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The aim of this work was an analysis of structural, electrical and optical properties of n-type ZnO/i/p-type
(called as n-i-p) GaN heterostructure with interlayer between these semiconductors. Such junctions are promising
structures for light-emitting diodes, light detectors in the range of ultraviolet radiation and photovoltaic cells.
This work concentrates on the investigation of the influence of oxide interlayers in optoelectronic structures, and
optimization of growth parameters (in the atomic layer deposition — ALD process) of all oxide layers. Composition
of HfO2, TiO2, ZrOs and AlyOs films was also optimized. The layers were used as intrinsic barriers to improve
the performance and realize color shift of the n-ZnO/p-GaN heterojunction LEDs. The rectification ratio of n-i-p
junctions was Ion/Iog = 1 x 102-10® for the voltage of 20 V. The color emission of these devices was adjusted from
violet to white light in a room temperature depending on the growth parameters and composition of the ALD

oxide layers.
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1. Introduction

Light emitting diode (LED) technology is currently in-
tensively developing, because in the near future, efficient,
low-energy LEDs will become one of the primary light
sources used in lighting [1]. In comparison with the stan-
dard light sources, LEDs are more energy efficient, and
therefore are more economical [2].

After the breakthrough in stable p-doping, gallium ni-
tride (GaN) material is attracting tremendous interest for
GaN-based short wavelength optoelectronic devices, such
as blue light-emitting diode, solid ultraviolet detector,
and laser diode [3, 4]. Although, high-power p-n homo-
junction blue-LEDs have been fabricated with commer-
cial success using p-GaN /n-GaN homostructures with the
430 nm main electroluminescence (EL) peak, they re-
quire further improvement [5]. Zinc oxide (ZnO) seems
to become the next focus of research after GaN in wide
band gap semiconductor materials. The main challenge
in ZnO is p-type doping [6]. Although much progress
has been made in this area, the fabrication of effective
ZnO-based LEDs and laser diodes still must await further
development of good, reproducible, p-type material [7].
Due to these difficulties, it has been reported that the
n-Zn0/p-ZnO homostructures show very weak electrolu-
minescence [8]. Based on similar properties of ZnO and
GaN materials, and the relative availability and stability
of good quality p-GaN and n-ZnO, the production and
acting of heterostructures combining n-ZnO with p-GaN
has been reported previously in literature [9, 10]. These
wide-band-gap semiconductors have been proposed by
virtue of their similarity in crystalline wurtzite structure
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with lattice constant mismatch about 1.6% and similar
band gaps in room temperature (=~ 3.4 V) [6]. Further
advantage of n-ZnO/p-GaN LEDs is that heterojunction-
based devices exhibit improved current confinement com-
pared to n-GaN/p-GaN, which leads to higher recom-
bination and improved device efficiency. Similar physi-
cal properties of ZnO and GaN allow creation of LEDs
emitting in a short wavelength spectral region. How-
ever, their heterostructures LEDs with the EL in the
blue-violet region (with peak wavelength in the range of
400-430 nm) emit mainly from the p-GaN instead of the
n-Zn0O, by reason that the electron injection from n-ZnO
would reign over the hole injection from p-GaN due to
the higher carrier concentration in n-ZnO [11, 12]. De-
spite that fact, ZnO could exhibit all the colors emission
in the visible range related to deep level emission bands
therefore it is even recognized as a promising candidate
material for the optoelectronic industry [13]. This opens
the possibility to use them as materials for a n-p junc-
tions for applications in optoelectronic devices.

