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The study investigates the influence of transition (Mn) and rare-earth (Tb)
dopants on the surface morphology of as-deposited GaN thin films. GaN,
GaN:Mn, and GaN:Tb thin films are obtained by radio frequency (RF) ion-
plasma sputtering in a nitrogen atmosphere on single-crystal Si sub-
strates. Surface morphology studies performed using atomic force micros-
copy (AFM) show that the addition of Mn promotes an increase in the av-
erage grain diameter from 85 nm to 166 nm and is accompanied by a de-
crease in the root-mean-square roughness from 6.4 nm to 4.8 nm. An
analysis of crystallite-size distributions by diameter, area, and volume is
carried out, and it is suggested that anomalous secondary grain growth
occurs during the RF-sputtering process, when Mn impurity is added. The
addition of Tb impurity leads to an even greater increase in grain size,
which is attributed to the large ionic radius of the Tb®" ion and the gener-
ation of significant mechanical stresses.

¥ poboti nmpoBeneHO AOCIHiLKeHHs BIJIUBY moMimok nepexizumx (Mn) i pi-
nkicuosemenbuux (Tb) ememenTiB Ha Mopdosorizo moBepxHi cBiskOHaHece-
Hnx ToHKuX mIiBoK GaN. Touki maisku GaN, GaN:Mn i GaN:Tb ozepsxano
MEeTOJOM BHCOKOUYACTOTHOIO MOHHO-IJIA3MOBOTO PO3IIOPOIIIEHHSA B aTMocdepi
a30Ty Ha MOHOKPHCTAJIiIUYHMX migkjgaguakax Si. HocraigskxenHs mopdosorii
MOBEPXHi TOHKUX ILIIBOK METOIOM aTOMHO-CHJIOBOI MiKpocKomii mokasam,
mio moxaBaHHs Mn cupusie 3pOCTaHHIO CEPEIHBOrO AisiMeTpa 3epeH 3 85 mo
166 HM i CyIpOBOMKYETHCS MOHMMKEHHAM CEePeIHbOKBAAPATUYHOI IIIEPCTKO-
crtu Big 6,4 mo 4,8 um. IIpoBemeno aHaidy pos3moAijiB KpucTaJiTiB 3a mid-
MeTpOM, IIJOINe0 ¥ o06’eMoM 1 3ampomoHoBaHO, Ifo y 1mpoimeci BY-
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HAIIOPOIIIeHHsS Bi0yBaeThCA aHOMAJbHUN PICT BTOPUHHUX 3epeH 3a Joja-
BamHA goMmimku Mn. 3 momaBanHaAM nomimku Tb cmocrepiraerbca ie 0i-
JIbITIe 3POCTAHHA PO3MipiB 3€peH, IO OB’ A3YETHCA 3 BEIUKUM HOHHUM pa-
mitocom fiora Tb®' i cTBOpeHHAM CHJIBHHX MeXaHiYHIX HAIPYsKEeHb.

Key words: thin films, GaN, doping, manganese, terbium, RF sputtering,
surface morphology, atomic force microscopy.
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1. INTRODUCTION

In recent years, gallium nitride (GaN) has been extensively studied by
many researchers due to its widespread use in optoelectronic devices,
lasers, and photodetectors [1-7]. In particular, the luminescent prop-
erties of both pure and doped GaN are widely studied, which allows for
a significant expansion of the functional capabilities of this material
[8—13]. In addition, GaN is widely used in power electronics [14] and is
the preferred semiconductor for power converters in automotive elec-
tronics and the power supply industry [15].

Gallium nitride is an important material in the development of
efficient light-emitting diodes (LEDs) [16, 17] and micro-light-
emitting diodes (uLEDs) with green and blue emission, designed for
integration into display systems [18]. The application of this mate-
rial is not limited to these areas, as researchers have developed and
tested a light-controlled artificial synapse based on gallium nitride
(GaN), capable of mimicking the learning and memory processes of
the human brain for the creation of ultrafast and energy-efficient
neuromorphic computing systems [19].

