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We report on the demonstration of a 386 nm light emission
and detection dual-functioning device based on nonpolar
a-plane n-ZnO /i-ZnO /p-Alj ; Gay 9N heterojunction under
both forward and reverse bias. The electroluminescence in-
tensity under reverse bias is significantly stronger than that
under forward bias, facilitated by carrier tunneling when
the valence band of p-AlGaN aligns with the conduction
band of i-ZnO under reverse bias. Also amid reverse bias,
the photodetection was observed and applied in a duplex
optical communication device. Optical polarization of
the light emission is studied for potential polarization-
sensitive device applications. The proposed device provides
an important pathway for the multifunctional devices op-
erating in a UV spectrum.  © 2019 Optical Society of America
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Luminescence and photodetection can be achieved in two sep-
arate devices; yet each often requires a more complex circuit
construction and fabrication process. Therefore, it is desirable
to integrate both functions in a single monolithic device and
enable technically important multifunctional electronics. The
dual-functioning device operating in a visible spectrum has
been fabricated with a light-responsive double-heterojunction
nanorod based on CdS, CdSe, and ZnSe nanocrystal materials
[1]. Benefitting from a high exciton binding energy (60 meV)
and large direct bandgap (3.37 ¢V) [2], ZnO is a promising
candidate for UV light emitting diodes (LEDs), detectors,
and sensors [3]. Considering the unavailability of the p-type
ZnO [4], as well as the small lattice mismatch (~1.8%) and
similar band structure between ZnO and GaN [5], p-GaN
has been widely employed to fabricate heterojunction devices
with z-type ZnO. As for LEDs based on n-ZnO/p-GaN, the
emission from the p-GaN layer generally dominates the spec-
trum, because the majority of the depletion region lies in
p-GaN [6], causing a low carrier injection efficiency in ZnO.
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In this Letter, we propose a feasible solution to improve the
carrier injection and radiative recombination efficiencies by
inserting an intrinsic ZnO (i-ZnO) layer between the n-ZnO
and p-AlGaN, all on the nonpolar (1120) a-plane, where the
depletion region almost entirely resides in the i-ZnO layer [7].
By increasing the conduction band offset AE,, the proposed
heterojunction with p-AlGaN can greatly hinder the electron
leakage to the p-type layer, thus localizing electrons and im-
proving carrier injection efficiency in i-ZnO [8]. Moreover,
compared to polar ZnO, nonpolar ZnO can realize polarized
emission or detection, arising from modification of the valence
band structure caused by anisotropic in-plane strains and the
hexagonal unit cells distortions [9]. This unique property
makes nonpolar ZnO feasible to fabricate polarization-sensitive
optoelectronic devices, such as polarized sensors and detectors.
In previous reports, the luminescence under forward bias and
detection under reverse bias of a p-AlGaN/i-ZnO/n-ZnO
(PIN) structure device were reported [10]. As for luminescence
under reverse bias, only avalanche-mechanism-based lumines-
cence under reverse bias was explained in detail [8]. In this
Letter, luminescence mechanisms based on a tunneling effect,
as well as a light detection mechanism, were studied in detail
through experiments and simulation. Furthermore, the polar-
ized luminescence of the heterojunction UV-LEDs was studied
by angle-resolved electroluminescence (EL) and photolumines-
cence (PL) measurements.

