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ABSTRACT OF THE DISSERTATION  
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Dr. Jianlin Liu, Chairperson 
 
 
 
 

 Nonvolatile memory devices and random laser devices based on ZnO thin film 

and nanostructures are studied and discussed in this dissertation. The p-n-p nonvolatile 

memory was achieved by using Sb-ZnO/ZnO/Sb-ZnO structure in Chapter 2. Secondary 

ion mass spectrometry result confirmed the formation of the structure. Rectifying current-

voltage characteristics between Sb-ZnO and undoped ZnO layers were achieved, proving 

the p-n junction was formed. The p-type behavior from the p-n-p structure was studied by 

using the capacitance-voltage measurement and small signal model. The voltage 

operation led to the charging/discharging of the structure, showing nonvolatile memory 

effect. Low writing voltage and long retention time were achieved. The n-p-n nonvolatile 

memory based on Na-doped ZnO nanostructures was also studied in Chapter 3. To 

achieve n-p-n nonvolatile memory, the Na-doped nanorods were grown on a ZnO seed 

layer on Si. The p-type conductivity of the Na-doped nanorods was studied by 

temperature-dependent photoluminescence and nanorod back-gated field effect transistor. 

Vertically aligned undoped ZnO nanotips, nanotubes and nanorods were synthesized on 
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the top facets of Na-doped ZnO nanorods without catalytic assistance under different 

growth time in a chemical vapor deposition system. The undoped nanorods, Na-doped 

nanorods and undoped seed layer form an n-p-n memory structure. The programming and 

retention characteristics have been demonstrated. Furthermore, the bipolar resistive 

switching memory using Na-doped ZnO nanowire was also demonstrated in Chapter 4. 

The mechanism of the self-complianced and self-rectifying effect of the device was 

studied.   

 The ZnO based optoelectronics devices are studied in Chapter 5 and 6. An 

electrically pumped ZnO homojunction random laser diode based on nitrogen doped p-

type ZnO nanowires was achieved. The p-type behaviors were studied by output 

characteristic and transfer characteristic of the nanowire back-gated field effect transistor, 

as well as low-temperature photoluminescence. The formation of the p-n junction is 

confirmed by the current-voltage characteristic and electron-beam-induced current. The 

random lasing behaviors were demonstrated by using both optical pumping and electrical 

pumping, with a threshold of 300 kW/cm2 and 40 mA, respectively. The angle dependant 

electroluminescence of the device further proved the random lasing mechanism. To 

enhance the output power and reduce the threshold current of the random laser, a 10-

period SiO2/SiNx distributed Bragg reflector (DBR) was introduced into the device. The 

formation of the homojunction p-n junction was confirmed by the current-voltage and 

photocurrent characteristics. The random lasing behaviors were demonstrated by 

electrical pumping with a low threshold of around 3 mA. The output power was 

measured to be 220 nW at 16 mA drive current. 
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the generation related leakage current of a nonvolatile memory and thus improve the 

retention performance of the device [2]. As a direct band gap semiconductor, ZnO can be 

ideal material for light emitting diode (LED) and laser diode (LD).  Its large exciton 

binding energy of 60 meV [3] at room temperature enables the possibility of low 

threshold semiconductor laser diode. Its alloys Zn(1-x)MgxO with larger band gap and 

Zn(1-y)CdyO with smaller band gap can be formed while alloying ZnO with MgO or CdO, 

respectively [4]. Furthermore, ZnO can be synthesized with low cost using different 

mature technology such as MBE, CVD and PLD. The 2-dimensional thin film can be 

achieved on both sapphire and silicon [5,6], which is critical for microelectronics 

applications.  Besides, diverse nanostructures of ZnO can be controllably achieved by 

different methods [7]. 

 For many optoelectronics and microelectronics devices, both n-type and p-type 

materials are needed. However, due to the “intrinsic” donors such as zinc interstitials and 

oxygen vacancies [8, 9] and the unintentional donor hydrogen [10], ZnO is an “intrinsic” 

n-type material. Reliable p-type conductivity is difficult to achieve, which poses the 

largest obstacle on the application of ZnO. The group I and group V elements are 

typically considered to be p-type dopants for ZnO and a great deal of efforts have been 

made to achieve the p-type conductivity.   

 Among the group I dopants (Li, Na, K), the element Na can substitute for Zn and 

has a shallow acceptor level of 170 meV in theory [11]. In experiment, p-type ZnO thin 

films doped with Na have been fabricated on quartz and glass with hole concentrations up 

to 3 × 1018 cm-3 [12]. For one dimensional structure, there have been few reports on p-
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type ZnO doped with Na [13, 14]. In ref [13], the typical length of these randomly 

distributed microwires is found to be several hundred micrometers and the diameters of 

most of the microwires are in the range 2-6 µm, which is not possible to be used for 

nanoelectronic devices. In ref [14], the p-type conductivity is not clear from the very low 

on/off ratio FET. In other words, Na doped p-type ZnO nanowires, which can be used to 

fabricate nanoscale devices, still need to be further studied. 

 The group V element Sb can also introduce acceptor into ZnO. Based on first-

principle calculations, antimony (Sb) can produce shallow acceptor levels in ZnO if Sb 

atom substitutes Zn atom and connects with two Zn vacancies [15].  Experimentally, Sb 

doped p-type ZnO thin films and nanowires have been reported by different groups. Xiu 

et al reported p-type Sb doped ZnO thin film with hole concentration of 1.7 × 1018 cm-3 

and high mobility of 20.0 cm2/Vs [16]. Aoki et al. reported Sb-doped p-type ZnO thin 

film with a hole mobility of 1.5 cm2/Vs and an acceptor concentration of 5×1020cm-3 

[17]. For nanowires, stable Sb doped nanowires with field effect mobility of 0.7 cm2/Vs 

and hole concentration of 1.2×1017 cm-3 has been reported recently [18]. Various 

optoelectronic devices based on Sb doped p-type ZnO such as photodetectors [19], light 

emitting diodes [20] and nanowire lasing devices [21] have been developed. These 

devices further confirm the p-type conductivity of the p-type Sb doped ZnO.  

 Nitrogen, which has a similar atomic radius with oxygen, has also been reported 

to be a good p-type dopant for ZnO [22-24] in experiments. Although nitrogen 

substitution of lattice oxygen (NO) will form an acceptor level in ZnO, the activation 

energy of the acceptor is still disputed. Park et al suggested that the activation energy is 
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about 0.4 eV based on density functional theory [25] while Li et al got a value of 0.31 eV 

using first-principles band-structure calculations [26]. Both calculations show that 

nitrogen is shallow acceptor and p-type nitrogen doped ZnO can be achieved at room 

temperature. However, a study from Lyons et al predicted that NO may not produce p-

type ZnO at all with an activation energy of 1.3 eV [27]. Then the fact that nitrogen 

doped ZnO shows p-type becomes intriguing for researchers. Recently, Liu et al reported 

that a nitrogen related defect complex NO-VZn will have a shallow acceptor activation 

energy of 0.23 meV and this complex can be formed under Zn-polar growth condition 

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

 

1.2 Motivation of the ZnO based device research 

 Flash memories are currently widely used for semi-permanent data storage such 

as PDAs (personal digital assistants), laptop computers, digital audio players, digital 

cameras and mobile phones. Storage time of these memories is measured to be around 10 

years, but the writing operation is quite slow comparing with RAM, typically on the order 

of micro second per bit. In addition, they all suffer from a wear-out mechanism that limits 

the number of times the memory can be reprogrammed to around 105 times (Table 1.2).  
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Characteristics Detail 

Program voltage: NOR: 7-9V 

NAND: 17-19V 

Program speed: NOR: 1 µs/bit 

NAND: 1 ms/page 

Endurance: ~105 times 

Retention:  <10 years  

 

Table 1.1.  Parameters for flash memory. 

 

 The flash memory still can satisfy most device requirements, nevertheless, to 

overcome the shortcomings of the flash memory and achieve next generation memory, 

other members of nonvolatile memory family, such as Ferroelectric RAM (FRAM) 

Magnetic RAM (MRAM), Phase-change RAM (PRAM), organic memory and Resistive 

RAM (ReRAM), have attracted much attention. Among so many types of nonvolatile 

memories, each one has its own advantages and disadvantages. The main advantage of 

FeRAM is the low power consumption. However, because the readout method of FeRAM 

is destructive (the bit information will be destroyed if it is read), the maximum number of 

readouts is limited. Furthermore, FeRAM is difficult to achieve high-density integration 

because of its capacitor-type memory cell [29]. For MRAM, the high operating speed 
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which can be equivalent to that of SRAM is the most outstanding feature. But present 

MRAM needs large current to program and because of its complicated structure it is not 

suitable to achieve high-density integration now [30]. PRAM has a simple structure and 

is considered to be suitable for high-density integration. And it can achieve million-year 

retention time and high program speed. However, in practical use, operating this kind of 

memory needs a large current (usually exceed 10-5 A) [31]. This will require the high 

current drivability cell-selection transistor for the circuit, which makes the 

miniaturization of transistors difficult. The organic memory usually can achieve their 

function by using a single molecule which means it can be easily scaled down. However 

this kind of molecule is usually not able to survive in the heat during the device 

fabrication.  

 In 1990s, some researchers reported a prototype nonvolatile random access 

memory: a high-speed read-write memory based on 6H silicon carbide (6H-SiC) p-n-p/n-

p-n structures [32-34]. This nonvolatile RAM does not suffer from the wear-out 

mechanism and therefore even can be used in applications which are normally served by 

dynamic RAM. Besides, it achieved low operation voltage due to diode operation and 

thousands of years’ retention time due to low thermal generation rate from wide band 

gap. But the problem lies in how to get low cost and the high quality wide band gap 

materials.  

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

This will reduce the material cost of this memory if ZnO is used instead of SiC. 
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Furthermore, ZnO has a larger band gap which can further improve the performance of 

the devices.  

 ReRAM could be another hopeful candidate of new generation memory for its 

simple structure and fast speed [35]. It is thought to be an ideal nonvolatile memory after 

the 22 nm technology node. But the mechanism of this memory is not clear yet and needs 

to be understood. Several problems such as insufficient retention time and endurance 

performance still need to be solved. ZnO is promising material for ReRAM due to its 

unique properties. First, ZnO based ReRAM has both unipolar and bipolar resistive 

switching behaviors [36,37], which make it excellent material for resistive switching 

mechanism study. Second, ZnO based ReRAM has been reported to have the larger high 

resistance to low resistance ratio and long retention time [38]. Third, various dopants can 

be introduced into ZnO to improve the ReRAM performance [39,40]. Furthermore, its 

ease of growth and low synthesis cost make it a more competitive candidate for further 

applications. 

 Another important application of ZnO is for optoelectronic device. According to 

2010 Optoelectronics Market Report by Databeans, Inc., the market of optoelectronics 

will reach $36.5 billion by 2015, sharing about 9 percent of the semiconductor industry 

market [41]. Comparing the current leading optoelectronic material GaN, ZnO has a 

similar direct band gap of 3.37eV, and it has larger exciton binding energy of 60 meV, 

which makes it the best candidate in the area of UV LD [42]. Besides, ZnO can be 

synthesized at lower temperature and low cost using various methods. Its ease of etching 

can lower the effort and cost of device processing. 
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 As mentioned above, the major obstacle for ZnO based optoelectronic devices is 

the difficulty of p-type dopping. A lot of effort has been made to achieve p-type ZnO in 

order to demonstrate ZnO based homojunction devices in our group. We have achieved 

Sb doped ZnO thin film in our MBE system [16, 43]. Ohmic contacts for both n-type and 

p-type ZnO have been developed [44,45]. Based on these, ZnO homojunction 

photodetector, LED and random lasers were fabricated and studied [46-50]. These 

important results are critical for further developing high efficiency LED and LD devices. 

 A very promising feature of ZnO is that its one dimensional nanostructure can be 

synthesized by various low-cost methods. These nanostructures can be excellent material 

for field emission devices, sensor and lasers [51-53]. In our group, we have successfully 

developed Sb doped and Ag doped nanowires [53, 54], and homojunction photodetector 

[55] and Fabry-Perot (F-P) type laser [53] have been demonstrated. But random 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 doped ZnO are 

studied. Chapter 2-4 focus on ZnO based nonvolatile memory devices including p-n-p 

and n-p-n memories and resistive switching memory. Chapter 5-6 focus on random lasers 

based on ZnO nanowires/thin film homojunctions. 

