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A diode with Sb-doped p-type ZnO, MgZnO/ZnO/MgZnO double heterostructure, and undoped

n-type ZnO layers was grown on c-plane sapphire substrate by plasma-assisted molecular-beam

epitaxy. Hall effect measurement showed that the top p-type Sb-doped ZnO layer has a hole

concentration of 1� 1017cm�3. Mesa geometry light emitting diodes were fabricated with Au/Ni

and Au/Ti Ohmic contacts on top of the p-type and n-type layers, respectively. Ultraviolet emission

was achieved, which yielded an output power of 457 nW at 140 mA. The enhancement of the

output power is attributed to carrier confinement in the good-quality intrinsic layer of the double

heterostructure. The spatial distribution of light emission was characterized. VC 2011 American
Institute of Physics. [doi:10.1063/1.3598136]

I. INTRODUCTION

ZnO is promising for ultraviolet optoelectronic devices

due to its large exciton binding energy (60 meV) and suitable

bandgap (3.37 eV).1,2 In order to achieve applicable ZnO

devices, much progress has been made on p-type doping of

ZnO films and nanostructures.3–6 Among these efforts, Sb

doping for p-type ZnO was theoretically proposed and exper-

imentally confirmed subsequently.7,8 Various functional pro-

totype devices such as photodetectors,9,10 light-emitting

diodes (LEDs),11–13 and random lasing devices14 based on

Sb-doped ZnO have been demonstrated, indicating that Sb

can be an effective p-type dopant for ZnO. However, the

best output power previously obtained in LED with Sb-

doped p-type ZnO on c-plane sapphire substrate was only 32

nW,15 which is possibly due to the low doping level and

insufficient structural engineering. To increase the output

power, improved p-type film and double heterostructure may

be used. In this study, Sb-ZnO/MgZnO/ZnO/MgZnO/ZnO

double heterostructure LEDs on c-plane sapphire substrates

with greatly improved output power of 287 nW at 60 mA

and 457 nW at 140 mA are reported.

II. DEVICE GROWTH AND FABRICATION

The double heterostructure diode was grown on c-plane

sapphire substrates using plasma-assisted molecular-beam

epitaxy (MBE). Sapphire substrates were chemically cleaned

in an aqua regia (HNO3: HCl¼ 1:3) solution at 150 �C for 20

min, then rinsed in de-ionized water, and finally dried with a

nitrogen gun and transferred into an MBE chamber. The

growth began with a 2-min growth of MgO for improving

the subsequent ZnO film quality,16 followed by a regular

ZnO buffer layer growth at 550 �C for 8 min. The subsequent

n-ZnO and Sb-doped p-type layers were grown at 700 �C and

500 �C, respectively. The effusion cell temperatures of Zn,

Mg, and Sb were 365, 380, and 370 �C, respectively. The Zn

and Mg beam fluxes were on the order of 10�7 Torr, while

Sb beam flux was on the order of 10�9 Torr. The n-type ZnO

and ZnO buffer layers were grown under near stoichiometric

condition while the Sb-doped ZnO layer was grown under

oxygen rich condition. The thickness of the buffer, n-type

ZnO, and Sb-doped p-type ZnO layers are �10, �400, and

�400 nm, respectively. Between the p-type and n-type

layers, a 20 nm MgZnO/�80 nm undoped ZnO/20 nm

MgZnO double heterostructure was inserted as the active

region, and the growth temperature of this layer was 400 �C.

The mole fraction of Mg in MgZnO was designed to be

10%. Post growth thermal annealing was performed at

750 �C in oxygen ambient to activate the dopants. Mesa ge-

ometry LEDs of 800� 800 lm2 were fabricated using stand-

ard photolithography and lift-off processes. Au/Ti and Au/Ni

were deposited on n-type ZnO layer and Sb-doped p-type

layer, respectively, as electrical contacts using e-beam evap-

oration. Ohmic contacts were achieved after rapid thermal

annealing process. Figure 1(a) shows the schematic of the

device structure. Secondary ion mass spectroscopy (SIMS)

measurements were performed by a Cameca IMS 4.5 F sys-

tem, and the result is shown in Fig. 1(b). The SIMS spectra

show the profile of elements O, Zn, Sb, and Mg along the

growth direction. The elemental distribution is consistent

with the designed device structure. The Sb and Mg diffusion

is probably due to the high temperature annealing after

growth.

