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Abstract 

 

Fabrication of Thin Films by Pulsed Laser Deposition for Clean Energy Applications 

 

by 

Xiaojun Zhang 

Doctor of Philosophy in Engineering-Mechanical Engineering 

University of California, Berkeley 

Professor Samuel S. Mao, Co-Chair 

Professor Xiang Zhang, Co-Chair 

 

Pulsed laser deposition (PLD) is a physical vapor deposition technique for thin film 
fabrication. Compared with other techniques, pulsed laser deposition technique has advantages 
such as stoichiometry, flexibility, versatility, lower deposition temperature, ability to grow 
metastable materials. Because of these advantages, pulsed laser deposition has been widely used 
in materials research. In this dissertation, pulsed laser deposition has been used to grow thin 
films for solid oxide fuel cell, light-emitting diode, and solar cell applications.  

 

Firstly, yttria-stabilized zirconia (YSZ) and cerium dioxide (CeO2) thin films are 
deposited in oxygen-deficient environments; their properties are compared to those deposited in 
oxygen-rich environments. Oxygen-deficient films are highly (001)-oriented, which corresponds 
to a surface that is expected to be forbidden based on Tasker’s theoretical calculation of 
stoichiometric ionic crystals. A model considering non-stoichiometry-induced surface relaxation 
and surface atomic density is proposed to explain the orientation phenomenon observed under 
oxygen-deficient deposition conditions. This model is consistent with previous experimental 
results for indium tin oxide (ITO), SnO2 and NiO thin films deposited under similar conditions. 
Detailed studies of the preferred orientation of these oxygen-deficient ionic crystals are of direct 
relevance to the fabrication of films for use in solid oxide fuel cells. 

 

Secondly, undoped, Cu-doped, Se-enriched, Cu2Se-doped, Ag-doped, Ag2Se-doped, and 
nitrogen-doped ZnSe films have been grown on fused quartz substrates by pulsed laser 
deposition. It is found that adding a small amount (~2 mol%) of Cu2Se can significantly improve 
crystallinity and (111) texturing of ZnSe films. While the other films are highly resistive, 



Cu2Se-doped ZnSe films are p-type conducting with hole concentrations of ~ cm-3 and 
resistivity of ~0.098 Ohm•cm (compared with previous reports of ~  cm-3 and 0.75 
Ohm•cm, respectively). The successful heavy p-type doping of ZnSe films is attributed to 
substitution of Zn atoms with Cu while limiting selenium-vacancy-associated compensating 
defects with additional selenium. Nitrogen doping has turned ZnSe films more favorable to 
wurtzite structures. Two newly observed Raman peaks at 555 cm-1 and 602 cm-1 are assigned to 
N local vibrational modes of hexagonal ZnSe structures. The nitrogen-doped ZnSe films are not 
conductive, which might be due to compensating defects arising from the presence of native 
defects or other impurities. This work is of importance to solve doping difficulties and contact 
problems of wide-bandgap semiconductors. 

19101.1 ×
18101×

 

Finally, batch growth of thin films by pulsed laser deposition has been tried. Using the 
natural temperature gradient, films with different deposition temperatures have been fabricated 
together. With change of deposition temperatures, ZnSe films are shown to have problems 
associated with crystalline defects, selenium loss, or phase separation. ZnSe films with improved 
crystallinity and no phase separation have been achieved using a 16 mol% Se enriched target. 
Multi-plume pulsed laser deposition has been proposed and discussed. With directionality of 
PLD plumes and non-uniformity of PLD films, this system is supposed to be more suitable for 
high-throughput compound thin film fabrication, which makes it very promising for efficient 
materials optimization and exploration. High-throughput fabrication of compound thin films has 
been successfully achieved using this system. 
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Chapter 1  
Introduction 

 

 

1.1 Pulsed Laser Deposition 
 

Pulsed laser deposition (PLD) is a thin film deposition technique that uses a high 
power pulsed laser beam to strike a target material, vaporize and deposit it as a thin film 
on a substrate. The first pulsed laser deposition experiment was carried out in the 1960s.  
[1] However it was not until its success in the growth of high temperature Y-Ba-Cu-O 
superconducting films that widespread attention was given. [2] Nowadays, because of 
significant development of laser technology, pulsed laser deposition has become one of 
the most versatile techniques for oxide film growth.  

 
Although the underlying mechanisms are very complex, the PLD setup and 

experiment are simple. As shown in Figure 1.1 [3], during the deposition, a pulsed laser 
beam (pulse duration: 10 to 50 ns) is focused onto the surface of the target material to be 
deposited. With proper energy fluence (1-5 J/cm2), each laser pulse vaporizes a small 
amount of the material. The ablated material is ejected from the target in a form of plume 
and deposited onto the substrate placed normally opposite to the target. The whole 
deposition process can be divided into four steps [4-7]: 

 
Figure 1.1 Schematic diagram of a pulsed-laser deposition system. [3] 

 
(1) Ablation of the target material and creation of a plasma. At this stage, the 

incident laser penetrates into surface of the target material. The penetration 
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depth, dependent on the laser wavelength and absorption coefficient of the 
target material, is about 10 nm for most materials. Free electrons excited by 
the laser light oscillate within the electromagnetic field and transfer their 
energy to the lattice. The material is then heated up and vaporized. 

 
(2) Dynamics of the plasma. The material expands in the plasma parallel to the 

normal vector of the target surface. The spatial distribution of the plume is 
dependent on the ambient gas inside the PLD chamber. The flux of the plume 
can be described by a cosn(θ) (where n can vary from 4 to 30) law with a 
shape similar to a Gaussian curve. The ambient gas interacts with the plume 
and slows down the highly energetic species. 

 
(3) Deposition of ablated species on the substrate. This stage is important to the 

quality of deposited film. Highly energetic species from the plume may 
bombard the substrate surface and sputter off atoms from the surface, which 
may cause defect formation in the film. The particles emitted from the target 
collide with the sputtered species from the substrate, which may form 
particles deposited onto the substrate. 

 
 
(4) Nucleation and film growth on the substrate surface. Depending on the 

substrate surface, substrate temperature, background gas, and the deposited 
material, the deposited species may nucleate in different growth modes and 
grow into a film.  

 
Pulsed laser deposition has many advantages [8,9]: 
 
(1) The energy source is separated with the vacuum chamber which, in contrast 

to techniques with vacuum-installed energy sources, can provide a much 
greater degree of flexibility and geometrical arrangements.  

