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Nitrogen-doped Mg0.12Zn0.88O nanocrystalline thin film was grown on c-plane sapphire substrate.

Asymmetric Ni/Au and Ti/Au Schottky contacts and symmetric Ni/Au contacts were deposited on

the thin film to form metal-semiconductor-metal (MSM) laser devices. Current-voltage,

photocurrent, and electroluminescence characterizations were performed. Evident random lasing

with a threshold current of �36 mA is demonstrated only from the asymmetric MSM device.

Random lasing peaks are mostly distributed between 340 and 360 nm and an output power of

15 nW is measured at 43 mA injection current. The electron affinity difference between the contact

metal and Mg0.12Zn0.88O:N layer plays an important role for electron and hole injection and

subsequent stimulated random lasing. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902921]

Research on developing low-threshold, different-operat-

ing-wavelengths, durable, and efficient semiconductor laser

diodes over the last several decades has led to intensive

material and device engineering, which has introduced GaAs

to GaN, and early double heterostructure, through quantum

well to plasmonic, random, and nano laser devices.1–4 As a

direct band gap (3.37 eV) semiconductor along with high

exciton binding energy (60 meV, compared to 25 meV of

GaN) at room temperature (RT), ZnO has opened up the

possibility of very low-threshold, highly efficient excitonic

lasing devices at RT.5–7 Its alloys, MgxZn1�xO and

CdxZn1�xO have added new dimensions to potential applica-

tions in deep ultraviolet (UV) and visible spectrum, respec-

tively.8,9 Currently, random laser has attracted much

attention due to its simplicity in structure and operation

process, and potential for various applications such as

bio-sensing, medical diagnostic, speckle-free imaging, and

information storage.10–15 ZnO can be utilized as an excellent

random lasing medium due to its high refractive index and

exciton binding energy. However, lack of reliable p-type

ZnO is the bottleneck problem toward achieving high-

performance ZnO based light emitting devices, even though

ZnO-based homojunctions, mostly LED devices have been

reported.16–20 Hence, ZnO thin film based alternative random

lasing device structures such as metal-insulator-semiconduc-

tor (MIS) structures, heterostructured devices with the com-

bination of n-ZnO and other p-type materials have drawn a

great deal of interest.21–25

In this letter, random lasing from an asymmetrically

contacted metal-semiconductor-metal (MSM) device is

reported. The device consists of Ni/Au and Ti/Au Schottky

contacts to N-doped Mg0.12Zn0.88O nanocrystalline thin film

grown by RF plasma-assisted molecular beam epitaxy. N

doping and Mg alloying effectively reduce the carrier con-

centration in the semiconductor, which enhances diffusion of

holes from Ni/Au/MgZnO Schottky contact to recombine

with electrons from Ti/Au/MgZnO contact. Light propagates

through the nanocrystalline thin film and subjects to multiple

scattering, leading to random lasing. The demonstration of

random lasing from MSM device suggests that even very

limited hole supply as a result of leakage current from a

reverse-biased metal semiconductor junction in the MSM

structure is sufficient to recombine with electrons to initiate

random lasing in ZnO based materials. Therefore, excitonic

processes have played an important role in ZnO random

lasing.

First, a MgO/ZnO bi-layer of 15 nm was deposited at

450 �C as the nucleation layer on a cleaned c-plane sapphire

substrate. On top of this nucleation layer, a ZnO (400 nm)

buffer film was deposited at a substrate temperature of

500 �C, a Zn cell temperature of 350 �C, an oxygen (O2) flow

of 3 sccm, and a plasma power of 400 W. Next, N-doped

Mg0.12Zn0.88O (250 nm) was deposited at the same substrate

temperature with Zn, Mg cell temperature, and O2/N2O flow

at 346 �C, 435 �C, and 2.5/2.5 sccm, respectively. After the

growth, the sample was in situ annealed at 600 �C for 20 min

with 3 sccm of O2 flow. This film, initially exhibiting p-type

behavior,26 is converted to n-type over a period of time with

a high resistivity (�102 X-cm).