III. RESULTS AND DISCUSSION

X-ray diffraction (XRD) h/2h survey shows that the

diode film grows preferentially along the c-direction of the

ZnO wurtzite lattice [Fig. 2(a)]. Surface morphology and

cross section of the ZnO film were studied by scanning elec-

tron microscope (SEM). Figure 2(b) shows the top-view

image of the ZnO film on sapphire substrate. It is evident
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that ZnO grains with in-plane size from 200 to 500 nm are

formed, which is a typical result of oriented nucleation pro-

cess due to the large lattice mismatch between ZnO and

c-sapphire substrate. Figure 2(c) shows the cross-sectional

SEM image of the film, which confirms the nanocolumnar

grain growth mode. In addition, there is evident contrast

between the top p-type layer and bottom n-type layer, which

is a result of different growth temperature as well as exten-

sive Sb dopant incorporation in the top film.

Hall effect measurement was characterized under a Hall

bar configuration at room temperature. The sample was cut

into �15 mm� 5 mm bar with Au/Ni Ohmic contacts on

both ends and sides. The hole concentration of 1� 1017

cm�3, mobility of 17 cm2/V s, and resistivity of 3.6 X cm

were obtained by linear fitting the Hall resistance with mag-

netic field. It should be noted that the electrical properties of

the p-type ZnO layer can be extracted in a multilayer struc-

ture for the first time. This might have something to do with

the MgZnO/ZnO/MgZnO double heterostructure, which acts

as the space charge region of the diode and effectively sup-

presses the effect from the underlying n-ZnO layer. In order

to cross-check the carrier concentration of the p-type layer, a

reference sample with the n-type ZnO film only was grown

under the same growth condition. The electron concentra-

tion, mobility and resistivity of this sample are 5.0� 1017/

cm3, 23.2 cm2/V s and 0.5 X cm, respectively. Capacitance-

voltage (C-V) analysis (see Fig. S1 in supplemental materi-

als17) under standard diode model was performed and

yielded a doping concentration of 6.0� 1016/cm3 in the

p-type layer. This result slightly deviates but is in reasonable

agreement with the hole concentration deduced from the

Hall effect measurement.

Electrical properties of the LED devices were character-

ized by Agilent B 1500 A semiconductor parameter analyzer.

Figure 3 shows the current-voltage (I-V) characteristic of a

ZnO diode device, suggesting typical diode rectifying char-

acteristic. The inset in Fig. 3 shows the linear I-V curves of

n–n contacts on undoped ZnO layer and p–p contacts on Sb-

doped ZnO layer, respectively, indicating the formation of

Ohmic contacts. The Ohmic behavior of metal contacts on

top of ZnO excludes the possibility of metal-semiconductor

junctions in the device.

FIG. 1. (Color online) (a) Schematic of the ZnO LED showing a MgZnO/

ZnO/MgZnO double heterojunction sandwiched between p-type and n-type

layers. Device mesa with Au/Ni and Au/Ti Ohmic contacts are also shown.

(b) SIMS spectra of Zn, O, Mg, and Sb elemental distribution.

FIG. 2. (a) XRD pattern of the double heterojunction sample. (b) Top-view

SEM image of the sample surface. Scale bar: 500 nm (c) Side-view SEM

image of the cross-section of the sample. Scale bar: 500 nm. Contrast

between p-type layer and n-type layer is clearly observed.
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Electroluminescence (EL) characterizations were per-

formed by using a home-built measurement setup including

an Oriel monochromator and a lock-in amplifier with a chop-

per. An external HP E3630 A dc power supply was used to

input current to the diodes. Figure 4 shows the EL spectra of

the LED device at the injected currents ranging from 30 to

70 mA. The near-bandedge (NBE) ultraviolet emissions are

present in the EL spectra and the emission intensity increases

with the increase of the injection current. The EL peak posi-

tion redshifts from 3.26 eV (380 nm) at small injection cur-

rent (20 mA) to 3.06 eV (405 nm) at large injection current

(70 mA), which is attributed to heat induced bandgap shrink-

age.12 The output power of the device was measured and

calibrated with an Ocean-Optics integral sphere and an

Ocean-Optics LS-CAL-1 standard lamp. Well defined emis-

sion signal can be observed and the output power of this de-

vice is calculated to be 457 nW (140 mA). The top inset of

Fig. 4 shows the image of the emitting light of the device on

a TO5 can at the injection current of 140 mA, which was

captured by a photocamera. Referring to the device structure

shown in Fig. 1(a), it is obvious that the ultraviolet/blue

lighting area covers the whole square-shaped mesa area,

indicating that the light originates from the planar ZnO p-n
junction. The integrated intensity against injection current is

