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Abstract. In this work, the prototypes of visible-blind ultraviolet metal-semiconductor-met-
al photodetectors based on GaN epitaxial layers were implemented. For this purpose, ultrathin
GaN epitaxial layers were synthesized by plasma assisted molecular beam epitaxy on sapphire
substrates. The morphology and electrical properties of the obtained samples were studied. To
form electric contacts with the Schottky barrier, an interdigitated electrode design with Ni/
Au metallization was chosen and standard lift-off laser lithography procedure was used. It has
been established that the formed photodetectors have the highest sensitivity to radiation with a
wavelength of 350—360 nm. It was found that rapid thermal annealing of photodetector struc-
tures at a temperature of 500 °C made possible to reduce the dark current by a maximum of 30
times. In addition, it was shown that high temperature annealing led to the increase in Schottky
barrier height and decrease in the ideality factor. Thus, it was confirmed that use rapid thermal
annealing method can improve the characteristics of metal-semiconductor-metal visible-blind
ultraviolet photodetectors based on GaN.
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AnHoranusa. B gaHHOiI pabGoTe ObUIM M3TOTOBJEHBI IPOTOTUIILI  BUAMMOCJICIIBIX
VABTPaUONETOBLIX (POTOAETEKTOPOB KOHCTPYKLIUU METAJLI-IIONYIIPOBOAHUK-MeTAUT (MPM)
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Ha OCHOBE ONUTaKCHMalbHBIX clioeB GaN, KoTopble OBUIM CHMHTE3MPOBAHBI METOIOM
MOJIEKYJISIPHO-ITYYKOBOM 3MUTAaKCUM C IUIa3MEHHOM aKTuBaliMeill a3oTra Ha camngUupOBBIX
noanoxkax. s ¢popMupoBaHuss KOHTaKTOB ¢ 6apbepoM LIoTTKM Oblia BhIOpaHa BCTPEYHO-
INThIPEeBasi TEOMETPUsST KOHTAKTHBIX TUIOIIAAOK ¢ MeTamnu3auueid Ni/Au. Beuto mokaszaHo,
910 Cc(hOPMUPOBaHHBIE (HOTOMETEKTOPHI MMEIOT MaKCUMaJbHYIO YYBCTBUTEIHHOCTH K
U3JIy4eHUI0 ¢ JIMHOMN BoHBI 350—360 HM. Bpulo OGHApyXeHO, YTO OBICTPBIN TePMHUUECKUIA
OTXUT CTPYKTYp co cchopmupoBaHHbIMU MIIM dotomerekropamu mpu temmepartype 500 °C
MMO3BOJISIET YMEHBIINUThL TeMHOBOIN TOK MakcuMyM B 30 pa3. Kpome Toro, ObLI0O MoOKa3aHO,
YTO BBICOKOTEMIIEPATYPHBI OTXKWUI TPUBEJ] K YBEJIUYEHUIO BBICOTHI Oapbhepa ILoTTku u
YMEHbILIEHUIO KO3 pUuLMeHTa HeruaeanbHOCTU. TakuM oOpa3oM, ObLIO MPOAEMOHCTPHUPOBAHO,
YTO JAHHBIN METOJ MOXKET MCITOJIb30BaThCs IS YIIyUIIEHUs XapaKTePUCTUK BUIMMOCIETIBIX
YIBTPaUOIETOBBIX (DOTOAETEKTOPOB TUIIA METAJUI-TTOJYIIPOBOJHUK-MeTaT Ha ocHoBe GaN.

KmoueBbie cioBa: GaN, MOJEKyIsIpHO-MYUYKOBasi 3MUTAKCUsl, YJIbTpa(UONETOBBIN
JMana3oH, (pOTOAETEKTOP, METAJI-TIOJyITPOBOIHUK-METAJI, OTKUT

®unancupoBanue: Pabora BbIIOJIHEHAa IpU MOAAepKKe MuHuUCTEpCTBa OOpa3oBaHMSI U
Hayku (I'ocymapctBenHoe 3agmanne Ne FSRM-2020-0008).

