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ABSTRACT OF THE DISSERTATION

Zinc Oxide Based Nonvolatile Memories and Random Lasers

by

Jian Huang

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, December 2013
Dr. Jianlin Liu, Chairperson

Nonvolatile memory devices and random laser devices based onhin@m
and nanostructures are studied and discussed in this dissertation. Thaegnvelatile
memory was achieved by using Sb-ZnO/ZnO/Sb-ZnO structurdaptér 2. Secondary
ion mass spectrometry result confirmed the formation of the steudRectifying current-
voltage characteristics between Sb-ZnO and undoped ZnO layeraeteeged, proving
the p-n junction was formed. The p-type behavior from the p-n-p strueagestudied by
using the capacitance-voltage measurement and small signal . Mduel voltage
operation led to the charging/discharging of the structure, showing aite’rohemory
effect. Low writing voltage and long retention time were adatievhe n-p-n nonvolatile
memory based on Na-doped ZnO nanostructures was also studied inrChapte
achieve n-p-n nonvolatile memory, the Na-doped nanorods were grown on se2dO
layer on Si. The p-type conductivity of the Na-doped nanorods was studied by
temperature-dependent photoluminescence and nanorod back-gated fielutaefgestor.

Vertically aligned undoped ZnO nanotips, nanotubes and nanorods were izgakites
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the top facets of Na-doped ZnO nanorods without catalytic assstarmer different
growth time in a chemical vapor deposition system. The undopedausndia-doped
nanorods and undoped seed layer form an n-p-n memory structure. Treprogyg and
retention characteristics have been demonstrated. Furthermore, pthlar riesistive
switching memory using Na-doped ZnO nanowire was also demonsinat&dthpter 4.
The mechanism of the self-complianced and self-rectifyingcefbé the device was
studied.

The ZnO based optoelectronics devices are studied in Chapter 5 amd 6.
electrically pumped ZnO homojunction random laser diode based on nitdoged p-
type ZnO nanowires was achieved. The p-type behaviors were sthgiemlitput
characteristic and transfer characteristic of the nanowale-tyatedfield effect transistar
as well as low-temperature photoluminescence. The formation op-thgunction is
confirmed by the current-voltage characteristic and electrambaduced current. The
random lasing behaviors were demonstrated by using both optical puamgiredectrical
pumping, with a threshold of 300 kW/érand 40 mA, respectively. The angle dependant
electroluminescence of the device further proved the randomglasechanism. To
enhance the output power and reduce the threshold current of the randqgra H3er
period SiQ/SiNy distributed Bragg reflector (DBR) was introduced into the devibe
formation of thehomojunctionp-n junction was confirmed by the current-voltage and
photocurrent characteristics. The random lasing behaviors were desteshsby
electrical pumping with a low threshold of around 3 niPhe output power was

measured to be 220 nW at 16 mA drive current.
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Chapter 1

I ntroduction

1.1 Propertiesof ZnO

ZnO, as arnorganic compour, has been widely used industry and our dail
life. There are three different crystal structures of Zmihc blende, wurtzite, ar
rocksalt [1].Under normal ambient conditic ZnO rormally forms thewurtzite (Figure
1.1) structure with lattice constant of a =25 nm and ¢ = 0.512 nrithe ZnO discusse

in this dissertation is/urtzite structur ZnO unless otherwise noted.

Figure 1.1. Schematic of wurtzite structure. (Seuwikipedia.or()

As II-VI semiconductor, ZnO has a band gap of 3.37 eV ahrtmnperature
which makes it a promisincandidatefor ultraviolet (UV) optoelectronic devic and
wide band gap nonvolle memory devices. Its wide band gap can sigmtlgareduce

1



the generation related leakage current of a nonvolatile memoryhasdirhprove the
retention performance of the device [2]. As a direct band gap semi¢condiimO can be
ideal material for light emitting diode (LED) and laser diotl®)( Its large exciton
binding energy of 60 meV [3] at room temperature enables thsibfdg of low
threshold semiconductor laser diode. Its alloyg4MgxO with larger band gap and
Zn1.,Cd,O with smaller band gap can be formed while alloying Zn® WgO or CdO,
respectively [4]. Furthermore, ZnO can be synthesized with low usiag different
mature technology such as MBE, CVD and PLD. The 2-dimensional ittmncé&n be
achieved on both sapphire and silicon [5,6], which is critical for arlectronics
applications. Besides, diverse nanostructures of ZnO can be contradbgved by
different methods [7].

For many optoelectronics and microelectronics devices, both n-type-type
materials are needed. However, due to the “intrinsic” donors suzin@interstitials and
oxygen vacancies [8, 9] and the unintentional donor hydrogen [10], Za®"istrinsic”
n-type material. Reliable p-type conductivity is difficult tohimwe, which poses the
largest obstacle on the application of ZnO. The group | and group \emrignare
typically considered to be p-type dopants for ZnO and a great de#fods have been
made to achieve the p-type conductivity.

Among the group | dopants (Li, Na, K), the element Na can subdtiuin and
has a shallow acceptor level of 170 meV in theory [11]. In experjmetype ZnO thin
films doped with Na have been fabricated on quartz and glass with hole concentrations

to 3 x 13® cmi®*[12]. For one dimensional structure, there have been few reports on p-



type ZnO doped with Na [13, 14]. In ref [13], the typical length of éhemndomly
distributed microwires is found to be several hundred micromatetghe diameters of
most of the microwires are in the range 2+6, which is not possible to be used for
nanoelectronic devices. In ref [14], the p-type conductivity is nair dtem the very low
on/off ratio FET. In other words, Na doped p-type ZnO nanowires, wianhe used to
fabricate nanoscale devices, still need to be further studied.

The group V element Sb can also introduce acceptor into ZnO. Badadton
principle calculations, antimony (Sb) can produce shallow acceptelslin ZnO if Sb
atom substitutes Zn atom and connects with two Zn vacancies [15].riragptally, Sb
doped p-type ZnO thin films and nanowires have been reported by dif(goems. Xiu
et al reported p-type Sb doped ZnO thin film with hole concentration of 13*® cmi®
and high mobility of 20.0 cAVs [16]. Aoki et al. reported Sbh-doped p-type ZnO thin
film with a hole mobility of 1.5 cfiVs and an acceptor concentration of18*%cm?
[17]. For nanowires, stable Sb doped nanowires with field effect ityobfl 0.7 cnf/Vs
and hole concentration of 210" cm® has been reported recently [18]. Various
optoelectronic devices based on Sb doped p-type ZnO such as photodetectdighfl9]
emitting diodes [20] and nanowire lasing devices [21] have beenogede These
devices further confirm the p-type conductivity of the p-type Sb doped ZnO.

Nitrogen, which has a similar atomic radius with oxygen,diss been reported
to be a good p-type dopant for ZnO [22-24] in experiments. Although nitrogen
substitution of lattice oxygen @) will form an acceptor level in ZnO, the activation

energy of the acceptor is still disputed. Park et al suggdsaedhie activation energy is



about 0.4 eV based on density functional theory [25] while Li et ahgalue of 0.31 eV
using first-principles band-structure calculations [26]. Both utatons show that
nitrogen is shallow acceptor and p-type nitrogen doped ZnO can bevextlae room
temperature. However, a study from Lyons et al predictedNtpahay not produce p-
type ZnO at all with an activation energy of 1.3 eV [27]. Thenf#ut that nitrogen
doped ZnO shows p-type becomes intriguing for researchers. Redtaentkt al reported
that a nitrogen related defect complex-Wz, will have a shallow acceptor activation
energy of 0.23 meV and this complex can be formed under Zn-polarhgomatition

[28]. This research opens a new window for the nitrogen doping of ZnO.

1.2 Motivation of the ZnO based deviceresear ch

Flash memories are currently widely used for semi-permangéatsttrage such
as PDAs (personal digital assistants), laptop computers, daidb players, digital
cameras and mobile phones. Storage time of these memories igedeasbe around 10
years, but the writing operation is quite slow comparing with RAM, typically on ther or
of micro second per bit. In addition, they all suffer from a wear-out mechanisimthgt

the number of times the memory can be reprogrammed to arotitich&e (Table 1.2).



Characteristics Detail

Program voltage: NOR: 7-9V
NAND: 17-19V

Program speed: NOR:is/bit

NAND: 1 ms/page

Endurance:

~10times

Retention:

<10 years

Table 1.1. Parameters for flash memory.

The flash memory still can satisfy most device requiremerggertheless, to
overcome the shortcomings of the flash memory and achieve nextagen memory,
other members of nonvolatilie memory family, such as FerroeleRAM (FRAM)
Magnetic RAM (MRAM), Phase-change RAM (PRAM), organicmoey and Resistive
RAM (ReRAM), have attracted much attention. Among so many tgbasnvolatile
memories, each one has its own advantages and disadvantages. Thdvanatage of
FeRAM is the low power consumption. However, because the readout method of FeERAM
is destructive (the bit information will be destroyed if itead), the maximum number of
readouts is limited. Furthermore, FeRAM is difficult to achiewghkdensity integration

because of its capacitor-type memory cell [29]. For MRAM, tlgh laperating speed



which can be equivalent to that of SRAM is the most outstandingréeaBut present
MRAM needs large current to program and because of its complistatedure it is not

suitable to achieve high-density integration now [30]. PRAM hasalsistructure and
is considered to be suitable for high-density integration. Andnitachieve million-year
retention time and high program speed. However, in practical use, ogdtasi kind of

memory needs a large current (usually exceed AD[31]. This will require the high
current drivability cell-selection transistor for the circuityhich makes the
miniaturization of transistors difficult. The organic memory usuabn achieve their
function by using a single molecule which means it can be esasilgd down. However
this kind of molecule is usually not able to survive in the heat duthegdevice

fabrication.

In 1990s, some researchers reported a prototype nonvolatile random access
memory: a high-speed read-write memory based on 6H silicordegi®id-SiC) p-n-p/n-
p-n structures [32-34]. This nonvolatilie RAM does not suffer from tharswwet
mechanism and therefore even can be used in applications which asdlyeerved by
dynamic RAM. Besides, it achieved low operation voltage due to dpdeation and
thousands of years’ retention time due to low thermal generatierfrcah wide band
gap. But the problem lies in how to get low cost and the high quaidg tand gap
materials.

High quality ZnO thin film and nanowires can be grown on diffesertstrate.

This will reduce the material cost of this memory if ZnOused instead of SiC.



Furthermore, ZnO has a larger band gap which can further imprevyeetformance of
the devices.

ReRAM could be another hopeful candidate of new generation memortg for
simple structure and fast speed [35]. It is thought to be an ideal nblevolamory after
the 22 nm technology node. But the mechanism of this memory tdeaotyet and needs
to be understood. Several problems such as insufficient retentiomatichendurance
performance still need to be solved. ZnO is promising matetaRERAM due to its
unique properties. First, ZnO based ReRAM has both unipolar and bigsiative
switching behaviors [36,37], which make it excellent materialrésistive switching
mechanism study. Second, ZnO based ReRAM has been reported to havgethkigh
resistance to low resistance ratio and long retention timje T8B8d, various dopants can
be introduced into ZnO to improve the ReRAM performance [39,40]. Furtherm®re
ease of growth and low synthesis cost make it a more compeignaidate for further
applications.

Another important application of ZnO is for optoelectronic device.oAdiag to
2010 Optoelectronics Market Report by Databeans, Inc., the marlogttaélectronics
will reach $36.5 billion by 2015, sharing about 9 percent of the semicamdodustry
market [41]. Comparing the current leading optoelectronic mat&a, ZnO has a
similar direct band gap of 3.37eV, and it has larger exciton funeinergy of 60 meV,
which makes it the best candidate in the area of UV LD [4Bkid&s, ZnO can be
synthesized at lower temperature and low cost using various mettsoeasé of etching

can lower the effort and cost of device processing.



