of 
the beginning of the buffer layer growth increased to 0.2 mm 
h–1. The temperature of the substrate and the flow of ammo-
nia with the growth of AlN layers was 1085 °C and 100 cm3 
min–1. As shown in Refs [7, 8], such conditions for the growth 
of AlN layers make it possible to ensure their good structural 
properties and a smooth surface morphology. The growth of 
the matching and active AlxGa1–xN layers in different samples 
was carried out at a fixed flow of ammonia of 100 cm3 min–1, 
different temperatures (Tgr = 860 – 935 °C) and flow ratios x = 
Al/(Al + Ga) = 0.15 – 0.3.

We studied photoluminescence (PL) and stimulated emis-
sion (SE) in grown AlGaN layers under excitation by the 5th 
or 4th harmonic of an Nd : YAG laser [ lexc = 213 nm and Iexc 
» 0.1 MW cm–2 (PL), lexc = 266 nm and Iexc » 0.1 – 
10 MW  cm–2 (SE)]. When measuring the parameters of SE, 
the radiation of the exciting laser was focused on the surface 
of the structure in a stripe with a size of 100 mm ´ 2 mm, ori-
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ented perpendicularly to the edge. The measurements were 
purposefully carried out without creating a Fabry – Perot res-
onator in order to exclude the accidental influence of the 
quality of the mirrors of the resonator formed by cleavages on 
the SE threshold. The PL and SE spectra were measured 
using a MayaPro spectrometer (Ocean Optics) from the sur-
face and the end face of the AlGaN layer, respectively. To 
determine the absorption edge of AlGaN, the optical trans-
mittance was measured using a Cary 500 spectrophotometer, 
and the surface morphology was studied using a Nanoflex 
atomic force microscope (AFM ) (Solar LS).

3. Results and discussion

The SE threshold excitation intensity is a value sensitive to 
the quality of the waveguide boundaries. The scattering of 
radiation on the roughness of the boundaries can make a sig-
nificant contribution to the amount of optical loss [9]. In 
lasers based on epitaxial structures, the waveguide boundar-
ies are heterojunctions between layers of different composi-
tion and the semiconductor – air interface. Accordingly, to 
produce low-threshold semiconductor lasers, it is critical to 
control the influence of various growth parameters on the 
smoothness of heterointerfaces and surfaces of epitaxial 
structures.

To determine the radiative characteristics of AlGaN lay-
ers as functions of the temperature of their growth Tgr, we 
studied the PL in a series of AlGaN layers grown at Tgr in the 
range of 860 – 935 °C. The ratio of fluxes Al/(Al + Ga) for this 
series of layers was x = 0.3. The measurement results are 
shown in Fig. 2.

An increase in temperature from 920 to 935 °C leads to a 
significant increase in the half-width of the spectrum, which 
indicates the formation of inhomogeneities in the AlGaN 
composition. The non-monotonic nature of the PL intensity 
dependence on the growth temperature is obviously the result 
of the competition of two processes associated with an 
increase in the heterogeneity of the AlGaN composition. On 
the one hand, an increase in the inhomogeneity leads to an 
increase in the rate of radiative recombination due to an 
increase in the localisation of nonequilibrium charge carriers 
and the suppression of their transport to the nonradiative 
recombination centres. On the other hand, the formation of 
inhomogeneities can lead to a deterioration in the quality of 
the structure and, accordingly, to an increase in the concen-
tration of centres of nonradiative recombination of the mate-

rial due to the creation of local regions with high mechanical 
stresses.

For layers grown at Tgr = 860, 875 and 905 °C and having 
a small half-width of the PL spectra, the SE was obtained at 
l » 300 nm at the threshold excitation intensities Ith » 2, 1.4, 
and 9 MW cm–2, respectively. The SE spectrum and the 
dependence of its intensity on the intensity of exciting radia-
tion for a layer grown at Tgr = 875 °C are shown in Fig. 3.

AlxGa1–xN (~150 nm)

AlN
Matching layer (140 nm)

AlxGa1–xN (~150 nm)

Buffer AlN layer (240 nm)

Seed AlN layer (80 nm)

