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We report on the analysis of the electrical properties of Schottky barrier diode structures
based on gallium oxide (Ga203). Ga20s has been grown by chloride-hydride vapor phase
epitaxy on Al2Os substrate. Samples with different amounts of Sn impurity are experimen-
tally characterized. Surface and cross-sectional scanning electron microscopy images,
X-ray diffraction patterns and current-voltage characteristics of Ga,0s layers both with

and without contact pads are presented. The value of the Ga20O3 optimal doping is deter-
mined and the parameters of the surface treatment that is performed before the contact pads
deposition are established.

Keywords: UWBG semiconductors; Gallium oxide; Scanning electron microscopy; X-ray diffraction; Schottky diode

1. INTRODUCTION

Nowadays, there is a noticeable increase in research of
semiconductors with an ultra-wide band gap (UWBG)
such as AlGaN, diamond, Ga;Os, etc. [1-7]. UWBG
semiconductors have visible prospects of applications
for power electronics and optoelectronics due to their
unique properties including high critical breakdown
electrical field [8].

Gallium oxide is of great interest because of the value
of band gap E,; from 4.5 to 5.3 eV [11,12] and high critical
breakdown field, which for an unalloyed Ga,Os reaches
8 MV/cm [13]. Gallium oxide has 5 phases: a, B, v, 9, &(k);
the most thermodynamically stable one is f-Ga,Os, the
phases a- and g(k)-Ga,Os can be made in the metastable
state as thin layers deposited on a substrate [9,10]. First
prototypes of a-, B-, €(k)-Ga,Os3-based devices were al-
ready fabricated for power electronics and optoelectronics
applications thus establishing a promising direction for the
industry development [15-17].

In Ref. [17], the design for Schottky barrier diode
(SBD) based on Ga,Os3 was proposed. The design included
Pt/Ti/Au anode on the front side of the sample to form

Schottky contact, an active region of unintentionally
doped (Si doped for n-type conductivity) monocrystalline
B-Ga>O3 and Ti/Au back side cathode to form ohmic con-
tact. In Ref. [18], a similar structure was presented, how-
ever, a drift layer was added under the Schottky contact.
This layer was also doped with Si. In Ref. [19], the authors
considered the variant of design for SBD based on gallium
oxide, where epitaxial layer Ga;O; was used as a drift
layer.

There are several problems when fabricating electronic
devices based on Ga;Oj; layers, such as control of optimal
growth conditions, doping, layer thickness, etc. Manufac-
turing Ga,Os-based devices faces the challenge of creating
contacts that requires improving not only contact material
adhesion and electrical stability, but also reducing contact
resistance [21].

In this work, we report on the growth by hydride vapor
phase epitaxy (HVPE) Sn doped Ga,0s layers on Al,O3
substrates. We describe structural and electrical character-
istics of Ga,03/Al,03 samples suitable for SBD fabrica-
tion and measure the electrical properties of the designed
samples with Schottky contacts.
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2. MATERIALS AND METHODS

A gallium oxide layers were grown on c-plane of a-Al>,O3
substrates at atmospheric pressure using a horizontal
HVPE reactor. The source of Ga in the growth process was
inorganic compound GaCl, which was delivered to the
growth zone by an inert gas and oxidizer O,. GaCl vapor
was formed because of the reaction of HCI or Cl, gases
with metallic Ga at growth temperatures. The growth was
limited by mass transfer and, consequently, it was in-
creased with the partial pressure of the GaCl or HCI/Cl,
source in the reactor. The method provides layers at a suf-
ficiently high growth rate, 70 um/h depending on the
growth conditions [22].

Gallium oxide was doped in a single technological pro-
cess at a growth temperature (Table 1). Sn was used as an
alloying impurity. A sample of Sn was placed in a boat.
The gas flow captured the Sn atoms and transferred them
to the reactor. The amount of dopant was controlled by
changing the carrier gas flow.

The structure of B-Ga,O; layers was analyzed by
means of X-ray diffraction (XRD). A DRON-8 (Bure-
vestnik) X-ray diffractometer in a slit configuration with
LLF X-ray tube with a copper anode and a Nal(Tl) scin-
tillation detector was used in these studies. The morphol-
ogy of the layers was analyzed using scanning electron
microscopy (SEM) MIRA 3 (TESCAN) with the accel-
erating voltage of 5-30 keV. The concentration of impu-
rities was measured using energy dispersive X-ray spec-
troscopy with Aztec (Oxford Instruments) equipment.

Polishing was used to obtain better adhesion of the
metal to the surface of the epitaxial layer. Ga,Os surface
was polished using polishing machine and diamond abra-
sive paper with a grain size of 0.05 um for 5 minutes. Pol-
ishing was carried out parallel to the sample plane.