 
(2) Pulsed laser deposition is versatile. The high power UV laser can ablate 

almost any condensed matter material.  
 

(3) Thickness of deposited films can be digitally controlled by controlling pulse 
number. The pulsed nature of PLD also means that film growth rates can be 
controlled by changing pulse laser frequency.  

 
(4) PLD targets can be much smaller than sputtering targets since the evaporated 

source material is localized only to the area defined by the laser focus. 
Therefore, it is very easy to make PLD targets using powder, which makes 
this technique very flexible in growing new materials. 

 
(5) Because of the high energy density, ablated materials are vaporized 

stoichiometrically, disregarding of the vapor pressure of the constituents. 
Therefore, the composition of PLD films is very close to that of the target. 
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Films can be deposited with expected compositions, even for chemically 
complex systems. By making different target materials with relatively easy 
processes such as pressing or annealing of the mixed powders, pulsed laser 
deposition can be used efficiently to explore functional properties of metal 
oxide materials or other multi-component materials. 

 
(6) Kinetic energies of the ablated species can promote surface mobility. 

Therefore deposition temperature can be lower than other techniques. 
 

(7) Deposited species with electronic states far from chemical equilibrium state 
opens up the potential to fabricate novel or metastable materials that would 
be unattainable in other techniques.  

 
(8) With a multi-target holder, it is easy and fast to grow multi-layer structures 

by switching the targets. 
 

PLD also has some technical and fundamental drawbacks [8,9]:  
 
(1) Because of melting and ejection of target surface material, particles with 

diameters ranging from 0.1 to 10 µm usually are present in PLD films. To 
reduce particle formation, dense targets with smooth surface should be used. 
It is also necessary to rotate targets during deposition. A rotating-vane 
“velocity filter” can also be used to intercept the massive and relatively slow 
particles while transmitting high-velocity atoms and ions.  

 
(2) The bombardment by deposited species with high kinetic energy can cause 

crystallographic defects in the film. Using ambient gas can to some extent 
solve this problem. 

 
(3) The PLD plume is highly directional with a flux of the plume that can be 

described by a cosn(θ) (where n can vary from 4 to 30) law. The 
inhomogeneous flux and angular energy distributions within the ablation 
plume can cause non-uniformity of film thickness. In order to solve this 
problem, substrate rotation during deposition can be used. In addition, laser 
beam rastering over a large PLD target can produce uniform and large area 
films. However, this adds complexity to the process and needs more 
requirements to the deposition system. 

 
(4) Ablated species can contaminate the laser window. The contamination can 

decrease the transmittance of the laser beam and affect the deposition rate 
greatly during deposition. A long tube and a lens with a longer focus length 
can be used to move quartz laser window away from the target. Ambient gas 
can also be used to reduce the contamination.  

 

 3



With these disadvantages, pulsed laser deposition is therefore not common in 
industry. However, it has been widely used in research laboratories to explore new 
properties or new materials, especially complex compounds. 

 
In this dissertation, pulsed laser deposition has been used to grow oxide thin films for 

solid oxide fuel cell (SOFC) applications, semiconductor films for light-emitting diode 
(LED) and solar cell applications. 
 
1.2 Fabrication of Yttria-stabilized Zirconia (YSZ) and CeO2 Thin Films for Solid 

Oxide Fuel Cell Applications 
 

Solid oxide fuel cell (SOFC) is an electrochemical conversion device that generates 
electricity directly from oxidizing a fuel. As shown in Figure 1.2, it has three major parts: 
anode, cathode, and electrolyte. For electrolyte applications, the oxide film needs to have 
high oxygen ionic conductivity and low electronic conductivity.  

 

 

Figure 1.2 Schematic of a solid oxide fuel cell structure. 

 
Yttria-stabilized zirconia and CeO2 both have fluorite structures as shown in Figure 

1.3. [3] Examples of oxide fluorite materials include insulators CeO2, PrO2, and HfO2. 
High-temperature or yttria-stabilized ZrO2 cubic phase is also fluorite. The basic fluorite 
structure can be described as a face-centered-cubic packing of cations, in which all 
tetrahedral sites are occupied by anions. The unit cell is composed of eight tetrahedra, 
with cations at the corners and an anion in the center for each tetrahedron. For an ideal 
fluorite structure with closest packed cations and all anions contacting cations, the radius 
ratio of cation to anion must be 4.38. A smaller cation to anion radius ratio would leave 
cations apart such that they would not be closest packed to each other. Although an ideal 
fluorite structure has a very high atomic density, cation to anion radius ratios are smaller 
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than 4.38 for all of the known fluorite materials, forcing the closest packed atoms apart 
and dramatically decreasing the density. [10] 

 
 

 

Figure 1.3 Schematic of a fluorite structure unit cell (Black balls represent metal cations, 
and grey balls represent oxide anions). [3] 

 
 

 Room-temperature ZrO2 is monoclinic in crystal structure. Yttria is added to stabilize 
the cubic fluorite structure. Replacing the tetravalent Zr4+ ions with trivalent Y3+ ions can 
also create oxygen vacancies. Those created oxygen vacancies can promote oxygen ion 
diffusion and enhance the oxygen ion conductivity. Similarly trivalent Ga, Sm and La 
metal oxides have been widely used to increase oxygen ion conductivity of CeO2.  
[11,12] 
  
 It can be seen from Figure 1.3 that for each oxygen ion, nearest oxygen ions are long 
<100> directions. <100> directions are therefore supposed to have a largest oxygen ion 
conductivity because of the shortest diffusion length. Due to lattice match, YSZ has been 
grown epitaxially on single crystal silicon substrates [13] or (1102) sapphire substrates.  
[14] Ion beam assisted deposition was also used to achieve film texture. [15,16] Epitaxial 
CeO2 films have been successfully grown on silicon, sapphire, and LaAlO3 substrates.  
[17-19] Both (001)- and (111)-oriented CeO2 thin films have been grown on amorphous 
fused silica substrates by ion-beam assisted pulsed laser ablation, using 200 eV Ar+ ions 
incident at 55° to the substrate normal. [20] However, in solid oxide fuel cell electrolyte 
application, YSZ and CeO2 films are fabricated on porous anodes where epitaxial 
techniques obviously can not be used. Therefore it is of great importance to find a simple 
technique to grow highly (100)-oriented YSZ or CeO2 films. 
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1.3 P-type Doping of ZnSe Films 