shown in the bottom inset of Fig. 4, suggesting quasilinear

relationship between output power and injection current,

which is a typical LED characteristic. As a result, the output

power is estimated to be 287 nW at the injection current of

60 mA. This value is almost one order of magnitude larger

than the previously reported Sb–ZnO/Ga–ZnO junction LED

with the same size of 800� 800 lm2 on c-sapphire (32 nW

output at the same current of 60 mA).15

The spatial distribution of the light emission was charac-

terized by angle-dependent EL measurement. The measure-

ment was achieved by rotating the device sample holder with

respect to the growth direction of the sample, as schemati-

cally shown in the inset of Fig. 5(a). The EL spectra for 0�,
30�, 45�, 60�, and 90� are shown in Fig. 5(a). Clearly, similar

UV emissions are demonstrated at all the five angles, which

indicate that this device has fairly broad emission that covers

the whole semi-sphere. The broad emission profile in this de-

vice is related to the textured surface [as shown in Fig. 2(b)],

which enhances the light output due to the reduction of inter-

nal reflection in the ZnO/air interface.18 It is also noticeable

FIG. 3. (Color online) I-V characteristic in linear scale of the device, show-

ing typical rectifying diode characteristic. The inset shows the I-V for con-

tacts on p-type layer and n-type layer, respectively.

FIG. 4. (Color online) EL spectra at the injection currents ranging from 30

to 70 mA. Top inset: a photo of the LED operating at 140 mA. Bottom inset:

integrated spectrum intensity vs injection current.

FIG. 5. (Color online) (a) EL spectra collected at different angles: 0�, 30�,
45�, 60�, and 90�, respectively. Inset: schematic of measurement angle. (b)

Integrated spectrum intensity as a function of measurement angle.
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that there is a slight blueshift of the emission as the measure-

ment angle increases. This trend is similar to the angle-de-

pendent photoluminescence (PL) in ZnO columnar films

grown by pulsed laser deposition,19 which is mainly attrib-

uted to the effect of microcavity formed by the films.20,21

The integrated intensity as a function of angle is shown in

Fig. 5(b). This result is a typical far-field pattern characteris-

tic of an LED; similar results were observed in GaN LEDs.22

In Sb–ZnO/Ga–ZnO homojunction LED, the light

mostly arises from radiative recombination in Sb–ZnO

layer.12 Here, the enhanced emission power is a result of the

carrier confinement and recombination in the MgZnO/ZnO/

MgZnO double heterostructure. Figure 6 shows the low-tem-

perature (9 K) PL spectra of the top p-type layer and the film

with Sb-doped ZnO layer etched. The etching was done by

using diluted HCl. The setup of the PL measurement is simi-

lar to the EL setup. A 325 nm He–Cd laser is used as the ex-

citation source. As seen from the PL spectrum of the p-type

layer, an acceptor-bound exciton emission (3.351 eV) and

electron to zinc vacancy acceptor transition peak (�3.0 eV)

can be observed, which is the signature of Sb-doped p-type

ZnO.8 The PL of the etched sample shows a donor bound

exciton emission (3.360 eV) as well as a drastic increase of

the PL intensity by almost two orders of magnitude, which

originates from much better crystal quality of the undoped

ZnO layer. There is a shoulder around 3.40 eV beside the

main peak in the PL of the etched ZnO film, which is widely

attributed to free exciton (FX) emission.23 The presence of

the FX peak is another strong proof of excellent optical qual-

ity of the undoped ZnO film. Under forward bias, radiative

recombination happens in the undoped ZnO layer, rather

than in the Sb-doped ZnO film, giving rise to the enhanced

emission intensity.

IV. CONCLUSION

ZnO LEDs with Sb-doped p-ZnO, MgZnO/ZnO/MgZnO

double heterostructure, n-ZnO were fabricated on c-plane

sapphire using plasma-assisted MBE. The devices show

prominent ultraviolet emission in the EL spectra. The output

power of the LED was characterized to be 487 nW at the

injection current of 140 mA thanks to the high crystalline

quality of the intrinsic layer in the double heterostructure.
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