To obtain the structure of Schottky barrier diode, con-
tact pads with a width of 1 mm were applied along the
entire sample (sample size 3 x 3 mm) of Au to create a
Schottky contact (electron affinity for Ga,Os; equals 4
eV, work function for Au is 5.23 eV), and of In to obtain
a pseudo-ohmic contact (work function for In is 4.09
eV) [23]. Gold contacts were applied by cold magnetron
sputtering. The Q150T Plus (Quorum Technologies)
spraying unit ensured uniform spraying the Au. The

Table 1. Technological parameters of the growth [22].

Parameter Value
Substrate material a-Al203 (0001)
Growth temperature, °C 650-850
Carrier gas flow, /min 6

Air flow, I/min 2

Precursor flow, cm?/min 600

Fig. 1. SEM images of the surface (a, b) and cross-section (c, d)
of the epitaxial Ga20Os layer. The coalescence zones present in
all images confirm the Stransky-Krastanov growth mechanism
of the epitaxial layer. (a) A close-up of the area with a partially
formed homogeneous layer; (b) a close-up of the boundary of
the formation of a homogeneous layer; (c) the first cross-sec-
tional area for sample 1; (d) the second cross-sectional area for
sample 1.

indium contacts were applied using a soldering station.
Pure In (99.999%) was used.

The I-V curves were measured using the two-probe
method. Tungsten needles were installed on the surface
layer of Ga,Os layer (the distance between the probes is
1 mm). The data were obtained using Keithley 2601 (Tek-
tronix) measuring device. Repeated measurements of [-V
curves were obtained when the probes were installed on
the contact pads.

3. RESULTS AND DISCUSSION

The production of electronic devices requires high-quality
monocrystal Ga;Oj3 layers with a thickness of several mi-
crons [24]; our structure shows a layer thickness of 10 pm.
SEM studies demonstrate that the epitaxial layers grew ac-
cording to the Stransky-Krastanov mechanism of growth
due to high layer and substrate lattices mismatch that is
consistent with data given in Ref. [25]. Such mechanism
may be related to the granular structure of Ga>Os. At in-
sufficient temperature and (or) with a short-term process a
homogeneous layer fails to form (coalescence does not oc-
cur), and separate “islands” are observed. Fig. 1 presents
the confirming images.

The samples under investigation with their properties
are described in Table 2. The geometric features of the
samples were studied by SEM. According to the images
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Table 2. Studied samples.

Sample number Crystal structure of Ga20s layer Substrate Impurity concentration in a layer, at/cm?
1 B a-ALOs3 107
2 et+a a-AlOs3 108
3 B a-ALOs3 10%0

(Fig. 1), the surface is quite heterogeneous. Layer demon-
strates crystal grains fusing together. SEM images of the
samples cross-section clearly show that homogeneity of
the layer was achieved only in small areas.

XRD completed the study of structural features on
SEM. Figure 2 shows the XRD data for the Ga,03/A1,03
heterostructure. The semi-logarithmic scale on diffracto-
grams was used to show that the grown layers demonstrate
a relatively high purity of the phase composition and an
insignificant number of undesirable intermetallic com-
pounds and other compositions. The typical values of full
width at half maximum (FWHM) for the long-range order
reflections of Q-scan rocking curves for experimental
Gay0s layers were about 45 arcmin, that indicates the high
crystal quality of the layers. For alloyed HVPE layers, the
FWHM of rocking curve is about 45 arcmin. In XRD anal-
ysis in Ref. [24], the plane (004) for the epsilon phase is
considered, this is the second order of reflection. In our
case, the samples are doped and the increase in FWHM for
the long-range order reflection curve is quite natural.

The main characteristic of epitaxial layers and the fur-
ther development of diode structures is the dependence of
current on voltage. Figure 3 contains the results of -V

curves measurements of samples immediately after
growth without additional processing. Voltage at knee —
the opening voltage of the diode, this voltage differs de-
pending on the amount of doping. Uo equals 0.9 V for
sample with average doping. The dotted lines indicate a
current of 3 pA. The voltage values at a fixed current vary
quite a lot. Changing the number of impurities leads to
worse results. Therefore, a flow rate of doping impurity
that does not lead to saturation is necessary.

To form Schottky and pseudo-ohmic contacts with bet-
ter adhesion of the metal to the surface of the epitaxial
Gay0s3 layer, polishing was used. Figure 4 shows the sur-
face of epitaxial layers after polishing with a diamond
disc. Demonstrated roughness is several times less than
the size of the diamond crumb, that is necessary for form-
ing contact pads.