 
Zinc selenide (ZnSe) is a semiconductor with a direct bandgap of about 2.7 eV at 

room temperature. It is suitable for optical applications using blue or green light, 
including semiconductor lasers and light-emitting diodes. Extremely high electron 
concentration was obtained with Cl by molecular beam epitaxy (MBE), where n above 
l020/cm3 was obtained with selective doping [21], and above 1019/cm3, with non-selective 
doping. [21] With C1 doping, n above 1019/cm3 was also obtained by other researchers, 
some by MBE [22], others with Hot-Wall Epitaxy. [23] However, like other 
wide-band-gap semiconductors that typically can not be doped both type, ZnSe is not 
easy to be doped p-type. Extensive studies have been focused on p-type doping of ZnSe 
thin films in order to make the devices. Dopants such as As, P, Na, K, Li, Li3N, and N 
have been tried for p-type ZnSe doping. Here recent doping efforts are reviewed in terms 
of dopants. 
 
1.3.1 Phosphorous and Arsenic Doping 

 
Stutius et al. have grown Phosphorous-doped ZnSe thin films on (100) GaAs 

substrates by metalorganic chemical vapor deposition (MOCVD). [24] Edge emission 
was not observed, and deep emission at 1.97 eV was dominant. Similarly Park et al. have 
tried phosphorous implantation to dope ZnSe. A peak at wavelength of 630 nm 
(corresponding to 1.97 eV) was dominant in the electroluminescence spectra. However, 
after the implantation, a p-type layer with low-resistivity was formed. They proposed that 
shallow acceptor level was formed due to Phosphorous-associated complexes. Yao et al. 
confirmed the coexistence of shallow acceptor and deep acceptor levels occurred in ZnSe 
using Zn3P2 as the source in MBE. [25] Low-temperature PL spectra were carefully 
studied. It was found that Phosphorous formed a shallow acceptor with an activation 
energy of 80-92 meV for light Phosphorous doping, and a deep acceptor with an 
activation energy for heavy doping. Figure 1.4 shows a typical low temperature PL 
spectrum of Phosphorous-doped ZnSe grown using Zn3P2 as the source. 

 
Arsenic is known to be an effective p-type dopant in for ZnTe and CdTe II-VI 

semiconductors. [26-28] However, there are very few reports on p-type As-doping ZnSe. 
Similar to phosphorous doping, strong deep-level photoluminescence (PL) peaks were 
observed in As-doped ZnSe bulk materials, and thin films grown by MOCVD and MBE.  
[29-32]  

 
Theoretical calculations have been performed to explain the behaviors of ZnSe 

doping. Chadi and Chang proposed the following model [33]: for dopants such as As and 
Phosphorous, there are two acceptor states, a metastable effective-mass-like state with a 
small lattice relaxation, and a deep state with a large relaxation where As has relaxed off 
the substitutional site and As-Zn bond has been broken. Chadi explained that the 
mechanism was similar to the DX center in AlGaAs alloys as shown in Figure 1.5. [34] 
The measured high resistivity of As-doped and Phosphorous-doped ZnSe was due to the 
DX center. The energy of the deep state was low enough for the relaxation to occur 
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spontaneously, and the semiconductor was spontaneously “self-compensated”. However, 
Kwak et al. also calculated the relaxation using first-principles with a larger supercell.  
[35] A much smaller relaxation was reported. Kwak et al. attributed the failure of 
effective p-type doping to the occurrence of PZn antisite defects, which compensated the 
semiconductor as donors. They also proposed that the deep acceptor level observed 
previously resulted from the Phosphorous interstitials. The exact reason is still unclear 
because of limited characterization. 

 

 

Figure 1.4 Low temperature PL spectrum of P-doped ZnSe grown at 400 °C. [25] 

 
1.3.2 Li, Na, K Doping 

 
Column-I dopants such as Li, Na, and K have been considered to be acceptors in 

ZnSe. In 1987, Cheng et al. successfully grew Li-doped p-type ZnSe thin films by MBE.  
[36] Haase et al. then achieved p-type ZnSe with much lower resistivities by dramatically 
increasing the Se pressure with a Se to Zn pressure ratio of 8 instead of 2 in Cheng’s 
experiment. [37] Net acceptor concentrations as high as 8×1016 cm-3 and resistivities as 
low as 2.9 Ωcm were achieved. Low-temperature PL spectra showed dominant 
acceptor-bound exciton emission around 2.78 eV. Deep level emission, with a broad peak 
at 2.19 eV, was 1000 times less than the ABE peak in intensity. However, as a small 
atom, lithium diffused interstitially in ZnSe. Figure 1.6 shows the measured SIMS depth 
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profile of Li concentration in the doped sample grown by Haase et al. It is seen that Li 
diffused into a uniform distribution throughout the layer. In the PL spectra, as the Li 
concentration increased, donor-acceptor-pairs (DAP) peaks increased obviously as a 
result of self-compensation, as shown in Figure 1.7.  
 

 
          (a)                                               (b) 
Figure 1.5 The normal substitutional state of a Ga donor impurity in ZnTe. (b) The 
localized deep donor DX state, in which the Ga atom has undergone a large displacement.  
[34] 

 
 

 
 
Figure 1.6 SIMS depth profile of the Li concentration after diffusion. The dashed line 
illustrates the Li profile that would be expected in case of no diffusion. [37] 
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Figure 1.7 Low temperature photoluminescence spectra from samples with different Li 
concentrations. [37] 

 
 
Electronically Na and K behave similarly to Li. However, their larger ion size makes 

them stay uncomfortably on the Zn site. The larger formation energy of the substitution 
was attributed to this size mismatch by Laks et al.. [38] In addition, solubility limit is also 
an issue. Experimental doping therefore was not successful. [39] 
 
1.3.3 Nitrogen Doping 
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Figure 1.8 Schematic diagram of MOMBE setup. [42] 
 

 
Nitrogen has produced the most effective p-type doping in ZnSe. In 1985, Park et al. 

