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The long-wave edge of the fundamental absorption band of thin Ga, ,ALN
films (x =0, 0.03, 0.07) obtained by radio-frequency (RF) ion-plasma sput-
tering in a nitrogen atmosphere is investigated. As shown, the empirical
Urbach’s rule well approximates the edge of interband absorption in the
studied films. To analyse the experimental results, a model of a heavily
doped or defective semiconductor within the quasi-classical approximation
is used. The use of this model enables, depending on the films’ chemical
composition, the determination of the radius of the ground electronic
state a, the screening radius r,, and the root-mean-square potential A. The
obtained results are analysed.

Hocmim:xeHo MOBroXBUJABOBUU Kpall cMyru (GyHIaMeHTAJIbHOTO BOMpPaAHHA
roHKuxX miaiBok Ga, ,ALN (x=0, 0,03, 0,07), omep:kaHnX METOZOM BHCOKO-
yacrorHoro (BY) #ioHHO-I/Ia3MOBOTO HATOPOIeHHA B arMocdepi azory. Ilo-
KasaHo, 1[0 Kpail MiK30HHOTO BOMPaAHHS y MOCIIAMKYyBaHHX ILTiBKax mobpe
AIPOKCUMYETHCA E€MIIIPUYHUM IpaBUJIOM 3a Ypbaxom. [lyiA aHandisu ekcie-
PUMEHTaIbHUX Pe3yJabTaTiB BUKOPUCTAHO MOMEJNb CHUJIbHOJIETOBAHOTO a6o
IedeKTHOTro HAiBOPOBiIHWKA B KBa3WKJIaCMUHOMY HaOaM:KeHHi. Buxopuc-
TAaHHA OAHOTO MOJEJI0 YMOKJINBUJIO BU3HAYUUTHU, 3aJEKHO BiJf XeMiuHOIO
CKJIAAy TJIiBOK, PamiloC OCHOBHOTO €JIEKTPOHHOT'O CTaHy 4, Pajiloc eKpaHy-
BaHHA I, i cepeJHbOKBaAPATUUHUN moTeHIiAa A. IIpoBemeno aHamnisy onep-
JKaHUX pe3yJIbTaTiB.
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1. INTRODUCTION

Compounds based on gallium nitride (GaN) are a promising material
for ultraviolet detectors and semiconductor light-emitting diodes
and lasers emitting in the blue and ultraviolet regions of the spec-
trum [1-6]. In addition, with its unique physical characteristics and
high chemical and thermal stability, gallium nitride is a promising
material for the creation of new-generation microelectronic and
nanoelectronic devices [7—-9], gas sensors, and applications in power
electronics [10, 11].

In general, the physical properties of thin films are largely de-
termined by the methods of production, application modes, subse-
quent technological techniques, and the targeted introduction of
impurities, which create varying degrees of perfection in the sam-
ples obtained. Based on this, this work investigates thin Ga, ,Al.N
films, in which some of the Ga®' ions are replaced by AI** ions. This
replacement did not require local compensation of the electric
charge. At the same time, thin AIN films are also promising com-
ponents in optoelectronic devices, micro- and nanoelectronics [12-
14].

Considering the above, this work investigates the long-wave edge
of the fundamental absorption band of Ga;_,Al.N thin films (x =0,
0.03, 0.07) and analyses it using a model of a heavily doped or de-
fective semiconductor in a quasi-classical approximation. The stud-
ied films were obtained by radio-frequency (RF) ion-plasma sputter-
ing, the use of which leads to the deposition of the most homogene-
ous and perfect multicomponent semiconductor and dielectric films
[15].

2. EXPERIMENTAL TECHNIQUE

Thin films of Ga,_,AlLN (x=0, 0.03, 0.07) on sapphire (Al,O;) sub-
strates were obtained by radio-frequency ion-plasma sputtering in a
nitrogen atmosphere. The film thicknesses ranged from 0.3 to
0.8 ym. The working gas pressure in the chamber ranged from
5-107 to 5-107% Torr. The substrate temperature during film deposi-
tion was of 600°C.

The structure and phase composition of the obtained films were
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Fig. 1. X-ray diffractograms of thin GaN films obtained by RF sputtering
in an N, atmosphere on a sapphire substrate.

studied by x-ray diffraction analysis using a Shimadzu XDR-600
device. The studies showed the presence of polycrystalline struc-
tures with a predominant orientation in the (002) plane for all types
of films. The diffractograms for all films are practically identical
and coincide with the diffractograms of pure GaN films. The char-
acteristic x-ray diffractograms of thin GaN films obtained by radio-
frequency ion-plasma sputtering in a nitrogen atmosphere are
shown in Fig. 1. The description and analysis of the diffractogram
data are given in our previous work [16].