As mentioned above, the major obstacle for ZnO based optoelectromesls
the difficulty of p-type dopping. A lot of effort has been made tuea® p-type ZnO in
order to demonstrate ZnO based homojunction devices in our group. We heaxedc
Sb doped ZnO thin film in our MBE system [16, 43]. Ohmic contacts for iotype and
p-type ZnO have been developed [44,45]. Based on these, ZnO homojunction
photodetector, LED andandom lasers were fabricated and studied [46-50]. These
important results are critical for further developing high efficieldéfp and LD devices.

A very promising feature of ZnO is that its one dimensional nexcigte can be
synthesized by various low-cost methods. These nanostructures carelbenéxnaterial
for field emission devices, sensor and lasers [51-53]. In our group, weshesessfully
developed Sb doped and Ag doped nanowires [53, 54], and homojunction photodetector
[55] and Fabry-Perot (F-P) type laser [53] have been demonstratedai®ldm laser

device, which is another important application of nanowires, still needs to be studied.

1.3 Chapter arrangement

In this dissertation, nonvolatile memory and random laser using dapedae
studied. Chapter 2-4 focus on ZnO based nonvolatile memory devices inchidipg
and n-p-n memories and resistive switching memory. Chapter 5-6 fogasidom lasers
based on ZnO nanowires/thin film homojunctions.

In chapter 2, A ZnO p-n-p structure using Sb doped ZnO as p-type dayl
undoped ZnO as n-type layer on c-plane sapphire substrate was detednBtrat the p-

type conductivity of the Sb doped ZnO thin film has been studied. Secaondanyass



spectrometry (SIMS) result showed good interface between Sb dowedraoped
layers. The formation of p-n junction was proved by the good rezttdic behavior
between p-type layer and n-type layer by |-V measurementbol& concentration
N, =5.95 x 101 cm™3 was obtained from the fitting of the C-V curve by using small
signal model. The program and retention characteristics of the pemvolatile memory
structure related to the charge storage in the n-layer were also studied.

In chapter 3, ZnO n-p-n nonvolatile memory structure based on mEnwas
achieved. First, vertically aligned Na doped nanorods were grown on a Zoh@geeon
Si. The p-type conductivity of the Na doped nanorods was studied by imin
temperature photoluminescence (PL) and nanorod field effect tansisasurements.
Second, vertically aligned ZnO nanotips, nanotubes and nanorods weresiggithe
without catalytic assistance on the p-type Na-doped ZnO nanorods.gibhueh
mechanism was studied. The n-p-n memory structure based on the hdmopnjnaoorod
and undoped seed layer was fabricated. The programming andoretendiracteristics
show good memory effect.

In chapter 4, current self-complianced and self-rectifying bipo&sistive
switching was observed in Ag-contacted, Na-doped ZnO nanowirdivesmsemory.
Scanning electron microscopy (SEM), high spatial resolution Audectren
spectroscopy (HSR-AES) and I-V characteristics were usestudied the resistive
switching mechansim. The mechansim of self-complianced andestfifimg bipolar

resistive switching effect was discussed.



In chapter 5, a homojunction random laser device based on nitrogen doped p-typ
nanowires and undoped n-type thin film has been studied. P-type nitrogen ddped Zn
nanowires were grown by using CVD without any metal catalgsZnO seed layer on
silicon substrate. The p-type behavior was studiedthay output characteristic and
transfer characteristic of the nanowire back-gated FET andiRL acceptor activation
energywas calculated from PL and carrier concentration statiskios lasing behaviors
were studied by using both optical pumping and electrical pumpingafigie dependant
EL result shows that the emission has a broad angle distributiomerfundicating the
formation of ZnO nanowires p-n homojunction random laser.

In chapter 6the DBR structure was utilized to improve the performance of the
random laser devices. The nitrogen doped p-type ZnO nanowires were grown on undoped
n-type ZnO thin film on a 10-period DBR structure of alternatiyers made from Si©
and SiN. The nanowires were studied by SEM, low temperature PL and X-ray
photoelectron spectroscopy (XPSyhe p-n junction was studied using the [-V
characteristics and photocurrent measurements. The device was pelegiadally and
the electroluminescence (EL) was studied.

Finally, a conclusion of this dissertation is presented in chapter 7.
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Chapter 2
P-n-p nonvolatile memory structure based on Sb doped and undoped

ZnO thin film

2.1 Introduction

Zn0, as a lI-VI wide band gap material, has attracted stgmifiattention in the
last few years [1-3]. However, due to the “intrinsic” donors suchirasinterstitials and
oxygen vacancies [4, 5] and the unintentional donor hydrogen [6], eelibype
conductivity is difficult to achieve, which poses the largest olstacithe application of
ZnO. The group V elements are considered to be p-type dopants fondréDgaeat deal
of efforts have been made to achieve the p-type conductivity [7&§edon first-
principle calculations, antimony (Sb) can produce shallow acceptelslin ZnO if Sb
atom substitutes Zn atom and connects with two Zn vacancies [10].ifagp&ally, our
group achieved Sb doped p-type ZnO thin films and nanowires [11, 12] and also
developed various devices based on Sb doped p-type ZnO such as photod8tet2prs
light emitting diodes [13] and nanowire lasing devices [14].

While all the p-type ZnO studies at the device level ased@n optoelectronic
devices and the applications of p-type ZnO are limited within opmtivetec field, the
potential of this wide band gap material for nanoelectronic degigels as nonvolatile
memory has been largely ignored. On the other hand, demonstrationn@f Z

nanoelectronic devices based on p-type ZnO materials will alsobimamasly prove the
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p-type conductivities of the materials as their optoelectroniccdsvinad achieved [12-
14]. Previously, a memory structure based on wide band gap matasidhlricated and
characterized using a SiC n-p-n structure [15]. This memorytgteucan achieve low
programming voltage<(l0V) due to the diode operation mechanism and long retention
time (>100 years) due to the low thermal generation current. Cethpath SiC, ZnO
having a band gap of ~3.2 eV can achieve extremely low theremargtion current,
which can further enhance the retention performance of the natevategmory [15].
ZnO is a direct band gap material which has low minority qalifegime (nanosecond)
[16] and it will result in high programming speed. FurthermoreQ Ztan also be
synthesized with lower cost using low-temperature epitaxial trew it can reduce the
cost for future memory devices. In this chapter, we report-typg@Sb doped ZnO films
based on Sb-ZnO/ZnO/Sb-ZnO p-n-p memory structure. The program amiioret

performances of this memory structure are also presented.

2.2 Material growth and device fabrication

ZnO p-n-p structure was grown using plasma-assisted moldirdan- epitaxy.
First, a thin MgO buffer layer was grown on c-sapphire subsatagb0 °C for 70 s,
which was followed by the growth of a ZnO buffer layer at #@ne substrate
temperature for 15 min. Then, an Sb doped p-type ZnO / undoped n-type ZnO
homojunction was grown on this MgO/ZnO buffer. The 300 nm thick undoped iEnO f
was grown at a substrate temperature of 500 °C with Zn effusliotewgerature of 360

°C. This was followed by the growth of the 300 nm thick Sb doped Zn® dyehigher
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substrate temperature of 550 °C with Zn and Sb effusion cells telomgecd 360 °C and
390 °C, respectively. In order to activate the Sb dopants, in situ thanmealing was
performed in vacuum at 800 °C for 20 min. To form the p-n-p memory device
photolithography and wet etching were used to define the mesa srustiNi (100/10
nm) were then deposited on p-type ZnO. Lift-off process and propeaing were used

to form Ohmic contact electrodes and Sizas deposited to passivate the device. Au/Ti
(100/10nm) electrodes were also fabricated on n-type ZnO for omgesato verify the

formation of the p-n junctions.

2.3 Results and discussion

Figure 2.1 shows elemental distribution of Zn, O, Sb, and Al in #mepke
measured by secondary ion mass spectrometry (SIMS). The Adlsig from the
sapphire substrate. The sharp stair of Sb distribution between degathdoped ZnO
represents a good interface of the doped and undoped layers. The @oreitage of

Sh is estimated to be around 1.5%.
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Figure 2.1. SIMS result of ZnO p-n junction on c-sapphire substrate.elEneental
profiles of Zn, O, Sb, and Al can be seen, which confirms our detrieetige has been
formed.
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Figure 2.2. I-V characteristics of Sb-doped p-type ZnO / undopéygben ZnO
homojunction. Left inset shows the measured device structure. Rggitshows the |-V
curves of p-p contacts and n-n contacts, respectively. Ohmic contact behaviorns. evide
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Current-voltage (I-V) characteristics were characteribg an Agilent B1500A
semiconductor parameter analyzer. Figure 2.2 shows |-V d¢hasdics of a typical p-n
junction after Au/Ni to p-type ZnO and Au/Ti to n-type ZnO contaotse formed (left
inset), suggesting typical diode rectifying characteristite fight inset shows that the
Ohmic contacts were formed on both p-type ZnO and n-type ZnO. Theests iuggest

the formation of ZnO p-n junction diodes and thereby p-n-p memory structure.
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Figure 2.3. C-V characteristics of ZnO p-n-p structure on sapphire symbols are the
experimental data and the solid line is the fitting resultdasesmall signal model. Inset
(a) shows the measured p-n-p memory structure. Inset (b) shoeguivalent circuit of
the p-n-p structure.
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From Hall effect measurement, the electron concentration, nyddmild resistivity
of the undoped ZnO layer af46 x 107 cm~=3, 17.6 cm?V's® and 1.03Qcm,
respectively. However, it is impossible to extract aceutadle carrier concentration of
the top Sb-ZnO thin film of the structure by using Hall effeelasurement due to the
thick underneath undoped n-type layer. In order to study the p-type bebata Sb-
ZnO thin film, capacitance-voltage (C-V) characteristieravobtained using a 4284A
LCR meter. Figure 2.3 shows high-frequency (1 MHz) C-V chaniatiteof the ZnO p-
n-p structure (inset (a) in Figure 2.3). The capacitance wasured between the two
Au/Ni contacts. The C-V sweep ranges from 0V to 10V. As semn the figure, the
capacitance of the device decreases nonlinearly as the applied bias sicrease

To quantitatively understand the C-V characteristics and axttaole
concentration in the Sb-doped p-type ZnO layer, we can use thessgmall model. An
equivalent circuit of the p-n-p structure is shown as an inset (Bjigure 2.3. The

impedance, of this symmetric p-n-p structure can be calculated:

1 1

1
ry = Ry + g - |l———+rg, l——
a “jaCy, " jaC, 7 jaC,,

r r

jaIdl(CDl + CJl) +1 jaIdZCJZ +1

R,

1 1
=R, +R, + +
&1 &2 ajzrdl(CDl + CJ1)2 Jw (CDl + CJl)CJZ
CDl + CJl + CJZ , (1)
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(Cp1+Cj1)Cy2

where the imaginar )
g Y payf Cp1+Cj14Cy2

clearly shows that the total capacitance can be

viewed asCp; + Cj; in series withC;,.The reverse-biased junction capacitadgecan be

calculated by:

EA

Xn+X
n 14 ZE(VbL+VA)( NA )
q(Ng+Np) Npt NA

C]z = (2)

Here,e is dielectric constant, A is area, q is electron chaWggeis the built-in potential

of the p-n junction,x,, andx, are the depletion region thicknesses in n-type and p-type
ZnO, respectively, ant¥, andN, are acceptor and donor concentration, respectively.
Because the reverse-biased junction and forward-biased junctionsaees, the voltage
drop across the forward-biased junction only shares a very porélbn of the applied
bias. Thus, the diffusion capacitarg, can be ignored and the junction capacitance of a

forward-biased junction is calculated by

_ 8gqNyNp
G = A\j Vpi(Na+Np)’
So for the p-n-p structure, the total capacitance is:

C11xCra(V,
C(Vg) - C;1+C522VZ§ . (3)

From the fitting by using the equation (3) (the solid line iruFeg2.3) and the electron
concentration of3.46 x 107 cm™3, N, = 5.95 x 10 cm™3 and V,; = 2.71V have
been obtained.