tried background gas of N2 or NH3 during MBE growth. [40] However, only a small 
concentration of nitrogen was incorporated as convinced by the dominance of 
free-exciton emission over acceptor-bound exciton emission in the low-temperature PL 
spectra. Mitsuyu et al. enhanced incorporation of nitrogen by employing ionized N, N2 
and NH3 gas beams. [41] However, the lowest resistivity achieved was still very high (~ 
104 Ω•cm). Taike et al. used NH3 as the source of nitrogen impurity in metalorganic 
molecular beam epitaxy growth (so called “MOMBE”) [42], shown in Figure 1.8. The 
authors claimed that their MOMBE setup was better than the conventional MOCVD for 
ZnSe film growth since MOMBE could grow high-quality ZnSe films under Zn-rich 
conditions, thus nitrogen could be easily incorporated. A hole concentration as high as 
5×1017 cm-3 and resistivity as low as 0.57Ω•cm were obtained. In 1990, Park et al. firstly 
used a specially designed free-radical source (FRS) instead of a conventional effusion 
source in MBE. [43] A high-frequency (13.5 MHz) discharge under conditions of 
molecular flow provided a flux of atomic nitrogen together with a nondissociated N2. By 
adjusting the power of plasma discharge, the atomic nitrogen level was controlled. After 
optimizing growth conditions in their work later, a net acceptor concentration as high as 
1×1018 cm-3 was achieved. [44] Sooner after, light-emitting diode and laser diode were 
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obtained using this technique. [43,45,46] Figure 1.9 shows the cross sectional view of a 
blue-green laser diode reported. [46] An investigation of nitrogen in ZnSe was reported 
by Walle et al. [47] Nitrgen on a substitutional site (NSe) was found to act as a shallow 
acceptor since the surrounding Zn atoms around NSe

- undergo a significant inward 
relaxation. Chadi et al. proposed that even if symmetry-lowering relaxation might occur, 
they would not interfere with the shallow acceptor level. [33] 

 

 
Figure 1.9 Cross-sectional view of a typical blue-green laser diode. [46] 

 
 
However, just like As and Phorsphous, nitrogen atoms may go to interstitial sites, 

especially for high doping of nitrogen. [44] A large number of defects has been found to 
be an issue that can cause degradation. [48] These problems still remain unresolved. 
 
1.3.4 Other doping techniques 

 
Li3N doping of ZnSe was carried out by Yasuda et al. in 1987 with MOCVD growth 

of ZnSe films. [49] Recently Schulz et al. achieved stable acceptor complex with Li3N 
indifussion after ZnSe deposition by MBE. [50] However, for both cases, Li diffusion is 
still a problem as can be expected. Oxygen is an isovalent impurity if it stays in a 
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substitutional Se lattice site. Its high electronegativity can cause larger charge transfer 
from the host lattice to O lattice. This can induce holes within the lattice. However the 
hole concentration induced was so far too low (around 1.2×1016 cm-3). [51,52] 
 
1.4 High-throughput Combinatorial Synthesis 
  

To grow thin films using pulsed laser deposition is found to be time-consuming. It 
usually takes about one day to grow one sample considering pump down, deposition, and 
cooling down time. It is therefore desirable to grow thin films in a high-throughput way. 

 
In 1995, Xiang et al. developed a method that combined thin film deposition and 

masking techniques for parallel synthesis of spatially addressable libraries of thin film 
materials. Arrays containing different combinations, stoichiometries, and thickness were 
generated with a series of binary masks as shown in Figure 1.10. [53] Later they revised 
the mask design to maximize efficiency of library fabrication. A quaternary masking 
scheme was developed, which used a series of n masks to subdivide the substrate into a 
series of self-similar patterns of quadrants, as shown in Figure 1.11. [54] Each mask was 
used up to four sequential depositions and each time the mask was rotated by 90 degrees. 
This process can produce 4n different compositions with only 4n deposition steps and n 
masks. Therefore, by using the physical shadowing effect of masks, a library of thin films 
with different compositions or thickness can be fabricated together, which can save much 
time for loading of samples and pumping down and save the total deposition time as well 
since the same layer in thin films in this way can be deposited together. The optimization 
of experimental factors can be greatly accelerated. 

 

 
 
Figure 1.10 Binary masks used for combinatorial synthesis. [53] 
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Figure 1.11 Masks for generating a library of materials (Ai, Bi, Ci, Di, and Ei represent the 
five different masks). [54] 
 
 
1.5 Scope of Dissertation 
  

In chapter 2, the deposition yttria-stabilized zirconia (YSZ) and cerium dioxide 
(CeO2) thin films at different oxygen pressures is described. Highly (001)-oriented films, 
which have surfaces that are expected to be forbidden based on Tasker’s theoretical 
calculation of stoichiometric ionic crystals, are obtained. A model considering 
non-stoichiometry-induced surface relaxation and surface atomic density is proposed to 
explain the orientation phenomenon observed under oxygen-deficient deposition 
conditions. The results are compared to previous experimental results of oxide films 
deposited under similar conditions. Detailed studies of the preferred orientation of these 
oxygen-deficient ionic crystals are promising for fabrication of highly oriented films in 
solid oxide fuel cells electrolyte applications. 
  

In chapter 3, undoped, Cu-doped, Se-enriched, Cu2Se-doped, Ag-doped, 
Ag2Se-doped, and nitrogen-doped ZnSe films have been grown on fused quartz substrates 
by pulsed laser deposition (PLD). Successful heavy p-type doping has been achieved, 

 13



which is promising for electrode applications of ZnSe-based devices such as 
light-emitting diodes. The successful heavy p-type doping of ZnSe films is attributed to 
substitution of Zn atoms with Cu while limiting selenium-vacancy-associated 
compensating defects with additional selenium. Nitrogen doping has made ZnSe films 
more favorable to wurtzite structures. Two newly observed Raman peaks are assigned to 
N local vibrational modes of hexagonal ZnSe structures. The high resistivity of 
nitrogen-doped ZnSe films is observed and discussed. This work is of importance to 
solve doping difficulties and contact problems of wide-bandgap semiconductors. 
  

