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ABSTRACT Catalyst-free p-n homojunction ZnO nanowire (NW) arrays in which the phosphorus (P) and zinc (Zn) served as p- and
n-type dopants, respectively, have been synthesized for the first time by a controlled in situ doping process for fabricating efficient
ultraviolet light-emitting devices. The doping transition region defined as the width for P atoms gradually occupying Zn sites along
the growth direction can be narrowed down to sub-50 nm. The cathodoluminescence emission peak at 340 nm emitted from n-type
ZnO:Zn NW arrays is likely due to the Burstein—Moss effect in the high electron carrier concentration regime. Further, the
electroluminescence spectra from the p-n ZnO NW arrays distinctively exhibit the short-wavelength emission at 342 nm and the blue
shift from 342 to 325 nm is observed as the operating voltage further increasing. The ZnO NW p-n homojunctions comprising p-type
segment with high electron concentration are promising building blocks for short-wavelength lighting device and photoelectronics.
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he short-wavelength photoelectronics devices, such

as ultraviolet light-emitting diodes (UV LEDs) and

ultraviolet laser diodes (UV LDs), have attracted tre-
mendous attention for the widely used applications in the
fields of the long-lifetime displays, the illumination devices,
UV photolithography, the high-density information storage
and biomedical sensors.'”® Among those wide-bandgap
semiconductor materials such as ZnO, GaN, AIN, and other
[II—=V and 1I-VI compounds, ZnO is the most promising
candidate for use as functional building blocks in the efficient
UV LEDs due to its large bandgap of 3.37 eV and the high
exciton binding energy of 60 meV. The UV emissions from
ZnO homojunctions comprising the p- and n-type ZnO layers
serving as hole and electron injection layers, respectively,
had been reported previously.®'®'" However, p-type ZnO
materials are difficult to be realized due to the self-compen-
sation mechanism involving oxygen vacancies and zinc
interstitials and the low solubility of dopants, compared to
the as-grown ZnO naturally exhibiting n-type character-
istics.'*'? Recently, the nanowire-based LEDs have been of
great interest for the possibility to integrate UV photoelec-
tronic NW devices into the high-density functional nano-
chips. So far, only a few reports are available about the
fabrication of the ZnO nanowires (NWs) with the p-n homo-
junctions, in which p-type dopants were introduced by ion
implantation'*'® and thermal diffusion process'® to create
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the hole injection segments. However, the p-type doping
profiles of p-n homojunctions synthesized by those two ex-
situ doping approaches cannot be precisely controlled with
high spatial resolution and would increase integration com-
plications, implying that it will limit the practical applications
of the p-n ZnO NWs, especially for use in integrated photo-
electric circuits.

In this letter, we report the synthesis of the catalyst-free
epitaxial p-n homojunction ZnO NW arrays in which the
phosphorus (P) -doped and zinc (Zn) -doped ZnO act as p-
and n-type segments, respectively, with a sub-50 nm doping
transition region created by the in situ doping process. The
cathodoluminescence (CL) emission peak at 340 nm from
ZnO/Zn NW arrays is observed, which is associated with the
high electron carrier concentration. The electroluminescence
(EL) spectra indicated that the shortest wavelength of light
emitted from p-n ZnO NW arrays is 325 nm under the high
operating voltage. Moreover, the narrow-width doping tran-
sition region in this p-n ZnO NWs can presumably result in
the blue shift in short-wavelength light emitted from n-type
segments.

The ZnO p-n NW arrays were grown on n-type Si (001)
wafers with thin ZnO films on the top by using a thermal
vapor deposition method without growth catalysts'”'® in a
three-zone furnace. The zinc phosphate (ZnsP,) powders
served as the P dopant source to fabricate the p-type ZnO
segment. The ZnsP, powders and the mixture of ZnO and
graphite powders were placed in alumina boats and posi-
tioned at the first and second zones of the furnace at 350
and 1050 °C, respectively. The ZnO-coated Si substrates,
fabricated from the Si substrate covered with zinc acetate

DOI: 10.1021/n1101907h | Nano Lett. XXXX, xxx, 000-000



[_ﬂfli'l 1)

((H-1{)