To form PIN heterojunction, a 2.2 pm p-type AlGaN layer
was first grown by metal organic chemical vapor deposition
at 1030°C on a-plane aluminum nitride (AIN) templates on
r-plane sapphire. The concentration and mobility of a hole in
the p-Aly;GagoN layer are 3.8 x 107 cm™ and 8.0 cm?/Vs,
determined by Hall measurements, respectively. The nonpolar
200 nm i-ZnO and 150 nm n-ZnO (Al-doped ZnO, i.e.,
AZO) layers were grown on the p-AlGaN layer by using pulsed
laser deposition at 700°C. The layer thickness and growth ori-
entation were verified by a transmission electron microscope

(TEM), as shown in Fig. 1(d). The unintentional doping
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Fig. 1. (a) AFM image, (b) XRD 26 - w spectra, and (c) XRD rock-
ing curve FWHMs as a function of the azimuthal angle ¢ for the
heterojunction. (d) Cross TEM image of the heterojunction with
the SAED pattern inside. (e) Structure schematics and (f) 7 - V' curves
of the PIN heterojunction. The inset figure in (d) shows the top-view
photo of the device under electrical injection.

concentration of i-ZnO is 5.6 x 10'> cm™3. The electron con-
centration and mobility of n-ZnO are 3.2 x 10?° cm™ and
16.5 cm?/Vs, respectively. The surface morphology of the
PIN heterojunction wafer was characterized by atomic force
microscopy (AFM), as shown in Fig. 1(a). The RMS surface
roughness over 5x 5 pm? is 1.94 nm. The crystallinity of
the deposited films was probed by a high-resolution x-ray dif-
fraction system (1 = 1.5406 A). As shown in Fig. 1(b), only
(1120) peaks at 56.5° and 57.9° belonging to the a-plane
ZnO and AlGaN can be observed, confirming the nonpolar
structure. The threading and stacking fault dislocation densi-
ties of the ZnO layer were estimated [11] to be about 1 x
10" em™2 and 1 x 10° cm™!, according to Fig. 1(c).

The heterojunction devices with dimensions of 400 x
400 pm? were fabricated and shown in Fig. 1(c). Ti/Al (20/
40 nm) and Ni/Au (30/60 nm) were deposited on n-ZnO and
p-AlGaN, respectively, and further annealed at 500°C for 1 min
in the /V, ambient to form ohmic contact, verified by Fig. 1(d).
The large forward turn-on voltage of 10 V is due to the extra
series resistance caused by the intrinsic ZnO layer, as presented
in Figs. 2(a) and 2(b). The EL exhibits an obvious UV emission
peak at 386 nm with a broad defect-related emission located at
around 505 nm. As shown in Fig. 2(a), for the device under
forward bias, slight UV emission peak blueshift due to a band-
filling effect [12,13] and redshift due to a raised junction tem-
perature at a higher current can be found with increasing
injection current. The competition between the band-filling
and thermal excitation effects was also observed for the device
under reverse bias. However, the redshift happened earlier
(about |-8| mA) than the forward bias mode (16 mA), because
carriers are less likely to be confined at the p-AlGaN/i-ZnO
and i-ZnO/n-ZnO, which led to a weaker band-filling effect.
Notably, the intensity of UV emission under reverse bias
is nearly 10 times larger than that under forward bias at the
same injection current, and the FWHM of the emission peak
is almost reduced by half. Figure 2(d) shows the room temper-
ature (RT) EL spectra of reverse-biased PIN heterojunction at
20 mA with the fitted peaks. Considering that the EL spectra
cannot be fitted well by only two peaks, three peaks are set to
resolve the spectra. The Peak 7 at around 386 nm is confirmed
to be from the near-band-edge (NBE) emission of the i-ZnO
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Fig.2. RT on-wafer testing EL spectra for the device working in the
LED mode under various (a) forward biases and (b) reverse biases with
the injection current ranging from -30 to 30 mA. (c) UV emission
peak at various injection currents. (d) Peak resolving of the EL from
the heterojunction at -20 mA.

layer [8]. The inset image of Fig. 2(d) showed uneven illumi-
nation because the carrier mobility of p-type and i-type
layer materials is not high, resulting in uneven current spread-
ing. Using built-in potential @; = 0.521 ¢V, applied voltage
V,=-40V, d=200nm, e, =79x10"2F/m, and
&p = 10.274 x 107'2 F/m, the total depletion layer widch
X, is

Xy =X, tx, +x;

— dz + 285118519 (Na + Nd)2(¢i - Va)
q NaNd(Nuesp + Nd‘gsn)

= 231 nm.