In this letter, we reported on the growth and de-
vice properties of modifying the n-p heterojunctions with
high-k oxide layers (interlayer, intrinsic layer) with a
wide-band-gap inserted between the semiconductor lay-
ers. The creation of the n-ZnO/i/p-GaN improved the
performance, stability, and changed the range of light
emission. The major reason of an introducing of these
intrinsic layers separating n-ZnO and p-GaN was related
to charge carriers flow through the junction [14, 15]. The
oxide films were obtained using the ALD system at low
temperature (well below 300°C) on p-type magnesium
doped GaN templates. It proved that the low growth
temperature regime was crucial for obtaining high-k ox-
ides (HfOq, TiO4, Al;03, ZrOs) and n-conductivity ZnO,
at least in case the ALD growth was referred [16-18].
This method enabled excellent thickness control of thin
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films at the nanometer scale, growth at low tempera-
ture, a high reproducibility of deposition and of unifor-
mity over large substrates. These properties created ALD
a perfect candidate for a low-cost deposition of various
oxides for electronic and optoelectronic devices, as we
demonstrated in the present work.

2. Experiment

The n-ZnO/i/p-GaN based heterojunction light emit-
ting diodes were fabricated taking advantage of the ALD
method [19]. The ALD oxide coatings were executed
using the Savannah-100 reactor (Ultratech Company)
by double-exchange chemical reactions. During sequen-
tial doses of metal and oxygen precursors separated by
purging of neutral gas — nitrogen (called as one cycle
in ALD system) thin oxide films were obtained. Pre-
cise thickness control can be easily achieved as a con-
stant amount of layer material was deposited in each
cycle, and film thickness was scaled by the number of
ALD cycles. Thickness, growth temperature, length of
precursors pulses (in milliseconds) and purging times
were modified to ensure reproducibility and uniformity
of grown oxides. Therefore, the length of one ALD cy-
cle was 20 s. More details about optimization of the
ALD process for oxide materials can be found in our
previous works [17, 18]. Oxides (HfOs, TiO3, Al;Og,
ZrOs and ZnO) were formed at low temperature (well
below 300°C) using tetrakis(dimethylamido)hafnium,
trimethylaluminum, tetrakis(dimethylamido)zirconium,
titaniumtetrachloride, and diethylzinc as metal precur-
sors, deionized water as an oxygen precursor and GalN
templates as substrates. The epitaxial p-GaN layers con-
taining GaN:Mg/GaN:Mg/GaN/GaN:Si structures with
thickness of 10/500/100/2000 nm were produced on
the crystalline Al,O3 substrates in the TopGaN Com-
pany. Substrates were chemically cleaned before a
growth processes. The use of p-type GaN and n-type
Zn0O semiconductors in optoelectronic devices required
the development of metallic ohmic contacts which did
not interfere with the concentration of carriers near
metal /semiconductor interface. On ZnO and GaN sur-
faces there were evaporated ohmic contacts, consisting of
metal layers of Ti and Au (10/40 nm thick Ti/Au) for
ZnO, as well as Ni and Au (250/500 nm thick Ni/Au)
for GaN. In addition, contacts for GaN were annealed at
500°C for 10 min in a Oy and No atmosphere using the
rapid thermal process.

The investigated m-i-p structures with oxide layers
were characterized at a room temperature using a range
of experimental methods. The structural characteriza-
tion was performed by XRD, using the X’Pert Mate-
rials Research Diffractometer equipped with an X-ray
mirror and a two-bounce monochromator at the inci-
dent beam. The diffracted beam was measured with a
2-dimensional solid-state X-ray detector (PIXcel). The
layers thicknesses were measured on silicon substrates
by the spectroscopic reflectometer (Nanocalc 2000). The
surface morphology was investigated by atomic force mi-

croscopy (AFM, Bruker Dimension Icon) using the Peak-
Force Tapping and silicon nitride probes with sharp tips
(tip radius — 2 nm). The surface roughness was deter-
mined by a root mean square (RMS) roughness of the
AFM height measurements from images taken from a
10 x 10 pm? region. Optical spectra (photoluminescence,
PL, and EL) of junction nanostructures have been char-
acterized by the the Solar CM2203 spectrophotometer
with a xenon lamp. The Hall effect measurements to de-
termine the charge carrier concentration and mobility in
layers were performed with a RH2035 system produced
by PhysTech GmbH, with a permanent magnet giving a
magnetic field of 0.426 T. The Hall measurements were
done in the van der Pauw configuration with four con-
tacts. Current—voltage (I-V') electrical characterizations
for devices were performed using Keithley 2636A elec-
trometers. I-V characteristics of the heterojunction de-
termined the rectification ratio of the junction, defined
as the ratio of forward to reverse currents (1o, /log). This
ratio was mostly intent by a barrier height seen by elec-
trons and holes.