Intensity (a.u.) ®

FIGURE 1. Morphological and structural characterization of the p-n ZnO NW arrays. (a) Low-magnification SEM image of the vertically aligned
p-n ZnO NW arrays grown on ZnO-coated Si substrate. High-magnification SEM image of the p-n ZnO NW arrays showing gradually tapered
NWs in the inset figure. (b) The low-magnification TEM image of a single ZnO NW comprising the n- and p-type segments. (c) The selected
area electron diffraction pattern (SAED) with the [0001] growth direction. (d) High-resolution TEM image of the region around the p-type ZnO
(top)/n-type ZnO (bottom) interface showing the high-quality epitaxial growth without any transition phase. (e) XRD spectrum of the p-n ZnO

NW arrays observed without any peaks associated with other phases.

thin films through the annealing process at 390 °C in air,
were positioned horizontally inside the tube furnace at a
pressure of 1.0 x 1072 Torr. A carrier gas of 100 sccm Ar
and 10 sccm O, were kept with the constant flow rate. The
growth temperature was maintained at 600 °C and the
pressure inside the growth furnace was fixed at 1 Torr. Prior
to the introduction of the doping gas to synthesize the p-type
segment of p-n ZnO NWs, the ZnO:Zn NW arrays regarded
as the n-type segment were grown vertically on the ZnO-
coated Si substrates. Importantly, the p-type segment would
be epitaxially grown on the top of the n-type ZnO NWs,
showing the aligned p-n ZnO NWs in this continuous growth
process.

Figure 1a shows a low-magnification SEM image of the
vertically aligned p-n ZnO NW arrays. The length of the p-n
ZnO NWs was measured to be in the range of 4—5 um. The
high-magnification SEM image depicted in the inset of Figure
la demonstrates the side view morphology of the ZnO:P NW
segment, which shows the gradually tapered structure at the
top of the p-type segment similar to the P doped nanostruc-
tures reported previously.'® In addition, the P atoms are
uniformly distributed in the p-type segment of the ZnO NWs
along radial direction rather than only incorporated into the
surface region of NW (see Figure St in Supporting Informa-
tion). The low-magnification transmission electron micros-
copy (TEM) image of a single ZnO NW comprising the n- and
p-type segments is shown in Figure 1b. The interface
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between the two segments is enclosed by the solid blue-
square as presented in the figure. The selected area electron
diffraction (SAED) pattern recorded from a single p-n ZnO
NW reveals that the entire NW is of single-crystal nanostruc-
ture grown in [0001] direction of wurtzite ZnO structure
(Figure 1¢). A high-resolution transmission electron micros-
copy (HRTEM) image including the interface between n- and
p-type segments presents clear lattice fringes along the
(0001) plane of wurtzite ZnO structure at both side of n- and
p-type segments without any transition phase (Figure 1d).
It reveals an excellent crystallographic alignment at the p-n
interface. An X-ray diffraction (XRD) spectrum of the p-n
ZnO NW arrays is shown in Figure le. In addition to the
(001) peak from the Si substrate, other peaks can all be
ascribed to wurtzite ZnO crystal structure, and the relatively
strong (0001) peak is consistent with that of TEM obser-
vations.

To investigate the doping profile in the p-n ZnO NWs,
both the HRTEM images for extracting the lattice spacing
and the energy dispersive spectroscopy (EDS) for monitoring
the distribution of the Zn, O, and P elements were utilized.
The typical high-resolution TEM images recorded from dif-
ferent positions denoted as A-C in Figure 2a are shown in
the Supporting Information Figure S2. The traces of the
lattice spacing and the EDS profile with respect to the relative
position along the growth direction are presented in Figure
2. The lattice spacing trace (upper panel of Figure 2) dem-
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FIGURE 2. The traces of the lattice spacing and the EDS profile along the growth direction from an individual p-n ZnO NW. (a) Low-magnification
TEM image of a single p-n ZnO NW. (b) Upper panel: the lattice spacing extracted from n-type segment to p-type segment along the (0001)
plane. The doping transition region is marked as the shadow area; bottom panel: the EDS results showing the signals for P element along the

growth direction of ZnO NW.

