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Electrically pumped random lasers with
p-diamond as a hole source
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Electrically pumped lasing has been one of the most challenging issues for random lasers. Since holes are rare in most
semiconductors, hole injection is necessary for electrically pumped lasers. Here in this article, by employing p-type
diamond synthesized via a temperature gradient method under high-pressure and high-temperature conditions as a
hole source, electrically pumped random lasing has been observed from p-Mgg 35Zng 650 /7-ZnO core—shell nanowire
structures. The mechanism for the lasing can be attributed to the recombination of the electrons in the nanowires with

the holes injected from the p-type diamond.
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1. INTRODUCTION

Random lasing has attracted much attention in the past decades
for its various potential applications in displaying, sensing, bio-
logical imaging, etc. [1-6]. To date, optically pumped random
lasers have been reported extensively [7—12]. To realize electrically
pumped random lasing is one of the major issues for the further
development and future applications of this kind of laser.
Zinc oxide (ZnO) is one of the most promising candidates
for use in electrically pumped random lasers for its direct bandgap
and relatively large exciton binding energy [13—17]. Nevertheless,
to realize electrically pumped emissions, both electrons and holes
are needed. While ZnO is intrinsically of #-type conduction, that
is, electrons are usually sufficient, holes are lacking in this kind of
material. Thus, hole injection is necessary to realize electrically
pumped random lasers. A natural way to introduce holes is to
dope the intrinsic z-type ZnO to a p-type one. Although some
progress has been achieved with p-type doping of ZnO [18-20],
the realization of efficient p-type ZnO is still a challenging issue.
Under such a circumstance, how to realize efficient generation
and injection of holes into the active layer has been one of the
vital issues for electrically pumped random lasers.

Diamond has recently been highlighted for its potential appli-
cations in electronic devices, including high-frequency field-effect
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transistors, high-power switches, Schottky diodes, etc. [21-24]. It
is accepted that diamond can be doped into highly hole-dominant
conduction, and it is reported that by using boron as a dopant,
p-type diamond with hole concentration over 10'® cm™ can be
achieved [25,26]. If p-type diamond with such a high hole con-
centration can be employed as a hole source, electrically pumped
random lasers could be produced. However, no such report can be
found up to now.

In this article, boron-doped p-type diamond has been
synthesized via a temperature gradient method under high-
temperature and high-pressure conditions and the hole concen-
tration of the diamond is around 3.6 x 10'® cm™. The diamond
has been employed as a hole source for a p-Mg 35Zng 5O/
n-ZnO core—shell nanowire structure via a direct contact route.
Random lasers with well-defined sharp peaks have been observed,
and the random laser can be attributed to the recombination of
the electrons in 7-ZnO with the holes injected from the p-type
diamond.

2. EXPERIMENTAL

The p-type boron-doped diamond was synthesized in a
cubic anvil high-pressure apparatus at ~5.5 GPa and ~1300°C.
Graphite (99.99%) was used as the carbon source and
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NizgMn,5Cos alloy was adopted as the solvent. Amorphous
boron (99.9%) powder was used as additive to prepare the boron-
doped diamond and the boron content is about 0.5 wt. %.
Diamond crystallites (about 0.6 mm in size) obtained by the
chemical vapor deposition method were used as the seed for
the preparation of the boron-doped diamond and the (111) facet
of the seed was used as the nucleate surface. A boron-doped dia-
mond about 3 mm in size was synthesized by the temperature
gradient method after 24 h. The diamond was cut into a plate
with a thickness of around 1 mm. To obtain smooth surfaces,
the plate was polished on both sides. The ZnO nanowires em-
ployed as the active layer for the random lasers were grown on
a-plane sapphire substrate by a metal-organic chemical vapor dep-
osition technique. Diethylzinc and oxygen were used as the pre-
cursors for the growth of the ZnO nanowires. High-purity (9N)
nitrogen was employed as the carrier gas to lead the precursors
into the growth chamber. The substrate temperature was kept
at 650°C and the pressure in the growth chamber was kept at
3 x 10° Pa during the growth process. The p-Mg35Zng 450
layers were grown by the plasma-assisted molecular beam epitaxy
technique (VG V80H) using a lithium and nitrogen codoping
method [27-29] employing high-purity elemental zinc, magne-
sium, and lithium contained in Knudsen cells as Zn, Mg, and Li
sources, respectively, and atomic oxygen and nitrogen generated
from O, and NO gases via 13.56 MHz radio frequency plasma
cells operated at 300 W as O and N sources, respectively. During
the growth process, the pressure in the growth chamber was fixed
at 2 x 107 mbar and the O, and NO flow rate were maintained
at 1.0 sccm and 0.9 scem, respectively. The substrate temperature
was kept at 650°C and the growth time was 3 h.