 In chapter 2, A ZnO p-n-p structure using Sb doped ZnO as p-type layer and 

undoped ZnO as n-type layer on c-plane sapphire substrate was demonstrated. First the p-

type conductivity of the Sb doped ZnO thin film has been studied. Secondary ion mass 



9 

 

spectrometry (SIMS) result showed good interface between Sb doped and undoped 

layers. The formation of p-n junction was proved by the good rectification behavior 

between p-type layer and n-type layer by I-V measurements. A hole concentration 

�� = 5.95 × 10�
	����  was obtained from the fitting of the C-V curve by using small 

signal model. The program and retention characteristics of the p-n-p nonvolatile 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 nanorods was 

achieved. First, vertically aligned Na doped nanorods were grown on a ZnO seed layer on 

Si. The p-type conductivity of the Na doped nanorods was studied by using low 

temperature photoluminescence (PL) and nanorod field effect transistor measurements. 

Second, vertically aligned ZnO nanotips, nanotubes and nanorods were synthesized 

without catalytic assistance on the p-type Na-doped ZnO nanorods. The growth 

mechanism was studied. The n-p-n memory structure based on the homojunction nanorod 

and undoped seed layer was fabricated. The programming and retention characteristics 

show good memory effect.  

 In chapter 4, current self-complianced and self-rectifying bipolar resistive 

switching was observed in Ag-contacted, Na-doped ZnO nanowire resistive memory. 

Scanning electron microscopy (SEM), high spatial resolution Auger electron 

spectroscopy (HSR-AES) and I-V characteristics were used to studied the resistive 

switching mechansim. The mechansim of self-complianced and self-rectifying bipolar 

resistive switching effect was discussed.  
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 In chapter 5, a homojunction random laser device based on nitrogen doped p-type 

nanowires and undoped n-type thin film has been studied. P-type nitrogen doped ZnO 

nanowires were grown by using CVD without any metal catalyst on ZnO seed layer on 

silicon substrate. The p-type behavior was studied by the output characteristic and 

transfer characteristic of the nanowire back-gated FET and PL. The acceptor activation 

energy was calculated from PL and carrier concentration statistics. The lasing behaviors 

were studied by using both optical pumping and electrical pumping. The angle dependant 

EL result shows that the emission has a broad angle distribution, further indicating the 

formation of ZnO nanowires p-n homojunction random laser. 

 In chapter 6, the 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 alternative layers made from SiO2 

and SiNx. The nanowires were studied by SEM, low temperature PL and X-ray 

photoelectron spectroscopy (XPS). The p-n junction was studied using the I-V 

characteristics and photocurrent measurements. The device was pumped electrically 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 

 ZnO, as a II-VI wide band gap material, has attracted significant attention in the 

last few years [1-3]. However, due to the “intrinsic” donors such as zinc interstitials and 

oxygen vacancies [4, 5] and the unintentional donor hydrogen [6], reliable p-type 

conductivity is difficult to achieve, which poses the largest obstacle on the application of 

ZnO. The group V elements are considered to be p-type dopants for ZnO and a great deal 

of efforts have been made to achieve the p-type conductivity [7-9]. Based on first-

principle calculations, antimony (Sb) can produce shallow acceptor levels in ZnO if Sb 

atom substitutes Zn atom and connects with two Zn vacancies [10]. Experimentally, 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 photodetectors [3, 12], 

light emitting diodes [13] and nanowire lasing devices [14]. 

 While all the p-type ZnO studies at the device level are based on optoelectronic 

devices and the applications of p-type ZnO are limited within optoelectronic field, the 

potential of this wide band gap material for nanoelectronic devices such as nonvolatile 

memory has been largely ignored. On the other hand, demonstration of ZnO 

nanoelectronic devices based on p-type ZnO materials will also unambiguously prove the 
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p-type conductivities of the materials as their optoelectronic devices had achieved [12-

14]. Previously, a memory structure based on wide band gap material was fabricated and 

characterized using a SiC n-p-n structure [15]. This memory structure can achieve low 

programming voltage (≤10V) due to the diode operation mechanism and long retention 

time (>100 years) due to the low thermal generation current. Compared with SiC, ZnO 

having a band gap of ~3.2 eV can achieve extremely low thermal generation current, 

which can further enhance the retention performance of the nonvolatile memory [15]. 

ZnO is a direct band gap material which has low minority carrier lifetime (nanosecond) 

[16] and it will result in high programming speed. Furthermore, ZnO can also be 

synthesized with lower cost using low-temperature epitaxial growth so it can reduce the 

cost for future memory devices. In this chapter, we report the p-type Sb doped ZnO films 

based on Sb-ZnO/ZnO/Sb-ZnO p-n-p memory structure. The program and retention 

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 molecular-beam epitaxy. 

First, a thin MgO buffer layer was grown on c-sapphire substrate at 450 °C for 70 s, 

which was followed by the growth of a ZnO buffer layer at the same 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 ZnO film 

was grown at a substrate temperature of 500 °C with Zn effusion cell temperature of 360 

°C. This was followed by the growth of the 300 nm thick Sb doped ZnO layer at a higher 
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substrate temperature of 550 °C with Zn and Sb effusion cells temperature of 360 °C and 

390 °C, respectively. In order to activate the Sb dopants, in situ thermal annealing 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 structure. Au/Ni (100/10 

nm) were then deposited on p-type ZnO. Lift-off process and proper annealing were used 

to form Ohmic contact electrodes and SiO2 was deposited to passivate the device. Au/Ti 

(100/10nm) electrodes were also fabricated on n-type ZnO for one sample, to 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 the sample 

measured by secondary ion mass spectrometry (SIMS). The Al signal is from the 

sapphire substrate. The sharp stair of Sb distribution between doped and undoped ZnO 

represents a good interface of the doped and undoped layers. The atomic percentage of 

Sb 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. The elemental 
profiles of Zn, O, Sb, and Al can be seen, which confirms our device structure has been 
formed. 
 

 

Figure 2.2. I-V characteristics of Sb-doped p-type ZnO / undoped n-type ZnO 
homojunction. Left inset shows the measured device structure. Right inset shows the I-V 
curves of p-p contacts and n-n contacts, respectively. Ohmic contact behavior is evident. 
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 Current-voltage (I-V) characteristics were characterized by an Agilent B1500A 

semiconductor parameter analyzer. Figure 2.2 shows I-V characteristics of a typical p-n 

junction after Au/Ni to p-type ZnO and Au/Ti to n-type ZnO contacts were formed (left 

inset), suggesting typical diode rectifying characteristics. The right inset shows that the 

Ohmic contacts were formed on both p-type ZnO and n-type ZnO. These results suggest 

the formation of ZnO p-n junction diodes and thereby p-n-p memory structure. 

 

 

 

Figure 2.3. C-V characteristics of ZnO p-n-p structure on sapphire. The symbols are the 
experimental data and the solid line is the fitting result based on small signal model. Inset 
(a) shows the measured p-n-p memory structure. Inset (b) shows the equivalent circuit of 
the p-n-p structure.  
 
 

 



21 

 

 From Hall effect measurement, the electron concentration, mobility and resistivity 

of the undoped ZnO layer are 3.46 × 10��	���� , 17.6 cm2V-1s-1 and 1.03 Ωcm, 

respectively. However, it is impossible to extract accurate hole carrier concentration of 

the top Sb-ZnO thin film of the structure by using Hall effect measurement due to the 

thick underneath undoped n-type layer. In order to study the p-type behavior of the Sb-

ZnO thin film, capacitance-voltage (C-V) characteristics were obtained using a 4284A 

LCR meter. Figure 2.3 shows high-frequency (1 MHz) C-V characteristic of the ZnO p-

n-p structure (inset (a) in Figure 2.3). The capacitance was measured between the two 

Au/Ni contacts. The C-V sweep ranges from 0V to 10V. As seen from the figure, the 

capacitance of the device decreases nonlinearly as the applied bias increases.  

 To quantitatively understand the C-V characteristics and extract hole 

concentration in the Sb-doped p-type ZnO layer, we can use the small signal model. An 

equivalent circuit of the p-n-p structure is shown as an inset (b) in Figure 2.3. The 

impedance ��� of this symmetric p-n-p structure can be calculated: 
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where the imaginary part �� (����� �)� "����� �#� "   clearly shows that the total capacitance can be 

viewed as $%� + $'� in series with $'(.The reverse-biased junction capacitance $'( can be 

calculated by:  

$'( = )�*+�*, = )�
-"./012#0345/63#6�4 (7636��76�63)

 .                  (2) 

Here, ε is dielectric constant, A is area, q is electron charge, 	9:; is the built-in potential 

of the p-n junction,  <= and <> are the depletion region thicknesses in n-type and p-type 

ZnO, respectively, and ��  and �%  are acceptor and donor concentration, respectively. 

Because the reverse-biased junction and forward-biased junction are in series, the voltage 

drop across the forward-biased junction only shares a very small portion of the applied 

bias. Thus, the diffusion capacitance CD1 can be ignored and the junction capacitance of a 

forward-biased junction is calculated by  

$'� = ?7 @)�A3A�B12(A3�A�). 
So for the p-n-p structure, the total capacitance is: 

$/9C4 = � �×� "/BD4� ��� "/BD4 .                         (3) 

From the fitting by using the equation (3) (the solid line in Figure 2.3) and the electron 

concentration of 3.46 × 10��	���� , �� = 5.95 × 10�
	����  and 9:; = 	2.71	9  have 

been obtained.  

 The decrease of the capacitance at higher voltage also suggests that this p-n-p 

structure can act as a charge storage device. When a bias is applied on the p-n-p structure, 

one p-n junction is forward-biased while the other one is reverse-biased. The electrons 
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inside the n-layer flow out of the structure from the forward-biased junction, while the n-

layer also receives small amount of electrons from the reverse-biased junction until the 

potential of the n-layer cannot increase further under this applied voltage. The net effect 

is the built-up of positive space charges inside the n-type layer, or charging the n-layer. In 

the mean time, the width of the space charge region of the reverse-biased p-n junction 

increases.   

 To evaluate the charging, or programming operation, an Agilent 81104A pulse 

generator was used to operate the device and the capacitance was read from an Agilent 

4284A LCR meter at 0V. In this situation, after the bias is removed, the programmed 

extra space charges in the n-layer will redistribute and reverse both p-n junctions. The 

space charge region width of both junctions is larger and thus the capacitance is smaller 

than that of the junctions before programming. Figure 2.4(a) shows capacitance change 

(∆C) as a function of different program pulse height. The pulse width was fixed at 1 s. 