For the practical application of semiconductor thin films in opto-
electronics and instrument engineering, their morphological charac-
teristics are quite important, since they affect the efficiency of de-
vices created on their basis. In general, the issue of the physical
properties of thin films is complicated by the fact that their struc-
ture is often far from perfect. Obtaining the required, stable, and
reproducible properties of polycrystalline films is limited due to the
presence of grain boundaries. The physical properties of polycrystal-
line thin films depend significantly not only on the characteristics
of the material, but also on the energy levels that arise due to the
presence of grain boundaries. It is clear that these levels are deter-
mined by the size of the crystallites that form thin films. This has
led to the investigation of the surface morphology of GaN,
GaN:Mn, and GaN:Tb thin films using atomic force microscopy
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(AFM) and scanning electron microscopy (SEM). The thin-film sam-
ples were obtained by RF ion-plasma sputtering, which is optimal
for producing homogeneous semiconductor and dielectric films [20].

2. EXPERIMENTAL TECHNIQUE

GaN, GaN:Mn, and GaN:Tb thin films with thicknesses of 0.3—-0.8
nm were obtained by RF ion-plasma sputtering on monocrystalline
Si substrates. RF ion-plasma sputtering was carried out in a nitro-
gen atmosphere in a system using a magnetic field of external sole-
noids for compression and additional ionization of the plasma col-
umn. The concentration of Mn?*" and Tb*" activators was 1 mol.%.
The structure and phase composition of the obtained films were in-
vestigated by x-ray diffraction analysis (Shimadzu XDR-600). The
characteristic diffraction patterns of the thin films were presented
previously in our work [21].

Elemental analysis of the studied samples at several points on the
surface of the thin films was performed using an OXFORD INCA
Energy 350 energy-dispersive spectrometer.

The surface morphologies of GaN and GaN:Mn thin films were
studied using an atomic force microscope (AFM) ‘INTEGRA TS-
150’. Surface images of the thin films were recorded in semi-
contact mode (tapping mode) in air. A silicon cantilever of the
NSG10 series with a resonance frequency of 323 kHz and a stiffness
of 24 N/m was used. In addition, a scanning electron microscope
(JSM-7200F, Jeol) operated at an accelerating voltage of 7 kV was
also employed to investigate the surface morphology of GaN,
GaN:Mn, and GaN:Tb thin films.

3. RESULTS AND DISCUSSION

AFM images of the surface morphology of as-deposited GaN and
GaN:Mn thin films obtained by RF ion-plasma sputtering on Si sub-
strates are shown in Fig. 1.

For areas of identical size (5x5 pm) on the AFM surface morphol-
ogy images of the studied samples, a number of standard parame-
ters were calculated: root-mean-square roughness, average rough-
ness, average grain diameter, average grain area and volume, grain
height with maximum number of grains, coefficient of kurtosis and
surface skewness. The characteristic surface roughness parameters
and grain size characteristics of as-deposited GaN and GaN:Mn thin
films obtained by RF ion-plasma sputtering on Si substrates are
presented in Table. As can be seen from the obtained results, Mn
doping significantly affects the surface roughness and grain size of
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Fig. 1. AFM images of the surface morphology of as-deposited GaN (a, ¢)
and GaN:Mn (b, d) thin films obtained by RF sputtering on Si substrates.
Images a and b are two-dimensional; ¢ and d are three-dimensional.

TABLE. Surface roughness and crystalline grain parameters of GaN and
GaN:Mn thin films.

Parameter GaN | GaN:Mn
Average grain diameter D, nm 85 166
Root mean square roughness S,, nm 6.4 4.8
Average roughness S,, nm 5.1 3.8
Grain height with maximum number of grains Z, nm 29 23
Average grain area S, nm? 2660 7750
Average grain volume V, nm?® 8240 23700
Coefficient of kurtosis S,, 3.7 4.0
Surface skewness S,, 0.08 0.20

GaN thin films.