Ccpuika npn muruposanun: Cuaunkas O. A., Illyonna K. FO., Moxos . B., ¥YBapos A. B.,
®unaros B. B., MusepoB A. M., Tumoiunes C. H., Hukutuna E. B., PazpaboTka BUAMMOCIEIbIX
yIbTPa(UOJETOBBIX (POTOAETEKTOPOB Ha OCHOBE YJILTPATOHKUX 3MUTAKCUaANbHBIX clloeB GaN
BbIpALEHHBIX Ha Nomtoxkax ¢-Al O, // Hayuno-texunueckue enomoctu CII6ITIY. @usuko-
MatemaTuueckue Hayku. 2022. T. 15. Ne 3.3. C. 157—162. DOI: https://doi.org/10.18721/
JPM.153.330

CraTbsl OTKPBHITOTO AocCTyma, pacrnpoctpaHseMas mo jguneH3uu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

In recent years, the development of visible-blind ultraviolet (UV) photodetector (PD)
technology has sparked interest in generating innovative ideas to improve these devices and
create efficient visible-blind UV PDs. There is a wide range of UV PD applications. These
devices are used in environmental, industrial, military, biological and medical fields [1]. One
of the most popular PD designs is metal-semiconductor-metal (MSM) structure due to the
ease of fabrication, low noise level and high detection capability [2]. UV PDs can be fabricated
based on various semiconductor materials, such as Si, SiC, ZnO and others. Among them, wide
bandgap semiconductors, especially (Al,Ga)N, are one of the most prospective materials for this
purpose. The advantages of (Al,Ga)N are: a wide band gap corresponding to the UV spectral
range (Eg ~ 3.4 — 6.2 eV), high mobility of charge carriers, high breakdown voltage, as well as
excellent mechanical, thermal and chemical stability [3]. In this work, the prototypes of MSM
UV photodetectors based on epitaxially grown on c¢-Al O, substrates undoped GaN layers were
developed and their characteristics were studied.

Materials and Methods

The 300 nm thick GaN layers were grown by plasma-assisted molecular-beam epitaxy (PA
MBE) using Veeco GEN 200 industrial type MBE setup on annealed and nitrided c-ALQO,
substrates. The morphology of synthesized GaN epitaxial layers was studied using scanning
electron microscope (SEM) (see Fig. 1, a, b). Using Hall measurements, it was found that the
undoped GaN epitaxial layers have n-type conductivity, which is typical for III-N materials
[4, 5], with a carrier concentration of # ~ 1.5x10'"® cm™ and mobility of p ~ 40 cm? /(Vxs).

The MSM structure with semitransparent Ni/Au (15 nm thick) interdigitated electrodes (see
Fig. 1, ¢) was formed using standard laser lithography technique, e-beam and thermal vacuum
evaporation, and standard lift-off process. The Ni/Au contact metallization was chosen because
of its low ideality factor, large Schottky barrier height (SBH, 1.04 eV [6]), and simple fabrication
process.

© Cunuukas O. A., youna K. HO., Moxos [I. B., YBapos A. B., ®unaros B. B., MusepoB A. M., Tumoine C. H.,
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Fig. 1. SEM irflage c;f the GaN/c-AlL O, epitaxial structure: plan view (a) and cross-section (b),
photomicrograph of metal electrodes (c)

Results and Discussion

The UV PD I—V characteristics were obtained both in the dark, under visible range and 365
nm UV LED illumination (see Fig. 2, a). As can be seen, the I—V curves almost coincided for
the measurements in dark and under normal illumination. Thus, visible radiation indeed has little
effect on the operation of the fabricated UV PD. The appearance of additional photocurrent
was observed under 365 nm LED illumination. At the same time, as can be seen from spectral
characteristic (Fig. 2, b) the highest photoresponse was observed at wavelength range of
350—60 nm, that corresponds to GaN bandgap (3.4 ¢V) and confirms the reliability of the
obtained I-V curves. However, as can be seen from Fig. 2, a, obtained photodetectors have a high
dark current (6 mA at a bias of 2 V). It can be explained by both high dislocation density in the
ultrathin epitaxial GaN layer grown on mismatched c¢-Al,O, substrate and imperfection of contact
formation procedure. It can be noted, that the dark current largely determines the sensitivity of
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Fig. 2. 1=V characteristics (a) and spectral response (b) of the formed PDs based on GaN/c-AlLO,