The decrease of the capacitance at higher voltage alsostsuglgat this p-n-p
structure can act as a charge storage device. When a bias is applieg-ongis¢ructure,

one p-n junction is forward-biased while the other one is reverseebid$ie electrons
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inside the n-layer flow out of the structure from the forward-ligsection, while the n-
layer also receives small amount of electrons from the seM@ased junction until the
potential of the n-layer cannot increase further under this appiéaije. The net effect
is the built-up of positive space charges inside the n-type layer, or chargmdptyes. In
the mean time, the width of the space charge region of thesesbi@rsed p-n junction
increases.

To evaluate the charging, or programming operation, an Agilent 81p0ke
generator was used to operate the device and the capacitascead from an Agilent
4284A LCR meter at OV. In this situation, after the bias is reahothee programmed
extra space charges in the n-layer will redistribute @avérse both p-n junctions. The
space charge region width of both junctions is larger and thus plaeitzace is smaller
than that of the junctions before programming. Figure 2.4(a) shapacitance change
(AC) as a function of different program pulse height. The pulse widthfixed at 1 s.
Under the program pulse larger than 2 V, the absolute valN€ aficreases as the pulse
height increases, which indicates that more charges areodedeinside the structure
under higher pulse. Figure 2.4(b) shosG for different pulse width. The pulse height
was fixed at 10V and the pulse width was changed framtb 1 s. The absolute value
of AC begins to increase after the pulse width is larger thaus Hdd reaches saturation
at 0.1 s. This programming speed is slow but reasonable considezingwthvoltage

operation.
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Figure 2.4. Programming performance of ZnO p-n-p memory stei&C is the change
of the capacitance before and after programming. All the ¢apae is read at OV bias.

(a) Using programming pulses with different pulse height and 1se pubth. (b) Using
programming pulses with different pulse width and 10V pulse height.
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Figure 2.5 shows retention characteristics of the ZnO p-n-psteud he device
was programmed with 10V for 1 ms, and the capacitance measured at OV wassgsi@tte
function of the waiting time. After the programming, excess sphaeges are developed
and reverse-bias both p-n junctions. The reverse-biased p-n junctionseh@emeration
rate and the carriers from thermal generation will neatalhe excess space charges
until both junctions return to equilibrium. As the thermal generatitsisaexponential to
the reciprocal of the band gap energy, it will take exthgrimag time for a defect free
device to return to thermal equilibrium. However, the defects are weableiin the ZnO,
and these defects will help the generation process and thuslinelgteme excess space
charges. As seen from the figure, during the early stageafieeitance increases about
20% of the totaAC after programming. This shall be due to the thermal geaerafi
both bulk Shockley-Read-Hall defect levels and other levels originfawen surface
states. Afterl0* s, the capacitance remains almost constant, which indicatemthmia
of the charges trapped inside the structure become stable.eBhls suggests that the
defects in the present material do not significantly dischifwgyelevice and this ZnO p-n-
p structure is capable of achieving much longer retention tivae the flash memory,

which usually meets 10-year retention standard.
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Figure 2.5. Retention characteristics of ZnO p-n-p memorytatelcA pulse of 10V for
1ms was used to program the device before the retention measurement.

2.4 Summary

In summary, a ZnO p-n-p structure using Sb doped ZnO as p-typedagler
undoped ZnO as n-type layer on c-plane sapphire substrate wastithriSIMS result
showed good interface between Sb doped and undoped layers. The formation of p-
junction was proved by the good rectification behavior between p-type dad n-type
layer by I-V measurements. A hole concentrafign= 5.95 x 10 cm™3 was obtained
from the fitting of the C-V curve by using small signal modéijol cannot be done by
Hall effect measurement due to the underneath n-type layer. The atilevoiemory

effect of the p-n-p structure related to the charge storage im-thger of the p-n-p
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structure was also studied. The program and retention characsesistiwed that ZnO p-
n-p memory structure can achieve low operation voltage and longioetéime, which
suggests that the Sb doped p-type ZnO could be excellent méiefizlure nonvolatile

memory application.
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Chapter 3
N-p-n nonvolatile memory based on ZnO vertically aligned

homojunction nanostructures and undoped thin film

3.1 Introduction

ZnO attracted significant attention in the last few yeaestduts wide band gap
of 3.37 eV, large exciton binding energy of 60 meV, and easy formafiativerse
nanoscale morphology [1-4]. These various nanostructures, which can besizyuthey
different methods such as solution synthesis [5], chemical vapor depd€ivD) [6]
and physical vapor deposition (PVD) [7], have been used for variousatppis. For
examples, ZnO nanotip can be an excellent structure for fieksem devices [1]; ZnO
tubular structure can be used as sensor due to its large surfaand8&]imensional
nanowires can serve as excellent optical medium for lasers [GAl®ough these
different nanostructures such as nanotips, nanotubes and nanorods have been
demonstrated separately by different methods, the controllablethgrof these
nanostructures, especially highly orientated ones, using the seiméqgtee will definitely
benefit the applications of these nanostructures and has not been reeortedthis
research, we achieved different vertically aligned one-dimerisém@ nanostructures
using CVD on top of vertically aligned Na-doped nanorods. The Naddopaorods
were grown on a ZnO seed layer and exhibit p-type conductivity fnenrmanorod back-

gated field effect transistor (FET) measurements. An n-p-nanestructure formed by
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the undoped seed layer and nanorod homojunction exhibited reasonable programming

and retention characteristics.

3.2 Nanostructures growth

Na-doped ZnO nanorods were grown in a quartz tube furnace system under
atmospheric pressure. Zinc powder in a silica bottle was pladkd oenter of the quartz
tube. A Si (100) substrate with a ZnO seed layer on top was kep@avagfrom the Zn
source at the downstream side. The undoped ZnO seed thin film was lgyanolecular
beam epitaxy. The film consists of closely packed columnar tetesc due to the
preferential growth of wurtzite ZnO along c-axis direction. Tinekness of the film is
about 1400 nm. The size of the substrate with seed layer is 1 cidtlhand 2 cm in
length. In addition, in order to subsequently form metal contact to the uhdibpe
portion of the substrate of about 0.5 cm in length was covered by a pieceanf giliing
the growth. NaN@ powder was placed in a silica bottle at upstream side. Nitrggen
with a flow rate of 1000 s.c.c.m. passed continuously through the fuasaite carrier
gas. The source and substrate were then heated to the growraame of 700C.
During the growth, a mixture gas of argon/oxygen (99.5%/0.5%) of 300 s.cvam

introduced to the quartz tube. The growth time was 10 min.
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3.2 P-type Na doped ZnO nanorods

Figure 3.1 (a) shows an SEM image of the as-grown Na-dopednZn@rods.
The inset is a side view SEM image of the cleaved samplaldded vertically aligned
nanorods on the ZnO seed layer are evident. The diameters of thedsamary and
should be related to the size nonuniformity of columnar structureleirse¢ed layer.
Figure 3.1 (b) shows the temperature-dependent photoluminescencepéelra of the
Na-doped ZnO nanorods. A He-Cd laser with an excitation wavelengd@5ofim was
used in this experiment. The peak at 3.356 eV at 15 K can be attrtbuteel acceptor
bound exciton AX) recombination [10-12]. The peaks at around 3.289 eV and 3.227 eV
at 15 K blue-shift as the increase of temperature and can pee$so free electron to
acceptor [FA) emission and donor-acceptor-padAP) emission, respectively [10, 13].
The longitudinal-optical{O) phonon replica of thBAP emission at 3.157 eV is shifted

by the ZnO phonon energy of ~70 melMe activation energy of an accepddf, can be

e?

estimated with the equation [14[, = Ej,, — Epap — AEp+< >. The

4mEQEZNOT DAP

donor binding energyEy, is about 30 meV [15, 16] and the intrinsic band gap, =
3.436 eV at 15 K [15].e4,0 is the dielectric constant of ZnO (8.6),4p is the average
donor-acceptor pair distance. The last term represents the Courltardction between
the donors and acceptors and the value is around 20[b#VThus, the acceptor
activation energyE, for the Na acceptor is estimated to be around 200 meV.

To study the electrical transport properties of the nanorods, aodaback-gated

FET was fabricated. The Na-doped ZnO nanorods were transferredao®iQ (300
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nm)/p+-Si wafer and then Ni/Au electrodes were formed on a nanyodsing
photolithography and e-beam evaporation. Al was deposited on the bdek Sif wafer

as the back gate electrode. An SEM image of an as-fabricated devicesisishbe inset

of Figure 3.1 (c). ThegVq4 curve shown in Figure 3.1 (c) exhibits clear field effect
characteristic of p-type conductivity: as the gate voltage increidisedrain current of the
nanorod decreases. However the threshold voltage is around 0 V, thehefdneléd
concentration is difficult to estimate. Considering the low draimecdy this result may
be due to the low hole concentration of the nanorod. The low hole conicenstaduld

be the result of strong compensation from various unintentional donors sugh a
interstitials, oxygen vacancies, and hydrogen complexes [17-19].lclhehreshold
voltage may also be related to the unavoidable Na contamination doeirigahsfer of
Na-doped nanorods onto the 2id@he mobile ion contamination is a common reason of
the threshold voltage drift in a MOSFET. The output charactexifiid/q) of the device

as shown in Figure 3.1 (d) also confirm the p-type conductivity. Thensaml |-V 4
curves indicate the existence of the non-ohmic contacts betweenetia¢ and high-
resistivity p-type nanorod. However, after two months, the p-type cowidyof the
nanorod decreased about two orders of magnitude and the nanorod became highl
resistive from the FET measurement. The stability of the pMgpeoped ZnO nanorods

in air is still an issue.
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Figure 3.1. (a) SEM image of -doped ZnO nanods. The inset is the sideview SE
image of the cleaved sample. (b) Temper-dependent PL spectra of -doped ZnO
nanorods. (c)qtVg4 curve of Ni-doped nanorod badajated FET. Inset: SEM image of t
nanorod FET device. (d4-V4 curves of Na-doped ZnO nanorod baykted FET

3.3 Vertically aligned one-dimensional ZnO nanostructures

After the growth of N-doped nanorods, the sample was taken out of thiea
quartz tube and then immediately transferred imitlzer tube forubsequent growth ¢
the undoped section. The growth configuration wes ¢ame but without Na sour:
Three samples with different growth time were growar sample A, the growth time
Na-doped nanorods and the undoped section on top was dach. Fcsample B and C,

the Nadoped nanorods were grown for 10 min while the edo section growt
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duration was 4 min and 8 min, respectively. Different growth tiraddeo different types
of one-dimensional ZnO nanostructures on top of these Na-doped nanorodsnpler sa
A, after the 4 min undoped ZnO growth, vertically aligned nanotipe yeown mainly
at the edge of top facets of the Na-doped nanorods (Figure 3.2 (a)). Differargample
A, nanotubes were formed on top of Na-doped nanorods in sample B (Figyi®)3.2
while nanorods were formed on top of Na-doped nanorods in sample @e(Bigu(c)).
To investigate the growth mechanism of the nanostructures, F&y8rshows SEM
images of the samples at different stages. As shown inof-iirigure 3.3 (a), the
nucleation mainly took place at the edge of the top facets of theaasnarsample A; as
the growth time increases to 4 min, the undoped ZnO became langerm the
nanotips. However, on the 10 min Na-doped nanorods (Figure 3.3 (b)-i), grawth of
the undoped ZnO led to the tubular structures (Figure 3.3 (b)-ii andhtiiz longer
growth time of 8 min, the tubular structures disappeared and the nartarotlires

formed (Figure 3.3 (b)-iv).
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Figure 3.2. SEM images of different samp(a) sample A, (b) sample B and (c) sarr
C. The scale bars areum. The inset of each image is the higlagnification SEN
image. The scale bars are tnm.