U]

Then the depletion width in p-AlGaN was calculated to be
nearly 31 nm, which is much lower than 200 nm of i-ZnO,
inferring that the majority of the depletion region lies in i-ZnO.
Figure 3 illustrates the light emitting and detecting mech-
anisms of the reverse-biased device. Some of the injected
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Fig. 3. Energy band diagram of the proposed dual-functioning

device under large reverse bias for dual-mode operation.
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electrons drift across the p-AlGaN arriving at the AIGaN/ZnO
interface, and others from shallow donors recombine with holes
in the Mg deep acceptor levels in the p-AlGaN to produce
Peak ii at 407 nm, consistent with Refs. [12,13]. For the elec-
trons arriving at the interface, part of them may be captured by
the oxygen vacancy-related deep-level states near the interface,
yielding the broad Peak iii at around 505 nm [14]. Meanwhile,
valence electrons in p-AlGaN can tunnel to the conduction
band of i-ZnO and recombine with holes, producing the sharp
Peak 7 at 386 nm (ZnO NBE emission). The electrons from
p-AlGaN can tunnel through the thin barrier to i-ZnO,
because the Fermi levels of p-AlGaN and i-ZnO gradually sep-
arate, and the occupied valence band of the p-AlGaN is at the
same level or higher than the unoccupied conduction band of
the i-ZnO with the increasing of reverse voltage. Under forward
bias, holes and electrons are concentrated at the interface of
p-AlGaN/i-ZnO and i-ZnO/n-ZnO, respectively, leading to
a low overlap ratio of electron-hole wave function and low
radiative recombination efficiency, since the i-ZnO layer is
thick. Under reverse bias, holes can tunnel through the i-ZnO/
n-ZnO interface into i-ZnO and be amplified by the impact
ionization [15], which greatly improves the EL intensity by
~10 times, indicating higher external quantum efficiency, which
was not measured, but expected to be low which deserves further
improvement.

To clarify the carrier tunneling behavior, the band diagram
and carrier concentration at -127 V were simulated by
Crosslight APSYS. Since a perfect semiconductor was used
in the model, the reverse operating voltage of the device was
much higher than the experimental value which was based
on the semiconductor material with a lot of defects. The wide
interface gap between p-AlGaN and n-ZnO made the electron
and hole concentrations in i-ZnO almost zero, while the carrier
tunneling happened when the voltage decreased to -127 V' the
concentrations of the electron and hole increased to a scale of
10" ecm™3. Considering that the carriers were injected from
electrodes at p-AlGaN and n-ZnO, the carriers in i-ZnO could
only be explained as the tunneling effect, where the electrons
tunneled from p-AlGaN, and the holes from tunneled from
n-ZnO. The 378 nm NBE emission shown in the inset image
of Fig. 4(b) can also prove the carrier tunneling and recombi-
nation behavior. To clarify the impact ionization amplification
of the carrier, the simulation result not considering the impact
ionization (light on only) was carried out. Under the influence
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Fig. 4. Under reverse bias, (a) the band diagram at -127 V with an
inset image about the emission spectrum, and the carrier concentration
distributions at (b) -30 V and (c) -127 V. (d) Emission spectrum, and
(e) electron and (f) and hole concentration of the PIN heterojunction
under light considering or not considering the impact ionization effect.
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of impact ionization, the light emission intensity was signifi-
cantly enhanced [Fig. 4(d)]. Figure 4(c) showed that the hole
concentration in i-ZnO has increased by more than 1000 times
and should be responsible to the emission enhancement.

