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ABSTRACT

Background. Gallium nitride (GaN) is a promising material for the developing of LEDs,
lasers, ultraviolet detectors, and high-frequency transistors. The properties of GaN
significantly depend on the type of defects and the parameters of thin film production. In
particular, substrates, buffer layers, sputtering temperature, and partial pressure of the
working gas have an impact. This led to studying the electrical conductivity of GaN thin films
obtained by radio-frequency (RF) ion-plasma sputtering under different technological
conditions.

Materials and Methods. GaN films with a thickness of 0.3..1.0 um were deposited on
sapphire and quartz substrates, with/without buffer layers of MgAIl,O, or ZnO. RF sputtering
was carried out in a N, atmosphere at a pressure of 5x10-2 .. 5x10~2 Torr and temperatures
of 400-650 °C. The structure was analyzed by X-ray diffraction, and the electrical
conductivity was determined in the temperature range of 100..450 K by the method of two-
point contacts using ohmic carbon contacts.

Results and Discussion. It was found that GaN films have a polycrystalline structure
with different orientations, depending on the type of substrate and the presence of a buffer
layer. The resistivity varies from 10° to 10" ohm-cm. High-impedance samples are
characterized by a thermal activation energy of 0.34 eV, and the donor type of conductivity
in the films has been established. In the films on quartz substrates with a ZnO sublayer,
lower activation energy values (0.004..0.05 eV) were recorded, indicating a different
conduction mechanism. The conductivity of GaN increases with increasing substrate
temperature and decreasing partial pressure of N, in the sputtering atmosphere, which leads
to the formation of nitrogen vacancies — the main donor defects.

Conclusion. The conditions of their preparation largely determine the electrical
conductivity of GaN thin films. The most important factors are the type of substrate, buffer
layers, sputtering temperature, and gas pressure in the sputtering atmosphere. The obtained
dependences of the change in the electrical conductivity of GaN thin films on the partial
pressure of the working nitrogen gas and the temperature of the substrate during sputtering
show that the most likely defects of the donor type in gallium nitride are nitrogen vacancies
VN.
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INTRODUCTION

Gallium nitride (GaN) and compounds based on it are a promising material for the
production of semiconductor light diodes and lasers emitting in the blue and ultraviolet
regions of the spectrum, as well as ultraviolet radiation detectors [1-3]. Powerful high-speed
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transistors based on GaN, which are superior to their silicon counterparts in terms of
operating frequencies and power densities, have also become widely used [4, 5]. At the
same time, an important task is to obtain GaN thin films with the required composition of
intrinsic defects. Intrinsic atomic defects largely determine the optical and electrical
properties of gallium nitride, such as absorption and emission spectra, type and value of
electrical conductivity. Another important task is to find optimal substrates that match GaN
in terms of lattice parameter and thermal expansion coefficient.

The basic task in the development of technology for electronic or optoelectronic
devices based on gallium nitride is to obtain homogeneous thin film layers of high quality.
One of the ways to solve this problem is to grow epitaxial GaN layers on sapphire
substrates by using thin buffer layers. In this case, it is necessary to match the
characteristics of the deposited buffer layer with the modes of high-temperature growth of
the main GaN layer. The properties of the buffer layer in such a system are determined
only indirectly, through the properties of the thin film layer deposited on it. On the other
hand, the optimization of the deposition regime of the corresponding films is possible only
if a suitable buffer layer is available. On suboptimal buffer layers, GaN thin films have poor
quality regardless of the deposition method. Therefore, the procedure for determining the
optimal parameters for depositing gallium nitride thin films is complex and complex. For
this purpose, the electrical conductivity of thin films on sapphire and quartz substrates with
buffer sublayers of MgAI20O4 and ZnO was studied in this work. The films were obtained by
radio-frequency (RF) ion-plasma sputtering, which is considered optimal to produce
semiconductor and dielectric films [6].

MATERIALS AND METHODS

Thin films of gallium nitride with a thickness of 0.3..1.0 um were obtained by RF ion-
plasma sputtering on sapphire substrates (Al2O3) and quartz substrates (SiO2). In some
cases, buffer sublayers of MgAI204 and ZnO were used. The RF sputtering was carried out
in a nitrogen atmosphere at pressures from 5x10-3 to 5x10-2 Torr. The target for sputtering
was metallic Ga. The temperature of the substrates during sputtering varied from 400 to
650 °C, and the RF discharge power was from 100 to 150 W.