3. Results and discussion

In this paper the properties of n-i-p diodes with oxide
films deposited by the ALD method were analyzed. The
schematic diagram of our n-ZnO/i/p-GaN heterostruc-
ture was shown in Fig. 1. The Hall measurements showed
a stable hole conductivity of the magnesium-doped GaN
films with the hole density of 4 x 1017 cm ™3, the mobility
of 14 cm?/(V s) corresponding to resistance of 1 Q cm.
These semiconductor layers with a smooth surface (RMS
in range of 1-2 nm, see Fig. 2) were crystalline with a
hexagonal wurtzite phase. On this substrate, the 5 nm
thick interlayers consisting of one or two oxides such as
HfOQ, A1203, ZI'OQ, TiOQ, AlQOg/HfOQ, AlgOg/ZI‘OQ,
TiO2/ZrO4 or TiO9 /HfO2 were deposited at the low tem-
perature in the ALD system. The growth rate of these
oxides was in the range of 0.08-0.15 nm per cycle. The
growth temperature was limited to 85 °C, taking into ac-
count the possibility of the deposition of high-£ films with
the required high dielectric constant of ~ 40 for TiOa,
~ 23 for ZrOy, ~ 21 for HfO2, and =~ 10 for AlyO3)
and suitable band gap resulting from wide energy gap
(6.2 eV for HfO5, 6.0 eV for ZrOs, 3.9 eV for TiOs and
6.3 eV for Al;O3), atomically smooth surface with a RMS
roughness below 1 nm as the intrinsic layers. There-
fore, these films provided well-defined and free of ad-
ditional defects and impurities interlayer /semiconductor
interfaces as well as flat surface of semiconductors of op-
toelectronic devices. In conclusion, properly selected ox-
ides minimized possible negative effects related to the
mixing of materials near to the interface, which may
decrease the reliability of electronic structures (see our
previous work in Ref. [17]). Test measurements of n-
i-p devices with AlyO3/HfO4 interlayers clearly showed
the advantageous properties of such a composite. Layers
with the applied composition improved the surface mor-
phology, performance and electric strength of the studied
devices.
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Fig. 1. Schematic diagram of the studied n-
ZnO/intrinsic layer/p-GaN structure with ohmic
metallic contacts obtained on sapphire substrate.
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Fig. 2. AFM-studied top surface morphology of n-i-p
and n-p heterostructures with ZnO grown at different
temperatures and GaN layers obtained on sapphire sub-
strate.

The p-GaN were used as semiconducting partner ZnO-
based junctions. The n-ZnO layers were embedded in
ALD processes at three temperatures of 100, 200 and
300°C on the surfaces of AlyOs/HfOq/p-GaN/Al;O3
structures and for comparison on p-GaN/Al;Ogz struc-
ture. For the selected growth temperatures the growth
rate of these oxides was 0.15, 0.14, and 0.10 nm per cy-
cle, respectively. These zinc oxide films with thickness
of about 800 nm were deposited in the form of hexag-
onal columns and had a wurtzite structure as indicated
by the diffraction peaks (10.0), (00.2), (10.1), and (11.0)
in the XRD spectrum. It has also been shown in previ-
ous work [20], the electrical properties of ALD zinc oxides
can be controlled in a wide range, but thin polycrystalline
layers exhibited the typical free electrons concentration
of 5x 10" cm™3, and their mobility reached a value about
20 cm?/(V s), which corresponded to resistance value of
6 x 1073 Q cm. However, decrease of the growth temper-
ature to 100 °C caused increase of electrical resistance of
about 2 x 1072 © cm by reducing of mobility and carri-
ers concentration up to 5 cm?/(V s) and 5 x 10'® cm =3,

respectively. Higher values of electrical resistances were
determined by a large number of defects, grain scattering
and/or increased surface roughness. The top surfaces of
ZnO films (in n-i-p structures) grown at temperature of
100 °C were characterized by the surface roughness with
RMS value at the level of 46 nm, as compared to the
RMS values for ZnO grown at higher temperatures were
below 10 nm, as was shown in Fig. 2.