onstrates that the d-spacing corresponding to the (0001)
plane of the p-type segments (~0.505 nm) was smaller than
that of n-type segment (~0.525 nm) at each regions far away
from p-n interface, indicating the formation of [P, —2V,]
complex serving as acceptor in the P-doped NWs.'> The P
atoms occupying Zn sites would introduce a lattice relaxation
due to the significantly shorter bonding length of P,,—O
(0.168 nm) than that of Zn—0 (0.193 nm), which would
result in the reduction of the lattice spacing in p-type
segment.'>?° Significantly, there is a transition region for
the lattice spacing changing from 0.525 to 0.505 nm, which
is marked with a shadow pattern, at the junction interface
as shown in the upper panel of Figure 2b. The EDS results
obtained by TEM line-mapping can provide clear informa-
tion about the relative concentration of P element along the
scanned direction as shown in the bottom panel of Figure
2b (the recorded signals of Zn and O elements are not shown
here). For spots scanned at the n-type region, elemental
signals of Zn and O appeared together without apparent
presence of P signals. As the scanned spots crossed the
interface of p-n junction and moved further into the p-type
region, the elemental signals of P suddenly appear. It is
apparent that the doping concentration of the P element in
the p-type segment is distributed uniformly not only along
the growth direction (Figure 2b) but also in the radial
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direction (Supporting Information Figure S1). According to
the lattice spacing trace as shown in Figure 2b, the decre-
ment of the lattice spacing with respect to the distances from
the p-n homojunction interface is observed. It is suggested
that the P atoms would gradually occupy Zn sites since the
P atoms were started to be introduced into the synthesis
process. As a result, the width of the doping transition
region, defined as the width for P atoms gradually occupying
Zn sites along the growth direction, can be scaled down to
sub-50 nm by using the in situ-doping process.

For the purpose of characterizing the electrical property
of P-doped ZnO at the upper part of p-n ZnO NW, the
piezoelectric measurements were performed at ambient
condition to verify the p-type doping characteristics. The
piezoelectric properties of the p-n ZnO NWs were measured
using a conductive atomic force microscopy (AFM) technique
that was demonstrated as a reliable technique for identifying
p- and n-type ZnO NW.?°7?? To substantiate the existence
of p-type NWs in the current case, the AFM was used to scan
across a relatively large area of the sample so that a statistical
data can be obtained. In the contact mode, a constant
normal force of 80 nN was kept between the AFM tip and
NW sample surface. The output voltage across an external
resistance (500 MQ) was continuously recorded when the
AFM tip scanned across the p-n NW array with a scanned
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FIGURE 3. Piezoelectric voltage generation using p-n ZnO NWs. (a)
Three-dimensional plot of the output voltage pulses recorded
simultaneously when conductive AFM tip scanned across the NWs
in the contact mode. (b) Statistical distributions of the piezoelectric
output voltage recorded from p-n ZnO NWs, indicating the majority
of output signal is positive.

area of 20 um x 20 um. The 3D image of output voltage
pulses is shown in Figure 3a, indicating that both positive
and negative output voltage pulses can be observed in this
case. Note that the positive voltage pulses are much more
frequent than that of the negative pulses. The statistical
distributions of positive and negative voltage pulses are
shown in Figure 3b. The mean value of positive and negative
voltage pulses can be calculated as 22.55 and 19.45 mV,
respectively. According to previous reports,?°~? the piezo-
electric voltage pulses with positive and negative signs would
correspond to the piezoelectric characteristics of p-type and
n-type materials, respectively, taking the screening effect of
dopants into account. The voltage pulses with negative sign
can be presumably contributed by the negative piezoelectric
potential inside the n-type NWs. In our case, the diameter
of n-type segment is larger than that of p-type segment (see
Figure 1b), indicating the AFM tip would probably contact
with the n-type segment when the AFM tip scanned across
the p-n ZnO NWs. The positive voltage pulses dominated in
the piezoelectric measurement would be resulted from the
p-type property of P-doped segment at the upper part of p-n
ZnO NWs.
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FIGURE 4. (a) Normalized CL spectra of the as-grown n-type and
p-type ZnO NW arrays. The enlarged figure of the normalized CL
spectra with respect to the wavelength ranging from 300 to 410 nm
is shown in the inset. (b) Comparison between the CL spectra of the
as-grown n-type NWs and the n-type ZnO NW arrays annealed for
various periods of time in the oxygen ambient. The semilogarithmic
plot of CL spectra in the wavelength range from 300 to 410 nm is
shown in the inset figure.