The structure and phase composition of the obtained films were studied by X-ray
diffraction analysis (Shimadzu XDR-600). The characteristic diffractograms of the obtained
films are shown in Fig.1. The analysis of the diffractograms shows that the structure of the
obtained films corresponds to the hexagonal crystal structure of GaN wurtzite.
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Fig. 1. X-ray diffractograms of GaN thin films deposited on a sapphire substrate with a MgAl,O, sublayer (a), on
a pure sapphire substrate (b), and on a quartz substrate with a ZnO sublayer (c).
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The results obtained indicate that the films are characterized by a polycrystalline
structure. At the same time, when deposited on sapphire substrates, the predominant
orientation of the films is observed in the (011) plane, and when deposited on quartz
substrates, in the (002) plane. The use of a sublayer does not change this pattern but leads
to a slight increase in the orientation of the films in other planes. For example, the use of a
MgAI204 sublayer on sapphire substrates leads to a slight increase in the orientation of
GaN films in the (010), (110), and (112) planes (Fig. 1, a and b).

Conduction currents in the temperature range of 100-450 K were measured on an
automated setup. An electric voltage of 10-100 V was applied to two-point contacts with a
diameter of 1 mm, which were applied at a distance of 1 mm. When measuring the current
flowing in GaN thin films, the main requirement is the use of ohmic, non-rectifying contacts
that do not create additional barriers at the interface. The ohmic contact to the studied films
is created by materials that, when displaced directly, provide electron injection into the film
and have an output work of ~4.5 eV. The polycrystalline carbon (Aquadag) we use meets
these requirements and has been used in numerous publications to study diamond, garnet,
spinel, and other high-resistivity samples [7-9].

RESULTS AND DISCUSSION

The studies show that GaN thin films deposited on sapphire substrates, depending on
the preparation conditions, have a rather high resistivity from 10% to 10'© Ohmxcm. The
temperature dependence of the electrical conductivity for such films in the coordinates In/=
f(1000/T) is shown in Fig. 2 (curve 1). As can be seen from the dependence, the
experimental results obtained in the temperature range of 100..450 K are well
approximated by a linear dependence. This situation indicates the activation nature of the
electrical conductivity of these films and allows us to determine the energy of thermal
activation of electrical conductivity, which is Er = 0.34 eV, from the slope of the line.

It should be noted that the decrease in resistivity in gallium nitride films deposited on
a ZnO sublayer may be due to the interaction between the sublayer material and the film
material. In particular, on the one hand, the possible diffusion of excess Ga3* from the film
can lead to an increase in the conductivity of ZnO sublayers, and on the other hand, the
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Fig. 2. Temperature dependence of the electrical conductivity of GaN thin films deposited on a sapphire substrate

without a buffer sublayer (1) and with a MgAI204 sublayer (2), films on quartz substrates with a ZnO
sublayer (3).
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diffusion of Zn2* into GaN can lead to an increase in conductivity due to acceptor centers
in gallium nitride. It is known that GaN can have both impurity electronic and hole
conductivity [10-12]. The donors in GaN films can be substitutional atoms Sica, Geaa, On,
interstitial gallium Ga;, and nitrogen vacancies Vn. Such donors create low energy levels in
the band gap near the bottom of the conduction band.

For a more detailed study of the electrical conductivity of GaN thin films, the effect of
the technological conditions for obtaining the films, in particular the pressure of the working
gas N2 and the temperature of the substrate, was investigated. The dependence of the
specific electrical conductivity of GaN thin films on sapphire substrates on the partial
pressure of Nz in the working chamber during the sputtering of the films is shown in Fig. 3.

As can be seen from Fig. 3, with an increase in the partial pressure of nitrogen from
0.006 to 0.03 Torr, the value of the specific electrical conductivity of GaN films decreases
by several orders of magnitude from 105 to 10-° Ohm-'cm-'. Such a significant dependence
of the electrical conductivity of the obtained films on the partial pressure of N2 indicates that
the most dominant charge carriers in gallium nitride thin films under RF ion-plasma
sputtering are nitrogen vacancies, which play the role of electron donors. A decrease in the
partial pressure of nitrogen in the sputtering atmosphere leads to an increase in nitrogen
vacancies in the films and, accordingly, to an increase in the donor electrical conductivity.