The introducing of a thin wide band gap layer as inter-
layer between ZnO and GaN changed the properties of
the optoelectronic device. The wide band energy of in-
trinsic layer in LED structure was necessary to obtain a
required band offset of more than 1 €V in the conduction
band for the n-ZnO semiconductor and less than 1 eV
in the valence band for the p-GaN semiconductor. In
consequence, the optimized intrinsic layer should block
(reduce) the flow of electrons and facilitate the diffusion
of holes in the junction structure [21]. This means that
the interlayer in junction was desirable because the n-
ZnO/p-GaN LED emitted mainly from the p-type GaN
region and not from the n-type ZnO. The reason was
as follows — electrons injection from n-type ZnO dom-
inated over holes injection from p-type GaN, which was
due to a much higher carriers concentration in n-type
ZnO. The typical electroluminescence spectra of the n-
ZnO/p-GaN device displayed emissions centered at 430—
440 nm (mainly blue light) and weak emissions centred at
550 nm (violet and white light), while the homojunction
GaN LEDs exhibited a max wavelength at 430 nm, due to
the transition from conduction band edge to the Mg ac-
ceptor energy level in p-type side of the diodes [9, 22]. In
addition, in this work investigated n-ZnO/p-GaN struc-
tures demonstrated the significantly rough surface with
RMS value of 50 nm and relatively good electrical prop-
erties like the voltage operation from —4 to 4 V, low leak-
age current density at the level of 1076 A for a voltage
of -4 V, open voltage reaching a value below 1 V and
rectification ratio I, /Iog in the range of 102103 for 4 V
with I,, 3 A, as was shown in Figs. 1 and 3d.

Of analyzed wide band gap oxides, sufficient data exist
to conclude that ALD oxides consisting of AlyO3/HfOq
grown at low temperature were stable in contact with in-
vestigated semiconductor materials (see Refs. [17, 23]),
which gave a suitable barrier to the flow of electrical
charges from the semiconductor to the inside of the de-
vice. The Al,O3/HfOy very thin layer should be a good
electron blocking and hole transporting layer for the p-
GaN/n-ZnO LED because these dielectrics were a com-
bination of high-k£ nature and the high conduction-band
offset for AloO3/Zn0O interface was about 3 eV [24] and
the relatively low valence-band offset for HfO,/GaN in-
terface was about 0.3 eV [25].

The interlayer improved the surface morphology which
corresponds to performance and electrical properties of
the n-ZnO/i/p-GaN heterostructures. The desirable,
electrical properties of the LED devices such as the stable
and wide voltage operation from —20 to 20 V, low leak-
age current density at the level of 1079 A for a voltage of
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Fig. 3. I-V characteristic of: n-ZnO/i/p-GaN hetero-

junctions with ZnO layers obtained at (a) 100°C, (b)
200°C, (c) 300°C, and (d) n-ZnO/p-GaN heterojunc-
tion with ZnO layer obtained at 300 °C (without intrin-
sic layer). For all structures there were performed ohmic
contacts.

—20 V, open voltage reaching a value about 3 V and rec-
tification ratio Io,/Iog in the range of 102-10% for 20 V
were shown in Figs. 3a—c. These significant corrections
of electrical parameters can be achieved by improving
of quality of the morphological structures through lower
defects and impurities in interlayer/semiconductor inter-
faces as well as flat surface of ZnO semiconductors which
corresponds to increase of the surface smoothness of the
n-Zn0/i/p-GaN structures to a value below 10 nm for
heterojunction with ZnO layers grown at 200 and 300 °C
and 40 nm for ZnO at 100°C (see Fig. 1).

