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Abstract An electrically pumped random laser diode was
fabricated with a MgZnO/ZnO/MgZnO double heterostruc-
ture embedded in a ZnO pn junction. Gain can be achieved
at very low-threshold current owing to exciton processes.
Light closed loops are formed by random multiple scatter-
ing on vertical column boundaries in the thin film. The tilted
and rough mesa edge planes serve as refraction mirrors, giv-
ing rise to surface emission.

1 Introduction

Small, versatile semiconductor laser diodes (LD) play an
important role in daily life in the fields of healthcare, in-
formation storage, and defense. Lowering the threshold cur-
rent is a key goal on which scientists and engineers made a
great deal of efforts in the past half century, since the first
LD based on GaAs p-n junction structure was reported [1].
A breakthrough in electrically pumped devices came from
the idea of double heterojunction structure, which realizes
coincidence and concentration of recombination, light emis-
sion and population inversion in the same gain layer, hence
the dramatic decrease of threshold current. However, it is
still too high for many applications [2, 3]. For wide band-
gap semiconductor materials, a high carrier concentration is
usually required in order to reach an optical gain that is high
enough for lasing action in an electron-hole plasma (EHP)
process [4]. The EHP mechanism, which is common for
conventional LD operation, typically requires high threshold

J. Kong - S. Chu - Z. Zuo - J. Ren - M. Olmedo - J. Liu ()
Quantum Structures Laboratory, Department of Electrical
Engineering, University of California at Riverside, Riverside,
CA 92521, USA

e-mail: jianlin@ee.ucr.edu

current density. Exciton lasing, as an alternative, is a more
efficient radiative process and can facilitate low-threshold
stimulated emission owing to its bosonic nature [5]. How-
ever, in some semiconductor materials such as III-V nitride
and GaAs, the exciton binding energies are too small to sus-
tain thermal interruption, so excitonic emission was only ob-
served in the low-dimensional structures [6, 7]. In contrast,
7ZnO has a native exciton binding energy of 60 meV, which
enables excitonic gain even without low-dimensional quan-
tum confinement [8].

Although ZnO has potential as an alternative to III-V ni-
tride, it is still underdeveloped due to the difficulty of p-
type doping [9], which hinders the realization of electrically
pumped LDs. Compared to electrically pumped cleaved-
crystal GaN diode laser, most ZnO lasers are unconven-
tional, including optically pumped disordered particles [10],
optically pumped nanowires [11], and electrically pumped
metal-oxide-semiconductor laser [12]. Electrically pumped
pn-junction laser diodes using ZnO-based heterostructures
have been rarely reported [13, 14]. Due to diffusion of Mg
and Be, the heterostructures with very thin quantum wells
embedded in the p-n junctions virtually become MgZnO,
and BeZnO barrier layers, respectively [15, 16]. Therefore,
the mechanism of lasing in these device structures remains
unclear. In this paper, we report a diode with embedded
MgZnO/ZnO/MgZnO double heterostructure (DH), where
the MgZnO barrier is relatively thick and the ZnO well
is wide. This device clearly differs from existing devices
[13, 14] in terms of existence of a true ZnO quantum well
in the p-n junction. The device exhibits random lasing at
room temperature, owing to carrier-exciton interaction in
the MgZnO/ZnO/MgZnO heterostructure and light multi-
ple scattering. The results show that low-threshold current
is feasible even if the hole carrier concentration is not suffi-
ciently high enough to form EHP.
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2 Experimental results and discussion

Figure 1 shows a schematic of the ZnO-based DH de-
vice. The structure was grown on n-type Si (100) sub-
strate (1-20 2-cm) using plasma-assisted molecular beam
epitaxy (MBE). A thin magnesium oxide (MgO) buffer
layer was first deposited at 350 °C to reduce the lat-
tice mismatch between Si and ZnO, followed by 200 nm
Ga-doped n-ZnO at 550 °C. After the growth of n-ZnO,
a Mg.1Zng.9O/intrinsic ZnO/Mg(.1Zng.9O heterostructure
was grown. Subsequently, the temperature was increased
to 600 °C and 200 nm Sb-doped p-ZnO was grown. High-
temperature post-annealing at 750 °C was performed to ac-
tivate acceptor dopants.