Elemental analysis of the obtained films was performed using an
OXFORD INCA Energy 350 energy dispersive spectrometer. The
studies were performed at several points on the sample surface. The
analysis results showed that the percentage content of the compo-
nents in the obtained films corresponded to their percentage content
in the Ga;_,ALLN compound (x =0, 0.03, 0.07).

The optical transmission spectra of the obtained films were
measured on a CM 2203 spectrofluorometer with a Hamamatsu
R928 measuring head at 295 K.

3. RESULTS AND DISCUSSION

The characteristic absorption spectra of thin films of Ga,_,AlLN
(x=0, 0.03, 0.07) at a temperature of 295 K are shown in Fig. 2.
Our spectral studies show that, in the regions Av <3.50 eV for
thin GaN films, hAv<3.60 eV for thin Gajq,Al,,sN films, and
hv <3.90 eV for thin Gagg3Al) ;N films, the spectral dependence of
the absorption coefficient o(kv) is described by the empirical Ur-
bach’s rule [17]. Analytically, the dependence of the Urbach’s rule
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Fig. 2. Edge absorption spectrum of thin films of GaN (1), Ga,¢;Al, osN (2),

and Gag ¢3Aly 07N (3) obtained by RF sputtering in a nitrogen atmosphere at
295 K.

is given by the expression [18]
o = o, ex —i(hv — hv) (1)
o €XP BT 0 ’
where the value o, which characterizes the slope of the spectral de-
pendence Ina = f(hv), is given as
2krT ,. hv,,

c=0,——th

. 2
hv,, 2T @

Here, oy, hv, and o, are approximation parameters, and hv,, gener-
ally corresponds to the average energy of phonons that interact
with excitons in the sample and make the main contribution to the
fundamental absorption edge.

The exponential form of the fundamental absorption edge is also
observed in strongly doped or defective semiconductors. Therefore,
in general, the screened Coulomb interaction caused by defects in
the crystal structure, including phonons, is considered [19]. Since
the studied films have a polycrystalline structure [16], it is neces-
sary to take into account the presence of structural defects, among
which grain boundaries and surfaces play an important role.

Based on the above, the fundamental absorption edge region is
approximated by a slightly modified relation (1):

o = o, exp {—l(hv0 - hv)} , 3)
Y

where the parameter y characterizes the disorder of the crystal lat-
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tice [16]:

1 _ {G/(kT), o> @

; 1/y, a<a.

In expression (4), the upper term describes ‘phonon’ disorder, while
the lower term describes ‘defect’ disorder due to structural defects
(vacancies, dislocations, impurities, intergranular boundaries, sur-
faces). Considering that the edge absorption measurements for all
three types of films were performed at the same temperature of 295
K (Fig. 2), the differences in the absorption coefficients for the
Ga,_,ALLN (x=0, 0.03, 0.07) are mainly determined by the lower
term in expression (4), which is caused by the peculiarities of struc-
tural defects. Having determined the crystal lattice disorder param-
eter y from Fig. 2, we can conclude that the least disorder is ob-
served in thin GaN films. The parameter y determined by the slope
of the dependence Ina = f(hv) at 295 K is 0.31 eV in thin GaN films,
0.35 eV in thin Gagyg,Al)sN films, and 0.43 eV in Gagg;Al ;N
films. The characteristic values of the y parameters in Ga, Al N
thin films (x =0, 0.03, 0.07) are given in Table.

To describe the obtained spectral dependence of edge absorption
in thin films of Ga;_,Al.N (x=0, 0.03, 0.07), we used a model of a
heavily doped or defective semiconductor. The choice of this model
is fully consistent with our previous studies [20], which showed
that the concentration of free charge carriers in thin films of
Gag g;Aly 3N is N =9.38:10" cm™, and in thin films of Ga,g;Al, /N,
the value is N ~6.75-10" cm ™. At the same time, according to Ref.
[21], in heavily doped degenerate semiconductors, the concentration
of charge carriers exceeds 10'® cm™ and can reach up to 10%° cm™.

Based on the theoretical model of a heavily doped or defective
semiconductor in a quasi-classical approximation [22], the density
of energy states caused by fluctuations in the concentration of
charged anionic vacancies decreases into the forbidden zone accord-
ing to an exponential law:

miY2 A2

3/2 2/ A2
s (M) exp( E°/A%). (5)

p(E) =

TABLE. Parameters of the quasi-classical approximation for describing
edge absorption in thin Ga,_ AL N films (x =0, 0.03, 0.07).