Considering the wide bandgap of ZnO and AlGaN, an
extremely large reverse bias (normally >500 V) is required
to have the impact ionization effect for a reverse-biased PN di-
ode, which is accompanied with very large current flow. In this
case, significant current flow and light emission were obtained
when the reverse bias exceeds 5 V [see Fig. 1(d)], indicating that
the interband tunneling process occurred, and this promoted
the carrier multiplication. The numerical calculations also
presented that the impact ionization effect was essential to
the current flow at reverse bias.

As shown in Fig. 5(a), an obvious photocurrent was ob-
served when the heterojunction was excited by 365 nm light.
94.2% of the excited light was absorbed by n-ZnO [16], and
the others were absorbed by i-ZnO. Although a low electric
field existed in the n-ZnO layer, the photo-generated electron-
hole pairs could be collected and amplified because of the
tunneling and impact ionization effect. The photocurrent is
0.946 mA at =50 V, while the dark current was 14.748 mA,
and obvious light emission can be observed. This emission and
detection dual-function make this heterojunction be able to
realize duplex optical communication. Through definition of
the binary 0 and 1 of emission and detection, as shown in
Fig. 5(b), the heterojunction can also decode the received illu-
mination information while transmitting the information in
real time, completely free of crosstalk. This demo of duplex
communication can be viewed and experienced in the supple-
mental material Code 1, Ref. [17]. Compared to normal for-
ward-biased LEDs, this proposed reverse-biased LED can work
as a photodetector simultaneously and shows a wider applica-
tion scenario.

During EL and PL measurements, a Glan—Taylor prism was
placed between the sample and the photodetector to resolve
the optical polarization anisotropy [18], showing the result
in Figs. 5(c) and 5(d). Usually, emitted light with an electric
vector perpendicular (£.Lc) and parallel (£||¢) to the c-axis of
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Fig. 5. (a) Dark current and photocurrent of a reverse-biased het-
erojunction with emission simultaneously. (b) Photo-generated cur-
rent under light excited with different intensities. (c) Angle-resolved
EL spectra of the device at -20 mA. (d) Angle-resolved PL spectra.
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the 4-ZnO crystal is defined as transverse electric (TE) and
transverse magnetic (TM) modes, respectively [19]. The TE
and TM modes originate from transitions between the conduc-
tion band and the heavy-hole band, as well as the crystal field
splitting band. When the angle between the prism polarization
direction and the c-axis of 2-ZnO was changed from 0° to 90°,
~3 nm redshifts of the EL and PL emission peak are observed,
indicating that the peak wavelength of the TE modes are
consistently larger than those of the TM modes, because the
topmost valence band has not switched to the crystal field split-
ting band. The degrees of polarization (DOPs, i.c., p) [20] of
the EL and the PL are 0.23 and 0.33, respectively. Similar to
the Al(In)GaN material, the DOP of the LED with ZnO active
layer decreases as the temperature rises, because the holes
increasingly occupy deeper split-off valence bands, leading to
stronger TM light [21]. The lower DOP of EL than that of
PL in this Letter results from the heating caused by electrical
injection. Ascribed to the polarized emission and detection
characteristics, through modulation of the polarized informa-
tion of the incident light, it is possible to double the bandwidth
of data receiving of this duplex optical communication device.

In summary, the nonpolar s-plane n-ZnO/i-ZnO/
p-Aly1Gag 9N dual-functioning heterojunction was fabricated
and investigated. A sharp UV emission peak at around 386 nm
for the PIN heterojunction was observed in the EL spectra
under both forward and reverse bias. The EL emission under
the reverse bias results from the recombination of electron tun-
neling from p-AlGaN to i-ZnO and holes ionized in i-ZnO
layer. Photoresponse to the 365 nm light was observed indicat-
ing the possible duplex optical communication device. The
polarized luminescence of the PIN was also studied, and we
obtained the polarized light with the DOPs of 0.23 and
0.33 for the EL and the PL spectra, respectively. The proposed
dual-functioning nonpolar heterojunction device under reverse
bias provides a valuable basis for the structural design of multi-
functional electronics.
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