As-grown sample exhibits loosely packed columnar
structures with in-plane size of 200 nm on average as a re-
sult of large lattice mismatch between Si and ZnO, which are
clearly seen in the scanning electron microscope (SEM) im-
age in the inset of Fig. 2(a). Figure 2(a) shows x-ray diffrac-
tion (XRD) 6/26 scan spectrum of the diode, indicating that
the film grows preferentially along the c-direction of the
ZnO wurtzite lattice. The sample was etched down to Ga-
doped ZnO layer via standard photolithography process and
mesa of 800 um x 800 pm was defined. Au/Ti and Au/NiO
were deposited on the bottom Ga-doped layer and top Sb-
doped layer, respectively, after which the proper temperature
annealing was carried out to form good Ohmic contacts.

The elemental distribution of Zn, O, Mg, Ga, Sb and
Si was obtained by performing secondary ion mass spec-
troscopy (SIMS) measurements, and the result is shown in
Fig. 2(b). Clear MgZnO/ZnO/MgZnO structure is inferred
at around 200 nm depth under surface. The ZnO well width
was determined to be 30 nm. Also, the Sb signal extends
from the top ZnO layer into the upper MgZnO layer, which
may give rise to a more efficient hole supply reservoir. A
strong Mg signal near the interface of ZnO and Si substrate
indicates the existence of MgO/ZnO buffer layer.

Metal contacts

Sb-ZnO
/
—— MgZnO/ZnO/MgZnO

Ga-ZnO
= MgO/ZnO buffer

T Si substrate

Fig. 1 Schematic of the LD device
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Figure 3 shows the current-voltage characteristics of the
laser device. The insets show ohmic behaviors of n-contacts
and p-contacts. The rectifying characteristic between n- and
p-contacts suggests that a p-n diode should be formed. The
turn-on voltage can be determined to be about 5 V. Lasing
emission was collected from mesa surface as the diode was
biased under DC forward voltages. Figure 4 shows the elec-
troluminescence (EL) spectra of the diode. Clear lasing oc-
curs as drive current increases above 30 mA. Both the num-
ber and intensity of sharp lasing mode peaks in the spectral
region increase as the injection current increases. Some las-
ing modes also disappear at the higher injection currents.
The lasing modes are determined by the path of the closed-
loop random cavities. Since the closed loops are randomly
formed by scattering, it is possible that under different injec-
tion currents, the paths of closed loops are different. Overall,
there is higher possibility of the formation of additional ran-
dom cavities at higher currents. It is a typical phenomenon
for a random laser, and is widely observed in electrically
pumped and optically pumped ZnO-based devices [10-12].
The top inset shows the typical full wavelength EL spec-
trum from the device, which covers from 350 nm to 650 nm.
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Fig. 2 (a) XRD 6/26 result showing preferential (0001) growth. Inset
is top-view SEM image of as-grown sample. (b) SIMS spectra of the
sample, showing elemental distribution of Zn, O, Mg, Ga and Sb
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Fig. 3 Current-voltage characteristic of a typical diode. Insets show
that Ohmic contacts were formed for p-type ZnO layer and n-type ZnO
layer, respectively
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Fig. 4 Room temperature EL spectra at the injection current from
10 mA to 60 mA. The top inset is a typical full wavelength record-
ing, showing no deep level emission, and the botfom inset is integrated
intensity vs. injection current

Near band edge emission is dominant compared to weak
deep level emissions. Furthermore, there is no indication of
EHP formation since the center of lasing peaks is almost at
the same position of 380 nm when the injection current in-
creases from 10 mA to 60 mA, as shown in Fig. 4. In normal
EHP case, EHP recombination comes at the lower energy
tail of excitonic emission, and has an evident red-shift as
pumping power increases [17, 18], which is mainly due to
band-gap renormalization with excess carrier density larger
than Mott density.

