PHYSICAL REVIEW B 71, 153313(2005

Top-gated field-effect transistor and rectifying diode operation of core-shell structured GaP
nanowire devices
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We have fabricated top-gated GaP nanowire field-effect transistors using core-shell structured GaP nano-
wires grown by a chemical vapor deposition method. As expected, based on results of a BinsGell
serving as a gate oxide, our top-gated GaP nanowire FETs exhibited more effective gate-channel coupling
when compared to the conventional back-gated one. Above the threshold voltage of 1.5V, diod¥ like
characteristics were observed between the source and top-gate electrode. This can be explained by the forma-
tion of a midgap GaP/wide-gap &3 heterojunction. Measured current from in between the source and top
gate shows extreme sensitivity toward ultraviolet illumination, which can be attributed to the electron-hole pair
generation in the G®; layer. The first-principle electronic structure calculations op@acrystal revealed a
reduction in the band ga@.8 eV— 3.8 eV) due to the development of oxygen vacancy states in the forbidden
band gap.
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Since the first demonstration of molecular-scale field efhanowire grown by chemical vapor deposition. Nanowires
fect transistor§FET)! using a single wall carbon nanotube, were grown using a direct vaporization of mixtured Ga/GaP
there has been a significant amount of research efforts tpowder on an alumina substrate, on which NiO or CoO cata-
realize and optimize electronic devices based on onelyst nanoparticles were evenly distribut€dnset of Fig. 1a)
dimensional nanostructurés.Among them, semiconducting shows the high-resolution transmission electron microscope
nanowires could be more advantageous for nanoscale devi¢elRTEM) image of a typical GaP nanowire. The HRTEM
applications, since they are inherently semiconducting andnd selected area electron diffractidiSAED) analysis
can be doped relatively easily in a controlled manner. Moreclearly indicate that our GaP nanowire has a typical core-
over, recent advances in growth technology make it possiblghell structure with a zinc-blende structured GaP core, and
for a single semiconductor nanowire to be constructed as athat the outer oxide has a double layer of orthorhombic struc-
electronic component, such apan junction diode? a coaxi-  tured GaPQ@ and armorphous G&; layer!® The nanowires
ally gated transistot,and a semiconductor quantum well by show very clean surfaces and uniform diameter at optimum
using one-dimensional heterostructut&s>This would be a  process conditions, which make it possible to expect a uni-
major breakthrough in bottom-up assembled molecular-scaltorm oxide shell thickness from each nanowire. To make
electronics. source-drain contacts on an individual GaP nanowire, elec-

Here, we report the fabrication of top-gated GaP nanowirgrode patterns were generated using an electron beam lithog-

FETs and investigate the electrical transport properties and
W

photoresponse of these devices. Because our GaP nanowir ([
GaP nanowire

have a core-shell structure with the outer,Gashell, we
fabricated top-gated GaP FETs using an intrinsig@ashell
layer as a gate dielectric, and measured the electrical trans :
port from these devices. Improved channel-gate couplinguss 1 2
was observed in our top-gated GaP FET below the threshol g : )
X . ¥ Line gate
gate voltages of 1.5V. When we applied bias voltages «
higher than the threshold voltages between the sdlreén J ” LN oy :