Analysis of the AFM images (Fig. 1), as well as the surface
roughness and crystalline grain parameters (Table) of GaN and
GaN:Mn thin films, shows that the grain sizes of as-deposited
GaN:Mn thin films obtained by RF ion-plasma sputtering on Si sub-
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strates are significantly larger compared to those of pure GaN sam-
ples. For example, the average grain diameter of GaN:Mn thin films
is almost twice that of GaN films. At the same time, for GaN:Mn
thin films, a decrease in both the root-mean-square and the average
arithmetic surface roughness parameters by nearly 1.3 times is ob-
served compared to the corresponding values for GaN thin films.

The increase in crystalline grain size, in particular the increase
in the average grain diameter, area, and volume, along with the
simultaneous decrease in parameters such as root-mean-square and
average-arithmetic surface roughness, indicates a complication of
the surface structure of the thin films. The S /S, ratio for GaN and
GaN:Mn thin films is 1.25 and 1.26, respectively, which corre-
sponds to a normal distribution of grain heights forming the sample
surface [22].

Comparison of the histograms of grain height distribution (Fig.
2) shows that Mn doping influences the formation of the surface
morphology of GaN thin films obtained by RF ion-plasma sputter-
ing on Si substrates and leads to a reduction in grain heights com-
pared to undoped samples. The results obtained show that GaN:Mn
thin films are characterized by horizontal grain growth parallel to
the substrate surface.

The S,/S, ratio values and the grain height distribution histo-
grams (Fig. 2) confirm that coarse structural defects are not typical
for GaN and GaN:Mn thin films, i.e., there are no extreme peaks on
the sample surface. To evaluate further the effect of Mn impurity
on the surface morphology of GaN thin films, we analyse the sur-
face skewness (S,,) and coefficient of kurtosis (S,,) parameters,
which are sensitive to the presence of isolated deep valleys or high
peaks [23]. For both types of films, the value of S,, >0, and for the
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Fig. 2. Grain height distribution on AFM images of as-deposited GaN (a)
and GaN:Mn (b) thin films obtained by RF sputtering on Si substrates.
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as-deposited GaN thin film, the value is 0.08, while for the as-
deposited GaN:Mn film, this value is 2.5 times higher and amounts
to 0.20. The surface morphology of both undoped and Mn-doped
GaN thin films are characterized by a large number of protruding
peaks above the valleys. For pure as-deposited GaN thin films, an
almost symmetrical grain height distribution is observed, which is
consistent with the S, /S, ratio data and the analysis of height his-
tograms, while in the as-deposited Mn-doped GaN films, the surface
is formed with a larger number of protruding peaks (crystallites).
The S,, value for as-deposited GaN and GaN:Mn thin films is great-
er than 3, indicating that the surfaces of both samples contain a
significant number of pronounced peaks.

Various factors can influence the formation of the surface mor-
phology of thin films, such as the methods of production and the
thermal treatment process of thin films, in which both the anneal-
ing temperature and the annealing atmosphere in which the thermal
treatment process takes place play significant roles. The type of
substrate and the presence of buffer sublayers have different ef-
fects on the formation of the surface morphology of the samples. In
work [24] investigated the influence of MgAl,0,, AIN, and ZnO
buffer layers on the crystallite size in GaN thin films and found
that the smallest crystallite sizes and highest mechanical stresses
are characteristic of GaN thin films deposited on quartz substrates
with a MgAl,O, buffer layer. In Ref. [25], the evolution of the sur-
face morphology of GaN films grown by molecular beam epitaxy on
Si(111) substrates using AFM was studied as a function of layer
thickness, and two different models of morphology formation be-
haviour depending on the GaN layer thickness were identified. In
Ref. [26], the structural, morphological, and magnetic properties of
GaN:Tb and AlGaN:Tb films obtained by ion implantation of Tbh"
into c-oriented (0001) GaN and AlGaN films followed by thermal
annealing were investigated. The effect of impurities and annealing
on changes in surface morphology was studied using AFM, and it
was shown that the annealing process effectively repairs crystal de-
fects and reduces surface roughness caused by the ion activator.

