ADVANCED
MATERIALS

'a\
e \lii"§

www.MaterialsViews.com

www.advmat.de

p-Type Conduction Characteristics of Lithium-Doped ZnO

Nanowires

JunSeok Lee, SeungNam Cha,* JongMin Kim, HyeWon Nam, SangHyo Lee,

WonBae Ko, Kang L. Wang, JeaGun Park, and JinPyo Hong*

Nanostructured electronic devices are expected to facilitate the
continuing miniaturization of electronic devices and enable
ultralow power device operation. In particular, 1D nanostructures
such as nanowires (NW) and nanotubes have attracted great
interest over the past decade because of their specific physical
properties and their potential as building blocks for next-genera-
tion nanoelectronic devices.") Among various 1D materials, zinc
oxide (ZnO), which has a direct and wide bandgap, is a prom-
ising candidate for light-emitting diodes, UV and gas sensors,
transistor channels, and other devices that can utilize the unique
vertical alignment characteristics and highly ordered single
crystalline properties of NW structures.>®! However, because
undoped ZnO NWs are intrinsically n-type, their use in prac-
tical devices has been hindered and much effort has been dedi-
cated toward the development of p-type ZnO NWs. In particular,
control and manipulation of the doping process is increasingly
becoming a key approach for the realization of p-type ZnO NWs.

To realize p-type ZnO NWs, the initial dopant candidates
tested included group V elements to substitute for O and group
III elements to substitute for Zn, despite the large size mis-
matches in both cases. Recently, group I species such as Li and
Na have been used to synthesize p-type ZnO NWs based on
the expectation that these elements would function as shallow
acceptors in ZnO host materials.”" Li has the smallest ionic
radius (0.76 A) of group I species, which is very close to that
of Zn (0.74 A). Furthermore, several reports of excited centers
observed using electron paramagnetic resonance spectros-
copy have indicated that Li atoms can act as shallow acceptors
in substantial forms of Zn sites (Liz,).l'%!! In addition, it is
well-known that Li has specific advantages over other dopant
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elements, such as the ease with which it loses its valence elec-
tron and the preference of the Li atom for the cation site.”]

In this study, we report the effective hydrothermal synthesis
of vertically oriented p-type ZnO:Li NWs using an aqueous
solution with lithium nitrate as a dopant source. We analyzed
the structural and electrical properties of the various ZnO NWs
extensively. Specially, we systematically analyzed the effects of
the post-annealing process on hydrothermally as-grown ZnO:Li
NWs to confirm stable p-type conduction in the ZnO:Li NWs.

