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Abstract The authors report the growth of ZnSe/ZnSeTe

superlattice nanotips on oxidized Si(100) substrate. It was

found the nanotips exhibit mixture of cubic zinc-blende

and hexagonal wurtzite structures. It was also found that

photoluminescence intensities observed from the ZnSe/

ZnSeTe superlattice nanotips were much larger than that

observed from the homogeneous ZnSeTe nanotips. Fur-

thermore, it was found that activation energies for the

ZnSe/ZnSeTe superlattice nanotips with well widths of 16,

20, and 24 nm were 76, 46, and 19 meV, respectively.
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Introduction

Wide bandgap ZnSe-based II–VI materials are attractive

materials that can be used in various optoelectronic

applications. Using two-dimensional (2D) epitaxial layers,

ZnSe-based light emitting diodes, laser diodes, and

photodetectors have also been demonstrated [1–3]. Other

than 2D epitaxial films, it is also possible to prepare one-

dimensional (1D) ZnSe nanowires. With a large surface-

to-volume ratio, 1D systems including nanowires and

nanorods have attracted great interest in recent years. It is

generally recognized that 1D materials are the ideal

building blocks for novel nano-scaled optoelectronic

devices. 1D ZnSe nanowires can be prepared by pulse laser

deposition [4], metalorganic chemical vapor deposition [5],

phase vapor growth [6], and molecular-beam epitaxy

(MBE) [7]. Among these methods, MBE can be used to

grow samples in high vacuum, which is important when

preparing crystalline materials. Indeed, device quality

ZnSe epitaxial layers reported in the literature were all

prepared by MBE [8–10]. With the ability to precisely

control growth parameters and to accurately monitor

growth process, MBE should be an ideal tool to grow nano-

structured materials.

For conventional 2D devices, heterostructure plays a

very important role. Similarly, the concept of heterostruc-

ture can be applied to 1D nanowires/tips. Indeed, GaN/

InGaN, InAs/InP, Si/SiGe, and ZnMgO/ZnO heterostruc-

ture nanowires/tips have all been demonstrated [11–14]. It

is also possible to prepared nanowires/tips with superlattice

structure. For these superlattice nanowires/tips, the longi-

tudinal confinement could couple with radial confinement.

This should provide more functionalities for the superlat-

tice nanowires/tips [15]. To realize ZnSe-based superlattice

nanowires/tips, it is necessary to form ternary nanowires/
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tips. Very recently, we reported the growth of ternary

ZnSeTe nanotips by MBE and the fabrication of a ZnSeTe

nanotip-based photodetector [16]. ZnSeTe is a ternary

material with interesting optical properties. It has been

shown that strong luminescence signal could be observed

from localized excitons bound to Te atom (Te1 emission)

and Ten (n C 2) cluster (Ten cluster emission) in 2D

ZnSeTe epilayer [17, 18]. In this study, we report the

growth of ZnSe/ZnSeTe superlattice nanotips by MBE on

oxidized Si(100) substrates. Physical and optical properties

of the ZnSe/ZnSeTe superlattice nanotips will be

discussed.

Experimental

The ZnSe/ZnSeTe superlattice nanotips used in this study

were grown by a Riber 32P solid source MBE system on

oxidized Si(100) substrate using vapor–liquid–solid (VLS)

mechanism with an Au-based nano-catalyst. The source

materials for the MBE system were elemental Zn (6N), Se

(6N) and Te (6N). Prior to the growth of the nanotips, a

Si(100) substrate was first immersed in boiled acetone for

10 min, in boiled isopropyl alcohol for 10 min, and in

hydrofluoric acid solution for 30 s. The chemically cleaned

Si substrate was thermally oxidized to form a 150-nm-thick

SiO2 film. This SiO2 film acts as a catalyst diffusion barrier

[19]. A 0.6-nm-thick Au film was then deposited onto the

SiO2 layer by sputtering. The sample was then loaded onto

the preparation chamber and annealed at 280�C to transfer

Au film into Au nano-particles [20]. Subsequently, the

substrate was transferred into the growth chamber to grow

the ZnSe/ZnSeTe superlattice nanotips at 280�C for 1 h.

It has been shown previously that ZnSe nanowires can

be grown by MBE based on Au-catalyzed VLS deposition

[7]. Similar growth mechanism should be applied to the

growth of ZnSe/ZnSeTe superlattice nanotips in this study.