In chapter 4, batch growth of thin films by pulsed laser deposition has been tried. 
Using the natural temperature gradient, films with different deposition temperatures have 
been fabricated together and characterized. The growth of ZnSe films with change of 
deposition temperatures is analyzed. Multi-plume pulsed laser deposition has been 
proposed and compared with previous techniques in detail. With directionality of PLD 
plumes and non-uniformity of PLD films, this system has many advantages and is very 
promising for efficient materials optimization and exploration. 
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Chapter 2  
Growth of Oxide Films for Solid Oxide 
Fuel Cell Applications 

 
 

 
2.1 Introduction 
 

Solid oxide fuel cells (SOFCs) are clean power-generation devices that convert 
chemical energy directly into electricity while producing little noise and pollution. [1] 
Yttria-stabilized zirconia (YSZ) and cerium oxide (CeO2) have attracted great interest for 
SOFC electrolyte applications owing to its high oxygen ion conductivity and low electron 
conductivity. Important to SOFC performance, the mechanical, electrical, and 
electrochemical properties of YSZ films depend on their crystal orientation, and prior 
research has achieved epitaxial or textured YSZ film growth. [2-6] For instance, Norton 
and Yamada et al. used (001) silicon single crystal substrates and rolling-assisted 
biaxially textured substrates to grow the c-axis oriented cubic YSZ films. [3,6] Iijima and 
Sonnenberg et al. obtained biaxially aligned YSZ films with (220), (111) or (001) 
orientation normal to the substrate by ion-beam-assisted deposition. [2,5]  

 
However, for current techniques, the most widely used anodes are porous materials 

such as Ni-YSZ cermets [7], Cu-based YSZ cermets [8], and samaria-doped ceria-NiO 
powders. [9] These porous anodes cannot be used for epitaxial growth of YSZ and CeO2 
electrolytes. Ion-beam-assisted deposition has the disadvantages of possible incorporation 
of bombarding gas, complex processing, low film growth rate, and excessive residual 
compressive film stress, etc. Therefore, it is of great interest to find an easy and effective 
method to achieve highly oriented YSZ thin films as SOFC electrolytes. 

 
In 1979, Tasker investigated the stability of stoichiometric ionic crystal surfaces in 

terms of electrostatic energy. [10] This study classified ionic crystal surfaces into three 
types, whereby Type 3, which describes the physical scenario where the dipole moment 
is perpendicular to the surface, should be forbidden. While stoichiometric oxide films 
have been studied extensively, there are very few reports on the growth of these ionic 
materials under oxygen-deficient deposition conditions. 

 
In this work, YSZ and CeO2 thin films were prepared on stainless steel, glass, and 

fused quartz substrates by pulsed laser deposition method in oxygen-deficient 
environments and their structural properties are compared to those of films grown in 
oxygen-rich environments. It is found that the orientation of YSZ films is sensitive to the 
oxygen pressure during deposition. Highly oriented thin films, whose surfaces are 
categorized as forbidden in terms of Tasker’s analysis, have been obtained. These results 
are compared to previous reports on ITO, SnO2, and NiO thin films grown under similar 
conditions. 
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2.2 Experimental Details 

 
A Lambda Physik (LPX 210i) pulsed excimer laser with a wavelength of 248 nm 

was used as the excitation source for the ablation of YSZ (with 5wt% Y2O3) and CeO2 
pellets (cold-pressed from 99.99% purity powders). [11] The laser beam, oriented at an 
incidence angle of 45° to the target normal, was focused onto the YSZ or CeO2 target in a 
vacuum chamber with a fluence of 2.4 J/cm2 and at a pulse frequency of 10 Hz. 
Substrates were mounted on a resistively heated block facing the target and at a distance 
of 4.5 cm. Stainless steel, glass and fused quartz substrates were cleaned consecutively in 
an ultrasonic bath of acetone, methanol and deionized water for 15 minutes. Before 
deposition, the chamber was pumped overnight to a base pressure of ~ Torr, and 
during deposition oxygen or nitrogen gas flowed into the chamber through a mass flow 
controller to establish various background pressures as discussed in the text. YSZ were 
deposited at 60 °C, 300 °C, and 600 °C. CeO2 thin films were deposited at room 
temperature. Crystal structures and morphology of the films were analyzed by X-ray 
diffraction (XRD) using Cu Kα radiation and scanning electron microscopy (SEM).  

6102 −×

 
2.3 Results and Discussions 

 
Figure 2.1 shows the XRD patterns of YSZ films grown on stainless steel substrates 

at 60 °C and different oxygen pressures (0.1 mTorr, 1 mTorr, 10 mTorr, 100 mTorr, 500 
mTorr and 1000 mTorr) after 15000 deposition pulses. The base pressure was 

Torr. The peaks are analyzed and tetragonal, monoclinic and amorphous YSZ 
phases are observed. In this analysis, for simplicity, all the indices of YSZ and CeO2 are 
labeled using cubic notation. As seen from the figure, the growth of YSZ films is 
critically dependent on the oxygen pressure during the deposition. At the oxygen pressure 
of 10 mTorr and below, the YSZ films crystallize very well and only the tetragonal YSZ 
phase is observed. Note that for films deposited at 1 mTorr and 10 mTorr, the (002) peaks 
are very sharp and strong. The full widths at half maximum (FWHM) of (002) peaks are 
about 0.4°. As the oxygen pressure increases, the YSZ films become amorphous. The 
critical pressure above which amorphous phase occurs is about 100 mTorr. The 
occurrence of the amorphous phase at high oxygen pressure may be explained by poor 
crystallization because of reduced energy of the deposited species. The oxygen gas 
molecules tend to impede the expansion of the laser-produced vapor plume. This 
interaction acts to decrease the plume energy, thus reducing the average energy of the 
ions deposited onto the substrate. This explanation is consistent with the results of films 
deposited at 300 °C and 600 °C, as shown in Figures 2.2 and 2.3. As the substrate 
temperature increases, amorphous phase formation occurs at higher oxygen pressures, 
since higher temperature offers higher energy for crystallization. At 300 °C, the critical 
pressure becomes 500 mTorr while at 600 °C no obvious amorphous phase is observed 
below 1000 mTorr. 

6102 −×
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Figure 2.1 XRD patterns of YSZ films deposited at 60 °C and different oxygen pressures 
on stainless steel substrates. (In all the XRD patterns, squares, circles and crosses are 
used representing peaks of the tetragonal YSZ, monoclinic YSZ and the stainless steel 
substrate, respectively.) 

 
 
From the three XRD figures at different temperatures, it is seen that (001) orientation 

predominantly occurs in low oxygen pressure regions. Except for the 60 °C depositions, 
in which the amorphous phase occurs at pressures higher than 100 mTorr, (111) peaks 
become dominant as the oxygen pressure increases to intermediate pressures. At 300 °C, 
100 mTorr and 600 °C, 500 mTorr, YSZ films become mainly (111)-oriented.  