1 2 j3 4
and top gate, a rectifying diode behavior was observed from _

the devices, which could be explained by the formation of FG. 1. (8 SEM image of the typical top gate GaP nanowire
heterojunction in the midgap GaP/wide-gap,Ga More-  FET. Inset, HRTEM image of a single crystalline GaP nanowire that
over, we have discovered that current through the heterojunghowed a GaP core with the & shell layer.(b) Schematic dia-
tion increases with ultraviolgJV) illumination, due to car- gram of a top-gate GaP nanowire FET. The bottom figure shows the
rier generation in the outer G@; shell layer. side view of a top-gate FET. While electrodes 1 and 4 can be used
For device fabrication, we have used a high quality GaPas source and drain electrodes, 2 and 3 are used as top gates.
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;// the measurements were conducted at room tem-
perature(b) I-Vy curves of a GaP nanowire FET
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raphy technique. Then they were etched with 3% HF solutiorstant of our GgO5 shell was 10, and geometrical parameters
for 6-10 s to remove the outer @& oxide shell layer. such asL=3.5um, r,=50 nm, andr,=38 nm were mea-
Then, 10 nm Ti and 40 nm Au were evaporated successivelgured from SEM images of the device. The calculated ca-
without breaking the vacuum, followed by a gentle lift-off pacitance of a coaxial GaP nanowire is around 7.1
process. The top-gate electrodes were fabricated by defining 1071° F, which is an order of magnitude larger than the
electrode patterns in between the source and the drain eleback-gate capacitancé~2.34x 1076 F). In the case of
trodes with an extra electron beam lithography step and aback-gate capacitance, the capacitance was calculated with a
Au lift-off without an oxide etching process. Figure 1 showscylinder on an infinite plane modeC,,~2meeql/In(h/r),
the SEM image of a typical top gated GaP FET. As is showrwherer is the radius of a cylinder anll is the thickness of
in the schematic diagram of Fig(H), the source and drain gate dielectric materials. Figurgs showsl-V,4 character-
contact electrodes are defined on top of the GaP core aftéstics of the same device measured at different bias voltages.
etching an oxide shell layer, while top-gate electrodes ar®ue to the break down of the @a; insulating layer, we
patterned directly on top of the oxide layer. could measure only down t¥,;=-1.4V for this sample.
Figure 2 shows the electron transfer characteristics mearhe typical depletion onset voltage with a top gate is around
sured from the GaP nanowire device in Figg)lWhile elec- -1.4to —1.8 V. When a Si back gate with 200 nm Sif-
trodes 1 and 4 were used as source and drain electrodeslectric layer was used to measure the transistor, complete
electrode 2 and 3 were used as top-gate electrodes. As showlgpletion of the GaP channel occurs only at gate voltages
in Fig. 2, the conduction channel in the GaP nanowire FETarger than —10 V. Calculated mobility from this device is
closes almost completely around -1.5V with a top gatearound 7 cr/V s, while most of our GaP FETs have mobil-
thereby exhibiting a strong-doped behavior. Inset of Fig. ity values of 6—22 cf/V s. Our GaP FETs have rather low
2(a) shows the(l-V) characteristics measured at different mobility values compared with their bulk form
back-gate bias voltages. Here, the same gate bias voltages (@$0 cn?/V s), which might be due to the diffusive nature of
the top gate has been used for comparison. It is clear that thelectrical transport in GaP nanowire devices. Such a diffu-
top gate shows better gate coupling when compared witkive transport in GaP nanowires might come from surface
back gate. If we assume that the top gate covers a largscatterings between inner GaP shell and outeyOzdayer,
portion of the nanowire surfaces, we can approximate ther due to the interface scattering at metal/nanowire contact
system as a coaxial cylinder. The capacitance of a coaxiakgions.
cylinder can be calculated &=2meeg L/In(r,/1y,), wherelL When we apply high bias voltages in between the contact
is a length of a cylinder and, andr, represent the outer and electrode and top gate, current starts to flow. Figutesahd
inner radius of a coaxial cylinder, respectively. To calculate3(b) showl-V characteristics measured between electrodes 1
the coaxial capacitance, we assumed that the dielectric comand 2(source and top gateand 2 and 4drain and top gafe
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FIG. 3. 1-V curves between electroda) 1 and 2, andb) 2 and 4, respectively, at 4.2 K. Here, the direction of forward bias is from the
source to the top gate. Inset @) shows a schematic band diagram for the GaBGGaunction. Inset oflb) shows back-gate modulatéd/
curves from electrodes 2 and 4. The top-most curve corresponds tevtineeasured a¥,;=2 V, and current decreases while we decrease
Vpg thereby exhibitingn-type conduction.
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FIG. 4. UV-dependent transport curves from
electrodega) 2—-3, and(b) 1-2. The power inten-
101 A =320 nm TS L sity for th_e two wavelength regions are kept the
i ] L same during measurement.
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respectively, at 4.2 K. Highly nonlinear, diodelike/’s are  show current measured from the two adjacent top gates
observed in both cases, which supports the break down of thelectrodes 2 and)3and source top gatdslectrodes 1 and
Ga0j3 as an insulating layer. The current increases after th@), respectively. As shown in the figures, a sharp increase in
threshold voltage of 1.2 V for the forward bias condition, conductance occurs at UV illumination. When the sample
while break down does not occur over =3 V for the reversewas illuminated with UV withA =320 nm, a small steplike
bias condition. Such rectifying behavior persisted up to roonincrease was observed, while a sharp increase in conductance
temperature. To explain such a rectifying behavior, we modeccurred with ax =225 nm UV exposure. Such an abrupt
eled the system as a heterojunction of two semiconductorigicrease in conductance can be explained by charge carrier
with different gap energy. The inset of Fig(aB shows a generation in the outer G@s shell layer with UV illumina-
schematic diagram of the system. When theéoped smaller tion, though there remains a possibility of a heating effect at
gap GaP(~2.7 e\V) was brought into contact with the the contacts. However, the UV source used for this experi-
slightly doped wide gap G&; (~3.8 eV), the Fermi level ment was equipped with infrared filters to avoid a possible
(Eg) is constant across the junction by transferring electrongeating problem, and we did not see a noticeable change in
from the smaller gap GaP to @3s. This makes band bend- conductance over extended UV illumination.
ing of the conduction band, and valence band, as is denoted We have performed first-principle electronic structure cal-
in the schematic diagram. The current increases exponefgulations based on VASPto closely examine the relation-
tially in the forward bias region, due to the lowering of the ship between the UV illumination and increased conductance
barrier for electron transport, while barrier height increasedn the GaOj; shell. Initially, we examined the equilibrium
for reverse bias regions. geometry of the monoclinic phase of bulk gallium oxide with
We also studied the gate dependence of the rectifyingnonoclinic unit cell (2,=12.23 A,a,=3.04 A, 8,=5.8 A,
junction. Inset of Fig. @) shows |-V curves from the B=103.7°C2/m) and defective structures using<R2Xx 1
GaP-GaO; heterojunction with back-gate voltages from supercell, containing 16 Ga and 24 O atoms. The electronic
-2 to 2 V. Current from the GaP-@a; heterojunction in- eigenstates are expanded in terms of the plane-wave basis set
creases with positive back-gate bias, indicatintype gate  with a cutoff energy up to 396 eV. The exchange-correlation
response. Such amtype response can be expected becauspotential was described within the generalized gradient ap-
our GaP nanowire acts as ardoped semiconducting chan- proximation (GGA),*” and the Brillouin-zone integrations
nel. When we applied negative gate bias to the heterojunawere replaced with summation over uniform mesh ofk64
tion, electron depletion occurred in the GaP layer, therebyoints. Due to the differences in the nearest neighbor con-
suppressing the electron transfer from GaP tgQzdayer. figurations, there were three possible types of oxygen va-
Finally, to investigate the origin of the UV response from cancy sites. The left-hand panel of Fig. 5 shows the atomic
our GaP nanowire FETs, we measured lthécharacteristics  structure of pristine gallium oxide and the three possible
of the source(drain)-top gate, or between two adjacent top oxygen vacancy sites. All geometries were optimized until
gates with illuminating UV lamps. Figures(@ and 4b)  the remaining forces were smaller than 0.02 eV/A. The de-