Circular geometry (�400 lm outside diameter) planar

MSM device structure was fabricated following the standard

photolithography process. Ni/Au (20 nm/150 nm) and

Ti/Au (20 nm/150 nm) were deposited on the surface of

Mg0.12Zn0.88O:N layer as the inner and outer concentric circu-

lar contact metals, respectively, for the asymmetric MSM de-

vice. For the symmetric MSM device, Ni/Au (20 nm/150 nm)

was used for both contacts. Current–voltage (I–V) characteris-

tic of the device was measured using an Agilent 4155C semi-

conductor parameter analyzer. Photoluminescence (PL) and

electroluminescence (EL) measurements were carried out

using a PL/EL system composed of an Oriel monochromator,

a photomultiplier detector, a lock-in amplifier, and a chopper.

A 325-nm wavelength (Kimmon) He–Cd laser was used as an
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excitation source for PL measurement. An external HP

E3630A dc power supply was used to input current for EL

measurements. Photocurrent (PC) measurement was carried

out using a 150 W Xe arc lamp as light source. The devices

were packaged on TO5 Cans for EL and PC measurements.

Output power of the device was measured using a Thorlabs

PM100 optical power meter.

Figure 1(a) shows x-ray diffraction (XRD) pattern of the

Mg0.12Zn0.88O:N film. The peak at �34.4� indicates prefer-

ential growth along the c-direction of the wurtzite lattice

structure, according to the standard card (JCPDS 36-1451).

The top and bottom right insets in Fig. 1(a) show top and

cross sectional scanning electron microscopy (SEM) images

of the film, respectively. The film exhibits nanoscale colum-

nar structures with many pits or air gaps in between. This

morphology originates from the low-quality MgO/ZnO

buffer and subsequent growth of large lattice mismatched

active layer with respect to the substrate at relatively low

temperature.11 Figure 1(b) shows RT PL spectrum of the

Mg0.12Zn0.88O:N film. The excitonic near band edge peak

is around 355 nm (3.49 eV) and deep level emissions are

present in the spectrum. These interband states are mainly

due to the point defects (interstitials, vacancies, anti-sites,

etc.) in the film formed under O-rich growth condition.27,28

Figure 2 shows I-V characteristics of the asymmetric

MSM device with and without UV illumination. The bottom

right inset shows I-V characteristics of the symmetric MSM

device and top left inset shows top-view schematic of the de-

vice structure. The I-V curves exhibit almost symmetric

behavior under forward (positive voltage on Ni/Au contact)

and reverse biases, which are a typical characteristic of

MSM device.29,30 However, the dark current is less under

reverse bias for the asymmetric MSM device, as the elec-

trons overcome higher energy barrier at the Ni contact junc-

tion, compared to the barrier at Ti contact junction under

forward bias. Both devices show enhanced photoresponses

under UV exposure indicating resistive nature of the

N-doped Mg0.12Zn0.88O film, where the photo-generated

carriers contribute to increased conductivity.30

Figure 3(a) shows PC spectra under zero and forward

(positive voltage on the Ni/Au contact) biases for the asym-

metric MSM device. The inset shows PC spectra under

reverse (positive voltage on the Ti/Au contact) bias. With

zero bias, the photocurrent is absent due to Schottky barriers

to the photo-generated carriers.30 Under both forward and

reverse biases, the photocurrent response increases as the

photo-generated carriers are swept and collected under

the applied electric field. The spectra show a peak at around

350–360 nm as the carriers are generated within the

Mg0.12Zn0.88O:N layer. Figure 3(b) shows PC spectra under

different applied voltages for the symmetric MSM device.

The spectra show similar trend as the asymmetric MSM

device. Long tail response is observed on the lower energy

side of the spectra, which is due to carrier generation from

the intraband states within the film. This enhanced photocur-

rent response is a result of more efficient collection of elec-

trons and holes from the N-doped Mg0.12Zn0.88O film at

higher voltages.31

Figure 4(a) shows EL spectra with continuous dc current

injection (through Ni/Au contact to Ti/Au contact) at room

temperature from the asymmetric MSM device. The EL was

recorded from the normal direction of the sample surface. At

low current injection (33–35 mA), the emission is broad and

FIG. 1. (a) XRD pattern of the Mg0.12Zn0.88O:N film. The top and bottom

right insets show SEM images of the top surface and cross sectional view,

respectively. (b) RT photoluminescence spectrum of the Mg0.12Zn0.88O:N

film.