Substrate Al2O3

Figure 1.  Construction of epitaxial structures with AlGaN layers.
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Figure 2.  (a) PL spectra of the AlGaN layers grown at different tem-
peratures and (b) dependences of the integrated intensity and half-width 
of the PL spectra on the growth temperature.
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Figure 3.  Spectra of emission from the end face of AlGaN grown at Tgr = 
875 °C (the inset shows the dependence of the integrated radiation in-
tensity on the intensity of the exciting radiation).
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To assess the influence of the surface morphology of the 
layers on the SE, measurements were made using the AFM, 
the results of which are shown in Fig. 4. Relatively low values 
of mean square surface roughness s are obtained for the range 
Tgr = 875 – 920 °C (the minimum s = 1.2 nm is obtained for 
Tgr = 875 °C), which corresponds to the relatively small half-
width of the PL spectra (see Fig. 2). The reason for the more 
pronounced formation of inhomogeneities of the AlGaN 
composition at high Tgr is the process of thermal decomposi-
tion of GaN, which at typical pressures in the growth cham-
ber (10–4 – 10–3 Pa) turns out to be quite intense [10, 11]. This 
process leads to the formation of a rough surface of the grow-
ing layer with the formation of composition inhomogeneities 
and other structural defects in AlGaN, which can signifi-
cantly impair its laser properties. It should be noted that for a 
layer with a minimum value of s the threshold intensity of 
excitation of SE is minimal, and the reason for the absence of 
SE in layers grown at high temperatures is the formation of a 
rough surface of the layers. One of the reasons for its forma-
tion in the case of a layer grown at a low temperature (Tgr = 
860 °C) may be an insufficiently high mobility of surface 

atoms during growth, contributing to the realisation of a 
three-dimensional growth mode.

Thus, we can conclude that the threshold excitation inten-
sity of SE in AlGaN layers is largely determined by the sur-
face morphology and, consequently, the magnitude of optical 
loss due to scattering, which depends on the intensity of ther-
mal decomposition of GaN during growth. 

The radiation properties of AlxGa1 – xN layers of different 
composition, grown under optimal conditions (Tgr = 875 °C, 
ammonia flow 100 cm3 min–1) were investigated with the val-
ues of the metal flux ratio Al/(Al + Ga)=0.3, 0.26, 0.21, and 
0.15, which determined the molar fraction x of AlN. Figure 5 
shows the PL characteristics of the obtained AlxGa1 – xN 
layers as functions of the composition. With an increase in the 
molar fraction of AlN, the half-width of the spectrum 
increases, which indicates a more pronounced formation of 
inhomogeneities in the AlGaN composition. According to the 
integrated intensity PL, the layers differ slightly, however, in 
the corresponding dependence, we can distinguish a mini-
mum at x = 0.21. The increase in PL intensity with decreasing 
x from 0.21 to 0.15 is obviously associated with the improved 
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Figure 4.  (a) AFM images of the surface areas of AlGaN layers with a size of 5 ́  5 mm and (b) dependence of the mean square roughness s on Tgr.
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material quality due to its composition approaching that of 
the GaN binary compound. One more reason is an increase in 
the coefficient of luminescence output from the layer due to 
an increase in the oscillator strengths of optical transitions 
with TE polarisation [12, 13]. An increase in the PL intensity 
with increasing x from 0.21 to 0.3 may be due to the increased 
localisation of non-equilibrium charge carriers and, accord-
ingly, the inhibition of their transport to the nonradiative 
recombination centres due to composition inhomogeneities. 

In all layers grown at Tgr = 875 °C, we obtained SE with 
Ith » 0.7, 1.1, 1.4, and 1.4 MW cm–2 for x = 0.15, 0.21, 
0.26 and 0.3, respectively. As one can see from Fig. 5, for 
the Al0.15Ga0.85N layer with the smallest value Ith » 
0.7 MW cm–2, the ratio of the integrated intensity to the half-
width of the PL spectrum is maximal. The spectra of the SE 
and the threshold characteristic for this layer are shown in 
Fig. 6. 

Figure 7 shows the PL and SE spectra for all layers of the 
series, as well as the energy values corresponding to the 

absorption edge determined from the transmission spectra 
[14]. The Stokes shift for all layers does not exceed 20 meV, 
which indicates a relatively weak localisation of non-equilib-
rium charge carriers. Moreover, for each of the samples, the 
SE band is shifted from the PL maximum to the long-wave-
length side, which indicates the absence of pronounced band 
tails [15]. The main mechanism of stimulated emission in the 
layers under study appears to be optical gain at transitions in 
an electron-hole plasma, since the stimulated emission spectra 
are rather strongly shifted to the long-wavelength region rela-
tive to the absorption edge. Thus, we can conclude that the 
grown AlGaN layers have a relatively high homogeneity in 
composition, which is crucial for applications in heterostruc-
tures requiring efficient carrier transport (conductive layers 
of light-emitting and photo-receiving devices, barrier layers 
of transistors with high electron mobility, etc.) The relatively 
low SE threshold in AlGaN epitaxial layers without pro-
nounced composition fluctuations (localised states) indicates 
their high quality. 

4. Conclusions

It was shown that the threshold of SE excitation in AlGaN 
layers grown using the ammonia MBE method is largely 
determined by the intensity of the process of thermal decom-
position of GaN, which affects the surface morphology and, 
therefore, the optical scattering loss. The growth conditions 
were determined, which allowed fabrication of a series of 
AlxGa1 – xN layers with a thickness of 150 nm with different 
composition (x = 0.15, 0.21, 0.26, and 0.3), in which stimu-
lated emission in the range l = 330 – 297 nm with relatively 
low values of threshold excitation intensity Ith » 0.7 – 
1.4  MW cm–2 was obtained. It is shown that in these 
AlxGa1 – xN layers there is no strongly pronounced localisa-
tion of nonequilibrium charge carriers, which indicates homo-
geneity of their composition.