In Fig. 4 the EL spectra of the n-Zn0O/i/p-GaN LED
devices with ZnO films grown at different temperatures
under different injection currents were presented. These
EL spectra consisted of several bands in the visible range
centered at about 385 and 405 nm (violet emission); 435,
475, and 495 nm (blue); 540 nm (green); and 585 nm
(orange). The color coordinates were calculated using
Gaussian fits of the EL spectra of the studied devices
and demonstrated in a chromaticity diagram (CIE). The
CIE diagram revealed that the n-ZnO/AlyO3/HfOs/p-
GaN LEDs can emit violet-blue, violet, blue-white and
green-white light, which is demonstrated in Fig. 5. The
white LEDs have been achieved for the heterostructures
with ZnO layers grown at 300 °C, which showed the broad
red-green luminescence with peak located from 430 to
750 nm and edge luminescence with peak concentrated
at 380 nm (near UV) in the PL spectrum. The PL in
these areas was characteristic for ZnO layers as shown
in Refs. [26, 27]. The n-i-p devices containing ZnO lay-
ers grown at 100 °C also exhibited light emission in these
both ranges, however, due to worse morphological and
electrical parameters caused by more defects and impuri-
ties in layers [20]. These heterostructures emitted violet
and violet-blue radiation. Instead, the LEDs contain-

ing ZnO layers deposited at 200°C emitted only light
in the violet color. The PL spectrum of these structures
demonstrated the highest ratio of exciton-to-defect inten-
sity, which explained such EL results. In this case, de-
fect emission decreased and exciton emission dominated,
which indicated that lower defects and impurities in ZnO
layers grown at temperature of 200 °C.
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Fig. 4. EL spectra obtained for n-i-p LED heterostruc-
tures with ZnO deposited at 100, 200, and 300 °C under
range injection current from 0.5 to 200 mA in the wave-
length range from 350 to 600 nm.
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Fig. 5. CIE chromaticity diagram coordinates of n-

Zn0/i/p-GaN LEDs with ZnO layer grown at 300 °C.

The obtained, in this work, white emission consisted of
violet, blue, green, and orange-red radiation. The violet
emission centered at in the ranges of 374-390 and 400-
410 nm was attributed to the recombination processes
observed in ZnO. The blue emission (425-445 nm) was as-
sociated with phenomena occurring in Mg-doped p-GaN
layers. The defects presented in ZnO layers correspond to
strong blue light (467485 nm), blue-green (491-498 nm),
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green (535-549 nm) and orange (565-589 nm). In con-
clusion, the white emission was related to the presence
of impurities and defects in ZnO layers [12, 27].

4. Conclusion

In summary, we report the fabrication and character-
ization of LEDs based on n-ZnO/intrinsic layer/p-GaN
heterojunctions. We investigated the influence of IL be-
tween n-ZnO and p-GaN on structural, electrical and op-
tical properties of n-i-p heterostructures. Oxide-based
devices were characterized by low reverse-leakage cur-
rents of about 107 A observed at room temperature,
which was important in point of view of some electronic
applications. The rectification ratio of our m-i-p junc-
tions was Ion/Iog = 10?103 for the voltage of 20 V. The
interlayer containing AloO3/HfO5 films was able to im-
prove the performance of the n-ZnO/p-GaN heterojunc-
tion LEDs. These n-Zn0O/i/p-GaN LEDs emit in violet-
blue, violet, blue-white and green-white light. White
emission can be observed without any extra-phosphors.
The wide range of properties of the investigated oxides
causes the versatility of ALD films as functional materi-
als. The potential of these important materials can be
used to increase the efficiency of oxide-based optoelec-
tronic structures, while maintaining the cost of the de-
vice as low as possible, in contrast to LEDs, laser diodes
based on n-GaN /p-GaN homojunction.
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