The results of electrical measurements for SBD struc-
ture are given in Figure 5. Comparing I-V curves with and
without contacts shows that the application of contact pads
made it possible to increase the current up to 20 mA at a
voltage of 5 V. Without contacts, the maximum current
value at 5 V was 0.2 mA.
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Fig. 2. Results of XRD studies of Sn doped Ga203 samples: (a) and (b) diffraction patterns for the B-Ga20s layer; (c) and (d) diffraction
patterns for the (e+0a))-Ga20s layer; (e) rocking curve for (0010) plane of e-Ga203 phase.
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Fig. 3. I-V curves layers Ga>O3 for samples. (a) Sample 1, (b)
sample 2, (c) sample 3

4. CONCLUSIONS

The HVPE Ga,0s3 layers grown on Al,Os substrates have
been used as a basis for Schottky barrier diode structures.
The structural quality of Ga,Os layers was studied using
scanning electron microscopy and X-ray analysis. It has

Fig. 4. SEM images cross-section of sample 2 after polishing.
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Fig. 5. I-V curves of the sample 2 SBD structure. The light strip
in the inset is a pseudo-ohmic contact, the gray strip is an active
layer of Ga203, the dark strip with flashes is an Au Schottky con-
tact, the cones are tungsten needles as probes.

been shown that the full width at half maximum of rocking
curve increases with an increase in the degree of doping
of the considered layers. It has been demonstrated that the
grown GaO; layers had a rough surface, therefore, me-
chanical polishing of the surface was used before wearing
the contact pads — indium pseudo ohmic contact and gold
Schottky contact.

The electrical properties of Ga,Os; Schottky barrier
structure have been measured using the two-probe
method. It has been shown that this Schottky barrier struc-
ture allows to receive a current of 20 mA at a voltage of
5 V. A complex dependence of electrical conductivity on
the number of impurities has been found. Adding a lot of
dopant impurities led to a deterioration in electrical con-
ductivity. Thus, during the growth process, it is necessary
to use such a flow rate of dopant impurity that does not
lead to saturation.

Summing up all the above, this article presents the re-
sult of GaxO; HVPE layers growth, their structural
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analysis, sample preparation, including mechanical pol-
ishing of the semiconductor layers, fabrication of Ga;O3
Schottky barrier structure and its electrical properties in-
vestigation. The data presented in this article will form the
basis for the fabrication of next generation devices based
on Ga,0j3 Schottky barrier diode.
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DJIeKTPUYECKHe CBOMCTBA IMOJAHBIX CTPYKTYP ¢ Oapbepom LlorTkn
HAa OCHOBE JMUTAKCHAJIBHBIX IIEHOK Ga203 JJernpoBaHHbIX Sn

A.1O. UBanos, A.B. Kpemuena, I11.111. Illapo¢puannoB

! IHCTUTYT MEPCIIEKTUBHBIX CUCTEM Mepeiaun Jannbix Yuusepcurera UTMO, Kpousepkekuii p., 1. 49, mut A, Canxr-IlerepOypr,
197101, Poccus
2 Cexrop tBepaorensHoi snekrponuku ®TU um. Uodde PAH, yiu. [onurexundeckas, 1. 26, Cauxr-IlerepGypr, 194021, Poccus

Aunnoranus. CtaTbs OCBSIICHA AHaJIN3y BJICKTPUYCCKUX CBOWCTB 68.pBeprIX JAUOJHBIX CTPYKTYP IIloTrTkKM Ha OCHOBE OKCuaa raj-
Jivsl, BBIpAICHHBIX METOAOM XJIOpI/IZ[-I‘PIZ[pPIZ[HOﬁ ra30(1)a3H0171 OIHUTAKCUHU C UCIIOJB30BAHUCM ITOAJIOKKH AlO:s. ﬂﬂ;{ 06pa3u013 C pas-
JIMYHBIM KOJIMYCCTBOM NPUMECHU Sn ucciie[oBaHbI: I/I306pa)KeHI/I$[ nonepevYHOro CCUCHU U NMMOBEPXHOCTH, ITOJTYYCHHBIC METOZIOM pacCT-
pOBOﬁ BHGKTPOHHOﬁ MUKPOCKOIINH; PEHTTCHOBCKUC ,I(I/I(i)paKTOI‘paMMLI; BOJIbTaMIICPHBIC XapaKTECPUCTUKU CIIOCB Ga203, Kak C
KOHTAaKTHBIMHU IIJIOIIAAKaMH, TaK U 0e3 HuX. OHpe[[eJIeHa BCJIMYWHA ONITUMAJIBHOT'O JICTUPOBAHUA Ga03 n YCTaHOBJICHBI ITapaMETPhbL
O6pa6OTKI/I TMOBEPXHOCTU IIEPC]T HAHECEHUEM KOHTAKTHBIX ILIOMIA/10K.

Knrouesvie crnosa: mupoKO30HHBIE MOJYTIPOBOJHUKH; OKCUJ FAJUIHSI; pacTPOBast 3JIEKTPOHHAsE MUKPOCKOIIHS; pEHTTEHOBCKasI JH-
¢dpakuust; quox LloTTkr