High-resolution transmission electron microscopy (HR-TEM,
JEOL JEM-2100F) observations of undoped ZnO, as-grown
ZnO:Li, and annealed ZnO:Li NWs, together with selective area
electron diffraction patterns (SAEDs) demonstrated the variety
in crystal structures of the growth products and some of the
effects of Li dopants in typical aqueous synthesis. As shown in
Figure 1a, undoped ZnO had a typical (0001) ZnO NW wurtzite
structure. In contrast, the HR-TEM image of as-grown ZnO:Li
(inset, Figure 1b) revealed the presence of an unusual additional
layer (1 to 1.5 nm in thickness) that formed on the axial sur-
faces of Zn-polar ZnO NWs in contrast to undoped ZnO NWs.
We attributed this additional layer in as-grown ZnO:Li to the
lithium nitrate chemical dopant. The SAED pattern in Figure 1b
also shows an unusual lattice point with interstitial forms of
lithium (Li;) (inset, indicated by circle) in the disrupted crystal
lattices. Therefore, we hypothesize that the Li; in as-grown
ZnO:Li may occupy the empty cages of the wurtzite structure
at the octahedral (Li;°) site, but not at the tetrahedral interstitial
(Li;") site, because the formation energy of Li® (Er =-2.09 eV) is
0.62 eV lower than that of Li;" (E¢= —1.47 eV) in the nucleation
process.”] The inset of Figure 1c indicates an indented inter-
facial layer in annealed ZnO:Li NWs and no Li; was observed
in the SAED patterns after the post-annealing process. Thus,
the post-annealing process appears to have caused the Li
atoms to migrate into the crystal lattice due to thermal diffu-
sion, resulting in perfect crystal periodicity within the crystal
lattice.”l To further characterize the samples, lattice constants
of each sample were systematically determined from the X-ray
diffraction (XRD) reciprocal mapping (Figure 1d, details in the
Supporting Information). Undoped ZnO had a smaller c-axis
lattice constant (5.21 A, similar to the reference value of bulk
ZnO),! than those of the other samples (as-grown ZnO:Li:
5.37 A and annealed ZnO:Li: 5.25 A). Initially, Li atoms in as-
grown ZnO:Li NWs were likely interstitial dopants or defects and
they may have been located inside the cages of the wurtzite struc-
ture, or at the octahedral sites, resulting in a reasonable increase
in the c-axis lattice constant. However, after annealing, the mag-
nitude of the c-axis lattice constant of annealed ZnO:Li NWs
decreased from 5.37 A to 5.25 A, indicating the migration of Li
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Figure 1. TEM measurements and structural configurations of each sample. a) Undoped ZnO NW with typical single crystal properties. b) The SAED
pattern of the as-grown ZnO:Li NW had an unusual lattice point with an interstitial form of Li (Li.°, indicated by circle). c) Result of annealed ZnO:Li
NW displayed an indented surface layer due to the post-annealing process. Bottom figures show simulations of possible structural geometries. d) The
lattice constant was characterized by XRD analysis.

atoms due to annealing, followed by Li substitution of Zn. As  the Li-O bond (2.01 A) is slightly larger than that of the Zn-O

a result, the lattice constant of annealed ZnO:Li NWs became  bond (1.97 A). Therefore, after taking into account of the pos-
slightly larger than that of undoped ZnO because the length of  sible configuration geometries of three samples simulated by
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Figure 2. Photoluminescence (PL) spectra of each sample at 10 K. a) Excitonic peaks of PL spectra of undoped ZnO (black line), as-grown ZnO:Li (red
line), and annealed ZnO:Li NWs (blue line). Annealed ZnO:Li NWs provided fine free and acceptor-bound excitonic peaks. b) Temperature depend-
ence of the transition energy of the excitonic peaks of annealed ZnO:Li NWs. The experimental results (black line) and theoretical values (red line)

calculated using the Varshini equation.

the Perdew-Burke-Ernzerho theory with 45 unit cells,”! we
expect that when placed in the octahedral site, the Li atom in as-
grown ZnO:li is slightly displaced along the (0001) toward the
neighboring oxygen atoms. While this interstitial Li atom in as-
grown ZnO:Li has had little effect on the wurtzite structure, the
c-axis lattice constant was increased. After the post-annealing
process, the bottom image in Figure 1c indicated that the migra-
tion process between the interstitial Zn (Zn,°) atoms and the
substitutional Li (Liy,) atoms led to a little decrease in the c-axis
lattice constant, compared to that of as-grown ZnO:Li NWs.

Closer investigation of the fine structure of donor- and
acceptor-bound excitonic emission peaks from the low-
temperature photoluminescence (PL) spectra at 10 K provided
significant insight into the effects of Li-doping and post-
annealing (Figure 2a).1 The PL spectrum of undoped ZnO
NWs (black) clearly suggests n-type conduction with three
donor-bound exciton peaks, in addition to a weak acceptor-
bound exciton peak (A,X). With Li-doping, these donor-bound
exciton peaks disappeared, and the emergence of an acceptor-
bound exciton peak (A;X) and a free exciton peak (FX) implied
a shift in the conduction behavior to p-type. Annealing the NWs
after Li-doping resulted in further changes in the emission
spectra and therefore the conduction type of the samples. The
PL spectra of the annealed samples showed two free excitonic
peaks (FX,, FXg) and two acceptor-bound exciton peaks (A;X,
A,X). These results demonstrate that ZnO NWs of different
conduction types can be synthesized by making simple changes
to the growth process. The bottom table summarizes the bound
exciton peaks and full width half-maximum (FWHM) for each
sample. Figure 2b shows a plot of the experimental and theo-
retical values of free exciton emission energies for annealed
ZnO:Li NWs as a function of temperature; the Varshini
formula,
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Ey(T) = E4(0) — aT?/(T+P) (1)

was used for theoretical evaluation. Here, E,(T) is the bandgap

energy, T is the temperature (in K), and o and S are 1 x 10 eV
and 700 K, respectively. Both theoretical and experimental

results showed the same temperature-dependence trend.