FIG. 2. I-V characteristic in linear scale of the asymmetric MSM device

under UV and dark. The top left inset shows top-view schematic of the de-

vice structure. The bottom right inset shows the I-V characteristic of the

symmetric MSM device.
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weak for the asymmetric MSM device. With higher current

injection (>35 mA), multiple emission peaks appear. The

peaks are distributed mostly between 340 and 360 nm. The

intensity becomes stronger with increasing injection current

and also the line width gets narrower (�2–3.5 nm). On the

other hand, the emission from the symmetric MSM device as

shown in the inset spectra is broad and weak, and multiple

emission peaks with line width narrowing trend at higher

injection current are absent. Figure 4(b) shows EL spectra at

different detection angle under 43 mA current injection for

the asymmetric MSM device. Different peaks appear at vary-

ing angle of measurement and the spacing between adjacent

peaks also varies with each measurement. The increasing in-

tensity, line width narrowing of multiple peaks with higher

injection current and inhomogeneous distribution of peaks at

different angle of measurement suggest random lasing from

the asymmetric MSM device.32,33 Figure 4(c) shows inte-

grated light intensity as a function of injection current for the

asymmetric MSM device. A threshold current of around

�36 mA is evident. Light output power of �15 nW was

detected at 43 mA injection current. The necessary cavity for

the lasing is formed randomly through light scattering at the

column boundaries with air gaps inside the film.11 However,

weak confinement of light and spatial overlapping of random

cavity modes with large cavity length, which depends on the

density of scattering centers, lead to random diffusing of

FIG. 3. (a) Photocurrent spectra under different biases (positive voltage on

Ni/Au contact) from the asymmetric MSM device. The top right inset shows

the photocurrent spectra under reverse (positive voltage on Ti/Au contact)

bias. (b) Photocurrent spectra under different biases from the symmetric

MSM device.

FIG. 4. (a) RT EL spectra under different injection current from the asym-

metric MSM device. The bottom right inset shows EL spectra from the sym-

metric MSM device. (b) Angle-dependent EL spectra at an injection current

of 42 mA, and (c) integrated EL intensity at different injection current of the

asymmetric MSM device.
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photons from neighboring cavities and mode coupling, and

interrupting the coherence of the cavity mode. These disrup-

tions in the cavity cause broad line width of the lasing

modes.34,35 In contrast, narrow line widths of less than

0.2 nm can be achieved in the devices comprising of more

loosely packed ZnO columnar structures or bundle

nanowires.16,22

Finally, we briefly discuss the lasing mechanism of the

asymmetric MSM device. Under applied positive voltage on

Ni/Au contact in the asymmetric MSM device, electrons can

easily overcome the shallower Ti contact barrier through

thermionic emission. At higher voltage, much of the voltage

is dropped across the thin film and Ni/MgZnO Schottky diode

regions, which leads to more energy band bending compared

to that of the Ti contact region. Hence, holes can tunnel

directly and also through traps to the valence band of

Mg0.12Zn0.88O:N film from the Ni contact across the sharply

bent energy band region.36,37 Moreover, some holes are cre-

ated through the generation process due to the presence of

high electric field near the Ni-contact region. These injected

holes readily form excitons and contribute to the excitonic

electroluminescence. However, due to limited number of

holes or excitons, the gain of the active medium is small,

leading to low emission intensity and output power.

Compared with asymmetric MSM device, the symmetric

MSM device adopts both Ni/Au metal contacts, which have

larger Schottky barrier height than the Ti/Au contact. Under

similar operation condition to the asymmetric MSM device,

much less holes are injected into the thin film region in the

symmetric MSM device, therefore, very weak EL is observed.

Electrically pumped random lasing is observed from

Mg0.12Zn0.88O:N thin film based asymmetric MSM device.

I-V and photocurrent characteristics show typical MSM

device characteristics from the resistive Mg0.12Zn0.88O:N

layer. The electron affinity of the contact metals affects the

efficiency of hole injection. Column morphology of the thin

film with air gaps provides the scattering media to form

random cavity. A threshold current of �36 mA is observed

and an output power of �15 nW is obtained at a drive current

of 43 mA. This work shows an alternative approach for

MgxZn1�xO based random lasing device and opens up the

opportunity to achieve random lasers towards deep UV

wavelengths with a simple device structure.
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