Under the program pulse larger than 2 V, the absolute value of ∆C increases as the pulse 

height increases, which indicates that more charges are developed inside the structure 

under higher pulse. Figure 2.4(b) shows ∆C for different pulse width. The pulse height 

was fixed at 10V and the pulse width was changed from 1 �G to 1 s. The absolute value 

of ∆C begins to increase after the pulse width is larger than 10 �G and reaches saturation 

at 0.1 s. This programming speed is slow but reasonable considering the low voltage 

operation.  
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Figure 2.4. Programming performance of ZnO p-n-p memory structure. ∆C is the change 
of the capacitance before and after programming. All the capacitance is read at 0V bias. 
(a) Using programming pulses with different pulse height and 1 s pulse width. (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-p structure. The device 

was programmed with 10V for 1 ms, and the capacitance measured at 0V was plotted as a 

function of the waiting time. After the programming, excess space charges are developed 

and reverse-bias both p-n junctions. The reverse-biased p-n junctions have net generation 

rate and the carriers from thermal generation will neutralize the excess space charges 

until both junctions return to equilibrium. As the thermal generation rate is exponential to 

the reciprocal of the band gap energy, it will take extremely long time for a defect free 

device to return to thermal equilibrium. However, the defects are unavoidable in the ZnO, 

and these defects will help the generation process and thus neutralize some excess space 

charges. As seen from the figure, during the early stage, the capacitance increases about 

20% of the total ∆C after programming. This shall be due to the thermal generation of 

both bulk Shockley-Read-Hall defect levels and other levels originated from surface 

states. After 10H s, the capacitance remains almost constant, which indicates the amount 

of the charges trapped inside the structure become stable. This result suggests that the 

defects in the present material do not significantly discharge the device and this ZnO p-n-

p structure is capable of achieving much longer retention time than the flash memory, 

which usually meets 10-year retention standard. 
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Figure 2.5. Retention characteristics of ZnO p-n-p memory structure. A 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-type layer and 

undoped ZnO as n-type layer on c-plane sapphire substrate was fabricated. SIMS result 

showed good interface between Sb doped and undoped layers. The formation of p-n 

junction was proved by the good rectification behavior between p-type layer and n-type 

layer by I-V measurements. A hole concentration �� = 5.95 × 10�
	����  was obtained 

from the fitting of the C-V curve by using small signal model, which cannot be done by 

Hall effect measurement due to the underneath n-type layer. The nonvolatile memory 

effect of the p-n-p structure related to the charge storage in the n-layer of the p-n-p 
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structure was also studied. The program and retention characteristics showed that ZnO p-

n-p memory structure can achieve low operation voltage and long retention time, which 

suggests that the Sb doped p-type ZnO could be excellent material for future 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 years due to its wide band gap 

of 3.37 eV, large exciton binding energy of 60 meV, and easy formation of diverse 

nanoscale morphology [1-4]. These various nanostructures, which can be synthesized by 

different methods such as solution synthesis [5], chemical vapor deposition (CVD) [6] 

and physical vapor deposition (PVD) [7], have been used for various applications. For 

examples, ZnO nanotip can be an excellent structure for field emission devices [1]; ZnO 

tubular structure can be used as sensor due to its large surface [8]; one-dimensional 

nanowires can serve as excellent optical medium for lasers [6, 9]. Although these 

different nanostructures such as nanotips, nanotubes and nanorods have been 

demonstrated separately by different methods, the controllable growth of these 

nanostructures, especially highly orientated ones, using the same technique will definitely 

benefit the applications of these nanostructures and has not been reported yet. In this 

research, we achieved different vertically aligned one-dimensional ZnO nanostructures 

using CVD on top of vertically aligned Na-doped nanorods. The Na-doped nanorods 

were grown on a ZnO seed layer and exhibit p-type conductivity from the nanorod back-

gated field effect transistor (FET) measurements. An n-p-n memory structure 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 placed in the center of the quartz 

tube. A Si (100) substrate with a ZnO seed layer on top was kept 2 cm away from the Zn 

source at the downstream side. The undoped ZnO seed thin film was grown by molecular 

beam epitaxy. The film consists of closely packed columnar structures due to the 

preferential growth of wurtzite ZnO along c-axis direction. The thickness of the film is 

about 1400 nm. The size of the substrate with seed layer is 1 cm in width and 2 cm in 

length. In addition, in order to subsequently form metal contact to the undoped film, 

portion of the substrate of about 0.5 cm in length was covered by a piece of silicon during 

the growth. NaNO3 powder was placed in a silica bottle at upstream side. Nitrogen gas 

with a flow rate of 1000 s.c.c.m. passed continuously through the furnace as the carrier 

gas. The source and substrate were then heated to the growth temperature of 700 ℃. 

During the growth, a mixture gas of argon/oxygen (99.5%/0.5%) of 300 s.c.c.m. was 

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-doped ZnO nanorods. 

The inset is a side view SEM image of the cleaved sample. Na-doped vertically aligned 

nanorods on the ZnO seed layer are evident. The diameters of the nanorods vary and 

should be related to the size nonuniformity of columnar structures in the seed layer. 

Figure 3.1 (b) shows the temperature-dependent photoluminescence (PL) spectra of the 

Na-doped ZnO nanorods. A He-Cd laser with an excitation wavelength of 325nm was 

used in this experiment. The peak at 3.356 eV at 15 K can be attributed to the 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 be assigned to free electron to 

acceptor (FA) emission and donor-acceptor-pair (DAP) emission, respectively [10, 13]. 

The longitudinal-optical (LO) phonon replica of the DAP emission at 3.157 eV is shifted 

by the ZnO phonon energy of ~70 meV. The activation energy of an acceptor ∆K� can be 

estimated with the equation [14] ∆K� = KCL> − K%�N − ∆K%+< �"HP)Q)R+ST�3U > . The 

donor binding energy ∆K% is about 30 meV [15, 16] and the intrinsic band gap KCL> =
3.436	W9 at 15 K [15]. XY=Z	is the dielectric constant of ZnO (8.6). �%�N is the average 

donor-acceptor pair distance. The last term represents the Coulomb interaction between 

the donors and acceptors and the value is around 20 meV [14]. Thus, the acceptor 

activation energy ∆K� for the Na acceptor is estimated to be around 200 meV. 

 To study the electrical transport properties of the nanorods, a nanorod back-gated 

FET was fabricated. The Na-doped ZnO nanorods were transferred onto a SiO2 (300 
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nm)/p+-Si wafer and then Ni/Au electrodes were formed on a nanorod by using 

photolithography and e-beam evaporation. Al was deposited on the back of the Si wafer 

as the back gate electrode. An SEM image of an as-fabricated device is shown in the inset 

of Figure 3.1 (c). The Id-Vg curve shown in Figure 3.1 (c) exhibits clear field effect 

characteristic of p-type conductivity: as the gate voltage increases, the drain current of the 

nanorod decreases. However the threshold voltage is around 0 V, therefore the hole 

concentration is difficult to estimate. Considering the low drain current, this result may 

be due to the low hole concentration of the nanorod. The low hole concentration should 

be the result of strong compensation from various unintentional donors such as Zn 

interstitials, oxygen vacancies, and hydrogen complexes [17-19]. The low threshold 

voltage may also be related to the unavoidable Na contamination during the transfer of 

Na-doped nanorods onto the SiO2. The mobile ion contamination is a common reason of 

the threshold voltage drift in a MOSFET. The output characteristics (Id-Vd) of the device 

as shown in Figure 3.1 (d) also confirm the p-type conductivity. The nonlinear Id-Vd 

curves indicate the existence of the non-ohmic contacts between the metal and high-

resistivity p-type nanorod. However, after two months, the p-type conductivity of the 

nanorod decreased about two orders of magnitude and the nanorod became highly 

resistive from the FET measurement. The stability of the p-type Na-doped ZnO nanorods 

in air is still an issue.  



 

Figure 3.1.  (a) SEM image of Na
image of the cleaved sample. (b) Temperature
nanorods. (c) Id-Vg curve of Na
nanorod FET device. (d) I
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the Na-doped nanorods were grown for 10 min while the undoped section growth 
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Figure 3.1.  (a) SEM image of Na-doped ZnO nanorods. The inset is the sideview SEM 
image of the cleaved sample. (b) Temperature-dependent PL spectra of Na

curve of Na-doped nanorod back-gated FET. Inset: SEM image of the 
nanorod FET device. (d) Id-Vd curves of Na-doped ZnO nanorod back-gated FET.

Vertically aligned one-dimensional ZnO nanostructures 

After the growth of Na-doped nanorods, the sample was taken out of the cooled 

quartz tube and then immediately transferred into another tube for subsequent growth of 

the undoped section. The growth configuration was the same but without Na source. 

Three samples with different growth time were grown. For sample A, the growth time of 

doped nanorods and the undoped section on top was 4 min each. For 

doped nanorods were grown for 10 min while the undoped section growth 

 

rods. The inset is the sideview SEM 
dependent PL spectra of Na-doped ZnO 

gated FET. Inset: SEM image of the 
gated FET. 

doped nanorods, the sample was taken out of the cooled 

ubsequent growth of 

the undoped section. The growth configuration was the same but without Na source. 

Three samples with different growth time were grown. For sample A, the growth time of 

 sample B and C, 

doped nanorods were grown for 10 min while the undoped section growth 
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duration was 4 min and 8 min, respectively. Different growth time leads to different types 

of one-dimensional ZnO nanostructures on top of these Na-doped nanorods. For sample 

A, after the 4 min undoped ZnO growth, vertically aligned nanotips were grown mainly 

at the edge of top facets of the Na-doped nanorods (Figure 3.2 (a)). Different from sample 

A, nanotubes were formed on top of Na-doped nanorods in sample B (Figure 3.2 (b)) 

while nanorods were formed on top of Na-doped nanorods in sample C (Figure 3.2 (c)). 

To investigate the growth mechanism of the nanostructures, Figure 3.3 shows SEM 

images of the samples at different stages. As shown in i-iii of Figure 3.3 (a), the 

nucleation mainly took place at the edge of the top facets of the nanorods in sample A; as 

the growth time increases to 4 min, the undoped ZnO became longer to form the 

nanotips. However, on the 10 min Na-doped nanorods (Figure 3.3 (b)-i), 4 min growth of 

the undoped ZnO led to the tubular structures (Figure 3.3 (b)-ii and iii); at a longer 

growth time of 8 min, the tubular structures disappeared and the nanorod structures 

formed (Figure 3.3 (b)-iv). 

 



 

Figure 3.2.  SEM images of different samples: 
C. The scale bars are 3 
image. The scale bars are 500 
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Figure 3.2.  SEM images of different samples: (a) sample A, (b) sample B and (c) sample 
C. The scale bars are 3 ��. The inset of each image is the high-magnification SEM 
image. The scale bars are 500 nm. 

 

(a) sample A, (b) sample B and (c) sample 
magnification SEM 
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 Because no catalyst was used during the growth, the formation of ZnO 

nanostructures should follow a self-seeding vapor-solid (VS) growth mechanism. During 

the growth, the Zn powder was heated to form Zn vapor, which diffused out of the silica 

bottle and transported by the carrier gas. At a substrate temperature of 700 ℃ , the 

desorption effect is strong and it is difficult to form ZnO seeds on the whole surface of 

top facets of the short Na-doped nanorods (Figure 3.3 (a)-i), especially under the high gas 

flow rate (1000 sccm N2 and 300 sccm Ar/O2 in mixture), i.e., the low Zn vapor 

concentration. Discrete seeds formed at the edge or at some defect points on top of the 

nanorods (Figure 3.3 (a)-ii). The crystals grew from the seeds and formed the nanotips 

(Figure 3.3 (a)-iii). In contrast, for sample B and C, the Na-doped ZnO nanorods are very 

dense as a result of the 10 min growth (Figure 3.1 (a) and inset); the speed of the carrier 

gas near the top of the nanorods was decreased. A higher Zn vapor concentration was 

achieved around the top of the nanorods, leading to the formation of the continuous seed 

layer around the edge. The ZnO walls grew from these seeds and tubular structures 

formed (Figure 3.3 (b)-ii). When the tubular structure became longer, although the atom 

desorption was still strong due to the high temperature, the semi-enclosed tubular 

structures could trap the atoms and thus a high Zn vapor concentration formed inside the 

nanotubes. The nucleation and growth took place inside the nanotubes. Because of the 

faster growth rate under the Zn-rich condition [20], the inside wall of the tubes grew 

faster and solid nanorods formed at a longer growth time (Figure 3.3 (b)-iii and iv).  



 

Figure 3.3.  SEM images showing a gradual evolution process of the nanostructures. (a) 
Different stages of sample A from (i) Na
discrete ZnO seeds at the edge of the top facet, and to (iii) top undoped nanotips. (b) 
Different stages of sample B and C from (i) Na
undoped nanotube with thin wall, to (iii) top undoped nanotube with thick wall,
top undoped nanorod. 
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based on SiC [21] and ZnO 

A demonstration of nanorod wide

first step toward ultimate scaling of this type of nonvolatile memories. Here, Ti/Au (

nm / 100 nm) was used to 

the undoped nanorods, as shown in the inset of Figure 3.4(a). Polymethyl methacrylate 

(PMMA) was spun onto the sample to protect the bottom ZnO film as well as the Na

doped nanorods and support th
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Figure 3.3.  SEM images showing a gradual evolution process of the nanostructures. (a) 
Different stages of sample A from (i) Na-doped nanorod basement to (ii) format
discrete ZnO seeds at the edge of the top facet, and to (iii) top undoped nanotips. (b) 
Different stages of sample B and C from (i) Na-doped nanorod basement, to (ii)top 
undoped nanotube with thin wall, to (iii) top undoped nanotube with thick wall,

memory structures  

The undoped nanorod/Na-doped nanorod/undoped thin film can function as an n

memory structure. Earlier effort on n-p-n or p-n-p wide band gap memory structures were 

based on SiC [21] and ZnO thin films [22], and there is no report on nanorod structures. 