To better understand the formation of the surface morphology of
as-deposited GaN and GaN:Mn thin films obtained by RF ion-plasma
sputtering on Si substrates, we analyse the grain size distributions
that form the surface of the studied samples. The characteristic
grain diameter size distributions of GaN and GaN:Mn thin films are
shown in Fig. 3.

In a comprehensive review [27], it is noted that polycrystalline
thin films with thicknesses up to 1 um often exhibit 2D-like struc-
tures in which most grain boundaries are perpendicular to the film
surface. Perpendicular grain growth to the surface is also charac-
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Fig. 3. Grain diameter size distribution and the calculated fitted diameter
distribution from AFM images of as-deposited GaN (a) and GaN:Mn (b)
thin films obtained by RF sputtering on Si substrates.

teristic of our GaN films. For most materials analysed in Ref. [27],
films are formed from non-equilibrium grains with sizes smaller
than the film thickness and form two-dimensional structures only
after annealing. In general, the grain sizes in polycrystalline films
are lognormally distributed. In a number of cases, further grain
growth occurs due to ‘abnormal’ growth or the preferential growth
of several grains, which usually have specific crystallographic ori-
entation relationships with respect to the substrate surface plane.
Our results indicate that such a situation is most likely characteris-
tic of the GaN:Mn films we obtained. When the number of growing
grains leads to the formation of a grain ‘matrix’ beyond static
boundaries, a bimodal grain size distribution develops and is re-
ferred to as secondary grain growth [28]. Grains that grow abnor-
mally often exhibit a limited or uniform texture. The growth of
secondary grains in thin films typically involves evolution in the
distribution of grain textures as well as evolution in the distribu-
tion of grains by size.

Our results for the grain diameter size distribution in GaN and
GaN:Mn thin films obtained by RF ion-plasma sputtering (Fig. 3)
indicate that for GaN films deposited on Si substrates, a unimodal
diameter distribution with a peak at approximately 80 nm is ob-
served (Fig. 3, a). A more complex diameter distribution is formed
when GaN:Mn thin films are deposited (Fig. 3, b). For these films,
three local maxima appear in the diameter distribution at approxi-
mately 112, 152, and 192 nm, indicating the appearance of a tri-
modal diameter distribution. The diameter distributions (Fig. 3) and
the average diameter sizes values (Table) indicate that during the
deposition process of GaN films, the addition of Mn impurity leads
to a change in surface energy and promotes the ‘coalescence’ of
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Fig. 4. Grain area size distribution and the calculated fitted area distribu-
tion from AFM images of GaN (a) and GaN:Mn (b) thin films obtained by
RF sputtering on Si substrates.

grains into larger formations during film growth. In these films,
secondary and tertiary grain growth was observed during the RF
sputtering process.

The grain area distribution for sputtered GaN thin films deposit-
ed on Si substrates is also characterized by a normal distribution,
whereas for as-deposited GaN:Mn thin films on Si substrates, the
distribution has a more complex shape, exhibiting two maxima that
indicate a bimodal grain area distribution (Fig. 4).

For a more detailed analysis, let us consider the grain volume distri-
bution in GaN and GaN:Mn thin films obtained by RF ion-plasma sput-
tering on Si substrates. The characteristic grain volume size distribu-
tions of GaN and GaN:Mn thin films are shown in Fig. 5.

1000 . 300t ¢
s 750 5 240t
" “ 180
2500t =)
2 2 120t
O
2504 ©
60
0 0 N L)
6000 12000 18000 24000 0 30000 60000 90000
Grain volume, nm?® Grain volume, nm®
a b

Fig. 5. Grain volume size distribution and the calculated fitted volume dis-
tribution from AFM images of GaN (a) and GaN:Mn (b) thin films obtained
by RF sputtering on Si substrates.
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As shown in Fig. 5, the grain volume distribution for the GaN
and GaN:Mn thin films deposited on Si substrates is fairly well de-
scribed by a lognormal law. Such behaviour is typical for grain di-
ameter distributions in polycrystalline films [29]. The results of the
grain volume distributions are in good agreement with the previous-
ly discussed ratio of the root-mean-square surface roughness to the
average arithmetic roughness, as well as with the grain height his-
tograms forming the surface of the studied samples, and are de-
scribed by a normal statistical distribution.