36



Because no catalyst was used during the growth, the formatioAnOf
nanostructures should follow a self-seeding vapor-solid (VS) growtihanesm. During
the growth, the Zn powder was heated to form Zn vapor, which diffused the eflica
bottle and transported by the carrier gas. At a substrate tetmgerof 700°C, the
desorption effect is strong and it is difficult to form ZnO seaxdghe whole surface of
top facets of the short Na-doped nanorods (Figure 3.3 (a)-i), esperidly the high gas
flow rate (1000 sccm Nand 300 sccm Ar/©in mixture), i.e., the low Zn vapor
concentration. Discrete seeds formed at the edge or at sonce plafes on top of the
nanorods (Figure 3.3 (a)-ii). The crystals grew from the seedidaamed the nanotips
(Figure 3.3 (a)-iii). In contrast, for sample B and C, the Na-dop&al Zanorods are very
dense as a result of the 10 min growth (Figure 3.1 (a) and itteegpeed of the carrier
gas near the top of the nanorods was decreased. A higher Zn wagenttation was
achieved around the top of the nanorods, leading to the formation afrttieuous seed
layer around the edge. The ZnO walls grew from these seedsulaniart structures
formed (Figure 3.3 (b)-ii). When the tubular structure became longeough the atom
desorption was still strong due to the high temperature, the esaiused tubular
structures could trap the atoms and thus a high Zn vapor concentratiead fmside the
nanotubes. The nucleation and growth took place inside the nanotubes. Becingse of
faster growth rate under the Zn-rich condition [20], the inside watheftubes grew

faster and solid nanorods formed at a longer growth time (Figure 3.3 (b)-iii and iv)
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Figure 3.3. SEM images showing a gradual evolupmtess of the nanostructures.
Different stages of sample A from (i) -doped nanorod basement to (ii) forion of
discrete ZnO seeds at the edge of the top facet taiiii) top undoped nanotips. (
Different stages of sample B and C from (i)-doped nanorod basement, to (ii)
undoped nanotube with thin wall, to (iii) top un@opnanotube with thick we to (iv)
top undoped nanorod.

3.4 N-p-n memory structures

The undoped nanorod/l-doped nanorod/undoped thin film can function as-p-n
memory structure. Earlier effort oi-p-n or p-np wide band gap memory structures w
based on SiC [21] and Znthin films [22], and there is no report on nanosbdictures
A demonstration of nanorod wi-bandgap semiconductor memory would represe
first step toward ultimate scaling of this typerafnvolatile memories. Here, Ti/Al10
nm / 100 nm was used tform Ohmic contacts on the ZnO thin film and thp tnd of
the undoped nanorods, as shown in the inset ofr&igul(a). Polymethyl methacryle
(PMMA) was spun onto the sample to protect thedmtZnO film as well as the I-

doped nanorods and suppote Ti/Au top contact to the undoped ZnO nanorodigec
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The top electrode is 400m by 400um. The thickness of the n-type film is about 1400
nm. The lengths of the Na-doped nanorod section and the undoped nanaoyd agect
about 7.5um and 6um, respectively. An Agilent 81104A pulse generator was used to
operate the device and the capacitance was read from aantAgR84A LCR meter.
Figure 3.4 (a) shows the capacitance chang® (ead at 3 V for different programming
pulse height. The voltage pulse width was fixed at 1 s and the pudge vas changed
from 6V to 13V. The absolute value afC begins to increase after the pulse height is
larger than 6V and reaches maximum at 12 V. Figure 3.4 (b) show<thead at 3 V as

a function of different programming pulse width. The pulse height ixed it 8 V and
the pulse width was changed from 10 ns to 1 s. The absolute val@ bggins to
increase after the pulse width is larger than 10 ns and contmilesr¢ase as the pulse
width becomes larger. The change of the capacitance indicatewitagesof the space
charge in the memory structure. When the programming pulse is cagpli¢he n-p-n
structure, one p-n junction is forward-biased while the other onevésseebiased. The
holes inside the p-type rods flow out of the structure from theaimhliased junction
and build up negative space charges inside the p-type rods. Afteamromg, the
excess space charges store inside the structure and reasr&ethi p-n junctions (Figure
3.4 (b) inset) and thus the capacitance of the structure decreas@dsdhhote that the
absolute value oAC decreases after 12V programming pulse (Figure 3.4 (a)). This
should be due to the Zener effect at high voltage. The electrons at the \waddennel
out of the p-type region through the reverse-biased junction visoth&dlen gap and

thus develop compensative holes in the p-type region.
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Figure 3.4. Programming characteristics of Zr-p-n memory deviceAC is the chang
of the capacitance before and after programmingA(aas a function of programmit
pulses with different pulse height and 1 s pulsdthvi Inset: Schematic of the-p-n
memory device. (bAC as a function of programming pulses with différpalse widtk
and 8V pulse height. Inseenergy band diagram of the mapstructure showing the spa
charge region before and after programm
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After the removal of the programming voltage and at the beginainthe
retention, excess space charges redistribute in the p-typensexrtieverse-bias both p-n
junctions. Both junctions are in nonequilibrium state and have net genaisn and
thus the carriers from thermal generation will neutraliee éxcess space charges until
both junctions return to equilibrium. This process will take extrerwely time because
the thermal generation rate is exponential to the reciprodhleolband gap energy [21,
22]. Figure 3.5 shows the retention characteristic of the n-p-nonyestructure. The
capacitance decreases after the programming and increasesveaiting time increases.
The extrapolation of the data suggests that there will not drafisant change of

capacitance even after 10 years, which indicates a good retention.
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Figure 3.5. Retention characteristic of ZnO n-p-n memory streiggirogrammed at 8V
for 1s.
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3.5 Summary

In conclusion, vertically aligned Na-doped nanorods were grown on asga®
layer on Si via CVD at 708C. The Na-doped nanorods were studied by the temperature-
dependent photoluminescence and activation energy of ~200 meV was exktifieg p-
type conductivity of the Na-doped nanorods was further confirmed byputpt and
transfer characteristics of the nanorod back-gated FET. &éytaligned ZnO nanotips,
nanotubes and nanorods were synthesized without catalytic assistatiee p-type Na-
doped ZnO nanorods. The different morphology originates from differanvapor
concentration. The n-p-n memory structure based on the homojunction nanorod and
undoped seed layer was fabricated. The programming and retentiootehstias show
good memory effect and in turn, confirm the formation of the p-n homapumct
nanorods. These diverse vertically aligned nanostructures on p-typenamorods are

promising for future nanoelectronics and optoelectronic applications.
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Charpter 4
Current self-complianced and self-rectifying resistive switching memory

based on single Na doped ZnO nanowire

4.1. Motivation

Resistive switching memory (RSM) has been reported as a pminuaedidate
of next-generation nonvolatile memory because of its simple stajchigh-density
integration, low power consumption, fast operation and strong potentialuititenel-
per-cell memories [1-4]. Recently, nanoscale RSM has also be&rdlito the
reconfigurable logic applications [5, 6] and the concept of mensi§te®] for analogue
circuit [10] and neuromorphic computing [11-13] applications. It is gdgyedalieved
that the crossbar resistive memory array will yield the noost-effective solid-state
memory. In the crossbar resistive memory array, the ressiiitehing materials will be
placed as cross-points in between the crossbars of top metaricdmttom metal lines
(Figure 4.1). However, each memory cell at the cross point neéidsl@ to avoid the
misreading caused by the sneak current, especially for bipolativesswitching, in
which a more complicated Zener diode simultaneously satisfyewgral crucial
requirements is needed for each cell [14]. This situation presemgschallenges for the
development of 1D1R-based bipolar resistive memory arrays, e$pacididimensional
multi-layer stack. Furthermore, a current compliance is peaisable to prevent RSM
from hard breakdown [15]. In this chapter, we report current selfyiegt and self-

complianced resistive switching in single Na-doped ZnO nanowire.clihent self-
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rectifying can provide a solution to suppress smaakent in crossbar arrays6], while

selfcompliance can prevent RSM from hard breakd
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Figure 4.1. Schematic of cross bar resistive mermatuctur:.

4.2 Experiments

Na-doped and undoped ZnO nanowires were grown in atzjtabe furnact
system. Zinc powder mixed with or without sodiunetate powder in a quartz bottle w
placed in the center of the quartz tube. A Si (1dff)strate with 10 nm gold catalyst
top waskept 2 cm away from the source on the downstrea®m. $itrogen gas with
flow rate of 1000 sccm passed continuously throtigl furnace. The source a
substrate were then heated to growth temperaturg46f °C. During the growth,
mixture of argon/oxygn (99.5:0.5) of 300 sccm was introduced to thetguabe for
ZnO nanowire growth. The growth lasted for 30 mihe microstructure, compositic
and crystallinity of nanowires were evaluatedscanning electron microsco}(SEM),

high resolution transmrsion electron microscopy (HRTEM) argkcondary ion mas
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spectroscopy (SIMS). The single-nanowire devices were utilzestaluate the electrical
characteristics, which were fabricated on n-type silicon substapped with thermally
oxidized SiQ layer of 300 nm. To fabricate the memory device, ZnO nanowires wer
firstly transferred onto the substrate. Then standard photolithogpapbgss was utilized

to pattern the substrate with ZnO nanowires on top, followed by deposit 100 nm
Ag. Electrical characterization was performed in air at roemperature by using
semiconductor parameter analyzer (Agilent 4155C). The transportatidw afuring
electrical characterization was confirmed by the mapping ofufiizing high spatial
resolution Auger electron spectroscopy (HSR-AES). The HSR-#&& was acquired

with a PHI 700Xi system utilizing a 20 kV 10 nm electron beam.

5.3 Results and discussion

Figure 4.2 (a) shows a top view SEM image of the as-growddgad ZnO
nanowires. The nanowires do not grow vertically on the substratan3d¢teshows SIMS
result, which indicates that Na was doped into the ZnO nanowirageHg (b) and its
inset display a low magnification TEM image of an individual Na-dogeO nanowire
and its selected area electron diffraction (SAED) pattespecively, showing that the
Na-doped ZnO nanowire grows along [0001] direction. The representdRREEM
image is shown in Figure 4.2 (c), in which typical single ellise ZnO structure could
be clearly observed, showing that the change of lattice constada lapping is below
the resolution of HRTEM. Figure 4.2 (d) shows an SEM image of thHadbped ZnO

nanowire/Ag memory device, in which two Ag active electrodesised, simplifying the

47



fabrication procedure greatly in contrast to the process usingative electrode and one

inert electrode.
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Figure 4.2. (a) SEM image and SIMS spectra (inset) of Naed@p® nanowires. Na
was doped into ZnO nanowires, which do not grow vertically on the stédbbraause of
doping. (b) TEM image of a Na-doped ZnO nanowire, inset:. SAED pattetheof
nanowire. Na-doped ZnO nanowire grows along [0001] direction. (c) HRTEAge of
the nanowire in (b). The change of lattice parameters inducéthimoping is under the
resolution of HRTEM. (d) SEM image of the Na-doped ZnO nanowire resgsiiitehing
device. Symmetric structure of Ag/nanowire/Ag was used to dynfilie fabrication
process.