"f?é,’n = FIG. 5. The top-left figure shows the atomic
!{,v, Fiii,].f'" — structure of GgO5; with three possible oxygen
W ; vacancy sites. Other figures show the density of

; states(DOS) of pristine, and the three different
oxygen vacant G#s,, respectively. The gray
lines in atomic structure show the unit cell geom-
etry of 8-GaO3; and numbers are for the three
types of oxygen vacancies. The energy level of
each DOS plot is adjusted for the origin to be the
valence band edge of pristine &% structure.
The Fermi levelthe energy for the highest occu-
pied statepis represented with the arrow for each
case.
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tailed electronic structure of each geometry is shown in the TABLE I. The calculated band gap energy and the donor level
plot of density of states in Fig. 5. In all oxygen vacant struc-of pristine GaOs, and three distinguishable oxygen vacancy con-
tures, the vacancy induced states are developed in the previgurations. The values in parentheses are estimated band gap scaled
ously forbidden gap of the pristine structure. The vacancywith the same ratio of an experimentally measured value, and a
induced states are occupied by two electrons, thus thealculated one in pristine G&; crystal. The donor level exists with
oxygen vacancy acts as a donor. The calculated band gagspect to the conduction band edge.

energy and the donor level with respect to the conduction
band edge of each structure are summarized in Table I. De- Coordinate

creased band gap energy of oxygen vacanidzatructures number Edon (V)  Gap energydirech
(band gap of 3.47-3.85 eV, while experimentally found

band gap of G#D; bulk is around 4.2—4.8 eMnatches well Pristine 2.664.2-4.8 ey
with the UV energy(A=320 nm,3.87 eY that we used to ~ O-vac-l 3 -1.33 2.23~3.5eV)
O-Vac-2 3 -1.70 2.44~3.9 eV

excite the current flow in the G@j; layer.

In summary, we have fabricated top gate FETs that can be©O-Vac-3 4 -1.30 2.20~35¢€V)
used as rectifying diode at the same time with core-shelf
structured GaP naowires. Improved gate to channel coupling

was observed from our top-gated GaP FET argipe con-  guantum mechanical molecular dynamic calculations based
duction with a large on/off ratio was observed. After the 5, yASP showed a decreased band gap energy, due to oxy-

threshold voltage, top-gate contact serves as a rectifying dben vacancies, which explain the observed UV enhanced
ode. When the devices were illuminated by UV lights with conquction in the G, shell layer.

A=320 nm, a sharp increase in conductance was observed
from the GaO; shell layer, which supports the idea of carrier ~ This work was supported by the electron Spin Science
generation and conduction in the &3 layer. Ab initio  Center at POSTECH and NFGM device project, Korea.
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