 
A similar transition in film preferred orientation from (001) to (111) is observed for 

CeO2 thin films when deposited at higher oxygen pressures. Figure 2.4 shows XRD 
patterns of CeO2 films deposited on stainless steel substrates at room temperature. Highly 
(001)-oriented CeO2 films were obtained in vacuum conditions (base pressure: 

Torr), as shown in Figure 2.4(a). As oxygen pressure is increased to 8 mTorr, the 
(002) peak becomes much weaker while the (111) peak increases in intensity. This 

6102 −×
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reveals a transition of texture from (001) to (111) when ambient oxygen pressures are 
increased. 
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Figure 2.2 XRD patterns of YSZ films deposited at 300 °C and different oxygen 
pressures on stainless steel substrates. 

 
 
Collision with ambient gas molecules is known to decrease the kinetic energy of 

deposited species (ions, atoms, and radicals). The attenuation of species’ energy could 
potentially influence the observed film texture of samples in this study. In order to 
address this concern, CeO2 thin films were deposited in nitrogen under identical 
conditions. As shown in Figure 2.4(c), CeO2 films deposited at 8 mTorr N2 possess very 
similar relative peak intensities to those deposited in vacuum. Similar film orientations 
have been obtained for films deposited in argon ambient gas (data not shown). This 
suggests that the change of texture is not due to the kinetic energy of deposition species, 
but results from the oxygen content in the deposition chamber instead.  

 
Knowing that substrates can affect film texture, films were also deposited onto glass 

and fused quartz substrate to determine the influence of substrates on film orientation. 
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Figure 2.5 shows the XRD pattern of a YSZ thin film deposited on glass at 1 mTorr 
oxygen pressure. This pattern indicates very similar orientation as those films deposited 
on stainless steel substrates under the same conditions. It is observed experimentally that 
as film thickness increases (to more than ~500 nm), the film texture is not dependent on 
the nature of the substrate.  
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Figure 2.3 XRD patterns of YSZ films deposited at 600 °C and different oxygen 
pressures on stainless steel substrates. 

 
 
It has been reported previously that strain can influence film orientation.[12-14] 

However, since in this study CeO2 films were grown at room temperature, strain effects 
caused by the differing thermal expansion coefficients of films and substrates should be 
very small. Both compressive and tensile stresses should exist in YSZ films since 
substrates with thermal expansion coefficients either larger or smaller than that of the 
film have been used (thermal expansion coefficients: CeO2: ~9.5 10-6 K-1; YSZ: 
~8.6 10-6 K-1; stainless steel: ~17.3

×
× × 10-6 K-1; fused quartz: ~0.59 10-6 K-1). As 

described previously, no dependence of film orientation on substrate selection was 
×
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observed. Therefore, it is suggested to be unlikely that film orientations as presented 
above are influenced by strain. 
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Figure 2.4 XRD patterns of CeO2 thin films deposited on stainless steel substrates (a) in 
vacuum, (b) at 8 mTorr O2, and (c) at 8 mTorr N2. 

 
 
As is well-known, the texture of films can be thermodynamically or kinetically 

driven. Here we attribute the highly (001) orientation to be determined by the surface 
energy. Note that in the (111) planes of fluorite structures both anions and cations are 
arranged hexagonally. If the film surface develops with this atomic arrangement, the 
material has the greatest bonds in the surface plane and least dangling bonds out of plane. 
The formation of this surface minimizes surface free energy and therefore typically 
represents the thermodynamically favorable atomic configuration. Figure 2.6 shows side 
views of (111) and (001) planes. Normal to the growth direction of [111] or [001], (111) 
and (001) planes are stacked with charged atomic planes of anions or cations. According 
to Tasker’s calculation[10], the stacking sequence of (111) planes with a terminating 
anion plane is Type 2, which has no dipole perpendicular to the surface. However, for 
(001) planes, the stacking sequence is Type 3, with alternating positively and negatively 
charged atomic planes, which results in dipoles normal to the surface. This surface is 
expected to be forbidden as a result of its infinite surface energy. Therefore, considering 
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the density of dangling bonds and corresponding stacking sequence, the (111) orientation 
is more likely to occur while the (001) orientation should be forbidden. 
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Figure 2.5 XRD pattern of a YSZ film deposited at 60 °C and 1 mTorr oxygen pressure 
on glass. 

 
 

 
 
Figure 2.6 Schematic of side views of (a) (111) planes without dipole perpendicular to 
the surface (b) (001) planes with dipole perpendicular to the surface. Oxygen ions are in 
yellow. 

 
 
However, in this report thin films with fluorite structure are experimentally observed 

to possess the (001) orientation. Note that the discussion above has assumed that the 
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surface is stoichiometric and contains no relaxation or reconstruction. However, surface 
reconstruction and relaxation may play an important role in affecting the surface energy 
and thus determining the film texture. It is proposed below that the occurrence of (001) 
texture is due to oxygen-vacancy-induced surface reconstruction and relaxation.  

 
Herman and Norenberg et. al. have proposed several models of (001) surface 

reconstructions.[15,16] However, all of these models are based on the assumption that 
there is a significant amount of oxygen vacancies on the surface. As an example, if the 
surface oxygen concentration is reduced by 50%, the (001) stacking sequence can be 

regarded as 
2
1  ML of oxygen―1 ML of cerium―

2
1  ML of oxygen…, in which case 

there will be no dipole moments along the growth direction. Therefore, films grown 
under oxygen-deficient conditions can promote these oxygen-vacancy-induced surface 
reconstructions, reduce the surface energy, and make the (001) orientation more 
energetically favorable. 

 
 

 
 
Figure 2.7 Schematic of top-down views of (a) (111) planes with an oxygen anion on the 
top surface, and (b) (001) planes with oxygen anions on the top. Yellow circles represent 
oxygen anions. 