A demonstration of nanorod wide-bandgap semiconductor memory would represent a 

first step toward ultimate scaling of this type of nonvolatile memories. Here, Ti/Au (

) was used to form Ohmic contacts on the ZnO thin film and the top end of 

the undoped nanorods, as shown in the inset of Figure 3.4(a). Polymethyl methacrylate 

(PMMA) was spun onto the sample to protect the bottom ZnO film as well as the Na

doped nanorods and support the Ti/Au top contact to the undoped ZnO nanorod section. 

 

Figure 3.3.  SEM images showing a gradual evolution process of the nanostructures. (a) 
doped nanorod basement to (ii) formation of 

discrete ZnO seeds at the edge of the top facet, and to (iii) top undoped nanotips. (b) 
doped nanorod basement, to (ii)top 

undoped nanotube with thin wall, to (iii) top undoped nanotube with thick wall, to (iv) 

doped nanorod/undoped thin film can function as an n-p-n 

p wide band gap memory structures were 

thin films [22], and there is no report on nanorod structures. 

bandgap semiconductor memory would represent a 

first step toward ultimate scaling of this type of nonvolatile memories. Here, Ti/Au (10 

form Ohmic contacts on the ZnO thin film and the top end of 

the undoped nanorods, as shown in the inset of Figure 3.4(a). Polymethyl methacrylate 

(PMMA) was spun onto the sample to protect the bottom ZnO film as well as the Na-

e Ti/Au top contact to the undoped ZnO nanorod section. 
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The top electrode is 400 µm by 400 µm. The thickness of the n-type film is about 1400 

nm. The lengths of the Na-doped nanorod section and the undoped nanorod section are 

about 7.5 µm and 6 µm, respectively. An Agilent 81104A pulse generator was used to 

operate the device and the capacitance was read from an Agilent 4284A LCR meter. 

Figure 3.4 (a) shows the capacitance change (∆C) read at 3 V for different programming 

pulse height. The voltage pulse width was fixed at 1 s and the pulse height was changed 

from 6V to 13V. The absolute value of ∆C begins to increase after the pulse height is 

larger than 6V and reaches maximum at 12 V. Figure 3.4 (b) shows the ∆C read at 3 V as 

a function of different programming pulse width. The pulse height was fixed at 8 V and 

the pulse width was changed from 10 ns to 1 s. The absolute value of ∆C begins to 

increase after the pulse width is larger than 10 ns and continues to increase as the pulse 

width becomes larger. The change of the capacitance indicates the storage of the space 

charge in the memory structure. When the programming pulse is applied on the n-p-n 

structure, one p-n junction is forward-biased while the other one is reverse-biased. The 

holes inside the p-type rods flow out of the structure from the forward-biased junction 

and build up negative space charges inside the p-type rods. After programming, the 

excess space charges store inside the structure and reverse-bias both p-n junctions (Figure 

3.4 (b) inset) and thus the capacitance of the structure decreases. We also note that the 

absolute value of ∆C decreases after 12V programming pulse (Figure 3.4 (a)). This 

should be due to the Zener effect at high voltage. The electrons at the valence band tunnel 

out of the p-type region through the reverse-biased junction via the forbidden gap and 

thus develop compensative holes in the p-type region. 



 

Figure 3.4. Programming characteristics of ZnO n
of the capacitance before and after programming. (a) 
pulses with different pulse height and 1 s pulse width. Inset: Schematic of the n
memory device. (b) ∆C as a function of programming pulses with different pulse width 
and 8V pulse height. Inset: 
charge region before and after programming. 
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Figure 3.4. Programming characteristics of ZnO n-p-n memory device. ∆
of the capacitance before and after programming. (a) ∆C as a function of programming 
pulses with different pulse height and 1 s pulse width. Inset: Schematic of the n

∆C as a function of programming pulses with different pulse width 
and 8V pulse height. Inset: energy band diagram of the n-p-n structure showing the space 
charge region before and after programming.  

 

n memory device. ∆C is the change 
C as a function of programming 

pulses with different pulse height and 1 s pulse width. Inset: Schematic of the n-p-n 
C as a function of programming pulses with different pulse width 

n structure showing the space 
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 After the removal of the programming voltage and at the beginning of the 

retention, excess space charges redistribute in the p-type section to reverse-bias both p-n 

junctions. Both junctions are in nonequilibrium state and have net generation rates, and 

thus the carriers from thermal generation will neutralize the excess space charges until 

both junctions return to equilibrium. This process will take extremely long time because 

the thermal generation rate is exponential to the reciprocal of the band gap energy [21, 

22]. Figure 3.5 shows the retention characteristic of the n-p-n memory structure. The 

capacitance decreases after the programming and increases as the waiting time increases. 

The extrapolation of the data suggests that there will not be significant change of 

capacitance even after 10 years, which indicates a good retention. 

 

Figure 3.5. Retention characteristic of ZnO n-p-n memory structure programmed at 8V 
for 1s.  
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3.5 Summary 

 In conclusion, vertically aligned Na-doped nanorods were grown on a ZnO seed 

layer on Si via CVD at 700 ℃. The Na-doped nanorods were studied by the temperature-

dependent photoluminescence and activation energy of ~200 meV was estimated. The p-

type conductivity of the Na-doped nanorods was further confirmed by the output and 

transfer characteristics of the nanorod back-gated FET. Vertically aligned ZnO nanotips, 

nanotubes and nanorods were synthesized without catalytic assistance on the p-type Na-

doped ZnO nanorods. The different morphology originates from different Zn vapor 

concentration. The n-p-n memory structure based on the homojunction nanorod and 

undoped seed layer was fabricated. The programming and retention characteristics show 

good memory effect and in turn, confirm the formation of the p-n homojunction 

nanorods. These diverse vertically aligned nanostructures on p-type ZnO nanorods 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 prominent candidate 

of next-generation nonvolatile memory because of its simple structure, high-density 

integration, low power consumption, fast operation and strong potential for multilevel-

per-cell memories [1-4]. Recently, nanoscale RSM has also been linked to the 

reconfigurable logic applications [5, 6] and the concept of memristors [7-9] for analogue 

circuit [10] and neuromorphic computing [11-13] applications. It is generally believed 

that the crossbar resistive memory array will yield the most cost-effective solid-state 

memory. In the crossbar resistive memory array, the resistive switching materials will be 

placed as cross-points in between the crossbars of top metal lines and bottom metal lines 

(Figure 4.1).  However, each memory cell at the cross point needs a diode to avoid the 

misreading caused by the sneak current, especially for bipolar resistive switching, in 

which a more complicated Zener diode simultaneously satisfying several crucial 

requirements is needed for each cell [14]. This situation presents extra challenges for the 

development of 1D1R-based bipolar resistive memory arrays, especially in 3-dimensional 

multi-layer stack.  Furthermore, a current compliance is indispensable to prevent RSM 

from hard breakdown [15]. In this chapter, we report current self-rectifying and self-

complianced resistive switching in single Na-doped ZnO nanowire. The current self-



 

rectifying can provide a solution to suppress sneak current in crossbar arrays [1

self-compliance can prevent RSM from hard breakdown.

Figure 4.1. Schematic of cross bar resistive memory structure

 

4.2 Experiments 

  Na-doped and undoped ZnO nanowires were grown in a quartz tube furnace 

system. Zinc powder mixed with or without sodium acetate powder in a quartz bottle was 

placed in the center of the quartz tube. A Si (100) substrate with 10 nm gold catalyst on 

top was kept 2 cm away from the source on the downstream side. Nitrogen gas with a 

flow rate of 1000 sccm passed continuously through the furnace. The source and 

substrate were then heated to growth temperature of 540 °C. During the growth, a 

mixture of argon/oxygen (99.5:0.5) of 300 sccm was introduced to the quartz tube for 

ZnO nanowire growth. The growth lasted for 30 min. The microstructure, composition 

and crystallinity of nanowires were evaluated by 

high resolution transmis
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rectifying can provide a solution to suppress sneak current in crossbar arrays [1

compliance can prevent RSM from hard breakdown. 

 

Figure 4.1. Schematic of cross bar resistive memory structure

doped and undoped ZnO nanowires were grown in a quartz tube furnace 

system. Zinc powder mixed with or without sodium acetate powder in a quartz bottle was 

placed in the center of the quartz tube. A Si (100) substrate with 10 nm gold catalyst on 

kept 2 cm away from the source on the downstream side. Nitrogen gas with a 

flow rate of 1000 sccm passed continuously through the furnace. The source and 

substrate were then heated to growth temperature of 540 °C. During the growth, a 

en (99.5:0.5) of 300 sccm was introduced to the quartz tube for 

ZnO nanowire growth. The growth lasted for 30 min. The microstructure, composition 

and crystallinity of nanowires were evaluated by scanning electron microscopy 

high resolution transmission electron microscopy (HRTEM) and secondary ion mass 

rectifying can provide a solution to suppress sneak current in crossbar arrays [16], while 

Figure 4.1. Schematic of cross bar resistive memory structure. 

doped and undoped ZnO nanowires were grown in a quartz tube furnace 

system. Zinc powder mixed with or without sodium acetate powder in a quartz bottle was 

placed in the center of the quartz tube. A Si (100) substrate with 10 nm gold catalyst on 

kept 2 cm away from the source on the downstream side. Nitrogen gas with a 

flow rate of 1000 sccm passed continuously through the furnace. The source and 

substrate were then heated to growth temperature of 540 °C. During the growth, a 

en (99.5:0.5) of 300 sccm was introduced to the quartz tube for 

ZnO nanowire growth. The growth lasted for 30 min. The microstructure, composition 

scanning electron microscopy (SEM), 

secondary ion mass 
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spectroscopy (SIMS). The single-nanowire devices were utilized to evaluate the electrical 

characteristics, which were fabricated on n-type silicon substrate capped with thermally 

oxidized SiO2 layer of 300 nm. To fabricate the memory device, ZnO nanowires were 

firstly transferred onto the substrate. Then standard photolithography process was utilized 

to pattern the substrate with ZnO nanowires on top, followed by deposition of 100 nm 

Ag. Electrical characterization was performed in air at room temperature by using 

semiconductor parameter analyzer (Agilent 4155C). The transportation of Ag during 

electrical characterization was confirmed by the mapping of Ag utilizing high spatial 

resolution Auger electron spectroscopy (HSR-AES).  The HSR-AES data 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-grown Na-doped ZnO 

nanowires. The nanowires do not grow vertically on the substrate. The inset shows SIMS 

result, which indicates that Na was doped into the ZnO nanowires. Figure 4.2 (b) and its 

inset display a low magnification TEM image of an individual Na-doped ZnO nanowire 

and its selected area electron diffraction (SAED) pattern, respectively, showing that the 

Na-doped ZnO nanowire grows along [0001] direction. The representative HRTEM 

image is shown in Figure 4.2 (c), in which typical single crystalline ZnO structure could 

be clearly observed, showing that the change of lattice constant by Na doping is below 

the resolution of HRTEM. Figure 4.2 (d) shows an SEM image of the Ag/Na-doped ZnO 

nanowire/Ag memory device, in which two Ag active electrodes are used, simplifying the 
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fabrication procedure greatly in contrast to the process using one active electrode and one 

inert electrode.  