The plot of the integrated lasing spectrum intensity as
a function of injection current is shown in the lower inset
of Fig. 4. A solid line is plotted to guide the eyes, show-
ing the threshold current of about 30 mA, corresponding to
current density of 4.7 A/cm?. The threshold current den-
sity is given approximately by Ji, = eNnd/T, where e is
the electron charge, Ny, is the carrier density at the thresh-
old, d is the active layer thickness. Assuming the exciton
lifetime to be 100 ps [19], and the active layer thickness to
be 30 nm according to the SIMS profile, Ny, is calculated
to be 3 x 103 cm™3. This number is much smaller than
the Mott density of 5 x 10'7 cm™3 in ZnO [20], suggest-
ing that the gain in this diode laser should originate from
an excitonic process rather than EHP process. Low hole car-
rier concentrations may be enough for excitonic lasers in
a theoretical prediction [8]. For Sb doping, a higher hole
concentration of up to 108 cm—3 was achieved [21]; there-
fore, it confirms that p-type doping of ZnO, although dif-
ficult, may create sufficient hole carrier concentrations for
realizing low-threshold electrically pumped random lasers.
It should be noted that this estimation does not consider the
current crowding effect where mesa edge and center areas
carry larger current density than other areas on the mesa due
to the current spreading from bottom electrode and top elec-
trode, respectively. Nevertheless, we argue that the current
density near the mesa edge areas is still not large enough
to generate an EHP process as the lasing spectrum does not
red-shift at higher injection currents.

A dynamic view of excitonic recombination is plotted in
Fig. 5(a). At the forward bias condition, electrons and holes
are injected from Ga-doped ZnO layer and Sb-doped ZnO
layer, respectively, and trapped into the central ZnO well
layer within MgZnO barriers. Recombination occurs mainly
in the central ZnO layer, where electrons and holes form ex-
citons through the electron-hole Coulomb interaction. Fur-
ther injection of electrons and holes into the ZnO well at
higher biases leads to carrier-exciton interaction with pho-
ton emissions and gain.

In addition to the creation of optical gain, light multiple
scattering to form closed loops to amplify stimulated emis-
sion is required in random lasing. In this device, as schemat-
ically shown in Fig. 5(b), the closed loops could be formed
by random scattering via vertical column boundaries in the
thin film, with pores or air gaps in between each other, act-
ing as multi-faceted scattering media; or back-and-forth re-
flections at the parallel side walls. These air gaps play im-
portant roles in enhancing the light scattering due to its re-
fractive index difference with ZnO; without these air gaps,
the diodes with similar MgZnO/ZnO/MgZnO heterostruc-
tures showed no lasing or weak lasing on Si and sapphire
substrates, respectively [15, 22]. Since the column bound-
ary planes are vertical to the substrate, the closed loops of
the light are formed in the film plane rather than in the
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Fig. 5 (a) Band diagram and dynamic view of exciton formation and
electron-exciton interaction process. (b) Schematic view of random
laser closed loops from light multiple scattering, including random
scattering from multiple planes and two parallel planes

growth direction, leading to edge emission, rather than sur-
face emission [23, 24]. An image of a working device at
drive current of 30 mA was taken by microscope camera in
dark background, as shown in Fig. 6(a). The edge emission
is dominant compared to surface emission, indicating that
the closed loops are indeed formed in the film plane. Note
that a conventional edge emitting LD normally requires the
polishing of the edge or perfect cleave of the crystal [25],
however, in ZnO case, the perfect cleavage along parallel
crystal planes is difficult as its hexagonal crystal structures
would not be as easily cleaved with flat planes as those cubic
crystals. In the present LD, no polishing process was done
on the edge except a standard mesa wet chemical etching
in the device fabrication process. Therefore, side planes of
the diode mesa are not completely perpendicular to the sub-
strates, as shown in the SEM image in Fig. 6(b). Figure 6(c)
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Fig. 6 (a) Image of a working device taken by microscope camera
at dark background with drive current 30 mA. (b) SEM side view of
mesa edge of the diode. The dashed line, which is on the same plane
of the mesa surface, is drawn to guide the eyes to see the tilted and
rough mesa edge plane. (¢) Schematic explanation of the output paths
of scattered lights. Only one closed loop is drawn for clarity

draws possible paths for scattered light from a closed loop
to escape from the device. It is evident that once the lasing
light, refracted light from an in-plane closed-loop random
cavity, is incident onto the tilted and rough edge plane of the
mesa, it will be reflected/refracted by this plane to emit into
all directions.

3 Conclusion

We experimentally realized an electrically pumped random
laser with a MgZnO/ZnO/MgZnO heterostructure embed-
ded in a ZnO p-n junction at room temperature. Due to ex-
citonic process, the threshold current is low. Moreover, nat-
urally grown columns provide multiple scattering media at
boundaries, giving rise to the formation of random closed
loops, hence the laser has randomly distributed peaks. The
observation of random laser in this device confirms that the
recent achievement of p-type doping is sufficient for realiza-
tion of low-threshold electrically pumped laser.
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