Figure 1a shows schematic diagram of the VLS growth of

ZnSe/ZnSeTe superlattice nanotips. With Au nano-parti-

cles dispersed on the oxidized Si substrate, eutectic Au–Zn

alloy droplets were first formed. The deposited source

atoms (i.e., Zn, Se, and Te) were then diffused along the

nanotip sidewalls to form the ZnSe/ZnSeTe superlattice

nanotips. During the growth, we carefully controlled the

growth time so as to achieve the designated thickness. We

also carefully controlled beam equivalent pressures of Zn,

Se, and Te so as to keep the composition ratio at

Se:Te = 9:1. We prepared samples with three different

ZnSeTe well layer thickness (i.e., Lw = 16, 20, and

24 nm) while the ZnSe barrier layer thickness was kept at

78 nm. The schematic diagram of the ZnSe/ZnSeTe

superlattice nanotips grown on oxidized Si (100) substrate

is shown in Fig. 1b. Growth interruptions were also

introduced at each ZnSe/ZnSeTe interface by stopping the

growth for 30 s.

After the growth, surface morphologies of the samples

were characterized by a Hitachi S-4700I field-emission

scanning electron microscope (FESEM) operated at 15 kV.

A Philips FEI TECNAI G2 high resolution transmission

electron microscopy (HRTEM) operated at 200 kV and a

Siemens D5000 X-ray Diffraction (XRD) system were

applied to analyze crystallographic and structural proper-

ties of these superlattice nanotips. To characterize optical

properties, photoluminescence (PL) measurements were

performed by a continuous wave (CW) He–Cd laser

operated at 325 nm as the excitation source. The lumi-

nescence signals generated from the samples were then

recorded by a lock-in amplifier at 20 to 100 K.

Results and Discussion

Figure 2a–c show top-view FESEM images of the ZnSe/

ZnSeTe superlattice nanotips with Lw = 16, 20, and

24 nm, respectively. As shown in these figures, it was

found that high density nanotips were successfully grown

on the oxidized Si(100) substrate. Insets in these figures

show the respective enlarged FESEM images. As shown in

these insets, it was found that average length of these

nanotips was 0.95 lm.

Fig. 1 Schematic diagrams of a the VLS growth of ZnSe/ZnSeTe

superlattice nanotips and b the ZnSe/ZnSeTe superlattice nanotips

grown on oxidized Si (100) substrate
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Figure 3 show HRTEM image of one randomly selected

ZnSe/ZnSeTe superlattice nanotip with Lw = 20 nm. Fast

Fourier transform (FFT) patterns measured from four dif-

ferent points in this particular superlattice nanotip were

shown at the bottom of this figure [21, 22]. Among the four

points, points 2 and 3 were from the ZnSe0.9Te0.1 well layer

while points 1 and 4 from the ZnSe barrier. It can be seen

from FFT patterns measured from points 1 and 4, it was

found that the crystal was grown along the [111] lattice

direction in these two points. This indicates that points 1

and 4 (i.e., ZnSe barrier layers) exhibit cubic zinc-blende

structure. In contrast, the crystal was grown along the [220]

lattice direction in points 2 and 3. This indicates that points

2 and 3 (i.e., ZnSeTe well layers) exhibit hexagonal

wurtzite structure. In other words, we can change the

crystal structure from zinc-blend to wurtzite by introducing

10% Te into the nanowires. From the HRTEM image, it

can be seen that the interfaces between zinc-blende and

wurtzite domains were sharp with very few defects. The

sharp interfaces observed in this HRTEM image should be

attributed to the use of growth interruption at each ZnSe/

ZnSeTe interface. Inset in Fig. 3 shows low-magnification

bright-field TEM image of one single nanotip. It was found

that an eutectic Au nanoparticle existed on the tip, which

confirms that these nanotips were indeed formed by the

VLS mechanism.

Figure 4 shows XRD spectra measured from the three

ZnSe/ZnSeTe superlattice nanotips. It was found that the

XRD peaks observed in these three samples could all be

indexed to the cubic zinc-blende (111), (220), (311) peaks

and the hexagonal wurtzite (103) and (002). These peaks

again indicate that our ZnSe/ZnSeTe superlattice nanotips

exhibit mixture of zinc-blende and wurtzite structures. It

Fig. 2 Top-view FESEM images of the ZnSe/ZnSeTe superlattice nanotips with Lw = a 16 nm, b 20 nm, and c 24 nm, respectively

Fig. 3 HRTEM image of one randomly selected ZnSe/ZnSeTe

superlattice nanotip with Lw = 20 nm. Insets at the bottom show

FFT patterns measured from four different points in this particular

superlattice nanotip and low-magnification bright-field TEM image
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can also be seen that full-width-half-maxima (FWHMs) of

the observed XRD (111) peaks were 0.2�, 0.26� and 0.32�
for the samples with Lw = 16, 20 and 24 nm, respectively.