Figure 4.3 (a) and (lyhow typicall-V characteristics of Na-doped ZnO nanowire
device and undoped ZnO nanowire device, respectively. Na-doped ZnO natevire
shows bipolar resistive switching set and reset at 40V and -&péctvely, which has
the self-compliance property with current aroundu20and self-rectifying property with
rectifying ratio of 18 at low resistance state (LRS). Undoped ZnO nanowire device
shows typical bipolar resistive switching, which needs externatmuucompliance, and
is similar to the results reported by Yaegal in single crystalline ZnO nanowire
electrode by Ag [17]. These results indicate that Na-doping phagortant roles in both
the self-compliance and self-rectifying properties at LRi§ure 4.3(c) and (d) show
retention and DC sweeping endurance characteristics of Na-dopedafio@ire device,
respectively. LRS exhibits no significant degradation after 1s1@hile high resistance
state (HRS) shows no degradation. The two states can stilllbdisteguished by high
resistance ratio of over i0as the data trends are extrapolated to 100 years. This result
indicates good retention. For endurance, as shown in Figure 4.39dignificant
degradation of both LRS and HRS with a large resistance window ofl6veran be

observed.
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Figure 4.3. (a) Typical |-V characteristics of Na-doped ZnO nameodevice, which
shows current self-complianced (CSC) and self-rectified nesistitching behavior set
and reset at 40V and -40V, respectively. The self-compliancedhtusrabout 10A and
the self-rectifying ratio is T0at low resistive state. (b) Typical non-rectifying I-V
characteristics of undopedZnO nanowire device, which needs extemaliance. The
current self-complianced and self-rectifying properties are ttueNa-doping. (c)
Retention, and (d) endurance results of resistive switching merabrngdted with Na-
doped ZnO nanowire. The two states can still be well distinguibiidugh resistance
ratio of over 16, as the data trends are extrapolated to 100 years. Both LRS and HRS
with a large resistance window during DC sweeping periods of t¥eexhibited little
degradation.

After electrical measurements, some white dots were fourtdeohiased side of
the nanowire as shown in the SEM image in Figure 4.4 (a), compaiihgts SEM
image before electrical measurements shown in Figure 4.Fifd)re 4.4 (b) shows the
corresponding results of HSR-AES Ag map after a layer of Ivasisputtered away to
avoid contamination. Combining with Zn and O maps shown in Figure 4.5, it is

concluded that these white dots are composed of Ag. In addition towhésedots, Ag
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also distribute along the whole nanowire. The part with highest okdent is at the
biased end of the nanowire while the lowest one is in the middlecarttent of Ag was
measured quantitatively choosing 13 points along the nanowire. The resytt®waded
in Figure 4.4 (c), which shows that Ag content at the biased eandabk higher than that
at the grounded end and the middle. The quantitative contents of Agisermeasured
for these 13 points after layers of 2 nm, 3 nm, 5 nm, 10 nm, 20 nm, and 5@nem w
sputtered away. Figure 4.4 (d) shows the results. Together withBlRkeimage and Zn,
O, Ag maps shown in Figure 4.6, it indicates that although thereoare Ag atoms in
the core of the Na-doped ZnO nanowire, Ag mainly distribute on thacsudf the
nanowire. While for the nanowire without going through electricalasdtarization, there
is no Ag signal along the whole nanowire, as shown in Figure 4.7 rdingoto Figure
4.2 (d), Figure 4.4 and Figure 4.7, Ag atoms were transferred onntbenanowire
during I-V characterization. These results indicate that the resistikehgng in single
Na-doped ZnO nanowire is induced by the formation and rupture of Ag remishain
on the nanowire surface,as observed by Yam in SiO,-based resistive switching [18],
which is similar to the mechanism reported by Yeaing [17].

The random distribution of Na dopants can serve as a load rasigeries to
constrain the current [19]. The Ag mobile ions forming the conductmgisland chain
can be partially retracted from the grounded side of the nanowiface at small
negative biases which suppresses the device conductance and indleag tasistor to
be variable with negative bias increases, which is corresporalitigg tself-compliance

behavior. The partial retraction of Ag was also observed in Agpai$3-Si system [20].
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The self-rectifying behavior of ZnO nanowire can be explained hey asymmetric
contacts between ZnO nanowire and Ag electrodes, as reported prgviousie
structures of Ag/randomly oriented nanorods/Ag [21], Au/aligned nanétedR2?2], and
Au/single nanobelt/Au [23]. In Figure 4.3 (a), the first voltageepi®y process is from
OV to 40V, thel-V characteristics of which is similar to a diode with p-tyged
grounded. When the first voltage sweeping process is from 0V to -#/]-V
characteristics is similar to a diode with n-type side groundeghawn in Figure 4.8.
These results indicate that the direction of the diode is relatetthe first voltage
sweeping process. While in undoped ZnO nanowire,l{¥fecharacteristics show no
difference using different first voltage sweeps. BecausasNa p-type dopant in ZnO
[24], a large amount of electrons in the nanowire are compensatdd-doping, which
makes the nanowire more resistive and the good contact more difficult to obtain, although
Na-doped ZnO nanowire is still n-type under the growth condition snetkpperiment, as
shown in Figure 4.9. At the same time Ag can also be utilizedtgsepdopant in ZnO
nanowire [25] besides forming nanoisland chain on the surface. Duringottege
sweeping from 0OV to 40V, Ag atoms doped into the nanowire moved towtiaeds
grounded side. The biased side was more conductive while the groundechsideore
resistive. Finally, a good contact between nanowire and Ag s¢diside was formed
while that at grounded side kept as Schottky contact. The whole marsstem can be

treated as a resistor in series to a Schottky diode, as shown in the inset ofiHdaje
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Figure 4.4 (a) SEM image and (b) Ag map for the ZnO nanowasistive switching
device. After |-V characterizations, Ag dots show an the surface of Na-doped ZnO
nanowire. Ag contents along the Na-doped nanowtes &V characteristics (c) on the
surface and (d) after layers with different thickeevere sputtered away. Ag distributes
mainly on surface of the biased side of the Na-dcfreO nanowire.
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Figure 4.5. AES O and Zn map of ZnO nanowire desiter 1nm material on the surface
was sputtered away to exclude the effect of possibhtamination on mapping.

53



10.0kV 25000 X

25000 X 10.0kV 25000 X

Figure 4.6. (a) SEM image, -(d) Ag, O and Zn map for the measured ZnO nano
resistive switching device after 50nm material lo@ $urface was sputtered av
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Figure 4.7. (a)ypical SEM image an(b)-(d) Ag, Zn, O maps for ZnO nanowire withc
going througH-V characterizatior.
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Figure 4.8.1-V characteristics for Na-doped nanowire when the first voltagepng
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Figure 4.9.p-Vp, inset:1p-Vg results for the FET device fabricated with Na-doped ZnO
nanowire, in which Al contact on the back of gi®)-substrate was utilized as gate.

55



4.4 Summary

In summary, current self-complianced and self-rectifyingolair resistive
switching was observed in Ag-contacted, Na-doped ZnO nanowirdivesisemory.
SEM, HSR-AES and I-V characteristics show that the regsiswitching was controlled
by the formation and rupture of Ag nano-island chain on the surface ohtiowire. The
self-compliance is induced by Na-doping and partially retracbdbnAg from the
nanoisland chain while the self-rectifying behavior is mainlginated from asymmetric
contact between nanowire and Ag contact induced by Na-doping andtohg a
segregation and doping. The demonstration of current self-compliancelaretsfying
in Na-doped nanowire resistive memory can significantly simphgy future resistive

random access memory circuitry because no separate selector deecessary.
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Charpter 5
ZnO p-n homojunction random laser based on nitrogen doped

nanowires and undoped thin film

5.1 Introduction

Random lasers, which are based on highly disordered gain medium, have attracted
much attention owing to their various potential applications. For exaamgidom lasers
are ideal for displayapplications because they usually exhibit a very braagular
distribution [1]. Besides, they can be used for remote heat sensing [2], document
encoding [3], chemical sensing [4], and even medical diagnostics Fy&hermore,
compared with conventional lasers, the unique advantage of randomlies@rssimple
structures, which can be realized by cost-effective processaimiques with various
materials The random laser action has been observed in many differectusts
including nanopatrticles [7,8], nanowires [9-14hd thin films [12], and in different
materials such as ZnO [12,13], liquid d¥d] and solid state polymer [15].

Among various materials for random lasing, ZnO is a promisiatgmal owing
to its direct band gap and large exciton binding energy of ~60 ahedom temperature
[16]. Its one dimensional structure, which can be synthesized bgusatow-cost
methods, is an excellent optical cavity for random lasers. M#eynpts have been made
to induce lasing behavior in ZnO nanowire-based devices [17-24]. Ndesghmost of

the random lasers based on ZnO nanowires are induced by optical pUbpR@]. For
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practical laser applications, electrical pumping is needed. Ekbtr pumped ZnO
nanowires random lasers have been demonstrated based on ZnO metdbrinsul
semiconductor structures [21,22nd heterojunctions [23,24vhile the nanowires
random laser diode based on ZnO p-n homojunction, which can significahtipee the
output power for practical applications, has not been reported yet. fficalgi mainly

lies in the problem of p-type doping of ZnO nanowires.

Nitrogen has been reported to be a good p-type dopant for ZnOlhif25-27],
although Lyons et al also predicted that nitrogen doping may not prpeiype ZnO at
all [28]. In order to clarify this controversial research topemendous experimental and
theoretical studies from many research groups may be neceRemgntly, Yuan et al
reported CVD growth of nitrogen doped p-type ZnO nanowires T2@8.nanowires were
grown on sapphire substrate by using gold as catalyst. Gold qathkejrowth of ZnO
nanowires, however it may be an p-type dopant or deep-level imfaoitgs the atoms
are inadvertently introduced into the nanowires during the gro8tj, which
complicates the origin of the p-type conductivity.this research, we grew nitrogen
doped p-type ZnO nanowires without metal catalyst on ZnO thinafilchformed the p-n
homojunction. Based on this structure, we demonstrated electripatyed ZnO
nanowires homojunction random laser device. These results suggestrdggn can be

an effective p-type dopant for ZnO nanowires.
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5.2 Experiments

The undoped ZnO seed layer was grown using plasma-assistecliaezam
epitaxy. First, a thin MgO buffer layer (about 3 nm) was grawnn-type silicon
substrate at 350 °C with a Mg cell temperature of 460 °C. The 400 nknuhdoped
ZnO film was then grown at a substrate temperature of 500 ¥Canin effusion cell
temperature of 360 °C. Figure 5.1 shows the top view SEM image tifithi&im, which
presents columnar structure. Electrical properties of the AnOwiere characterized by
Hall effect measurement under a Van der Pauw configurationtréieconcentration of

1.8x103% cmi®, mobility of 4.4 cr/Vs and resistivity of 0.8@cm were obtained.

AccV SpotMagn Det WD Exp }——+——] 500nm
150Ky 30 117734xSE 92 0

Figure 5.1. SEM image of undoped ZnO thin film. Typical ZnO compabinmar
structure on Si is observed.
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Nitrogen doped ZnO nanowires were grown in a CVD furnace ldghaquality
undoped ZnO seed layer on n-type Si (100) substrate. The 400 nm n-typayseavas
grown on a 3-nm MgO buffer in plasma-assisted molecular beamxggMBE). To
grow nitrogen doped p-type ZnO nanowires, argon diluted oxygen (0.3%uged as
reaction gas and argon diluted(0.5%) was used as dopant gas. The flow rates were
200 s.c.c.m. and 50 s.c.c.m., respectively. A flow of 1000 s.c.c.m. nitrogepasaed
continuously through the furnace during the growth. Zinc powder (99.999%aSigm
Aldrich) was placed in a silica bottle and served as sourcerialatEhe substrate was
positioned at the center of the silica tube, which was about 1cm faora the silica
bottle at the downstream side. The growth temperature i18C6&@d the growth duration
is 40 min. Part of the substrate was covered by a pieceatfrsivafer during the growth
for subsequent electrical contact formation on the ZnO film.

To fabricate thenanowire/thin film laser diode, an ITO glass was clamped on the
top end of the nanowires as the top electrode and Ti/Au (10nm/100nm) peesstele on
the undoped n-type ZnO as the ground electrode using e-beam evaporatiog. tBeiri
Ti/Au metal evaporation, the nanowires were protected by an aluminum foil.