 

 

 

Figure 4.2. (a) SEM image and SIMS spectra (inset) of Na-doped ZnO nanowires. Na 
was doped into ZnO nanowires, which do not grow vertically on the substrate because of 
doping. (b) TEM image of a Na-doped ZnO nanowire, inset: SAED pattern of the 
nanowire. Na-doped ZnO nanowire grows along [0001] direction. (c) HRTEM image of 
the nanowire in (b). The change of lattice parameters induced by Na-doping is under the 
resolution of HRTEM. (d) SEM image of the Na-doped ZnO nanowire resistive switching 
device. Symmetric structure of Ag/nanowire/Ag was used to simplify the fabrication 
process. 
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  Figure 4.3 (a) and (b) show typical I-V characteristics of Na-doped ZnO nanowire 

device and undoped ZnO nanowire device, respectively. Na-doped ZnO nanowire device 

shows bipolar resistive switching set and reset at 40V and -40V respectively, which has 

the self-compliance property with current around 10 µA and self-rectifying property with 

rectifying ratio of 105 at low resistance state (LRS). Undoped ZnO nanowire device 

shows typical bipolar resistive switching, which needs external current compliance, and 

is similar to the results reported by Yang et al in single crystalline ZnO nanowire 

electrode by Ag [17]. These results indicate that Na-doping plays important roles in both 

the self-compliance and self-rectifying properties at LRS. Figure 4.3 (c) and (d) show 

retention and DC sweeping endurance characteristics of Na-doped ZnO nanowire device, 

respectively. LRS exhibits no significant degradation after 1×105 s, while high resistance 

state (HRS) shows no degradation. The two states can still be well distinguished by high 

resistance ratio of over 103, as the data trends are extrapolated to 100 years. This result 

indicates good retention. For endurance, as shown in Figure 4.3 (d), no significant 

degradation of both LRS and HRS with a large resistance window of over 103 can be 

observed.  
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Figure 4.3. (a) Typical I-V characteristics of Na-doped ZnO nanowire device, which 
shows current self-complianced (CSC) and self-rectified resistive switching behavior set 
and reset at 40V and -40V, respectively. The self-complianced current is about 10µA and 
the self-rectifying ratio is 105 at low resistive state. (b) Typical non-rectifying I-V 
characteristics of undopedZnO nanowire device, which needs external compliance. The 
current self-complianced and self-rectifying properties are due to Na-doping. (c) 
Retention, and (d) endurance results of resistive switching memory fabricated with Na-
doped ZnO nanowire. The two states can still be well distinguished by high resistance 
ratio of over 103, as the data trends are extrapolated to 100 years. Both LRS and HRS 
with a large resistance window during DC sweeping periods of over 103 exhibited little 
degradation. 
 

 

  After electrical measurements, some white dots were found on the biased side of 

the nanowire as shown in the SEM image in Figure 4.4 (a), comparing with its SEM 

image before electrical measurements shown in Figure 4.2 (d). Figure 4.4 (b) shows the 

corresponding results of HSR-AES Ag map after a layer of 1 nm was sputtered 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 to these white dots, Ag 
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also distribute along the whole nanowire. The part with highest Ag content is at the 

biased end of the nanowire while the lowest one is in the middle. The content of Ag was 

measured quantitatively choosing 13 points along the nanowire. The results are provided 

in Figure 4.4 (c), which shows that Ag content at the biased end is much higher than that 

at the grounded end and the middle. The quantitative contents of Ag were also measured 

for these 13 points after layers of 2 nm, 3 nm, 5 nm, 10 nm, 20 nm, and 50 nm were 

sputtered away. Figure 4.4 (d) shows the results. Together with the SEM image and Zn, 

O, Ag maps shown in Figure 4.6, it indicates that although there are some Ag atoms in 

the core of the Na-doped ZnO nanowire, Ag mainly distribute on the surface of the 

nanowire. While for the nanowire without going through electrical characterization, there 

is no Ag signal along the whole nanowire, as shown in Figure 4.7. According to Figure 

4.2 (d), Figure 4.4 and Figure 4.7, Ag atoms were transferred onto the ZnO nanowire 

during I-V characterization. These results indicate that the resistive switching in single 

Na-doped ZnO nanowire is induced by the formation and rupture of Ag nanoisland chain 

on the nanowire surface,as observed by Yang et al in SiO2-based resistive switching [18], 

which is similar to the mechanism reported by Yang et al [17].  

  The random distribution of Na dopants can serve as a load resistor in series to 

constrain the current [19]. The Ag mobile ions forming the conducting nanoisland chain 

can be partially retracted from the grounded side of the nanowire surface at small 

negative biases which suppresses the device conductance and induces the load resistor to 

be variable with negative bias increases, which is corresponding to the self-compliance 

behavior. The partial retraction of Ag was also observed in Ag/a-Si/poly-Si system [20]. 
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The self-rectifying behavior of ZnO nanowire can be explained by the asymmetric 

contacts between ZnO nanowire and Ag electrodes, as reported previously in the 

structures of Ag/randomly oriented nanorods/Ag [21], Au/aligned nanorods /Au [22], and 

Au/single nanobelt/Au [23]. In Figure 4.3 (a), the first voltage sweeping process is from 

0V to 40V, the I-V characteristics of which is similar to a diode with p-type end 

grounded. When the first voltage sweeping process is from 0V to -40V, the I-V 

characteristics is similar to a diode with n-type side grounded, as shown in Figure 4.8. 

These results indicate that the direction of the diode is related to the first voltage 

sweeping process. While in undoped ZnO nanowire, the I-V characteristics show no 

difference using different first voltage sweeps. Because Na is a p-type dopant in ZnO 

[24], a large amount of electrons in the nanowire are compensated by Na-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 in this experiment, as 

shown in Figure 4.9. At the same time Ag can also be utilized as p-type dopant in ZnO 

nanowire [25] besides forming nanoisland chain on the surface. During the voltage 

sweeping from 0V to 40V, Ag atoms doped into the nanowire moved towards the 

grounded side. The biased side was more conductive while the grounded side was more 

resistive. Finally, a good contact between nanowire and Ag at biased side was formed 

while that at grounded side kept as Schottky contact. The whole nanowire system can be 

treated as a resistor in series to a Schottky diode, as shown in the inset of Figure 4.4 (a).  
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Figure 4.4. (a) SEM image and (b) Ag map for the ZnO nanowire resistive switching 
device. After I-V characterizations, Ag dots show up on the surface of Na-doped ZnO 
nanowire. Ag contents along the Na-doped nanowire after I-V characteristics (c) on the 
surface and (d) after layers with different thickness were sputtered away. Ag distributes 
mainly on surface of the biased side of the Na-doped ZnO nanowire. 
 
 
 

    

Figure 4.5. AES O and Zn map of ZnO nanowire device after 1nm material on the surface 
was sputtered away to exclude the effect of possible contamination on mapping. 
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Figure 4.6. (a) SEM image, (b)
resistive switching device after 50nm material on the surface was sputtered away.
 
 

 

Figure 4.7. (a) Typical SEM image and 
going through I-V characterizations
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Figure 4.6. (a) SEM image, (b)-(d) Ag, O and Zn map for the measured ZnO nanowire 
resistive switching device after 50nm material on the surface was sputtered away.

 
Typical SEM image and (b)-(d) Ag, Zn, O maps for ZnO nanowire without 

characterizations. 

(a) 

(c) 

135.6 
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(d) Ag, O and Zn map for the measured ZnO nanowire 
resistive switching device after 50nm material on the surface was sputtered away. 

 

Ag, Zn, O maps for ZnO nanowire without 

(b) 

(d) 
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Figure 4.8. I-V characteristics for Na-doped nanowire when the first voltage sweeping 
range is from 0V to -40V. 
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Figure 4.9. ID-VD, inset: ID-VG results for the FET device fabricated with Na-doped ZnO 
nanowire, in which Al contact on the back of SiO2/Si-substrate was utilized as gate. 
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4.4 Summary 

  In summary, current self-complianced and self-rectifying bipolar resistive 

switching was observed in Ag-contacted, Na-doped ZnO nanowire resistive memory. 

SEM, HSR-AES and I-V characteristics show that the resistive switching was controlled 

by the formation and rupture of Ag nano-island chain on the surface of the nanowire. The 

self-compliance is induced by Na-doping and partially retraction of Ag from the 

nanoisland chain while the self-rectifying behavior is mainly originated from asymmetric 

contact between nanowire and Ag contact induced by Na-doping and Ag atom 

segregation and doping. The demonstration of current self-compliance and self rectifying 

in Na-doped nanowire resistive memory can significantly simplify the future resistive 

random access memory circuitry because no separate selector device is necessary. 
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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 example, random lasers 

are ideal for display applications because they usually exhibit a very broad angular 

distribution [1]. Besides, they can be used for remote heat sensing [2], document 

encoding [3], chemical sensing [4], and even medical diagnostics [5,6]. Furthermore, 

compared with conventional lasers, the unique advantage of random lasers lies in simple 

structures, which can be realized by cost-effective processing techniques with various 

materials. The random laser action has been observed in many different structures 

including nanoparticles [7,8], nanowires [9-11] and thin films [12], and in different 

materials such as ZnO [12,13], liquid dye [14] and solid state polymer [15].  

 Among various materials for random lasing, ZnO is a promising material owing 

to its direct band gap and large exciton binding energy of ~60 meV at room temperature 

[16]. Its one dimensional structure, which can be synthesized by various low-cost 

methods, is an excellent optical cavity for random lasers. Many attempts have been made 

to induce lasing behavior in ZnO nanowire-based devices [17-24]. Nevertheless, most of 

the random lasers based on ZnO nanowires are induced by optical pumping [17-20]. For 
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practical laser applications, electrical pumping is needed. Electrically pumped ZnO 

nanowires random lasers have been demonstrated based on ZnO metal insulator 

semiconductor structures [21,22] and heterojunctions [23,24], while the nanowires 

random laser diode based on ZnO p-n homojunction, which can significantly enhance the 

output power for practical applications, has not been reported yet. The difficulty mainly 

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

 Nitrogen has been reported to be a good p-type dopant for ZnO thin film [25-27], 

although Lyons et al also predicted that nitrogen doping may not produce p-type ZnO at 

all [28]. In order to clarify this controversial research topic, tremendous experimental and 

theoretical studies from many research groups may be necessary. Recently, Yuan et al 

reported CVD growth of nitrogen doped p-type ZnO nanowires [29]. The nanowires were 

grown on sapphire substrate by using gold as catalyst. Gold can help the growth of ZnO 

nanowires, however it may be an p-type dopant or deep-level impurity [30] as the atoms 

are inadvertently introduced into the nanowires during the growth [31], which 

complicates the origin of the p-type conductivity. In this research, we grew nitrogen 

doped p-type ZnO nanowires without metal catalyst on ZnO thin film and formed the p-n 

homojunction. Based on this structure, we demonstrated electrically pumped ZnO 

nanowires homojunction random laser device. These results suggest that nitrogen 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-assisted molecular-beam 

epitaxy. First, a thin MgO buffer layer (about 3 nm) was grown on n-type silicon 

substrate at 350 °C with a Mg cell temperature of 460 °C. The 400 nm thick undoped 

ZnO film was then grown at a substrate temperature of 500 °C with a Zn effusion cell 

temperature of 360 °C. Figure 5.1 shows the top view SEM image of the thin film, which 

presents columnar structure. Electrical properties of the ZnO film were characterized by 

Hall effect measurement under a Van der Pauw configuration. Electron concentration of 

1.8×1018 cm-3, mobility of 4.4 cm2/Vs and resistivity of 0.80 Ωcm were obtained. 

 

 

Figure 5.1. SEM image of undoped ZnO thin film. Typical ZnO compact columnar 
structure on Si is observed. 
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   Nitrogen doped ZnO nanowires were grown in a CVD furnace on a high-quality 

undoped ZnO seed layer on n-type Si (100) substrate. The 400 nm n-type seed layer was 

grown on a 3-nm MgO buffer in plasma-assisted molecular beam epitaxy (MBE). To 

grow nitrogen doped p-type ZnO nanowires, argon diluted oxygen (0.5%) was used as 

reaction gas and argon diluted N2O (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. nitrogen was passed 

continuously through the furnace during the growth. Zinc powder (99.999% Sigma 

Aldrich) was placed in a silica bottle and served as source material. The substrate was 

positioned at the center of the silica tube, which was about 1cm away from the silica 

bottle at the downstream side. The growth temperature is 650	℃ and the growth duration 

is 40 min. Part of the substrate was covered by a piece of silicon wafer during the growth 

for subsequent electrical contact formation on the ZnO film. 