The crystalline properties of the diamond and ZnO nanowires
were evaluated by a Bruker-D8 Discover x-ray diffractometer
with the CuKa line (1 = 1.54 A) as the radiation source. The
morphology of the ZnO nanowires was characterized using a
Hitachi S-4800 field-emission scanning electron microscope
(SEM). The electrical properties of the diamond were measured
by a Hall system (LakeShore 7707) under van der Pauw configu-
ration. The photoluminescence (PL) spectra of the ZnO nano-
wires were recorded under excitation by the 325 nm line of a
He-Cd laser. The optically pumped random lasing spectra of
the ZnO nanowires were collected by angle-resolved PL spectros-
copy under excitation by a 355 nm pulse laser. Electrolumine-
scence (EL) measurements were carried out in a Hitachi F4500
spectrometer using a CW current power source.

3. RESULTS AND DISCUSSION

Figure 1(a) shows the x-ray diffraction (XRD) pattern of the dia-
mond that was employed as a hole source for the random laser.
Only one peak can be observed in the pattern and the peak can be
indexed to the diffraction from the (111) facet of the diamond.
Note that the doublet peaks are the diffractions irradiated by the
CuKal and Ka2 lines. The strong (111) diffraction peak indi-
cates that the boron-doped diamond is well crystallized. The
Raman spectrum of the diamond is shown in Fig. 1(b). Only
one sharp peak at around 1331 cm™' with a full width at half-
maximum (FWHM) of about 3.4 cm™! can be observed from the
spectrum. Generally, the Raman spectrum of undoped diamond
is located at 1332 cm™!. The slight shift to the small-wavenumber
side of the Raman peak usually results from the incorporation of
boron into the lattice of diamond. The microscope image of the
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Fig. 1. (a) XRD pattern of the diamond. (b) Raman spectrum of the

diamond; the inset is a typical microscope image of the diamond.

diamond is shown in the inset of Fig. 1(b); the (111) face can be
observed clearly, which is consistent with the XRD results.
The hole concentration and Hall mobility of the diamond as
determined by Hall measurement are about 3.6 x 10'® cm™
and 1.5 cm?/Vs, respectively; the relatively high hole concentra-
tion provides a solid ground for the diamond acting as a hole
source for electrically pumped random lasers.

To test whether the holes in the diamond can be injected into
ZnO-based materials, the boron-doped p-type diamond was
fastened with #-type ZnO films via a direct contact method by
a clip. The electron concentration and Hall mobility of the ZnO
films are 3.1 x 10! cm™ and 30 cm?/Vs, respectively. When a
forward bias is applied onto the structure, dominant emission
bands at around 397 nm can be observed from the device, as
shown in Fig. 2. This emission can be attributed to the near-
band-edge (NBE) emission of ZnO. With increase of the injection
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Fig.2. Room temperature EL spectra of the n-type ZnO films fastened
onto the p-type diamond under different injection currents.
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current from 25 to 40 mA, the intensity of the emission increases
obviously, which reveals that holes have been injected from the
diamond into the ZnO films, and at a larger injection current,
more holes are injected; this confirms that the p-type diamond
can be employed as a hole source for ZnO-based materials.

The structural and optical properties of the ZnO nanowires
employed as the active layer for the random lasers are shown in
Fig. 3. Besides the diffraction from the #-plane sapphire substrate
(37.8°), there is only one peak at 34.4° in the XRD pattern of
the ZnO nanowires, as shown in Fig. 3(a), which can be indexed
to the diffraction from the (0002) facet of wurtzite ZnO. The inset
of Fig. 3(a) illustrates the x-ray rocking curve of the nanowires,
from which a symmetric Gaussian peak with a FWHM of around
0.49° can be observed. These results indicate that the ZnO nano-
wires are crystallized in a wurtzite structure with a c-axis preferred
orientation. A side-view image of the ZnO nanowires is shown in
the inset of Fig. 3(b). Well-aligned nanowires grown vertically on
the sapphire substrate are visible from the image and the length of
the nanowires is about 3.6 pm. The nanowires show a smooth sur-
face, revealing that they are well crystallized. The PL spectrum of
the ZnO nanowires is shown in Fig. 3(b). The spectrum shows a
sharp peak at around 378 nm, which is the NBE emission of ZnO.
The deep-level related emission at around 500 nm is almost un-
detectable in the spectrum, indicating the relatively high optical
quality of the ZnO nanowires.