To fabricate the nanowire back-gated FET, the nitrogen doped ZnO mesiow
were transferred onto a SIQB00 nm)/p+-Si wafer and then the Ni/Au electrodes were
formed on an individual nanowire by using photolithography and e-beam atiapoAl

was deposited on the back of the silicon wafer to form the back gate electrode.
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5.3 Study of p-type nitrogen doped ZnO nanowires

Figure 5.2 (a) and 5.2 (b) show SEM images of tdpeview and cross sectior
view of the nanowires sample, respectively. Theraye diameter of the nanowires
about 200nm and the length is about 31 m. From the cross sectional vievf the
nanowires (Figure 5.2 (b)it is noticeable thatnost nanowires are not vertically align
but tilted 1015 degree with respect to the normal of the sutessarface. This may [

due to the rough surface of the original ZnO tlilim kee.

0 20 40
Vg (V)

Figure 5.2. (a) Top view SEM image of nitrogen edZnO nanowires. The sidewall
the nanowires can be seen, indicating that thewia@® are not totally vertically aligne
(b) Side view SEM image of nitrogen doped ZnO nanesv Inset: XPS spectrunf the
sample. (c)4Vq curves of nitrogen doped ZnO nanowire [-gated FET. Yy increases
from -40V to 40V with a 10V step. (dg-Vq4 curves of nitrogen doped nanowire b-
gated FET. Inset: SEM image of the measured FEiIceeVhe scale bar isum.
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X-ray photoelectron spectroscopy (XPS) result of nitrogen doped ZnGanres
is shown in the inset of Figure 5.2 (b). Two N 1s related paaR87.8 eV and 406.6 eV
are evident. Both peaks have been reported in the p-type nitrogen dopetdiZtidnt
[32]. The low energy peak at 397.8 eV corresponds to nitrogen substitution on the oxygen
site [33], which is the desired process for p-type doping. The peak at 406.6 eVne@ssig
to be the N 1s binding energy of N®@adical [33,34]. This high-energy peak, which is
commonly observed in the oxygen rich compound [33], suggests that theseiraano
were grown under an oxygen rich condition [34]. The oxygen rich growth comadi#in
suppress the “intrinsic” donors such as zinc interstitials and oxygen ves$B8j36] and
help achieve p-type conductivity. From the XPS result, the approximageic
concentration of nitrogen is 0.1%.

To study the electrical transport properties of nanowiresghesnanowire back-
gated field effect transistor (FET) was fabricated. Figuge(c) showsgtV 4 curves of the
FET (an SEM image of the device is shown as an inset in FgRr@)). It is clear that
all 14-V4 curves are linear, indicating that Ohmic contacts have lmearedl between the
nitrogen doped ZnO nanowire and Ni/Au electrodes. Thé,lcurves show clear field
effect characteristic of p-type conductivity: as the gateagelincreases, the conductance
of the nanowire decreases. Figure 1d shows transfer chatact@gy y) of the device.
The curve with an on/off ratio over 100 represents the typical dervgood p-type

conductivity in ZnO nanowire. The hole concentration can be calculatecihyg the

. . _ (Ver (4 [ 2mEoer . .
equation [37]: p, = ( . )(ndz) [lrl (4h/d)], whereg,, €., h, d, V,;, are the dielectric

constant in vacuum, dielectric constant of S5(3.9), thickness of the S}Q300 nm),
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diameter of the nanowire (200nm) and threshold voltage of the FBUt(20 V from the

l¢-V4 curve), respectively. The hole concentration of the nanowiral@ilated to be

about3 x 107 cm™3. The hole mobility can be estimated py, = g,, (L)[

Va

In (4h/d)
2TEYEy

]

[37], whereg,, is the transconductance ahds the effective length of the nanowire (~3

um). The mobility is then calculated to be arounicm?/(Vs).
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Figure 5.3. Temperature dependent PL spectra of nitrogen doped ZnOineandwe
temperature ranges from 20 K to 300 K.

The acceptor activation energy is one of the most important pasmie
evaluate the p-type dopant in semiconductors and can be extractesnpgrature-
dependent PL spectra. The p-type characteristic of the nitroged dogenanowires in
PL is summarized in Figure 5.3. A He-Cd laser with an excitatiavelength of 325nm

was used in this experiment. The acceptor bound exanhgnd donor bound exciton
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(DX) peaks are at 3.358 eV and 3.368 eV, respectively. The acceptotiacteaergy
AE, for the N(O) acceptor could be derived from the binding energy betes
acceptor and free exciton by using Hayne’s rule [38]. Figure 5.4 ssliosvintegrated
intensity of theAX emission shown in Figure 2 as a function of temperature. The intensity
follows the equation [39J(T) = I(0)/[1 + Cexp(—Ef* /kT)] (1), whereEfX is the
binding energy of the acceptor and free exciton, @nd a fitting parameter. From the
fitting (Figure 5.4),EfX = 19.8 meV is obtained. In ZnO, EfX /AE, ~ 0.1 [38]. So
AE, = 198 meV.

The peaks at around 3.305 eV and 3.232 eV are due to free electronptoracce
(FA) emission and donor-acceptor-paiDAP) emission, respectively [40,41]. The
longitudinal-optical LO) phonon replicas of thBAP emission are shifted by the ZnO

phonon energy of ~71 meV. The activation energy of an acc&pfotan be calculated

2
with the equation [420E, = Egqp — Epsp — AEp+< —— > The donor binding

4mMENEZNOT DAP

energyAEy, is reported to be about 30 meV [43-45]d the intrinsic band gdfy,, =
3.435 el at 20 K [45].e4,0 IS the dielectric constant of ZnO (8.6),4p IS the average
donor-acceptor pair distance. The last term represents the Courltardction between
the donors and acceptors and the value is around 20 [A&¥6]. Based on the
assignment of the 3.232 eV peak as AP transition energy, the acceptor activation

energyAE, for the N(O) acceptor is 195 meV.
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Figure 5.4. Integrated intensity of theX emission as a function of temperature for
nitrogen doped ZnO nanowires. The solid line represents the fitting to Eq (1).

In order to get more insight on nitrogen acceptor in the p-type Zn@wis, the
acceptor activation energy can also be evaluated based on tlee dansity approach.

From the semiconductor physics, the hole concentration can beatattllyp, =

) (2rmykpT)3/?

= e~ Er~En/ksT (2) wherem;, is the effective hole mass0:6m,[47]. The

occupation probability for acceptor can be described by the Fermidnngi(E) =

1 . .
m,whereEA is the acceptor energy. In our undoped ZnO nanowires sample
2

(Figure 5.5), the electron concentration is on the orda0btfcm=3, therefore we can
reasonably assume a background electron carrier concentration betWeenl x

1017 ¢m™3 and1 x 108 cm™3 for calculation. Considering the compensation effect, the
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activated acceptor concentration ranges f4 x 107 cm™3 t0 1.3 x 108 cm™3. The
atom density of ZnO i8.28 x 1022 cm™~3 and the nitrogen atomic ratio is 0.1% from
XPS result. So about 0.t~1.7% of acceptors are activated, which mef, (E) ranges

from 0.995 to 0.983. From the Fermiunction, the Fermi energy

Ep = kBTan(l%é()E))+EA. Inserting the Fermi energy into equation (2), aaking
A

T=300 K, the activation enerlAE, = E, — E,, is between 215 meV and 183 meV, wh

is in good agreement with the results from

\os| (0] o
V=1V /ﬂ—_ V
— 10°F !
g < {
- o g™ f
H N H N H - i ——;5”:1'1' : N 5
0.0 0.5 1.0 15 Y 16 A2 3
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Figure 5.5. (a)d-V4 curves of undoped ZnO nanowires k-gated FET. The 4 increases
from -15V to OV with a 5V step. (bj¢-V4 curves of undoped ZnO nanowires k-gated
FET. Inset: SEM image of the measured FET devibe. Scale bar is um. The diameter
of the nanowire is about 300 nm and the effecvgth of the device is ~3\bn. The 4-
V4 curves show clear field effectaracteristic of rtype conductivity: as the gate volta
increases, the conductance of the NW increases.trénsfer characteristi-Vy also
presents the type conductivity, showing a threshold voltag-12V. Using the approac
in the article, the ektron concentration and mobility are calculatedbéol.7x1” cm®
and 1.4 crfVs, respectivel
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5.4 P-n homojunction laser device

Figure 5.6 shows the evolution of PL emission spectra of the ZnO nmasaas a
function of excitation pumping power at room-temperature. The ewtitaburce in this
experiment is a Nd:YAG pulse laser with an output wavelength oh8%85The laser has
10 Hz frequency and 3 ns pulse duration. A silicon CCD is used aketeetor and the
spectrum resolution is 0.054nm. The pumping power ranges from 168 RWwio#91
kW/cn? with average steps of 30 kW/énlasing characteristics are evident from the
spectra and the threshold power is found to be at around 300 K&{Figore 5.6 inset).
Below the threshold only a single broad spontaneous emission pelageived. When
the pumping power reaches the threshold, a few discrete narrow lasaks with
linewidth of about 0.4 nm emerge from the single broad spontaneous ersigsarum.
At higher pumping powers, more peaks also begin to emerge becausksmgenodes
are activated. These peaks are not evenly spaced and arahtet which suggest that
the lasing shall originate from random lasing based on the multiple light sta#enong
the nanowires rather than Fabry-Perot mechanism, where eachirgasewes as gain
cavity [48]. The density of electron-hole pairs,) produced by the optical pumping can
be calculated by, = I, 7/hwl [49]. Here, I, is the excitation power is the
spontaneous emission lifetime (about 300 ps for ZnO) [50] @&the diffusion length
(about 2um for ZnO) [51]. At the threshold pumping power 300 kW %Qmp is
calculated to b&.5 x 107 cm™3. Because Mott density in ZnO has been controversial as
seen in betweeh x 107 cm~3and3.7 x 101° cm ™3 [49,52,53], the gain may originate
from exciton interaction, or from electron hole plasma, or from both.
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Figure 5.6. Room-temperature optically pumped lasing spectrd: intsgyrated spectra
intensity as a function of pumping power density. Solid lines are dgoidbe eye,
indicating threshold powerX0.3MW/cnf).

Figure 5.7 (a) shows the schematic of the electrical pumgmgce. The
fabrication of the device is described in the method section. The tfom the ZnO
homojunction between the nanowires and thin film was investigatedebirai-beam-
induced current (EBIC) profiling, which was widely used to investigfagejunctions in
semiconductors [54,55]. Figure 5.7 (b) shows EBIC profile superimposedcorss:
sectional SEM image. An accelerating voltage of 30 kV was applied, correspdodhe
electron penetration depth of 1.5 um. The EBIC signal forms a pésde on the ZnO

thin film/nanowire junction due to electron-hole pairs from electrormb&sadiation

generation drifted by built-in electric field in the p-n jupnctidepletion region. The inset
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of Figure 5.7 (b) shows currevoltage (1V) characteristic of the ZnO-n junction.
Rectifying behavior iglearly observed. Bh I-V and EBIC results indicate the formati

of ZnO nanowire/ZnO thin film-n homojunction.

(a)

ITO Glass

N-ZnO NWs Ti/Au

y4:10)
MgO Buffer

Si Substrate

"Det WD Exp |
¢ SE_12.20

Figure 5.7. (a)Schematic of the electrically pumped laser de (b) EBIC profile
superimposed on the s-view SEM image of the cleaved de\.. Inset: |-V
characteristic of the ITO/Zr nanowire/ZnO/Ti/Au film laser device. The Ti/Au daot
is grounded.