In order to further infer doping-induced changes in the band
structure and conduction type (i.e., p- or n- type) of a material
from the PL characteristics, additional PL spectra of undoped
ZnO, as-grown ZnO:Li, and annealed ZnO:Li NWs were col-
lected at temperatures ranging from 10 K to 300 K (Figure S2,
Supporting Information). In addition, the cathode luminescence
(CL) spectra of annealed ZnO:Li NWs at room temperature
were investigated to confirm the PL spectra results. Scanning
electron microscopy (SEM), CL, and color mapping images of
annealed ZnO:Li NWs show that clear, high-intensity emissions
originated from annealed ZnO:Li NWs (Figure S3, Supporting
Information).

To provide indirect evidence for the doping of Li after
annealing, an electron energy loss spectroscopy (EELS) experi-
ment using 200 kV scanning transmission electron micro-
scopy (STEM) was performed (Figure 3). The signal peaks are
plotted against electron energy loss, and the edge signals of the
annealed ZnO:Li NWs (black), background (red), and spectrum
(blue) are indicated. The EELS spectra of annealed ZnO:Li NWs
clearly demonstrated Li K edge peaks at 62 eV, confirming the
appearance of Li after annealing.

To confirm the p-type conduction of NWs, we fabricated a
back gate NW field-effect transistor (NWFET) with a single
annealed ZnO:Li NW as a p-channel. Figure 4a,b show typical
source-to-drain current (Ipg)—voltage (Vps) p-type output at dif-
ferent gate voltages (Vi) and transfer characteristics from the
device, where the measurement was performed in air at room
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Figure 3. EELS spectrum of an annealed ZnO:Li NW. EELS spectrum of
an annealed ZnO:Li NW with the background extrapolated using a log
polynomial law fitting. The black line is the total signal, the red line is
the background, and the blue line is the extracted ZnO NW signal. The
extracted signal clearly showed a Li K edge peak at 62 eV.
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temperature. The field-effect mobility of annealed ZnO:Li NWs
is given by the following equation:

e = (d1/dVg) In (2h/r) /27 e0e: L] Vios (2)

where dI/d V. is the transconductance (0.34 uS), €, is the dielec-
tric constant of the SiO, gate oxide (3.9), g is the dielectric per-
mittivity, h is the thickness of the gate oxide layer (300 nm), L is
the channel length (500 nm), and r is the NW radius (80 nm).*>!
Our NWFETs exhibited an carrier mobility of 2.52 cm? V-1 57!
and an effective hole carrier concentration of 1.68 x 10'! cm™ is
calculated from the equation

= (Vo /e)(2meoe,/In(2h /1)) G)

where ¢ is the electron charge. The NWFET results demon-
strate that the channel of annealed ZnO:Li NWs is p-type.
Finally, to further confirm the stable p-type conductivity of the
annealed ZnO:Li NWs, a simple n-type ZnO thin film (thick-
ness 400 nm)/p-type post-annealed ZnO:Li NWs homojunc-
tion diode (length 1 um) was prepared on a sapphire substrate.
Al/Pt and Cr/Pt electrodes were used as n-type and p-type
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Figure 4. Electrical characteristics of a FET and p—n diode with an annealed ZnO:Li NW. a) Output properties of a back gate field-effect transistor with
an annealed ZnO:Li nanowire. b) Transfer properties of annealed ZnO:Li NWFET at Vps = 15 V. ¢) -V behaviors of an n-type ZnO thin film/p-type
ZnO:Li NW array diode. d) The semilogarithmic I-V plot for a typical p—n junction diode.
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contact layers, respectively. The current-voltage (I-V) meas-
urements demonstrated typical rectification properties with a
turn-on voltage of 5.5 V (Figure 4c). A plot of the logarithm
of the current versus the voltage also exhibited a low reverse
bias current at 107 A at a reverse bias of 10 V (Figure 4d).®
As shown in Figure 4c,d, time-dependent measurements were
performed for more than 30 days to confirm the stability of
annealed ZnO:Li NWs. No significant variation in the p-type
conduction of annealed ZnO:Li NWs was observed over time.
However, even though our results conclusively demonstrate
that Li can act as a p-type dopant in annealed ZnO:Li NWs
after annealing, additional studies, including evaluation of
different Li contents, various annealing processes, and diode
devices, are required to further optimize the performance of
our p-type ZnO NWs.