The normalized CL spectra of the as-grown n-type and
p-type ZnO NW arrays synthesized on the ZnO-coated Si
substrates are shown in the Figure 4a. Compared to the CL
spectra recorded from the ZnO film-coated Si substrate
(Supporting Information Figure S3), the near bandgap emis-
sion peak at ~380 nm and the broad deep-level-related (DL)
emission peak at ~506 nm are evident for both NWs
samples. It is obvious that the intensity of DL emission (Ipy)
exhibits a stronger emission behavior compared to that of
UV emission (Iyy). Typically, the recombination process
contributed by the oxygen-related defects at/near NWs
surfaces would play an important role in the contributive
proportion of the DL emission.?* ™27 As the diameter of NW
decreasing, the intensity of DL emission would be enhanced
compared to that of UV emission in CL spectra as a result of
the surface effect in nanomaterials. In the present study, the
diameter of n-type NW (~90 £ 20 nm) is substantially larger
than the depth that defines the effective volume beneath the
NW surface which contributes to the surface recombination
in CL spectra (typically about 10 nm).**>*” It suggests that
the high density of oxygen-related defects at/near surfaces
in ZnO:Zn NWs would give rise to the high Ip, /Iy ratio of
16.5 compared to that of ~1 for n-type NWs with diameter
of ~100 nm.*® The rough surface morphology in the
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ZnO:Zn NW giving rise to a high density of surface states is
evident in the TEM image, as shown in Supporting Informa-
tion Figure S4. In addition, the short-wavelength emission
at 340 nm is distinctively found in the CL spectra of the
n-type ZnO NW arrays. The magnified figure of normalized
CL spectra with respect to the wavelength ranging from 300
to 410 nm shows a clear emission peak at 340 nm for n-type
ZnO:Zn NW arrays compared to the p-type case as shown
in the inset of Figure 4a. To explore the physical mechanism
of this short-wavelength CL emission at 340 nm in n-type
NWs, annealing in oxygen environment at 600 °C was
extended from 30 to 120 min. The inset in the Figure 4b
presents the semilogarithmic plot of CL spectrum in the
wavelength range from 300 to 410 nm for a comparison.
The obvious decrement in Ip /Iy ratio with increasing the
oxygen annealing time was attributed to the decrement of
oxygen-related defect density in n-type NWs*® especially
near the NW surface. Note that the 340 nm emission in the
n-type ZnO NWs would gradually shift to 380 nm and merge
into the DL band with increasing annealing time, revealing
a correlation between the 340 nm emission peak in CL
spectra and the oxygen-related defects in ZnO/Zn NWs. In
addition, we also measured the as-grown n-type ZnO nano-
rod arrays synthesized by an aqueous chemical and down-
ward growth method for the comparison.?® These samples
show not only the typical CL emission spectra comprising
UV and DL emission bands without 340 nm emission peak
but also the atomic ratio of near 1:1 for both Zn and O, which
is similar to that of our samples when exposed to long time
oxygen annealing process.