Figure 5.8 (a)Jc) show electroluminescence (EL) spectra of thacgewith the

increase of drive current. The detector was plgesgdendicular to the siple surface. As

can be seen from Figure 5.8 (a), for the currendovbed0 mA, the EL emission
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relatively weak and the spectrum is greatly spoiled by noisdOANA, a single broad
spontaneous emission peak centered at around 388 nm appears, whidbad &sthe
near band edge UV emission from ZnO. As the current increaghsif (50 mA), a few
randomly distributed narrow peaks appear in the spectrum. The lpsakg become
stronger and sharper and more peaks show up as the current &achagFigure 5.8
(b)) and 70 mA (Figure 5.8 (c)). The linewidth of these peaks sstlean 2 nm. The
detected output power as a function of injection current is shown imgké of Figure
5.8 (a). The output power was measured using a Thorlabs PM100 (aweaf Meter.
The solid lines are the guide to the eye, showing the thresholdhtofre40 mA. The
output power is about 70 nW at 70 mA drive current. The detector canniveratieghe
light from the device, and just part of the power has been deteetmiing to this
relatively low output power. However, this value is already overasder of magnitude
higher than that of the metal oxide semiconductor random laserus&ueported [21].
As seen from the EL spectra, the spacing between the adghegptpeaks is not uniform
and the peak positions between different measurements are difféhemefore, the
lasing peaks in the EL spectra should be related to the randamg iastead of F-P
lasing. These multiple sharp peaks in the spectra between 3@daAil0 nm represent
different lasing modes of the nanowires. The far field microstopesiew images and
side view images (inset) of the laser at different injectarrent were taken by the
commercial digital camera (Figure 5.9). Randomly distributedhbisgots can be seen
from the top view images. As the drive current increases, miet l@mission spots are

observed and the luminance becomes higher and higher.
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Figure 5.8. Lasing characterization of the devigelectrical pumping. EL spec of the
laser device operated at the drive current fronL(amnA to 50 mA, (b) 60 mA and (c) -
mA. Inset of (a) is the output power as a funcobdrive curren

73



Figure 5.9. Optical microscope images of the laslagice with different drive curre.
The first image was taken with lamp illuminatiordazero current injection. The inset
each image is the corresponding -view microscope image of the device. All the sc
bars are 30Qumn.

74



Figure 5.10 shows lasing emission spectra at different obmervatgles. The
injection current is the same for all spectra at 70 mA. The battset in Figure 5.10 is a
schematic of the measurement setup. Tle defined as the observation angle between
the detector and sample surface. As shown in Figure 5.10, the massion spectra
varied drastically with the observation angle. The spectra frdfaret angles show
different lasing peaks and different intensities. This is becémse random laser,
different random cavities emit the lasing signals in diffecBrections, and the detector
placed at a certain angle can only collect the laser sigilaigy its corresponding
direction. The top inset in Figure 5.10 shows the integrated spetaresity versus angle
0. The intensity has a broad distribution and the maximum intersityssup ab = 50
degree. Because the nanowires are not totally verticaipeal, the top facets of the
nanowires are not in parallel with the interface between @m®Dsilicon substrate. Thus,
F-P cavity cannot be formed and the lasing signals should origmuate the random
scattering among the ZnO nanowire arrays. The non-homogeneity lesthg emission
profile, which has been reported in nanopowders and nanowires [56, 57], should be

induced by the random tilted angle of the nanowires in our sample.
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Figure 5.10. Angle dependent EL of the device. Tioget is the integrated spec
intensity as a function of angle. Bottom inset shalae schematic of measurement se
0 is the angle between the sample surface arector.

5.5 Summary

In summary, gype nitrogen doped ZnO nanowires wigrown by using CVL
without any metal catalyst on ZnO seed layer oieail substrate. The-type behavior
was studied byhe output characteristic and transfer characiermstthe nanowire bac-
gated FET and PLAn acceptor activatic energyof ~200meV was obtained from PL a
carrier concentration statistics. The formatiortha -n junction was confirmed by-V
and EBIC results. The lasing behaviors were stulliedsing botroptical pumping an:

electrical pumping. Above the threshold pumping pdaurrent, random lasing actio
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featuring a series of lasing peaks in the spectra were @osértie output power of the
electrically pumped laser was measured to be 70 nW at a dnikentof 70 mA. The
angle dependant EL result shows that the emission has a brdedlstrgpution, further

indicating the formation of ZnO nanowires p-n homojunction random laser.
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Chapter 6
Distributed Bragg reflector assisted low threshold ZnO random

laser diode

6.1 Introduction

Random lasers have attracted much attention owing to thewugapotential
applications such asnaging sensing and medical diagnostics [1-3]. ZnO nanowire is
considered to be an excellent random lasing medium due to ity ddrgetive index and
exciton binding energy [4]. In addition to Fabry-Perot (F-P) 1§&], the electrically
pumped ZnO nanowire random laser, which is critical for pracgplications, has been
demonstrated mainly based on p-n junctions [7] and metal insulatdcoseiactor
structures [8-10]. Nevertheless, the threshold current of thedeiceiyg pumped lasers
is still too high and needs to be decreased [11,12]. On the other haadtghepower of
the electrically pumped nanowire random laser devices also nedédsitareased. To
achieve these goals, one way is to reduce the loss at thedfigdtion or scattering.
Distributed Bragg reflector (DBR) structures, which are forrfteth multiple layers of
alternating materials with different refractive index and héigh reflectivity, can
significantly reduce the threshold pumping density and enhance pastrmance
[13,14]. Here, we demonstrated low threshold DBR-assisted ZnO narrawdem laser
device with a p-n homojunction. The output power is also significantlyneelkawith the

assistance of DBR.
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6.2 Experiments

The devices structure consists of nitrogen doped p-type ZnO nasbwitype
ZnO thin film/ SiIQ/SiNy DBR on Si (100) substrate. The 10-period 60.9 nm, 5438.7
nm SiN; DBR structure was grown by plasma enhanced chemical vapor depositi
(CVD). Both calculation and experiment results show that the [QBRs desirable
optical quality and the reflectivity at 380-390 nm reaches 95%. IBaetan be found
elsewhere [14]. After the DBR deposition, the substrate wasediately transferred to a
molecular beam epitaxy (MBE) system, and a 500 nm undoped n-typeeé&uQayer
was grown. To grow nitrogen doped p-type ZnO nanowires, 200 s.c.c.m dilgzd
oxygen (0.5%) as reaction gas and 50 s.c.c.m argon dilgled W5 %) as dopant gas
was introduced into a CVD furnace. A flow of 1000 s.c.c.m. nitrogen caag was
passed continuously through the furnace during the growth. Zin@@wjer (99.999 %
Sigma Aldrich) was placed in a silica bottle and served as esonaterial. The substrate
was positioned at the center of the silica tube, which was about away at the
downstream side from the Zn silica bottle. The growth temperad68G°C. A piece of
silicon wafer was used to cover a portion of the substrate duhe@ggrowth for

subsequent electrical contact formation on the ZnO thin film.

6.3 Results and discussion

Figure 6.1 (a) shows the top view scanning electron microscope)(fbtdge of
the ZnO seed layer. The film consists of compact columnartstesc Figure 6.1 (b)
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shows x-ray diffraction (XRD) spectrum of the seed layedicating these columns
grown preferentially growth along the c-direction of the ZnO wmitet lattice. The
morphology of the seed layer is desirable for subsequent growth of nanowires.
Figure 6.2 (a) and (b) show the top view and side view SEM imagte Gis-
grown nanowires. Tilted nanowires with different diameters fromritGo 600 nm are
observed. The average length of the nanowires is abom,%lthough the length of
nanowires varies. The size nonuniformity of the nanowires should rfesoit rough

surface of the columnar ZnO seed layer on DBR structure.

103 ZnO (0002)
3 oo
3 102 i Si (004)
_é\ ZnO (0004)
w
S Lo
E 10 3
10°F  wrww—" RUCUIRMRALS il
0 10 20 30 40 50 60 70 80 90
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10.0kv 30 36699x SE 85 2 Theta (Degree)

Figure 6.1. (a) SEM image of ZnO seed layer on DBR. (b) XRD result of tHdeses.

Figure 6.3 shows x-ray photoelectron spectroscopy (XPS) resutitrofyen
doped ZnO nanowires. Two N 1s related peaks at around 397.8 eV and 406.8 eV are
evident. Similar peaks were observed in the previous work [7], whichrmsnthe
doping of nitrogen and indicates possible origin of nitrogen relatedbshaktceptors

[15]. From the XPS result, the approximate atomic concentration of nitrogen is 0.1%.
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Figure 6.2. Top view (a) and cross-section view (b) of nitrogen dopechan@wires on
ZnO seed layer on DBR. The nanowires are slight tilted.
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Figure 6.3. XPS result showing nitrogen peaks for nitrogen doped ZnO nanowires.
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Figure 6.4. Low-temperature PL (20K) for nitrogen doped ZnO nanowiresin§heis
the Low-temperature PL (20K) for undoped ZnO seed layer on DBR.
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Figure 6.4 shows low-temperature photoluminescence (PL) spectruthe of
nitrogen doped ZnO nanowires at 20 K . A He-Cd laser with anagxeitwavelength of
325 nm was used in this experiment. The acceptor bound exé)nffee electron to
acceptor [FA) emission and donor-acceptor-pdyAP) emission peaks are observed at
3.359 eV, 3.305 eV and 3.232 eV, respectively. Comparing to the reported Piurspec
of nitrogen doped p-type ZnO nanowires [7], additional peaks are observied RLt
spectrum of this sample, which originate from the PL oscillatidms to the DBR
structure [16]. The similar additional peaks are also observed isathele with only
ZnO seed layer on DBR (Figure 6.4 inset).

The schematic of the device is shown in Figure 6.5. The ITQ glas clamped
on the top end of the nanowires as the top electrode. Ti/Au (10 nm / 1D@vamsn
deposited on the undoped n-type ZnO thin film as the ground electrodeedbeam
evaporation. During the Ti/Au metal evaporation, the nanowires wetegbed by an
aluminum foil. Figure 6.6 shows current-voltage (I-V) charactesisvf the ZnO p-n
junction device with and without UV illumination. The UV illuminatiorasvcarried out
using an Oriel Xe arc lamp. I-V curve in dark exhibits reatidyibehavior, which
confirms the formation of nitrogen doped ZnO nanowire/ undoped ZnO thin fitm p
homojunction. The turn-on voltage is at around 5.5V. Very good UV response in the

reverse biased regime can be clearly seen from Figure 6.6.
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Figure 6.5. Schematic of device struct

Photocurrent (PC) at different wavelengths was oneak using a homebu
system. An Oriel Xe arc lamp was used as the UV he light from the lamp pass
through an Oriel 0.25 m monochromator and a spewfivelength light came out fro
its outputport. The light was then cast on the device aftepping. The generated F
signal was collected by a Ic-in amplifier. Figure 6.8hows the PC spectra of the de\
operated at OV and different reversed biases. Hakgpof the response current are
about 380 nm (3.26 eV), which corresponds to thellgap of ZnO. The PC is a result
the photocarriers generated by the absorptiorgbt in the spac-charge region. The P
increases with the increase of the revise biagaltiee enhancement of c«er generation
from increased spaagharge region. These results further confirm trenfition of the -

n junction.
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Figure 6.6. I-V characteristics of the ZnO nanowire/ZnO thin film stredtudark and
under UV light. The Ti/Au contact on thin film is grounded.
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Figure 6.7. Photocurrent spectra under zero and reverse biases.
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Figure 6.8 shows electroluminescence (EL) spectra of the devilitferent drive
currents. At the drive current of 2 mA, only background noise is obséemvdte EL
spectra. Weak EL emission shows up when the current is increaseS tmA. The
intensity of the spontaneous emission from around 370 nm to 410 nm idcegase
higher current of 3 mA. At the same time several lasing papgear at 3 mA although
they are relatively weak and broad. The lasing peaks bedoomger and sharper with a
linewith of ~1.5 nm at 3.5 mA drive current. More lasing peaksoheerved at 4 mA.
The spacing between the adjacent lasing peaks varies an@akeypsitions between
different measurements are different. These results indicatehe lasing peaks in the
EL spectra should be related to the random lasing instead ofdiag.lAs seen from the
SEM images, the nanowires are slightly tilted, thus the DBIRcter and nanowires top
facets are not parallel. Therefore the parallel refledtmr$--P laser do not exist in our
device. The random lasing phenomena are related to random liglerisgahmong the
nanowires.