To test the applicability of the ZnO nanowires as the active
layer for random lasing, the optically pumped lasing of the nano-
wires has been investigated, as shown in Fig. 4(a). Sharp peaks at
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Fig. 3. (a) 0 - 20 XRD pattern of the ZnO nanowires; the inset shows
the rocking curve of the nanowires. (b) Room temperature PL spectrum
of the ZnO nanowires; the inset is a side-view SEM image of the ZnO
nanowires and the scale bar is 1 pm.
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Fig. 4. (a) Optically pumped lasing spectra of the nanowires under
different excitation intensities. (b) The angular resolved lasing spectra
of the nanowires.

around 383.7 and 387.2 nm are observed, and the intensities of
the peaks increase greatly with the excitation density. Figure 4(b)
illustrates the angle-resolved PL spectra of the nanowires, and
one can see that the emission intensity of the lasing is distributed
over a large angle region (from -30° to 30°), which is a typical
characteristic of random lasers, indicating that random lasing has
been obtained from the nanowires. The occurrence of optically
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Fig. 5. (a) Schematic illustration of the p-Mg ;5Zng5O/n-ZnO
core—shell nanowire heterostructures with p-type diamond as the hole
source layer. (b) 7 - V' curve of the device; the inset shows the bandgap
diagram of the device under forward bias.
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Fig. 6. Room temperature EL spectra of the p-Mg35Zng 450/
n-ZnO core—shell nanowire heterostructures with p-type diamond as the
hole source layer under different injection currents. The inset shows
the dependence of the integrated emission intensity of the device on the
injection current.

pumped lasing from the ZnO nanowires reveals that the nano-
wires can act as the active layer for random lasers.

To achieve electrically pumped random lasers, p-Mg 35
Zny 50 /n-ZnO core—shell nanowire heterostructures have been
fabricated by depositing p-type Mg 5571450 films onto the
nanowires [30], and the core—shell nanowire heterostructures
have been bonded together with the p-type diamond via a direct
contact method by a clip. A schematic illustration of the structure is
shown in Fig. 5(a). The current—voltage (/ - V) characteristic of
the device shows rectification behavior with a turn-on voltage of
around 6.2 V, as shown in Fig. 5(b). The bandgap diagram of the
device is shown in the inset of Fig. 5(b). Considering that the elec-
tron affinities of Mg 3sZn 45O and diamond are 4.0 and 0.38 ¢V,
respectively, and the bandgaps of Mg, 55Zn; 45O and diamond are
3.75 and 5.47 €V, respectively, the conduction band and valence
band offsets at the MgZnO-diamond interface can be deduced to
be 3.6 and 1.9 eV, respectively. Under forward bias, the conduc-
tion and valence bands of the Mg, 55Zng 45O layer will be bent
drastically because of its much larger resistance than diamond
and the ZnO nanowires. Thus, a triangle-shaped barrier will be
formed at the MgZnO-diamond interface. When the bias is in-
creased, the effective thickness of the triangle barrier will decrease
greatly and some holes in the diamond may tunnel through the
barrier and enter the Mg, 55Zng 45O layer. Then the hole concen-
tration in the Mg 55Zn 45O layer will be enhanced and the holes
in the Mgy 35Zn 45O layer will be injected into the ZnO nano-
wires under forward bias. Considering that the ZnO nanowires
show n-type conduction, and there are many electrons in this layer,
the electrons in the ZnO nanowires will recombine with the holes
injected from the diamond and an emission will be produced.

The emission spectra of the p-Mg 35Zng 65O /n-ZnO core—
shell nanowire heterostructure with p-type diamond as a hole
source are shown in Fig. 6. One can see that when the injection
current is 13 mA, a broad emission with a FWHM of around
138 nm is visible from the spectrum, which is usually attributed
to the deep-level related emission of ZnO. When the injection
current is increased to 14 mA, two sharp peaks at around
400 nm appear superposed on the broad emission and the
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FWHMs of the sharp peaks is around 0.9 nm. As the injection
current is increased further, the sharp peaks become more pre-
dominant. The above phenomenon has been frequently observed
in ZnO films and nanostructures and has usually been attributed
to the occurrence of lasing [15-17,31,32]. The dependence of the
integrated emission intensity on the injection current is shown in
the inset of Fig. 6, from which a threshold of about 13.8 mA has
been acquired for the lasing. Compared with the PL spectra, the
wavelength of the electronically pumped lasing is obviously red-
shifted, which may be attributed to the heating effect of the device
caused by the injection of current. The mechanism of the lasing
can be understood as follows: when the emission resulting from
the recombination of the electrons in the ZnO nanowires with the
holes injected from the diamond is emitted, the photons will en-
counter strong scattering as they come out of the nanowires. Here
the large surface of the nanowires provides an arena for scattering.
In some cases, some photons may return to the location from
where they are emitted. Under such a circumstance, close loops
are formed. At a large injection current, the gain in the close loop
may exceed the loss, and thus, lasing will occur. Since the close
loops are formed randomly among the nanowires, the emission
obtained is random lasing.

4. CONCLUSION

In conclusion, boron-doped p-type diamond has been employed
as a hole source for p-Mg 35Zn 450/7-ZnO core—shell nano-
wire heterostructures via a direct contact method and random las-
ing has been observed from this structure. The lasing results from
the recombination of the electrons in the ZnO nanowires and the
holes injected from the p-type diamond. The results reported in
this article reveal that p-type diamond can be used as a hole source
for ZnO, which may provide a promising route to electrically
pumped random lasers.
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