 To fabricate the nanowire/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) was deposited on 

the undoped n-type ZnO as the ground electrode using e-beam evaporation. During the 

Ti/Au metal evaporation, the nanowires were protected by an aluminum foil.  

 To fabricate the nanowire back-gated FET, the nitrogen doped ZnO nanowires 

were transferred onto a SiO2 (300 nm)/p+-Si wafer and then the Ni/Au electrodes were 

formed on an individual nanowire by using photolithography and e-beam evaporation. Al 

was deposited on the back of the silicon wafer to form the back gate electrode. 

 

 



 

5.3 Study of p-type nitrogen doped

 Figure 5.2 (a) and 5.2 (b) show SEM images of the top view and cross sectional 

view of the nanowires sample, respectively. The average diameter of the nanowires is 

about 200 nm and the length is about 3.5 

nanowires (Figure 5.2 (b)), 

but tilted 10-15 degree with respect to the normal of the substrate surface. This may be 

due to the rough surface of the original ZnO thin film seed

 

Figure 5.2.  (a) Top view SEM image of nitrogen doped ZnO nanowires. The sidewall of 
the nanowires can be seen, indicating that the nanowires are not totally vertically aligned. 
(b) Side view SEM image of nitrogen doped ZnO nanowires. Inset: XPS spectrum o
sample. (c) Id-Vd curves of nitrogen doped ZnO nanowire back
from -40V to 40V with a 10V step. (d) I
gated FET. Inset: SEM image of the measured FET device. The scale bar is 2 
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type nitrogen doped ZnO nanowires 

Figure 5.2 (a) and 5.2 (b) show SEM images of the top view and cross sectional 

view of the nanowires sample, respectively. The average diameter of the nanowires is 

nm and the length is about 3.5 μm. From the cross sectional view o

nanowires (Figure 5.2 (b)), it is noticeable that most nanowires are not vertically aligned, 

15 degree with respect to the normal of the substrate surface. This may be 

due to the rough surface of the original ZnO thin film seed. 

Figure 5.2.  (a) Top view SEM image of nitrogen doped ZnO nanowires. The sidewall of 
the nanowires can be seen, indicating that the nanowires are not totally vertically aligned. 
(b) Side view SEM image of nitrogen doped ZnO nanowires. Inset: XPS spectrum o

curves of nitrogen doped ZnO nanowire back-gated FET. V
40V to 40V with a 10V step. (d) Id-Vg curves of nitrogen doped nanowire back

gated FET. Inset: SEM image of the measured FET device. The scale bar is 2 
 

Figure 5.2 (a) and 5.2 (b) show SEM images of the top view and cross sectional 

view of the nanowires sample, respectively. The average diameter of the nanowires is 

m. From the cross sectional view of the 

most nanowires are not vertically aligned, 

15 degree with respect to the normal of the substrate surface. This may be 

 

Figure 5.2.  (a) Top view SEM image of nitrogen doped ZnO nanowires. The sidewall of 
the nanowires can be seen, indicating that the nanowires are not totally vertically aligned. 
(b) Side view SEM image of nitrogen doped ZnO nanowires. Inset: XPS spectrum of the 

gated FET. Vg increases 
curves of nitrogen doped nanowire back-

gated FET. Inset: SEM image of the measured FET device. The scale bar is 2 µm. 
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 X-ray photoelectron spectroscopy (XPS) result of nitrogen doped ZnO nanowires 

is shown in the inset of Figure 5.2 (b). Two N 1s related peaks at 397.8 eV and 406.6 eV 

are evident. Both peaks have been reported in the p-type nitrogen doped ZnO thin film 

[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 eV is assigned 

to be the N 1s binding energy of NO3
- radical [33,34]. This high-energy peak, which is 

commonly observed in the oxygen rich compound [33], suggests that these nanowires 

were grown under an oxygen rich condition [34]. The oxygen rich growth condition can 

suppress the “intrinsic” donors such as zinc interstitials and oxygen vacancies [35,36] and 

help achieve p-type conductivity. From the XPS result, the approximate atomic 

concentration of nitrogen is 0.1%. 

 To study the electrical transport properties of nanowires, a single nanowire back-

gated field effect transistor (FET) was fabricated. Figure 5.2 (c) shows Id-Vd curves of the 

FET (an SEM image of the device is shown as an inset in Figure 5.2 (d)). It is clear that 

all Id-Vd curves are linear, indicating that Ohmic contacts have been formed between the 

nitrogen doped ZnO nanowire and Ni/Au electrodes. The Id-Vd curves show clear field 

effect characteristic of p-type conductivity: as the gate voltage increases, the conductance 

of the nanowire decreases. Figure 1d shows transfer characteristic (Id-Vg) of the device. 

The curve with an on/off ratio over 100 represents the typical curve for good p-type 

conductivity in ZnO nanowire. The hole concentration can be calculated by using the 

equation [37]:  [\ = ]B^_� ` ] HPa"` [ (P)Q)cde	(Hf/a)] , where X\ , XT , ℎ , j , 9kf  are the dielectric 

constant in vacuum, dielectric constant of SiO2 (3.9), thickness of the SiO2 (300 nm), 
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diameter of the nanowire (200nm) and threshold voltage of the FET (about 20 V from the 

Id-Vg curve), respectively. The hole concentration of the nanowire is calculated to be 

about 3 × 10��	����. The hole mobility can be estimated by 	�l = ml ] nBo` [de	(Hf/a)(P)Q)c ] 
[37], where ml is the transconductance and L is the effective length of the nanowire (~3 

µm). The mobility is then calculated to be around 1.5	��(/(9G).  

 

Figure 5.3. Temperature dependent PL spectra of nitrogen doped ZnO nanowires. The 
temperature ranges from 20 K to 300 K. 
 

 The acceptor activation energy is one of the most important parameters to 

evaluate the p-type dopant in semiconductors and can be extracted by temperature-

dependent PL spectra. The p-type characteristic of the nitrogen doped ZnO nanowires in 

PL is summarized in Figure 5.3. A He-Cd laser with an excitation wavelength of 325nm 

was used in this experiment. The acceptor bound exciton (AX) and donor bound exciton 
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(DX) peaks are at 3.358 eV and 3.368 eV, respectively. The acceptor activation energy 

∆K�  for the N(O) acceptor could be derived from the binding energy between the 

acceptor and free exciton by using Hayne’s rule [38]. Figure 5.4 shows the integrated 

intensity of the AX emission shown in Figure 2 as a function of temperature. The intensity 

follows the equation [39]: p(q) = p(0)/[1 + $W<[(−K:�r/sq)]  (1), where K:�r  is the 

binding energy of the acceptor and free exciton, and C is a fitting parameter. From the 

fitting (Figure 5.4), K:�r = 19.8	�W9  is obtained. In ZnO,  K:�r/∆K� ≈ 0.1  [38]. So 

∆K� = 198	�W9.  

 The peaks at around 3.305 eV and 3.232 eV are due to free electron to acceptor 

(FA) emission and donor-acceptor-pair (DAP) emission, respectively [40,41]. The 

longitudinal-optical (LO) phonon replicas of the DAP emission are shifted by the ZnO 

phonon energy of ~71 meV. The activation energy of an acceptor ∆K� can be calculated 

with the equation [42] ∆K� = KCL> − K%�N − ∆K%+< �"HP)Q)R+ST�3U >. The donor binding 

energy ∆K% is reported to be about 30 meV [43-45] and the intrinsic band gap KCL> =
3.435	W9 at 20 K [45]. XY=Z	is the dielectric constant of ZnO (8.6). �%�N is the average 

donor-acceptor pair distance. The last term represents the Coulomb interaction between 

the donors and acceptors and the value is around 20 meV [42,46]. Based on the 

assignment of the 3.232 eV peak as the DAP transition energy, the acceptor activation 

energy ∆K� for the N(O) acceptor is 195 meV.  
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Figure 5.4. Integrated intensity of the AX 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 ZnO nanowires, the 

acceptor activation energy can also be evaluated based on the carrier density approach. 

From the semiconductor physics, the hole concentration can be calculated by [\ =
2 ((Pl,∗ wxy)z/"fz W�({|�{})/wxy (2), where �>∗  is the effective hole mass ~0.6�\[47]. The 

occupation probability for acceptor can be described by the Fermi function: ~�(K) =
��"�(�|��3)/�x���,where K� is the acceptor energy. In our undoped ZnO nanowires sample 

(Figure 5.5), the electron concentration is on the order of 10��	����, therefore we can 

reasonably assume a background electron carrier concentration to be between 1 ×
10��	���� and 1 × 10�@	���� for calculation. Considering the compensation effect, the 



 

activated acceptor concentration ranges from 

atom density of ZnO is 8
XPS result. So about 0.5%

from 0.995 to 0.983. From the Fermi f

K� = s�q�� ((���3({))�3({) +
T=300 K, the activation energy 

is in good agreement with the results from PL.

 

Figure 5.5. (a) Id-Vd curves of undoped ZnO nanowires back
from -15V to 0V with a 5V step. (b) I
FET. Inset: SEM image of the measured FET device. The scale bar is 1 
of the nanowire is about 300 nm and the effective length of the device is ~3.5 
Vd curves show clear field effect ch
increases, the conductance of the NW increases. The transfer characteristic I
presents the n-type conductivity, showing a threshold voltage at 
in the article, the electron concentration and mobility are calculated to be 1.7×10
and 1.4 cm2/Vs, respectively.
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activated acceptor concentration ranges from 4 × 10��	����  to 1.3 ×
8.28 × 10((	���� and the nitrogen atomic ratio is 0.1% from the 

XPS result. So about 0.5%~1.7% of acceptors are activated, which means 

from 0.995 to 0.983. From the Fermi function, the Fermi energy is 

K� . Inserting the Fermi energy into equation (2), and taking 

T=300 K, the activation energy ∆K� = K� − K� is between 215 meV and 183 meV, which 

is in good agreement with the results from PL. 

curves of undoped ZnO nanowires back-gated FET. The V
15V to 0V with a 5V step. (b) Id-Vg curves of undoped ZnO nanowires back

FET. Inset: SEM image of the measured FET device. The scale bar is 1 µ
of the nanowire is about 300 nm and the effective length of the device is ~3.5 

curves show clear field effect characteristic of n-type conductivity: as the gate voltage 
increases, the conductance of the NW increases. The transfer characteristic I

type conductivity, showing a threshold voltage at -12V. Using the approach 
ectron concentration and mobility are calculated to be 1.7×10

/Vs, respectively. 

10�@	���� . The 

and the nitrogen atomic ratio is 0.1% from the 

~1.7% of acceptors are activated, which means ~�(K) ranges 

ction, the Fermi energy is 

. Inserting the Fermi energy into equation (2), and taking 

between 215 meV and 183 meV, which 

 
gated FET. The Vg increases 

curves of undoped ZnO nanowires back-gated 
µm. The diameter 

of the nanowire is about 300 nm and the effective length of the device is ~3.5 µm. The Id-
type conductivity: as the gate voltage 

increases, the conductance of the NW increases. The transfer characteristic Id-Vg also 
12V. Using the approach 

ectron concentration and mobility are calculated to be 1.7×1017 cm-3 
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5.4 P-n homojunction laser device 

 Figure 5.6 shows the evolution of PL emission spectra of the ZnO nanowires as a 

function of excitation pumping power at room-temperature. The excitation source in this 

experiment is a Nd:YAG pulse laser with an output wavelength of 355 nm. The laser has 

10 Hz frequency and 3 ns pulse duration. A silicon CCD is used as the detector and the 

spectrum resolution is 0.054nm. The pumping power ranges from 168 kW/cm2 to 491 

kW/cm2 with average steps of 30 kW/cm2. Lasing characteristics are evident from the 

spectra and the threshold power is found to be at around 300 kW /cm2 (Figure 5.6 inset). 

Below the threshold only a single broad spontaneous emission peak is observed. When 

the pumping power reaches the threshold, a few discrete narrow lasing peaks with 

linewidth of about 0.4 nm emerge from the single broad spontaneous emission spectrum. 