Thin film | y, eV |m"/m [20][N, cm®[20]]a, nm [ r, nm | A, eV
GaN 0.31  0.058 5.25

GagerAlypsN  0.35  0.133  9.3810" 2.29 3.84 5.31.10°2

GagesAly N 0.43  0.198  6.75:10"®  1.54 2.27 10.94-10°
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In expression (5), A is the root-mean-square potential, which deter-
mines the blurring of zones due to the disordered arrangement of
vacancies:

2

A\V2
A:(LLT:Nr“sej ’ 6)
€

where N is the vacancy concentration, r, is the screening radius,
which is equal to

a(m Ve 1
r = —| — T = 1A 7
2 (3} (Na®*)"® ()
and a is radius of the ground state:
h’e
a=—7, (8)
me

m" is effective mass of charge carriers, ¢ is dielectric permeability
of the sample.

The physical meaning of the root-mean-square potential A is that
the root-mean-square fluctuation of the number of impurities or de-
fects in the volume r’ is of the order of (Nr’)"?, and the potential
energy of an electron in the field of such a fluctuation is
A = é*(er)) '(Nr?)"?. Based on the results of Ref. [22], the main
contribution to the root-mean-square potential is made by fluctua-
tions of scale r,. The energy of the ground state in the well is high-
er than the bottom of the well by an order of magnitude
E,=1?/(mr).

To find the values included in expressions (5)—(8), we will use the
results of a previous study [20]. The values of the refractive index
n required to determine the dielectric permeability & = n®> were de-
termined by extrapolating the dependence n(hv) defined for the re-
gion of transparency and weak absorption [20] to the studied energy
region. The values of the effective mass of free charge carriers m"
in thin films of Ga,_,ALLN (x=0, 0.03, 0.07) are also taken from
Ref. [20].

The obtained values of the parameters of the quasi-classical ap-
proximation model for describing edge absorption in thin Ga,_,Al,N
films (x =0, 0.03, 0.07) are given in Table.

When analysing the results obtained, it should be noted that they
are consistent with the results of studies of a number of other sem-
iconductor compounds. For example, the Bohr radius a in n-InSb is
quite large: a ~ 60 nm [22]. At the same time, in oxide compounds,
it is significantly smaller; in particular, in the 0.9Zr0,-0.1Y,0,
fannite, the radius a=0.4 nm [23]. In thin films of B-Ga,0;, de-
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pending on the heat-treatment atmosphere, a varies from 0.6 to 0.8
nm [24], and in thin films of Y,0;, depending on the heat-treatment
atmosphere, the value of a varies from 0.91 to 0.99 nm [25]. As can
be seen from Table, the values of a obtained by us are slightly high-
er than in oxide compounds, although significantly lower than in n-
InSb.

It is characteristic that with an increase in the Al content in thin
films of Ga, ,ALN, there is a decrease in the values of both the
ground-state radius a and the screening radius r,. At the same time,
it has been established that in the studied range of Al concentra-
tions, the value of the screening radius r, a.

The results we obtained for the root-mean-square potential A also
agree quite well with the results of studies of a number of wide-
bandgap oxide semiconductors. In particular, according to Ref.
[28], for fannite, A=7.22-10"2 eV. In thin films of B-Ga,0;, depend-
ing on the conditions of preparation, the value of A varies from
4.78-102 eV to 23.30:10°2 eV [24]. In thin films of Y,0;, when the
heat treatment atmosphere is changed, the value of A varies from
1.51:10% eV to 4.98:102 eV. As can be seen from Table, the values
of A obtained by us for thin films of Ga;_,AlLLN (x=0, 0.03, 0.07)
are quite close to the above values.

4. CONCLUSIONS

The studies show that the edge of the long-wave band between the
zone absorption in thin films of Ga;_Al.N (x=0, 0.03, 0.07), ob-
tained by radio-frequency sputtering in a nitrogen atmosphere, is
well described by the empirical Urbach’s rule. To analyse the exper-
imental results, previous studies were analysed and a theoretical
model was used, which is applied to describe a heavily doped or de-
fective semiconductor in a quasi-classical approximation. The use of
this model made it possible, depending on the composition of the
film, to determine the ground-state radius a, the screening radius
r,, and the root-mean-square potential A. It was found that an in-
crease in the Al content in Ga,_,Al N films reduces the values of a
and r, and leads to an increase in the root-mean-square potential A.
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