 
 
Oxygen-vacancy-induced surface relaxation also plays an important role. Figure 2.7 

shows top-view schematics of (111) and (001) surfaces with oxygen planes as 
terminating planes. In a stoichiometric crystal, the oxygen ion in the (111) plane is 
expected to remain in a position where it attracts the three adjacent cations. Similarly, in 
the (001) plane, the oxygen ion is expected to attract the two adjacent cations in the unit 
cell. However, when films are deposited under oxygen-deficient conditions, an oxygen 
vacancy may be present in place of the oxygen anion. Without the attracting oxygen 
anion, the three aforementioned cations in the (111) plane will repel each other. A simple 
calculation indicates that the number density of cations in (111) is larger than that in 
(001), indicating that cations in (001) might be easier to move and relax. As surface 
relaxation can release electrostatic energy and result in a decrease in surface energy, it is 
therefore energetically favorable for the (001) orientation to occur at low oxygen 
deposition pressures. This conclusion of stronger relaxation on (001) surface is consistent 
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with previous molecular dynamics simulations, density functional theory (DFT) 
calculations, and first principle calculations.[17-19]  

 
 

 
(a)                         (b) 

 
(c)                         (d) 

 
(e) 

Figure 2.8 SEM images of YSZ thin films grown at 300 °C and at an oxygen ambient 
pressure of (a) 0.1 mTorr, (b) 1 mTorr, (c) 10 mTorr, (d) 100 mTorr and (e) 1000 mTorr. 

 
 
It is interesting to note that there are several accounts of oxygen-deficient films 

exhibiting forbidden Type 3 surfaces, which posses lower atomic number densities in 
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their exposed surfaces. This includes oxygen-deficient ITO, SnO2, and NiO.[20-23] 
Thilakan et al.. reported that oxygen deficient ITO thin films grown by reactive thermal 
deposition were highly (004)-textured, while (222) texture was preferred at higher 
oxygen pressures.[23] SnO2 has shown a significantly preferred (001) orientation when 
deposited in oxygen-deficient environments.[21] When grown by radio-frequency 
magnetron sputtering, NiO films have been reported to prefer (111) orientation when 
deposited with a limited oxygen supply, and (002) orientation with increased oxygen 
supply.[20] In each of these ionic crystals the forbidden surface planes [(004) plane of 
ITO, (001) plane of SnO2 and (111) plane of NiO], Type 3 in terms of stacking sequence, 
are observed when films are deposited in oxygen-deficient environments. Note that all 
the forbidden planes in these studies are those with atomic densities lower than the planes 
that have lowest surface energy in stoichiometric crystals [(222) plane of ITO, (110) 
plane of SnO2 and (100) plane of NiO]. It is suggested that when these films are 
deposited in oxygen deficient environments, surface relaxation may play an important 
role in determining the thermodynamically favorable film texture. In these 
oxygen-deficient films, the orientation may be determined by planes whose low atomic 
densities facilitate enhanced surface relaxation, which results in a decreased surface 
energy.  
  

Surface morphology of YSZ thin films was analyzed by scanning electron 
microscopy (SEM) as shown in Figures 2.8 (a)-(e). For films grown at an oxygen ambient 
pressure of 100 mTorr or below, films are dense. However, films grown at 1000 mTorr as 
shown in Figure 2.8(e) are porous.  

 
Some of the films grown on glass were examined by optical transmission 

spectroscopy; the results will be reported elsewhere. However, we note here that 
broadband optical absorption in the visible spectrum is found, an absorption that is larger 
in samples prepared at lower oxygen pressures. This behavior supports our expectation 
that films grown at lower oxygen pressures indeed are more oxygen deficient, which is 
due to an process of oxygen uptake from the chamber gas.  

 
2.4 Summary 

 
In summary, the fabrication of highly oriented YSZ and CeO2 thin films with (002) 

surfaces, which should be forbidden because of nonzero surface dipole in stoichiometric 
fluorite ionic crystals, has been presented. Oxygen-vacancy-induced surface 
reconstruction and relaxation are proposed. This analysis is consistent with previous 
experimental results of ITO, SnO2 and NiO thin films grown under similar 
oxygen-deficient conditions. 
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Chapter 3  
Heavy P-type Doping of ZnSe Films for 
Light-Emitting Diode Electrode 
Applications 

 

 

3.1 Introduction 
 
Zinc selenide (ZnSe), a semiconductor with a direct bandgap of about 2.7 eV at room 

temperature, is widely studied for potential application in optoelectronic devices 
including semiconductor lasers and light-emitting diodes. The successful p-type doping 
of ZnSe by incorporation of nitrogen radicals during molecular beam epitaxy (MBE) has 
led to the demonstration of blue-green lasers and light-emitting diodes based on ZnSe 
active layers. [1-4] However, because the highest hole concentration reported is limited to 
about 1018 cm-3 [3], fabrication of low-resistance ohmic contacts to p-type ZnSe is still a 
formidable challenge. All metals, including Au and Pt, produce appreciable energy 
barriers (more than 1.0 eV) when deposited on p-type ZnSe layer. [5] Graded Zn(Se,Te) 
heterostructures have been incorporated as an efficient injector of holes for devices. [6,7] 
However, due to the large lattice mismatch between ZnSe and ZnTe, ZnSe-based lasers 
tend to degrade due to defects originating from the Zn(Se,Te) heterostructure. [8] Graded 
BeTe/ZnSe contacts have also been reported. [9,10] The formation of a BeSe interfacial 
layer, which has a large lattice mismatch with the ZnSe layer, also causes the BeTe/ZnSe 
interface to degrade rapidly. [11]  

 
In this chapter, undoped, Cu-doped, Se-enriched, and Cu2Se-doped, Ag-doped, 

nitrogen-doped ZnSe films were grown on fused quartz substrates by pulsed laser 
deposition and characterized by X-ray diffraction (XRD), scanning electron microscopy 
(SEM), Rutherford backscattering spectrometry (RBS), particle-induced X-ray emission 
(PIXE), optical transmission/reflection spectroscopy, Hall effect, and I-V measurements. 
It is demonstrated that a small amount of Cu2Se (~2 mol%) can significantly improve the 
(111) texturing of ZnSe films and promote grain growth while causing a very small 
amount of lattice constant change (≤ 0.143%). P-type ZnSe thin films with hole 
concentrations up to ~  cm-3 (compared with previous reports of ~  cm-3) 

and resistivities of ~0.098 Ohm•cm (compared with previous reports of ~0.75 Ohm•cm) 
have been obtained. [3,4] Linear I-V curves are achieved as well. The results have shown 
that Cu2Se-doping is an effective means to achieve heavily p-type ZnSe films that can be 
used as ohmic contact layers for ZnSe-based devices. 