At higher pumping powers, more peaks also begin to emerge because more lasing modes 

are activated. These peaks are not evenly spaced and are not stable, which suggest that 

the lasing shall originate from random lasing based on the multiple light scattering among 

the nanowires rather than Fabry-Perot mechanism, where each nanowire serves as gain 

cavity [48]. The density of electron-hole pairs (�>) produced by the optical pumping can 

be calculated by �> = p�*��/ℎ��  [49]. Here,  p�*�  is the excitation power, �  is the 

spontaneous emission lifetime (about 300 ps for ZnO) [50] and � is the diffusion length 

(about 2 µm for ZnO) [51]. At the threshold pumping power 300 kW /cm2 , �>  is 

calculated to be 8.5 × 10��	����. Because Mott density in ZnO has been controversial as 

seen in between 5 × 10��	���� and 3.7 × 10��	���� [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 spectra. Inset: integrated spectra 
intensity as a function of pumping power density. Solid lines are guide to the eye, 
indicating threshold power Pth (0.3MW/cm2). 

 

 Figure 5.7 (a) shows the schematic of the electrical pumping device. The 

fabrication of the device is described in the method section. The formation of the ZnO 

homojunction between the nanowires and thin film was investigated by electron-beam-

induced current (EBIC) profiling, which was widely used to investigate the junctions in 

semiconductors [54,55]. Figure 5.7 (b) shows EBIC profile superimposed on a cross-

sectional SEM image. An accelerating voltage of 30 kV was applied, corresponding to the 

electron penetration depth of 1.5 µm. The EBIC signal forms a clear peak on the ZnO 

thin film/nanowire junction due to electron-hole pairs from electron beam irradiation 

generation drifted by built-in electric field in the p-n junction depletion region. The inset 



 

of Figure 5.7 (b) shows current

Rectifying behavior is clearly observed. Bot

of ZnO nanowire/ZnO thin film p

 

Figure 5.7. (a) Schematic of the electrically pumped laser device.
superimposed on the side
characteristic of the ITO/ZnO
is grounded. 

 Figure 5.8 (a)-(c) show electroluminescence (EL) spectra of the device with the 

increase of drive current. The detector was placed perpendicular to the sam

can be seen from Figure 5.8 (a), for the current below 40 mA, the EL emission is
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of Figure 5.7 (b) shows current-voltage (I-V) characteristic of the ZnO p

clearly observed. Both I-V and EBIC results indicate the formation 

of ZnO nanowire/ZnO thin film p-n homojunction. 

Schematic of the electrically pumped laser device. (b) EBIC profile 
superimposed on the side-view SEM image of the cleaved device
characteristic of the ITO/ZnO nanowire/ZnO/Ti/Au film laser device. The Ti/Au contact 

 

(c) show electroluminescence (EL) spectra of the device with the 

increase of drive current. The detector was placed perpendicular to the sam

can be seen from Figure 5.8 (a), for the current below 40 mA, the EL emission is

V) characteristic of the ZnO p-n junction. 

V and EBIC results indicate the formation 

 

(b) EBIC profile 
view SEM image of the cleaved device. Inset: I-V 
nanowire/ZnO/Ti/Au film laser device. The Ti/Au contact 

(c) show electroluminescence (EL) spectra of the device with the 

increase of drive current. The detector was placed perpendicular to the sample surface. As 

can be seen from Figure 5.8 (a), for the current below 40 mA, the EL emission is 
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relatively weak and the spectrum is greatly spoiled by noise. At 40 mA, a single broad 

spontaneous emission peak centered at around 388 nm appears, which is ascribed to the 

near band edge UV emission from ZnO. As the current increases further (50 mA), a few 

randomly distributed narrow peaks appear in the spectrum. The lasing peaks become 

stronger and sharper and more peaks show up as the current reaches 60 mA (Figure 5.8 

(b)) and 70 mA (Figure 5.8 (c)). The linewidth of these peaks is less than 2 nm. The 

detected output power as a function of injection current is shown in the inset of Figure 

5.8 (a). The output power was measured using a Thorlabs PM100 Optical Power Meter. 

The solid lines are the guide to the eye, showing the threshold current of ~40 mA. The 

output power is about 70 nW at 70 mA drive current. The detector cannot receive all the 

light from the device, and just part of the power has been detected, leading to this 

relatively low output power. However, this value is already over one order of magnitude 

higher than that of the metal oxide semiconductor random laser structure reported [21]. 

As seen from the EL spectra, the spacing between the adjacent sharp peaks is not uniform 

and the peak positions between different measurements are different. Therefore, the 

lasing peaks in the EL spectra should be related to the random lasing instead of F-P 

lasing. These multiple sharp peaks in the spectra between 370 nm and 410 nm represent 

different lasing modes of the nanowires. The far field microscope top view images and 

side view images (inset) of the laser at different injection current were taken by the 

commercial digital camera (Figure 5.9). Randomly distributed bright spots can be seen 

from the top view images. As the drive current increases, more bright emission spots are 

observed and the luminance becomes higher and higher.  



 

 

Figure 5.8. Lasing characterization of the device by electrical pumping. EL spectra
laser device operated at the drive current from (a) 10 mA to 50 mA, (b) 60 mA and (c) 70 
mA. Inset of (a) is the output power as a function of drive current.
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Figure 5.8. Lasing characterization of the device by electrical pumping. EL spectra
laser device operated at the drive current from (a) 10 mA to 50 mA, (b) 60 mA and (c) 70 
mA. Inset of (a) is the output power as a function of drive current. 

 

 

Figure 5.8. Lasing characterization of the device by electrical pumping. EL spectra of the 
laser device operated at the drive current from (a) 10 mA to 50 mA, (b) 60 mA and (c) 70 



 

Figure 5.9. Optical microscope images of the lasing device with different drive current
The first image was taken with lamp illumination and zero current injection. The inset of 
each image is the corresponding side
bars are 300 ��. 
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Figure 5.9. Optical microscope images of the lasing device with different drive current
The first image was taken with lamp illumination and zero current injection. The inset of 
each image is the corresponding side-view microscope image of the device. All the scale 

 

Figure 5.9. Optical microscope images of the lasing device with different drive current. 
The first image was taken with lamp illumination and zero current injection. The inset of 

view microscope image of the device. All the scale 
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 Figure 5.10 shows lasing emission spectra at different observation angles. The 

injection current is the same for all spectra at 70 mA. The bottom inset in Figure 5.10 is a 

schematic of the measurement setup. The θ is defined as the observation angle between 

the detector and sample surface. As shown in Figure 5.10, the laser emission spectra 

varied drastically with the observation angle. The spectra from different angles show 

different lasing peaks and different intensities. This is because for a random laser, 

different random cavities emit the lasing signals in different directions, and the detector 

placed at a certain angle can only collect the laser signals along its corresponding 

direction. The top inset in Figure 5.10 shows the integrated spectra intensity versus angle 

θ. The intensity has a broad distribution and the maximum intensity shows up at θ = 50 

degree. Because the nanowires are not totally vertically aligned, the top facets of the 

nanowires are not in parallel with the interface between ZnO and silicon substrate. Thus, 

F-P cavity cannot be formed and the lasing signals should originate from the random 

scattering among the ZnO nanowire arrays. The non-homogeneity in the lasing 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.  

 



 

Figure 5.10. Angle dependent EL of the device. Top inset is the integrated spectra 
intensity as a function of angle. Bottom inset shows the schematic of measurement setup. 
θ is the angle between the sample surface and det

5.5 Summary 

 In summary, p-type nitrogen doped ZnO nanowires were 

without any metal catalyst on ZnO seed layer on silicon substrate. The p

was studied by the output characteristic and transfer characteristic of t

gated FET and PL. An acceptor activation

carrier concentration statistics. The formation of the p

and EBIC results. The lasing behaviors were studied by using both 

electrical pumping. Above the threshold pumping power/current, random lasing actions 
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Figure 5.10. Angle dependent EL of the device. Top inset is the integrated spectra 
intensity as a function of angle. Bottom inset shows the schematic of measurement setup. 
 is the angle between the sample surface and detector.  

 

 

 

type nitrogen doped ZnO nanowires were grown by using CVD 

without any metal catalyst on ZnO seed layer on silicon substrate. The p

the output characteristic and transfer characteristic of the nanowire back

An acceptor activation energy of ~200meV was obtained from PL and 

carrier concentration statistics. The formation of the p-n junction was confirmed by I

and EBIC results. The lasing behaviors were studied by using both optical pumping and 

electrical pumping. Above the threshold pumping power/current, random lasing actions 

 

Figure 5.10. Angle dependent EL of the device. Top inset is the integrated spectra 
intensity as a function of angle. Bottom inset shows the schematic of measurement setup. 

grown by using CVD 

without any metal catalyst on ZnO seed layer on silicon substrate. The p-type behavior 

he nanowire back-

of ~200meV was obtained from PL and 

n junction was confirmed by I-V 

optical pumping and 

electrical pumping. Above the threshold pumping power/current, random lasing actions 
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featuring a series of lasing peaks in the spectra were observed. The output power of the 

electrically pumped laser was measured to be 70 nW at a drive current of 70 mA. The 

angle dependant EL result shows that the emission has a broad angle distribution, 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 their various potential 

applications such as imaging, sensing and medical diagnostics [1-3]. ZnO nanowire is 

considered to be an excellent random lasing medium due to its large refractive index and 

exciton binding energy [4]. In addition to Fabry-Perot (F-P) laser [5,6], the electrically 

pumped ZnO nanowire random laser, which is critical for practical applications, has been 

demonstrated mainly based on p-n junctions [7] and metal insulator semiconductor 

structures [8-10]. Nevertheless, the threshold current of these electrically pumped lasers 

is still too high and needs to be decreased [11,12]. On the other hand, the output power of 

the electrically pumped nanowire random laser devices also needs to be increased. To 

achieve these goals, one way is to reduce the loss at the light reflection or scattering. 

Distributed Bragg reflector (DBR) structures, which are formed from multiple layers of 

alternating materials with different refractive index and have high reflectivity, can 

significantly reduce the threshold pumping density and enhance laser performance 

[13,14]. Here, we demonstrated low threshold DBR-assisted ZnO nanowire random laser 

device with a p-n homojunction. The output power is also significantly enhanced with the 

assistance of DBR. 
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6.2 Experiments 

 The devices structure consists of nitrogen doped p-type ZnO nanowires/ n-type 

ZnO thin film/ SiO2/SiNx DBR on Si (100) substrate. The 10-period 60.9 nm SiO2 / 48.7 

nm SiNx DBR structure was grown by plasma enhanced chemical vapor deposition 

(CVD). Both calculation and experiment results show that the DBR gives desirable 

optical quality and the reflectivity at 380-390 nm reaches 95%. Details can be found 

elsewhere [14]. After the DBR deposition, the substrate was immediately transferred to a 

molecular beam epitaxy (MBE) system, and a 500 nm undoped n-type ZnO seed layer 

was grown. To grow nitrogen doped p-type ZnO nanowires, 200 s.c.c.m argon diluted 

oxygen (0.5%) as reaction gas and 50 s.c.c.m argon diluted N2O (0.5 %) as dopant gas 

was introduced into a CVD furnace. A flow of 1000 s.c.c.m. nitrogen carrier gas was 

passed continuously through the furnace during the growth. Zinc (Zn) powder (99.999 % 

Sigma Aldrich) was placed in a silica bottle and served as source material. The substrate 

was positioned at the center of the silica tube, which was about 1 cm away at the 

downstream side from the Zn silica bottle. The growth temperature is 650	℃. A piece of 

silicon wafer was used to cover a portion of the substrate during the growth 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 (SEM) image of 

the ZnO seed layer. The film consists of compact columnar structures. Figure 6.1 (b) 
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shows x-ray diffraction (XRD) spectrum of the seed layer, indicating these columns 

grown preferentially growth along the c-direction of the ZnO wurtzite 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 images of the as-

grown nanowires. Tilted nanowires with different diameters from 100 nm to 600 nm are 

observed. The average length of the nanowires is about 9 µm, although the length of 

nanowires varies. The size nonuniformity of the nanowires should result from rough 

surface of the columnar ZnO seed layer on DBR structure.  