It has been found that the temperature of the substrate largely determines the
electrical conductivity of gallium nitride thin films during film deposition. The results of
measuring the specific electrical conductivity at 300 K for GaN films obtained at different
substrate temperatures are shown in Fig. 4. As can be seen from the figure, an increase in
the substrate temperature from 500°C to 630°C almost linearly leads to a significant
increase in the specific electrical conductivity from 109 to 105 Ohm-'cm-'. Such a significant
increase in the specific electrical conductivity with increasing substrate temperature
indicates the formation of electrically active point defects.

The obtained dependences of the specific electrical conductivity o of the obtained
gallium nitride thin films on the partial pressure of nitrogen and the temperature of the
substrate can be explained if we consider that the most likely donor-type defects in these
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Fig. 3. Dependence of the specific electrical conductivity (at 300 K) of GaN thin films on sapphire substrates on
the partial pressure of N2 during film sputtering (substrate temperature at 800 K).

158 Electronics and information technologies « 2025 - Issue 30



Influence of Preparation Conditions on the...

10° F
IE 10° +
o
T
E 107 |
o
© 10t

10° b

500 550 600 650
t, °C

Fig. 4. Dependence of the specific electrical conductivity of GaN thin films on sapphire substrates at 300 K on the
temperature of the substrate during sputtering.

films are nitrogen vacancies Vn. According to [13], epitaxial GaN films have an electron
concentration that can vary from 107 to 102° cm~2 depending on the preparation conditions.
The experimental values of the energy levels of donor centers in pure GaN films and
crystals are conditionally divided into 4 ranges. This is the range of very low energies of
0.01..0.04 eV, intermediate energies of about 0.1 eV, and average energies of 0.2..0.4 eV
[14-17], as well as in the region of 0.33..0.39 eV for high-resistivity gallium nitride samples
[17]. Such differences in the values of the activation energy of conductivity in gallium nitride
are associated with the existence of several types of donor defects and the interaction of
point defects with the formation of defect complexes. Our experimental values for the
thermal activation energy Er =0.34 eV, for GaN thin films on sapphire substrates are
consistent with the literature data [17] for the energy depth of donor levels in high-resistivity
gallium nitride films. For GaN films on quartz substrates with a ZnO sublayer, the
determined values of Er=0.004 eV and Er=0.05 eV fall into the range of very low
energies and are characteristic of low-impedance gallium nitride samples.

In [14, 18, 19], theoretical calculations of the formation energies of the most probable
point defects in GaN were performed. According to these calculations, when thin films are
deposited in a low-pressure nitrogen atmosphere, there are two dominant types of defects:
nitrogen vacancies Vn, and inter-nodal gallium Ga;. It is shown that the energy of nitrogen
vacancy formation is several times lower than the energy of gallium vacancy formation and
other point defects. Therefore, given that the energy of formation of nitrogen vacancies in
gallium nitride is much lower than the energy of formation of other point defects, the most
likely donor defects in this semiconductor should be considered anionic vacancies Vn.

CONCLUSION

The studies have shown that the RF ion-plasma sputtering of GaN thin films in a
nitrogen atmosphere produces films whose electrical conductivity is determined by the type
of substrate, the presence of a buffer sublayer, the pressure of the working gas, and the
temperature of the substrate during sputtering. The thermal activation energy of electrical
conductivity of high-resistance films is 0.34 eV. For low-impedance gallium nitride films,
this value ranges from 0.004 eV to 0.05 eV, depending on the temperature range. The
obtained dependences of the change in the electrical conductivity of GaN thin films on the
partial pressure of the working gas nitrogen and the temperature of the substrate during
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sputtering show that the most likely donor-type defects in gallium nitride are nitrogen
vacancies Vn.
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BMJINB YMOB OOEP>XAHHA HA EJIEKTPOMPOBIAHICTb TOHKUX MJTIBOK
GaN

Onez BopdyH ©©% lzop Kyxapcbkuli®, Mapisi [Tpouyak’®, leaHHa Medeidb (>,
IpuHa Kogpnirok'>, l\aHemma Ljanoecbka