References
  1.	 Grandusky J.R., Chen J., Gibb S.R., Mendrick M.C., Moe C., 

Rodak L., Garrett G.A.,Wraback M., Schowalter L.J. Appl. Phys. 
Express, 6, 032101 (2013).

0.10

0.20

0.11

0.15 0.25 0.30
0.09

0.12

0.13

0.14

H
al

f-
w

id
th

 o
f 

P
L

 s
p

ec
tr

a /
eV

In
te

gr
at

ed
 P

L
 in

te
n

si
ty

 (
re

l. 
u

n
it

s)

0

0.1

0.2

0.3

0.4

0.5

x

Figure 5.  Integrated intensity and half-width of the PL spectra of 
AlxGa1 – xN layers grown at Tgr = 875 °C and an ammonia flow of 
100 cm3 min–1 as functions of the AlN mole fraction.

 

 
 

0.1 0.3 1
Iexc/MW cm–2

10

30

100

3

In
te

ns
it

y 
(r

el
. u

ni
ts

)

Ith » 0.7 MW cm–2

hn/eV 3.9 3.8 3.7

315 320 325 330 l/nm

10

102

103

104

R
ad

ia
ti

on
 in

te
ns

it
y 

(r
el

. u
ni

ts
)

Figure 6.  SE spectra in the Al0.15Ga0.85N layer (the inset shows the de-
pendence of the integrated radiation intensity on the intensity of the 
exciting radiation).

 

 

 

 

 

 

x = 0.3

x = 0.28

x = 0.22

x = 0.15

SE

SE

SE

SE

PL

PL

PL

PL

0

1

2

3

4

340 320 300 280l/nm
In

te
ns

it
y 

(r
el

. u
ni

ts
)

3.5 3.93.7 4.1 4.3 hn/eV

Figure 7.  Normalised PL and SE spectra in AlxGa1 – xN layers of differ-
ent composition. The vertical lines mark the energy positions of the ab-
sorption edge. 



	 E.V. Lutsenko, M.V. Rzheutski, A.G. Vainilovich, et al.544

  2.	 Mino T., Hirayama H., Takano T., Tsubaki K., Sugiyama M. 
Proc. SPIE, 8625, 59 (2013).

  3.	 Inoue S., Tamari N., Taniguchi M. Appl. Phys. Lett., 110, 141106 
(2017).

  4.	 Ichikawa M., Fujioka A., Kosugi T., Endo S., Sagawa H., Tamaki H., 
Mukai T., Uomoto M., Shimatsu T. Appl. Phys. Express, 9, 
072101 (2016).

  5.	 Khan A., Balakrishnan K., Katona T. Nature Photon., 2, 77 
(2008).

  6.	 Tan C.-K., Sun W., Wierer J.J. Jr, Tansu N. AIP Advances, 7, 
035212 (2017).

  7.	 Lutsenko E.V., Rzheutski M.V., Vainilovich A.G., Svitsiankou I.E., 
Shulenkova V.A., Muravitskaya E.V., Alexeev A.N., Petrov S.I., 
Yablonskii G.P. Semiconductors, 52, 2107 (2018).

  8.	 Alyamani A., Lutsenko E.V., Rzheutski M.V., Zubialevich V.Z., 
Vainilovich A.G., Svitsiankou I.E., Shulenkova V.A., 	
Yablonskii G.P., Petrov S.I., Alexeev A.N. Jpn. J. Appl. Phys., 
accepted for publishing (2019).

  9.	 Tien P.K. Appl. Opt., 10, 2395 (1971).
10.	 Webb J.B., Tang H., Bardwell J.A., Moisa S., Peters C., 	

MacElwee T. J. Cryst. Growth, 230, 584 (2001).
11.	 Alexeev A.N., Borisov B.A., Chaly V.P., Demidov D.M., 	

Dudin A.L., Krasovitsky D.M., Pogorelsky Yu.V., Shkurko A.P., 
Sokolov I.A., Stepanov M.V., Ter-Martirosyan A.L. MRS Internet 
J. Nitride Semicond. Res., 4, e6 (1999).

12.	 Banal R.G., Taniyasu Y., Yamamoto H. Appl. Phys. Lett., 105, 
053104 (2014).

13.	 Ryu H.-Y., Choi I.-G., Choi H.-S., Shim J.-I. Appl. Phys. Express, 
6, 062101 (2013).

14.	 Robertson J. Phil. Mag. B, 63, 307 (1994).
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