 

 

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

 

 Figure 6.3 shows x-ray photoelectron spectroscopy (XPS) result of nitrogen 

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], which confirms the 

doping of nitrogen and indicates possible origin of nitrogen related shallow acceptors 

[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 doped ZnO nanowires 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. 

 

 

Figure 6.4. Low-temperature PL (20K) for nitrogen doped ZnO nanowires. The inset is 
the Low-temperature PL (20K) for undoped ZnO seed layer on DBR. 
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 Figure 6.4 shows low-temperature photoluminescence (PL) spectrum of the 

nitrogen doped ZnO nanowires at 20 K . A He-Cd laser with an excitation wavelength of 

325 nm was used in this experiment. The acceptor bound exciton (AX), free electron to 

acceptor (FA) emission and donor-acceptor-pair (DAP) emission peaks are observed at 

3.359 eV, 3.305 eV and 3.232 eV, respectively. Comparing to the reported PL spectrum 

of nitrogen doped p-type ZnO nanowires [7], additional peaks are observed in the PL 

spectrum of this sample, which originate from the PL oscillations due to the DBR 

structure [16]. The similar additional peaks are also observed in the sample with only 

ZnO seed layer on DBR (Figure 6.4 inset). 

 The schematic of the device is shown in Figure 6.5. The ITO glass was clamped 

on the top end of the nanowires as the top electrode. Ti/Au (10 nm / 100 nm) was 

deposited on the undoped n-type ZnO thin film as the ground electrode using e-beam 

evaporation. During the Ti/Au metal evaporation, the nanowires were protected by an 

aluminum foil. Figure 6.6 shows current-voltage (I-V) characteristics of the ZnO p-n 

junction device with and without UV illumination. The UV illumination was carried out 

using an Oriel Xe arc lamp. I-V curve in dark exhibits rectifying behavior, which 

confirms the formation of nitrogen doped ZnO nanowire/ undoped ZnO thin film p-n 

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.  

 



 

Figure 6.5. Schematic of device structure.

 Photocurrent (PC) at different wavelengths was measured using a homebuilt 

system. An Oriel Xe arc lamp was used as the UV source. The light from the lamp passed 

through an Oriel 0.25 m monochromator and a specific wavelength light came out from 

its output port. The light was then cast on the device after chopping. The generated PC 

signal was collected by a lock

operated at 0V and different reversed biases. The peaks of the response current are at 

about 380 nm (3.26 eV), which corresponds to the band gap of ZnO. The PC is a result of 

the photocarriers generated by the absorption of light in the space

increases with the increase of the revise bias due to the enhancement of carri

from increased space-charge region.  These results further confirm the formation of the p

n junction. 
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Figure 6.5. Schematic of device structure. 

 

Photocurrent (PC) at different wavelengths was measured using a homebuilt 

system. An Oriel Xe arc lamp was used as the UV source. The light from the lamp passed 

through an Oriel 0.25 m monochromator and a specific wavelength light came out from 

port. The light was then cast on the device after chopping. The generated PC 

signal was collected by a lock-in amplifier. Figure 6.7 shows the PC spectra of the device 

operated at 0V and different reversed biases. The peaks of the response current are at 

about 380 nm (3.26 eV), which corresponds to the band gap of ZnO. The PC is a result of 

the photocarriers generated by the absorption of light in the space-charge region. The PC 

increases with the increase of the revise bias due to the enhancement of carri

charge region.  These results further confirm the formation of the p

 

Photocurrent (PC) at different wavelengths was measured using a homebuilt 

system. An Oriel Xe arc lamp was used as the UV source. The light from the lamp passed 

through an Oriel 0.25 m monochromator and a specific wavelength light came out from 

port. The light was then cast on the device after chopping. The generated PC 

shows the PC spectra of the device 

operated at 0V and different reversed biases. The peaks of the response current are at 

about 380 nm (3.26 eV), which corresponds to the band gap of ZnO. The PC is a result of 

charge region. The PC 

increases with the increase of the revise bias due to the enhancement of carrier generation 

charge region.  These results further confirm the formation of the p-



90 

 

 

Figure 6.6. I-V characteristics of the ZnO nanowire/ZnO thin film structure in dark and 
under UV light. The Ti/Au contact on thin film is grounded. 
 

 

 

Figure 6.7. Photocurrent spectra under zero and reverse biases. 
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 Figure 6.8 shows electroluminescence (EL) spectra of the device at different drive 

currents. At the drive current of 2 mA, only background noise is observed in the EL 

spectra. Weak EL emission shows up when the current is increases to 2.5 mA. The 

intensity of the spontaneous emission from around 370 nm to 410 nm increased at a 

higher current of 3 mA. At the same time several lasing peaks appear at 3 mA although 

they are relatively weak and broad. The lasing peaks become stronger and sharper with a 

linewith of ~1.5 nm at 3.5 mA drive current. More lasing peaks are observed at 4 mA. 

The spacing between the adjacent lasing peaks varies and the peak positions between 

different measurements are different. These results indicate that the lasing peaks in the 

EL spectra should be related to the random lasing instead of F-P lasing. As seen from the 

SEM images, the nanowires are slightly tilted, thus the DBR reflector and nanowires top 

facets are not parallel. Therefore the parallel reflectors for F-P laser do not exist in our 

device. The random lasing phenomena are related to random light scattering among the 

nanowires. 

 The output power of the device was measured using a Thorlabs PM100 Optical 

Power Meter and Figure 6.9 shows the result. The dash lines are the guide to the eye, 

showing the threshold current of ~ 3 mA. The integrated intensity of the EL spectra 

(Figure 6.9 inset) as a function of injection current also shows a threshold 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 lower than our previous 

device without DBR structure (40 mA threshold current and 70 nW output power at 70 

mA under the same measurement setup) with same device size. 
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Figure 6.8. Lasing characterization of the device by electrical pumping. EL spectra of the 
laser device operated at the drive current from 2 mA to 4 mA. 
 

 

Figure 6.9. The output power as a function of drive current of the laser device. The inset 
is the integrated intensity of the EL spectra versus drive current. Both measurements 
show the threshold at around 3 mA.  
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 For a random laser, different random cavities emit lasing signals in different 

directions due to random scattering. A detector placed at a certain angle to the sample can 

only collect lasing signals along the direction. In our measurement setup, the detector was 

placed at the normal direction to the sample surface. The enhanced signals should be 

related to the reflection from the DBR because the nanowires are slightly titled with 

respect to the normal of the substrate surface. In addition, the light initially emitted from 

the diode propagates all directions and a large portion is toward the substrate direction. In 

our previous device [7], the ideal reflectivity between ZnO and Si interface at around 380 

nm is only around 20 %, and most of the light penetrates into the silicon and is absorbed 

by the substrate. Since the reflectivity of the DBR structure in the present device reaches 

95 % at 380-390 nm, most of light will be reflected back to the ZnO nanowires/thin film 

structure, leading to more scattering among the nanowires. The threshold of a laser device 

is strongly related to the reflectivity and it can be reduced by increasing the reflective of 

the reflectors [17,18].  For both the devices with and without DBR, the reflectivity of the 

top ITO and ZnO interface are the same. The much lesser mirror loss 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 alternative layers made from SiO2 

and SiNx. The nitrogen doped nanowires were studied by XPS and low-temperature PL 

measurements. The p-n junction was confirmed by I-V and photocurrent characteristics. 
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The device showed strong random lasing emissions. The threshold current as low as 3 

mA was achieved and the output power was also increased to be around 220 nW owing to 

the high reflectivity of the DBR. 
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Chapter 7 

Summary 

 
1) ZnO is promising material for ultraviolet wide band gap nonvolatile memory devices 

and optoelectronic devices due to its outstanding properties. In this dissertation, based on 

the achievement of doped ZnO thin films and nanostructures, ZnO nonvolatile memories 

and random lasers are demonstrated and studied. 

2) A ZnO p-n-p structure using Sb doped ZnO as p-type layer and undoped ZnO as n-

type layer on c-plane sapphire substrate was demonstrated in Chapter 2. SIMS result 

showed good interface between Sb doped and undoped layers. The formation of p-n 

junction was proved by the good rectification I-V behavior between p-type layer and n-

type layer. A hole concentration �� = 5.95 × 10�
	����  was obtained from the fitting 

of the C-V curve by using small signal model, which cannot be done by Hall effect 

measurement. The nonvolatile memory effect of the p-n-p structure related to the charge 

storage in the n-layer of the p-n-p structure was also studied. The program and retention 

characteristics showed that ZnO p-n-p memory structure can achieve low operation 

voltage and long retention time, which suggests that the Sb doped p-type ZnO could be 

excellent material for future memory application. 

3) ZnO n-p-n memory structure based on nanorods and thin film was also demonstrated. 

To achieve the n-p-n structure, homojunction nanorods are grown using Na as p-type 

dopant. First, vertically aligned Na-doped nanorods were grown on a ZnO seed layer on 
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Si via CVD at 700 ℃ . The Na-doped nanorods were studied by the temperature-

dependent photoluminescence and activation energy of ~200 meV was estimated. The p-

type conductivity of the Na-doped nanorods was further confirmed by the output and 

transfer characteristics of the nanorod back-gated FET. Second, vertically aligned ZnO 

nanotips, nanotubes and nanorods were synthesized without catalytic assistance on the p-

type Na-doped ZnO nanorods. The different morphology originates from different Zn 

vapor concentration. The n-p-n memory structure based on the homojunction nanorod 

and undoped seed layer was fabricated. The programming and retention characteristics 

show good memory effect and in turn, confirm the formation of the p-n homojunction 

nanorods. The demonstration of nanorod based n-p-n memory is a critical step to study 

the scalability of this memory. Furthermore, these diverse vertically aligned 

nanostructures on p-type ZnO nanorods are promising for future nanoelectronics and 

optoelectronic applications.  

4) In chapter 4, current self-complianced and self-rectifying bipolar resistive switching 

was observed and studied in Ag-contacted, Na-doped ZnO nanowire resistive stwiching 

memory. SEM, HSR-AES and I-V characteristics show that the resistive switching was 

controlled by the formation and rupture of Ag nano-island chain on the surface of the 

nanowire. The self-compliance is induced by Na-doping and partial retraction of Ag from 

the nanoisland chain while the self-rectifying behavior is mainly originated from 

asymmetric contact between nanowire and Ag contact induced by Na-doping and Ag 

atom segregation and doping. The demonstration of current self-compliance and self 

rectifying in Na-doped nanowire resistive memory can significantly simplify the future 
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resistive swtiching random access memory circuitry because no separate selector device 

is necessary. 

5) A homojunction random laser device based on nitrogen doped p-type nanowires and 

undoped n-type thin film was studied. P-type nitrogen doped ZnO nanowires were grown 

by using CVD without any metal catalyst on ZnO seed layer on silicon substrate. The p-

type behavior was studied by the output characteristic and transfer characteristic of the 

nanowire back-gated FET and temperature dependent PL measurements. An acceptor 

activation energy of ~200meV was obtained from PL and carrier concentration statistics. 

The formation of the p-n junction was confirmed by I-V and EBIC results. The lasing 

behaviors were studied by using both optical pumping and electrical pumping methods. 

Above the threshold pumping power/current of 0.3 MW/cm2 / 40 mA, random lasing 

actions featuring a series of lasing peaks in the spectra were observed. The output power 

of the electrically pumped laser was measured to be 70 nW at a drive current of 70 mA. 

The angle dependant EL result showed that the emission has a broad angle distribution, 

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

6) The DBR structure was utilized to improve the performance of the homojunction 

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 alternative layers made from SiO2 

and SiNx on Si substrate. The nitrogen incorporated into the ZnO nanowires was 

confirmed by XPS spectrum and the p-type conductivity was studied by low-temperature 

PL measurement. The 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 random lasing 

emissions. The laser performance was improved owing to the DBR. The threshold current 

as low as 3 mA was achieved and the output power also was increased to be around 220 

nW. The improvement of the laser performance should be due the high reflectivity of the 

DBR. 
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