Jibeiecbkuli HayioHanbHUl yHieepcumem imeHi IsaHa ®paHka,

8yn. [ipazomaHosa 50, 79005 m. Jibeie, YkpaiHa

AHOTALIA

Betyn. Hitpuga ranito (GaN) — nepcnekTvBHWI maTtepian Ans CTBOPEHHS CBITINOAIOAIB,
nasepiB, 4eTeKToOpiB ynbTpacioneTy N BUCOKOYACTOTHUX TpaH3ucTopiB. Bnactmeocti GaN
CyTTEBO 3anexaTb Big TMNy AedeKTiB Ta NapaMeTpiB oAepKaHHS TOHKUX MiBoK. 3okpema,
BNNUB MatoTb Nigknagku, 6ydepHi wapu, Temnepartypa HanuneHHs Ta napuianbHUn TUCK
poboyoro rasy. Lle obymoBuno gocnigXeHHs enekTponpoBigHOCTI TOHkMX nniBok GaN,
OTPUMaHNX MEeTOAOM BMCOKOYacTOTHoro (BY) iOHHO-NNasMoBOro poO3nWMEHHs 3a Pi3HUX
TEXHOJOrYHMUX YMOB.

Matepianu Ta Mmetogm. Mniskn GaN ToBLmHOO 0,3—1,0 MkM ocagKyBanu Ha candiposi
Ta KBapuoBi nigknagku, 3/6e3 OydepHux wapis MgAl,O, abo ZnO. BY poanuneHHs
nposoaunock B atmocaepi N, npu Tucky 5-1073*-5-1072 Topp Ta Temnepatypax 400-650 °C.
CTpyKkTypy aHanisyBanu 3a [OMOMOrol X-mpomeHeBoi Andpakuii, eneKTponpoBigHICTb
BM3Ha4anu B TemnepaTtypHoMy Aiana3oHi 100-450 K meTogoM OBOTOYKOBUX KOHTAKTIB 3
BUKOPUCTAHHAM OMIYHUX KOHTaKTIB i3 ByrneLto.
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PesynbTatn. BctaHoBneHo, wo GaN-nniBkM MatoTb nonikpuctaniyHy CTPYKTypy 3
pi3HOI0 OpieHTaLli€t0, 3anexXHO Big TUMY NiAKNaaKkvu Ta HassBHOCTI OydepHoro wapy. Mutomun
onip 3miHoeTbes Big 10° go 10" OM-cMm. BUCOKOOMHI 3pa3ku xapakTepuayloTbCs eHeprieto
TepmivHoi akTmBauii 0,34 eB Ta BCTaHOBNEHO AOHOPHWWA TUM NPOBIAHOCTI y nniBkax. Y
nniBkax Ha KBapLoBKX Nigknaakax i3 nigwapom ZnO 3adikcoBaHO MEHLLI 3HAYEHHS eHepril
aktmeauii (0,004..0,05eB), wo cBig4MTb NpPO iHWWA MexaHi3M npoBigHOCTI. MNpoBigHicTL
GaN 3pocTae npwu 36inbLUeHHI TemnepaTypu Nigknagky i 3HWKeHHi napuiansHoro Tucky N,
B pO3nuntoBarnbHin atmocdepi, Wo NpuBoOANTL A0 YTBOPEHHSA BaKaHCIiN a30Ty — OCHOBHUX
OOHOPHMX AedoekTiB.

BucHoBkn. EnektponpoBigHicTb TOHKMX nniBok GaN 3Ha4yHOK MipoK BU3HAYaETLCS
ymoBaMu ix ogepxaHHs. Hawnbinbwwuin BnnuB MaloTb TUM Migknagku, GydepHi wapw,
Temnepatypa HanuneHHs Ta TUCK rady B po3nunioBanbHii atMmocdepi. OTpumani
3anexHOCTi 3MiHW BenUYMHW enekTponpoBIAHOCTI TOHKMX nniBok GaN 3anexHo BiA
napuianeHoro Tucky poboyoro rady asoTy Ta TemnepaTtypu Nigknagkv npu HanuneHHi
noKasyloTb, LIO Hambinbw iMOBIPHUMKU AedbekTamn AOHOPHOrO TWNy B HITPUAI ranito €
BakaHcii a3oTy V.

Knroyoei cnoea: TOHKi NNiBKK, HITPMA ranito, enekTponpoBigHICTb, AedekT JOHOPHOro
mny.

Received / OgepxaHo Revised / loonpaupoBaHo  Accepted / Mpuiinato  Published / OnybnikoBaHo
25 April, 2025 26 May, 2025 02 June, 2025 26 June, 2025

162 Electronics and information technologies « 2025 - Issue 30