The output power of the device was measured using a Thorlabs PM1@@al Opti
Power Meter and Figure 6.9 shows the result. The dash linekeagide to the eye,
showing the threshold current of ~ 3 mA. The integrated intensithefElL spectra
(Figure 6.9 inset) as a function of injection current also showseshbid current at
around 2.8 mA. The output power is about 220 nW at a drive current of 16 mA. The
output power is much higher while the drive current is much |divan our previous
device without DBR structure (40 mA threshold current and 70 nW optpmér at 70

mMA under the same measurement setup) with same device size.
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Figure 6.8. Lasing characterization of the device by electrical pumpingpédtra of the
laser device operated at the drive current from 2 mAto 4 mA.
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Figure 6.9. The output power as a function of drive current of the laser device. The inse
is the integrated intensity of the EL spectra versus drive current. Both maasis
show the threshold at around 3 mA.
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For a random laser, different random cavities emit lasing Isignadifferent
directions due to random scattering. A detector placed at ancanigle to the sample can
only collect lasing signals along the direction. In our measurement setup,gb®detas
placed at the normal direction to the sample surface. The erhampeals should be
related to the reflection from the DBR because the nanowiresligiely titled with
respect to the normal of the substrate surface. In additiongtiteritially emitted from
the diode propagates all directions and a large portion is toward theageildgection. In
our previous device [7], the ideal reflectivity between ZnO andt&iface at around 380
nm is only around 20 %, and most of the light penetrates into thensdind is absorbed
by the substrate. Since the reflectivity of the DBR strudtutbe present device reaches
95 9% at 380-390 nm, most of light will be reflected back to the Zn@wiaes/thin film
structure, leading to more scattering among the nanowires. The threshoésdef ddvice
is strongly related to the reflectivity and it can be redugethtreasing the reflective of
the reflectors [17,18]. For both the devices with and without DBR, fletigity of the
top ITO and ZnO interface are the same. The much lessesrnoss from the DBR

results in a lower threshold current and a higher output power.

6.4 Summary

In conclusion, the nitrogen doped p-type ZnO nanowires were grown on undoped
n-type ZnO thin film on a 10-period DBR structure of alternatiyers made from Si©
and SiN. The nitrogen doped nanowires were studied by XPS and low-temaeRL

measurements. The p-n junction was confirmed by |-V and photocurreatthastics.
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The device showed strong random lasing emissions. The threshold @asrent as 3
mA was achieved and the output power was also increased to be around 220ng\ib

the high reflectivity of the DBR.

94



References

[1] B. Redding, M. A. Choma, and H. Caxgt. Photonics 6, 355 (2012).

[2] Q. Song, S. Xiao, Z. Xu, V. M. Shalaev, and Y. L. Ki@pt. Lett. 35, 2624 (2010).

[3] Q. Song, Z. Xu, S. H. Choi, X. Sun, S. Xiao, O. Akkus, and Y. L. KBmamed. Opt.
Express 1, 1401 (2010).

[4] D. C. Look,Mater. Sci. Eng. B 80, 383 (2001).

[5] M. H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo, and P.
Yang, Science 292, 1897 (2001).

[6] S. Chu, G. Wang, W. Zhou, Y. Lin, L. Chernyak, J. Zhao, J. Kong, L. Li, J. Ren, and
J. Liu, Nat. Nanotechnol. 6, 506 (2011).

[7] J. Huang, S. Chu, J. Kong, L. Zhang, C. M. Schwarz, G. Wang, L. Chernyak, Z.
Chen, and J. LivAdv. Opt. Mater. 1(2), 179 (2013).

[8] C. Y. Liu, H. Y. Xu, J. G. Ma, X. H. Li, X. T. Zhang, Y. C. Liu, and R. Mypl.

Phys. Lett. 99, 063115 (2011).

[9] X. Ma, J. Pan, P. Chen, D. Li, H. Zhang, Y. Yang, and D. Ya@pt, Express 17,

14426 (2009).

[10] X. Y. Liu, C. X. Shan, S. P. Wang, Z. Z. Zhang, and D. Z. SRangscale 4, 2843
(2012).

[11] B. Ellis, M. A. Mayer, G. Shambat, T. Sarmiento, J. Harris, E. E. Haller, and J.
Vuckovi¢, Nat. Photonics 5, 297 (2011).

[12] H. Zhu, C. -X. Shan, B. -H. Li, Z. Z. Zhang, D. -Z. Shen, and K. -L. Chdviater.

Chem. 21, 2848 (2011).

95



[13] J. Rudolph, D. Hagele, H. M. Gibbs, G. Khitrova, and M. Oestréjopl, Phys.

Lett. 82, 4516 (2003).

[14] J. Y. Kong, S. Chu, J. Huang, M. Olmedo, W. H. Zhou, L. Zhang, Z. H. Chen, and J.
L. Liu, Appl. Phys. A 110, 23(2013).

[15] L. Liu, J. Xu, D. Wang, M. Jiang, S. Wang, B. Li, Z. Zhang, D. Zhao, C. -X. Shan,
B. Yao, and D. Z. Shephys. Rev. Lett. 108, 215501 (2012).

[16] I. L. Krestnikov, N. A. Maleev, M. V. Maximov, A. F. Tsatsul'nikov, A. E. Zhukov,
A. R. Kovsh, I. V. Kochnev, N. M. Shmidt, N. N. Ledentsov, V. M. Ustinov, P. S.
Kop'ev, Zh. I. Alferov, and D. Bimberroceedings of the 7th International Symposium
"Nanostructures. Physics and Technology”, loffe Institute, St. Petersburg, Russia, June
14-18, p. 131 - 134 (1999).

[17] M. Oshikiri, H. Kawasaki, F.Koyama, and K.IJ&EE Photon Technol Lett 1, 11
(1989).

[18] G. M. Yang, M. H. MacDougal, and P. D. DapklEEE Photon Technol Lett 7,

1228 (1995).

96



Chapter 7

Summary

1) ZnO is promising material for ultraviolet wide band gap nonvolaigenory devices
and optoelectronic devices due to its outstanding properties. In thigatisse based on
the achievement of doped ZnO thin films and nanostructures, ZnO noreval@thories

and random lasers are demonstrated and studied.

2) A ZnO p-n-p structure using Sb doped ZnO as p-type layeunadodped ZnO as n-
type layer on c-plane sapphire substrate was demonstrated in Cha@iS result
showed good interface between Sb doped and undoped layers. The formation of p-
junction was proved by the good rectification I-V behavior between @{gyer and n-

type layer. A hole concentratidvy = 5.95 x 101® cm™3 was obtained from the fitting

of the C-V curve by using small signal model, which cannot be dondallyeffect
measurement. The nonvolatile memory effect of the p-n-p structlaked to the charge
storage in the n-layer of the p-n-p structure was also studiedprogeam and retention
characteristics showed that ZnO p-n-p memory structure canvacloes operation
voltage and long retention time, which suggests that the Sb dopee Z4tD could be

excellent material for future memory application.

3) ZnO n-p-n memory structure based on nanorods and thin film s@sl@amnonstrated.
To achieve the n-p-n structure, homojunction nanorods are grown using Na@s p-ty

dopant. First, vertically aligned Na-doped nanorods were grownZmQaseed layer on
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Si via CVD at 700°C. The Na-doped nanorods were studied by the temperature-
dependent photoluminescence and activation energy of ~200 meV wastedtiihe p-
type conductivity of the Na-doped nanorods was further confirmed byputpt and
transfer characteristics of the nanorod back-gated FET. Seeerttally aligned ZnO
nanotips, nanotubes and nanorods were synthesized without catalytenaesmt the p-
type Na-doped ZnO nanorods. The different morphology originates frderett Zn
vapor concentration. The n-p-n memory structure based on the homojunatiorod
and undoped seed layer was fabricated. The programming andoretelndiracteristics
show good memory effect and in turn, confirm the formation of the p-n hontiganc
nanorods. The demonstration of nanorod based n-p-n memory is a stigjgab study
the scalability of this memory. Furthermore, these diversetically aligned
nanostructures on p-type ZnO nanorods are promising for future nanoalestand

optoelectronic applications.

4) In chapter 4, current self-complianced and self-rectifying arpasistive switching
was observed and studied in Ag-contacted, Na-doped ZnO nanowireveeststiching
memory. SEM, HSR-AES and |-V characteristics show thatekestive switching was
controlled by the formation and rupture of Ag nano-island chain on theceurfathe
nanowire. The self-compliance is induced by Na-doping and pagtiakction of Ag from
the nanoisland chain while the self-rectifying behavior is maintiginated from
asymmetric contact between nanowire and Ag contact induced lhopiag and Ag
atom segregation and doping. The demonstration of current self-emecpland self
rectifying in Na-doped nanowire resistive memory can sigmflgasimplify the future
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resistive swtiching random access memory circuitry becaasseparate selector device

IS necessary.

5) A homojunction random laser device based on nitrogen doped p-type narenvdres
undoped n-type thin film was studied. P-type nitrogen doped ZnO nanowiregmevn
by using CVD without any metal catalyst on ZnO seed layesilicon substrate. The p-
type behavior was studied ltlye output characteristic and transfer characteristic of the
nanowire back-gated FET and temperature dependent PL measureAretsceptor
activationenergyof ~200meV was obtained from PL and carrier concentratedissts.
The formation of the p-n junction was confirmed by I-V and EBIC tssdlhe lasing
behaviors were studied by using both optical pumping and electrioglipg methods.
Above the threshold pumping power/current0o3 MW/cnf / 40 mA random lasing
actions featuring a series of lasing peaks in the specterabserved. The output power
of the electrically pumped laser was measured to be 70 nW ateacdrrent of 70 mA.
The angle dependant EL result showed that the emission hasdadmgla distribution,

further indicating the formation of ZnO nanowires p-n homojunction random laser.

6) The DBR structure was utilized to improve the performance ofhthraojunction
random laser devices. The nitrogen doped p-type ZnO nanowires were grown on undoped
n-type ZnO thin film on a 10-period DBR structure of alternatiyers made from Si©

and SiN on Si substrate. The nitrogen incorporated into the ZnO nanowires was
confirmed by XPS spectrum and the p-type conductivity was stugidmibtemperature

PL measuremeniThe formation of homo p-n junction was confirmed by the I-V and
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photocurrent characteristics. The random laser device showed strong rémsiog
emissions. The laser performance was improved owing to the DBR. The thresheid curr
as low as 3 mA was achieved and the output power also was inctedsedround 220
nW. The improvement of the laser performance should be due the Hegttivéf of the

DBR.

Acknowledgment

1) The results in Chapter 2 were published in “J. Huang, Z. L. Li, S. Chu, and J. L. Liu,
Appl. Phys. Lett101, 232102 (2012)".
(http://scitation.aip.org/content/aip/journal/apl/101/23/10.1063/1.4769097)

2) The results in Chapter 3 were published in “J. Huang, J. Qi, Z,, land J. L. Liu,
Nanotechnology4, 395203 (2013)".
(http://iopscience.iop.org/0957-4484/24/39/395203/)

3) Most of the results in Chapter 4 were published in “J. Qiudng (Co-first author),
D. Paul, J. J. Ren, S. Chu, and J. L. Liu, Nanosta651(2013)” - Reproduced by
permission of The Royal Society of Chemistry.
(http://pubs.rsc.org/en/content/articlelanding/2013/nr/c3nr00027c#!divAbstract)
4)Most of the results in Chapter 5 were published in “J. Huang, S. CHuKang, L.
Zhang, C. M. Schwarz, G. P. Wang, L. Chernyak, Z. H. Chen, and J. L. Liunéetva
Optical Materialsl(2), 179 (2013)”. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

(http://onlinelibrary.wiley.com/doi/10.1002/adom.201200062/abstract)

100