The small FWHMs suggest reasonably good crystal quality

of our ZnSe/ZnSeTe superlattice nanotips.

Figure 5a shows PL spectrum of the ZnSe/ZnSeTe

nanotips measured at 20 K. It was found that the 20 K PL

peak of the ZnSe/ZnSeTe nanotips prepared in this study

was located at 491 nm (i.e., 2.53 eV) with a 31 nm

FWHM. For comparison, PL spectra of ZnSe nanowires

and ZnSeTe nanotips were also plotted in the same figure.

It was found that PL peak positions were located at 467 nm

(i.e., 2.66 eV) and 492 nm (i.e., 2.52 eV) while PL peak

FWHMs were 29 and 30 nm for the ZnSe nanowires and

the ZnSeTe nanotips, respectively [16, 17]. Figure 5b

shows normalized PL spectra of the three ZnSe/ZnSeTe

nanotips measured at 20 K. It was found that PL peaks

occurred at 482, 484, and 491 nm for the ZnSe/ZnSeTe

nanotips with Lw = 16, 20, and 24 nm, respectively. In

other words, the PL peak blue-shifted by 9 nm as we

decreased the ZnSeTe well layer thickness, Lw, from 24 to

16 nm. This should be attributed to the quantum confine-

ment effect [23]. It should be noted that PL intensities

observed from these ZnSe/ZnSeTe superlattice nanotips

were all much larger than that observed from the homo-

geneous ZnSeTe nanotips prepared with the same method

and with the same Te composition ratio [16]. The much

larger PL intensities should be attributed to the effective

confinement of carriers in the well layers.

Figure 6a–c shows Arrhenius plots of the integrated PL

intensities measured from the ZnSe/ZnSeTe superlattice

nanotips with Lw = 16, 20, and 24 nm, respectively. It was

found that we can fit the experimental data since the

temperature dependence of the integrated PL intensities

could be expressed as follows [24]:

I Tð Þ ¼ I0

1þ A exp �EA=kTð Þ ð1Þ

where I0 is the integrated PL intensity at low tempera-

tures, k is the Boltzmann’s constant, T is temperature, A is

rate constants while EA is the activation energy, respec-

tively. As shown in Fig. 6a–c, it was found that activation

energies were 76, 46, and 19 meV for the ZnSe/ZnSeTe

superlattice nanotips with Lw = 16, 20, and 24 nm,

respectively. It should also be noted that these values

were all larger than that observed from the previously

reported homogeneous ZnSe nanowires [16]. At high

temperatures, PL quenching in quantum wells is primarily

due to the thermal emission of charge carriers from the

confined quantum well states into the barrier states [25].

Compared with homogeneous ZnSe nanowires, the larger

activation energies observed in Fig. 6a–c suggest that the

ZnSe/ZnSeTe superlattice nanowires reported in this

study are potentially useful for feasible nano-photonic

application. To overcome the quenching effect, we need

to improve crystal quality of these nanotips. One possible

method is to grow these nanotips on lattice matched

ZnSe/GaAs template instead of oxidized Si substrate.

Such an experiment is underway and the results will be

reported separately.

Fig. 4 XRD spectra measured from the three ZnSe/ZnSeTe super-

lattice nanotips

Fig. 5 a PL spectrum of the ZnSe/ZnSeTe superlattice nanotips

measured at 20 K. PL spectra of ZnSe nanowires and ZnSeTe

nanotip were also plotted for comparison. b Normalized PL

spectra of the three ZnSe/ZnSeTe superlattice nanotips measured at

20 K
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Conclusions

In summary, we reported the growth of ZnSe/ZnSeTe su-

perlattice nanotips on oxidized Si(100) substrate by MBE

using VLS mechanism with an Au-based nanocatalyst. It

was found that the ZnSe/ZnSeTe superlattice nanotips

exhibit mixture of cubic zinc-blende and hexagonal

wurtzite structures. It was also found that PL intensities

observed from the ZnSe/ZnSeTe superlattice nanotips were

significantly larger than that observed from the homoge-

neous ZnSeTe nanotips.
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