In summary, we described the growth of vertically aligned
p-type ZnO:Li NWs based on a simple hydrothermal tech-
nique with a Li dopant in aqueous solution followed by post-
annealing. TEM measurements of the c-axis oriented and
highly vertically aligned NWs demonstrated that Li defects
in as-grown ZnO:Li NWs can occupy the empty cages of the
wurtzite structure at octahedral sites, and that Li substitution
of Zn occurred because of thermally induced migration due to
post-annealing in the presence of oxygen. We demonstrated the
stable formation of p-type ZnO:Li NWs using a NW field-effect
transistor and a simple n-type ZnO thin film/p-type annealed
ZnO:Li NWs homojunction diode. Therefore, we expect that
these simple synthesis concepts can be extended to other NW
materials at low temperatures for potential applications in func-
tional 1D oxide semiconductor devices.

Experimental Section

A-plane sapphire substrates were cleaned using a standard oxide wafer
cleaning procedure. ZnO seed layers (10 nm-thick) were obtained from
a ZnO ceramic target (99.95%, Kojundo) using an inductively coupled
radio frequency (RF) plasma sputtering system to obtain a highly
oriented columnar-grown seed layer (Figure S4, Supporting Information).
The ZnO:Li NWs (1-2 um long and up to 80 nm in diameter) were
synthesized in an aqueous solution of 0.025 mmol aqueous zinc nitrate
(Zn(NO3),-6H,0, Sigma Aldrich), lithium nitrate (Li(NOs), Sigma
Aldrich), and hexamethylenetetramine (HMT, Sigma Aldrich) in a
digital water bath at a constant temperature of 92 °C. A-plane sapphire
substrates with a deposited ZnO thin film were placed upside down
in a quartz holder to avoid any metallic and self-assembly synthesized
ZnO microcrystalline contamination. In addition, the hydrothermal
syntheses were automatically processed on a precision pump drive
systems (Masterflex) equipped with a digital mixer and a pH controller
to accurately control the pH of the aqueous solutions. A continuous flow
reactor was also developed to maintain a stable solution. The samples
were then thoroughly washed with deionized water to eliminate residual
salts. Finally, the post-annealing process was performed in O, gas at
500 °C to activate lithium dopants in as-grown ZnO NWs. Field-emission
SEM (FE-SEM, Hitachi S-4800) and high-resolution XRD (HR-XRD,
Bruker AXS D8) investigation of the ZnO:Li NWs deposited on a-plane
sapphire substrates (2 in.) clearly demonstrated that the ZnO:Li NWs
exhibited a c-axis oriented alignment structure (Figure S5, Supporting

www.advmat.de

Information). The NWFET (inset, Figure 4b) was fabricated on a 300 nm
thick SiO, gate oxide on n*-Si wafer substrates using a KrF stepper and
electron beam lithography (JEOL, JBX-9300FS). A Cr/Pt source, drain
electrodes, and annealed ZnO:Li NW active channels were used for
ohmic contact with p-type ZnO:Li active channel. Cr/Pt (20 nm/80 nm)
and Al/Pt (80 nm/20 nm) electrodes were used for ohmic contact of a
p-type ZnO:Li NW array and n-type ZnO thin film, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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