The PL emission peak at 3.55 eV due to quantum con-
finement effect was previously observed for the ZnO rods
with diameter of ~2 nm that was comparable to the exciton
Bohr radius in bulk ZnO.*? Observation of emission peak at
3.65 eV from ZnO NWs with diameter of 30—40 nm was
reported in the literature,’® suggesting that free carrier
confined by the electrical barriers, which were formed in the
NWs due to the surface defects or exciton dead layer,
contributed to UV emissions. Notably, the thickness of the
dead layer at ZnO surface in weak confinement regime is
only a few nanometers taking into consideration of the ratio
of hole and electron effective masses being 9.5.°'** The
diameter of our n-type NWs was much larger than the
thickness of the dead layer. Therefore, the confinement
effect induced by the dead layer at surfaces of ZnO NWs
would not take place in our case. It is well-known that the
Burstein—Moss (BM) effect, so-called the bandgap widening
effect, would take place in the n-type ZnO NWs with high
electron carrier concentrations.”®>* The electron concentra-
tion for 340 nm emission in ZnO NWs would be theoretically
calculated to be as high as ~10%° cm™.>> The possible
physical mechanism for the 340 nm emission is likely
related to the high free electron carrier density associated
to the high oxygen-related defect density in ZnO:Zn NWs.
The electron carrier concentrations in the as-grown n-type
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NWs can be extracted to be in the range of 0.9—3 x 10'8
cm™? by using the conventional field-effect method (details
in Supporting Information). Importantly, there is a noticeable
discrepancy between the extracted carrier concentration
and the theoretical electron concentration. On the basis of
charge neutrality condition in NWs, the surface depletion
width due to surface band bending can be increased linearly
with surface state density, which can result in the significant
decrement of the effective NW diameter for the NW with
high surface defect density.** According to our CL results
shown in Figure 4a, the high surface defect density as a result
of the high I /Iyy ratio can create the wide surface depletion
region in our n-type NWs, indicating the essential carrier
concentration in n-type ZnO NWs should be much higher
than the extracted value of 0.9—3 x 10'® cm™ taking the
effective diameter into account. Therefore, the high electron
carrier concentration obtained in n-type ZnO:Zn NWs with
high oxygen vacancies as well as high zinc interstitial den-
sity®® would be the origin of the 340 nm emission. The
observation of 340 nm emission peak in ZnO:Zn NWs can
provide promising strategy for use in the short-wavelength
optoelectronic applications.

To investigate the electrical characteristics of the p-n ZnO
NWs, the two terminal devices were fabricated by using the
indium tin oxide (ITO) film as the conducting electrode
directly deposited on top of the ZnO NW arrays. Prior to the
deposition of ITO film, the poly(methyl methacrylate) (PMMA)
film was spin-coated on the NW arrays to prevent the
shorting of connection between the top and the bottom
electrodes in the two-terminal devices followed by the
oxygen plasma treatment to remove the excess PMMA on
top of ZnO NWs. The schematic representation of the two-
terminal device is illustrated in the inset of Figure 5a. The
I—=V characteristics of ZnO NW p-n homojunctions were
measured in the ambient condition at room temperature as
shown in Figure 5a. The electrical characteristics of the NWs
present a clear rectifying behavior with the threshold voltage
of ~1 V. In addition, the ohmic and nonlinear electrical
behaviors of two-terminal devices were observed for the
cases of n-type ZnO NW arrays and p-type NW arrays,
respectively. Taking the Schottky barrier (SB) at the interface
between ITO and ZnO NWs into account, the SB height for
electron injection is lower than that for hole injection due to
the ITO work function of 4.7 eV. As a result, the two-terminal
electrical characteristics of the p-type NW arrays would
exhibit the nonlinear electrical behavior. The semilogarith-
mic plot of I—V curve measured from p-n ZnO NW arrays is
presented in the Figure 5b. The rectification ratios of forward
bias to reverse bias current in the p-n homojunction arrays
was ~530 and ~70 for device operated in the low voltage
of £3 V and the high voltage of £15 V, respectively.

The EL spectra emitted from the ZnO NW p-n homojunc-
tions with various operating voltages from 35 to 50 V at
room temperature are exhibited in Figure 6. The top view
photograph of the bright light emitting spot at a driving
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FIGURE 5. I-V characteristics of the p-n ZnO NW arrays at room
temperature. (a) The rectifying behavior of two-terminal device
comprising the p-n NWs with the threshold voltage of ~1 V. The
schematic representation of the two-terminal device is indicated in
the bottom-left inset figure. I—V characteristics of n-type and p-type
NWs are plotted in the bottom-right inset figure. (b) The semiloga-
rithmic plot of I-V curve of the p-n ZnO NW arrays. The rectification
ratio is ~530 for device operated in the low voltage regime of +3 V.
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FIGURE 6. EL spectra recorded from the p-n ZnO NW arrays under
various operating voltage conditions in room temperature. The top
view photograph of the bright light emitting spot at 50 V is displayed
in the inset figure. The vertical dash lines located at 342 nm are
introduced as the guide to the eye.