the photodetector and depends on the parameters of the Schottky barrier [7]. In a number of
works, photodetectors based on GaN with Ni/Au contacts were subjected to high-temperature
annealing (400—700 °C) [8—12], which led to an increase in the height of the Schottky barrier, as
well as to a decrease in the level of dark current. Therefore, it was decided to carry out a series of
experiments with rapid thermal annealing (RTA) of the samples using Jipelec Jetfirst 100 system.
PDs based on GaN/c-Al O, epitaxial structures were annealed for 90 seconds at 400, 500 and
600 °C in the N, atmosphere. As expected, this resulted in a decrease in the dark current (see
Fig. 3, a). It was found that the smallest dark current and the highest Iph/l 4 Tatio consequently
(see Fig. 3, b) was achieved with annealing temperature of 500 °C.

At the same time, as can be seen from Fig. 3, a, after annealing of PD structures at 600 °C, the
dark current increased compared to the sample annealed at 500 °C. It can be the result of mixing Ni
and Au or the Ga-Ni intermetallic formation [15—17]. Moreover, the SEM studies of the samples
after annealing showed that the annealing at 600 °C leads to the formation of metal islands in the
contact pad area (Fig. 3, ¢, d). Such phenomenon is usually observed at the interface between thin
metal films and ceramics [18]. This can be explained by the fact that ceramics has very low surface
energy, while the metal is quite high. To minimize the total surface energy of the system, the metal
is collected in droplets to minimize the surface area and expose a large area of the ceramic surface.
From this we can conclude that GaN has low surface energy, as also reported in the literature [18].
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Fig. 3. Dark current of the obtained PDs before and after annealing at different temperatures (a), SEM
image of the contact Ni/Au before (b) and after annealing (c)

From the 1—V data for annealed and non-annealed samples, the ideality factor and the height
of the Schottky barrier were determined by the Rhoderick method (Table 1) [19]. It was found
that RTA actually led to an increase in the height of the Schottky barrier. An increase in the height
of the Schottky barrier at higher annealing temperatures may be associated with the interfacial
reactions between the metals and the semiconductor and phase transition [9]. In addition, RTA
can lead to the accumulation of Ga vacancies near the metal/GaN interface which can contribute
to an increase in the height of the Schottky barrier [8]. The last always corresponds to a decrease
in the reverse leakage current [13, 14].

Table 1
Calculated ideality factor and height of the Schottky barrier
of Ni/Au contacts for the obtained PDs

Annealing temperature, °C Ideality factor Height of the Schottky barrier, eV
Without annealing 2.8 0.85
400 2.7 0.88
500 2.2 1.12
600 2.1 1.16

According to the results of the study, it was found that RTA leads to a decrease in a dark
current (by a maximum of 30 times). Nevertheless, its value remains relatively high. To further
reduce the dark current, it is necessary to improve the crystalline quality of GaN and reduce the
dislocation density in the epitaxial layers, for example, by use of various buffer layers or different
types of templates for epitaxial growth of ultrathin GaN layers (SiC/substrate, GaN/substrate
etc.). At the same time, the use of dielectric surface passivation (with SiO,, ALO,, etc.) and
mesa etching also can provide the improvement of the characteristics of the proposed MSM PDs
(including significant dark current reduce) and requires further investigation.

Conclusion

In this work, it was shown that wide-bandgap semiconductors (Al)GaN are promising materials
for the creation of UV PDs due to their insensitivity to visible spectrum and sunlight, as well as
high mobility of the charge carriers, and high resistance to harsh environments. UV MSM PDs
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were implemented based on the ultrathin GaN epitaxial layers synthesized by the PA MBE.
Interdigitated semitransparent Ni/Au Schottky contacts were formed. It was found that the RTA
of the MSM PD structures at a temperature of 500 °C allows to reduce the dark current by a
maximum of 30 times and to achieve significant increase in Iph/I 4 ratio. In addition, it was shown
that high temperature annealing led to the increase in Schottky barrier height and decrease in
the ideality factor. Thus, RTA can be used to improve the characteristics of the PD. However,
the level of dark current in comparison with the photocurrent remains quite high. Therefore, it
is necessary to improve the technology of the epitaxial synthesis of the III-N layers, as well as to
use additional post-growth methods, such as the mesa structures etching and the use of surface
passivation coatings.
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