For GaN:Mn thin films obtained by RF sputtering on Si sub-
strates, the grain size distributions, specifically, by diameter and
area, exhibit a more complex behaviour. This can be explained by
the formation of non-equilibrium grains on the Si substrate upon
the addition of Mn dopant, which changes the film growth mecha-
nism compared to undoped films.

To understand better the AFM surface morphology results of
GaN and GaN:Mn thin films, Fig. 6 presents an AFM image of the
Si substrate surface onto which the studied samples were deposited.

The AFM image in Fig. 6 shows the surface of the Si substrate,
which is characterized by linear traces of mechanical polishing and
isolated local protrusions, without signs of morphology formation
typical for the surface of films deposited on this substrate.

The surface morphology results of GaN and GaN:Mn thin films
obtained by AFM are in good agreement with the results recorded
using SEM. Figure 7 shows SEM images of the surface morphology
of GaN, GaN:Mn, and GaN:Tb thin films.

The SEM results (Fig. 7) correlate well with the AFM data for
GaN and GaN:Mn thin films. The as-deposited undoped GaN thin
film is characterized by a fine-grained structure (Fig. 7, a), which
is confirmed by the smaller average grain sizes determined from the
AFM images (Fig. 1 and Table). The SEM images of the surface of
GaN:Mn and GaN:Tb samples indicate a significant influence of the
impurity and its type on the formation of the film surface morphol-
ogy. The introduction of Mn impurity leads to an increase in grain
size, as evidenced by the increase in their average diameter, area,
and volume from AFM data, accompanied by a decrease in surface
roughness parameters S, and S, (Fig. 1 and Table). In the GaN crys-
tal lattice, Mn atoms relatively easily replace Ga atoms, since the
ionic radius of Mn?*" (0.66 A) is close to the ionic radius of Ga®*
(0.62 A) [30]. The grain boundaries in GaN:Mn thin films become
more distinct, and the grain peaks appear flatter. In the case of Tb
doping, the films exhibit an even larger grain structure, indicating
a change in the nucleation and crystallite growth mechanisms. It is
likely that the large ionic radius of terbium Tb?*" (0.92 A) [31] cre-
ates such strong stresses that the film begins to grow more uneven-
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Fig. 6. 2D (a) and 3D (b) AFM images of the surface morphology of the Si
substrate.

Fig. 7. SEM images of the surface morphology of as-deposited GaN (a),
GaN:Mn (b), and GaN:Tb (c¢) thin films obtained by RF sputtering on Si
substrates.

ly with large grain sizes.
The obtained results indicate that transition and rare-earth ele-
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ment impurities significantly influence the formation of the surface
structure of GaN films.

4. CONCLUSIONS

It has been established that RF ion-plasma sputtering onto single-
crystal Si substrates results in the formation of GaN and GaN:Mn
thin films composed of nanometer-sized grains. Based on AFM im-
ages, it was shown that the average grain diameter is 85 nm for
GaN thin films and increases to 166 nm for GaN:Mn films. It was
found that for GaN:Mn thin films, the root-mean-square and aver-
age-arithmetic surface roughness values are 4.8 and 3.8, respective-
ly, which are 1.3 times lower than the corresponding values for the
as-deposited GaN film. Based on the analysis of the grain diameter
size distributions, it is shown that GaN films exhibit a unimodal
distribution, whereas GaN:Mn films follow a trimodal distribution.
Based on the analysis of the grain diameter size distributions, it is
proposed that secondary and tertiary grain growth processes occur
during the RF sputtering process. Based on the analysis of the
grain volume distribution results, it is shown that, in both cases,
the grain volume distribution follows a lognormal law. Comparison
of AFM and SEM results showed that the surface morphology de-
pends on the type of impurity, and the introduction of Tbh* with a
larger ionic radius (0.92 A) leads to significant structural stresses
and the formation of a pronounced coarse-grained structure.
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