voltage of 50 V is displayed as an inset in Figure 6. In the
low operating voltage regime, only the typical near-band
edge emission at ~385 nm and the DL emission at ~560
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nm can be observed (Supporting Information Figure S6). As
the operating voltage further increases, the bright light
emission from ZnO NW p-n homojunctions at 35 V was
distinctively observed with the UV light emission at 342 nm
and the DL emissions comprising some distinguishable
emitting peaks around 480 nm. Further, as the operating
voltage was increased from 35 to 50 V, the short-wavelength
UV emission and the DL light emissions spectra exhibiting
the multiple emitting peaks accompanied with the appear-
ance of additional peaks can be observed. On the basis of
the comparison between the CL and EL spectra, it is sug-
gested that the light emission at high voltage regime would
take place at the n-type ZnO segment. In addition, the high
brightness light emission from p-n ZnO homojunctions can
also be observed after four months following device fabrica-
tion, revealing the high stability of our LED devices in
ambient.

Importantly, we found that there were the fine structures
comprising multiple peaks with the specific energies exhib-
ited in the DL emission spectra, as presented in Supporting
Information Figure S7. By comparing the DL spectra to the
PL spectra recorded from the as-grown n-type ZnO:Zn NWs,
it reveals that the spectral structures of the DL emitting peaks
exhibit a similar fine structures to that of the PL spectra at
room temperature (Supporting Information Figure S8). Fur-
thermore, the fine structures with phonon replicas observed
in the PL spectra were reported previously in high-quality
ZnO films®®*” and nanorods/nanowires.”®>° The fine struc-
ture in PL spectrum recorded from the ZnO:Zn nanorods
reported previously,”® which suggested that the fine struc-
ture can be attributed to the longitudinal optical (LO) phonon-
assisted emission, is similar to that measured from our
samples. The mechanism for light emission with a narrow
width in DL spectra at room temperature is yet to be
clarified. Further investigation will be necessary to find out
the physical mechanism of the narrow-width fine structures
observed in the DL emission spectra.

For the UV light emission spectra, the 342 nm UV light
emission can be contributed by the BM effect as discussed
in a previous paragraph related to part of Figure 4. As the
operating voltage increasing from 35 to 45 V, the blue-shift
effect in the UV light emission spectra would be evident for
the light wavelength shifted from 342 to 325 nm. A slight
light emission degradation in EL spectrum for device oper-
ated at 50 V can be observed, which is probably due to the
electrical heating at p-n NWs in high operating voltage
regime. Note that as the operating voltage further increases,
the increment of the magnitude of the electrical field within
the transition region, which would result in the increment
of the extra energies in the hole carriers, may cause the blue
shift in the UV light emission spectra from 342 to 325 nm.
The band diagram of p-n ZnO NW under the equilibrium
condition and the high voltage condition are illustrated in
Figure 7. We believe that the hole carriers cannot success-
fully arrive at the n-type region without this narrow transition
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FIGURE 7. Energy band diagram of p-n homojunction under the
equilibrium condition and the high operating voltage condition. Eg
is the bandgap of ZnO, E; is Fermi level and E. and E, are the
conduction band and valence band of NW, respectively.

region before it recombined with electrons to generate the
light emission; hence, the holes can easily pass through such
a narrow transition region and then recombine with elec-
trons at n-type region to generate the UV light emission
above bandgap energy.

In conclusion, catalyst-free p-n ZnO NW arrays were
epitaxially synthesized by utilizing the in situ doping process.
The width of doping transition region in this p-n homojunc-
tions can be scaled down to sub-50 nm along the [0001] ZnO
NW growth direction. The observation of CL emission peak
at 340 nm from n-type ZnO:Zn NWs is presumably due to
the Burstein—Moss effect in the high electron carrier con-
centration regime. Moreover, the blue shift in UV light
emission for wavelength from 342 to 325 nm occurred with
increasing operating voltage. As a result, in situ doping
engineering in the synthesis of the ZnO NW p-n homojunc-
tions is a promising strategy to create the building blocks
for short-wavelength UV LEDs and photoelectronics appli-
cations.
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