19101.1 × 18101×
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3.2 Experimental Details 
 
The pulsed laser deposition system used for this work has been described previously 

in detail. In order to increase film uniformity and to avoid paste-related contaminations, 
fused quartz or GaAs substrates with a stainless steel mask were affixed to a home-built 
rotatable mounting plate. Before deposition the chamber was pumped down to a base 
pressure of Torr, and the substrate was heated to 400 °C. Deposition occurred by 
selective ablation of commercially available ZnSe, Cu2Se, and Cu, Ag targets with purity 
of 99.99%. The focused laser spot ablated the dopant target (Cu, Ag, or Cu2Se) and ZnSe 
target alternatively at 5 Hz pulse repetition rate. A 16 mol%-Se-enriched ZnSe target was 
used for Se-enriched ZnSe film deposition. After 2.5 hours’ deposition at 400 °C, the 
films were annealed in-situ for 1.5 hours and then cooled down. Crystal structures and 
morphology of the films were analyzed by X-ray diffraction (XRD) using Cu Kα 
radiation and SEM. Optical transmission and reflection spectroscopy measurements were 
performed with a FilmTek 3000PAR SE thin film metrology system, operating in 
transmission and reflection mode. After XRD and optical measurements, gold electrodes 
were sputtered onto edges of the samples. Annealing was performed in nitrogen ambient 
at 200 °C for 30 minutes. Hall effect measurements were performed using an Ecopia 
HMS-3000 system with a magnetic field of 0.6 T. Film thickness was measured by a 
Tencor AS500 profilometer. The copper compositions were determined by Rutherford 
backscattering (RBS) and particle-induced X-ray emission (PIXE) using a 3 MeV alpha 
ion beam.  

7102 −×

 
For nitrogen doping, nitrogen gas was introduced into the deposition chamber after 

pumping down to base pressure. An ISA Groupe Horiba microscope Raman system with 
an internal He-Ne (632nm) 10 mW laser was used. Detail of the raman spectrum 
measurement has been described previously. [12] 

 
3.3 Results and Discussions 
 
3.3.1 Doping with Cu, Se, Cu2Se 

 
Figure 3.1(a) shows typical XRD patterns of undoped (sample 22), Cu-doped 

(samples 31 and 51, with PIXE-determined Cu compositions up to 3 mol%), Se-enriched 
(sample 401, with 16 mol% Se enrichment), and Cu2Se-doped ZnSe films (samples 105, 
107, and 101 with PIXE determined Cu compositions of 3 mol%, 4 mol% and 15 mol%, 
respectively). The samples are listed in Table 1. It can be seen that the films are grown in 
the cubic phase with mainly (111), (200), and (311) orientations. While single phase 
ZnSe is observed for samples 105 and 107, a weak peak of (111) Cu2Se is detected for 
sample 101, suggesting that phase separation occurs for this sample when the Cu 
composition (15 mol%) exceeds the miscibility limit. It is interesting to note that the 
crystallinity and the (111) texturing of the films have significantly improved when a 
small amount of Cu2Se (samples 105 and 107) is added to the ZnSe film. 

 
Higher resolution XRD measurements of the ZnSe (111) diffraction peak from the 

various samples are shown in Figure 3.1(b). It is found that (111) peaks of undoped 
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(sample 22), Cu-doped (samples 31 and 51) and Se-enriched (sample 401) ZnSe films are 
weak and broad with full widths at half maximum (FWHM) of ~0.25°. For Cu2Se doped 
samples 105 and 107 (3% and 4% Cu), (111) peaks become much stronger and sharper 
with widths of ~0.12°. A rough estimation of grain size has been made using 
Debye-Scherrer equation after subtracting the instrumental broadening effect. It is 
estimated that grain sizes are increased from 60 nm to 400 nm after adding in Cu2Se. 
Compared with those of the undoped ZnSe film, peaks of Cu-doped ZnSe films shift to 
smaller angles, indicating an increase in the lattice constant, while peaks of Cu2Se-doped 
ZnSe shift to larger angles, indicating a decrease of lattice constant. The shift of peak 
position is very small (~ 0.04°), and corresponds to a 0.143% lattice constant decrease. 
Such a small lattice change is beneficial for minimizing dopant-induced strains in ZnSe 
films. 
 
 
Table 3.1 A list of the ZnSe samples and their structural and electrical properties. 

 
Hall effect Sample 

No. 
Dopant Cu 

content 
(mol %) 

Grain 
Size 
(nm) 

Bandgap 
(eV) Typ

e 
Conc. 
(/cm3) 

Mobility 
(cm2/V·s)

22 Undope
d 

-- 100 2.626 -- -- -- 

31 Cu < 3 120 2.614 -- -- -- 
51 Cu 3 130 2.609 -- -- -- 
401 Se -- 150 2.685 -- -- -- 
105 Cu2Se 3 380 2.640 p 6.94×1018 5.95 
107 Cu2Se 4 380 2.643 p 1.1×1019 5.9 
101 Cu2Se 15 500 2.622 p 7.44×1020 0.66 

 
 

The grain growth induced by Cu2Se doping is observable in microscopy analyses. 
Figure 3.2(a) shows a typical SEM image of undoped ZnSe surface morphology (sample 
22). Grain sizes in this image are estimated to be about 100 nm. However, after adding in 
Cu2Se, we observe a dramatic increase in the grain size to about 380 nm as shown in 
Figure 3.2(b). This result is consistent with the XRD analysis discussed above. In Figure 
3.2(b), it is seen that grains become tight and faceted on the surface. The significant grain 
growth after adding Cu2Se could possibly be explained by liquid-phase assisted grain 
growth.[13,14] 

 
Absorption coefficients shown in Figure 3.3 are calculated from the equation 

⎟
⎠
⎞

⎜
⎝
⎛

−
−=

R
T

d 1
ln1α , where T is transmittance, R is reflectance, and d is film thickness, 

which is determined directly from profilometry. The film thicknesses range from 1.2 µm 
to 2.1 µm. Bandgaps are calculated by extrapolation of (αhv)2 near the band edges. It is 
found that except for sample 101, which shows evidence of phase separation as explained 
above, all the other samples (samples 22, 51, 401, 105 and 107) show dramatic 
absorption increases at the band edge energies. Bandgaps of samples 22, 51, 401, 105, 
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and 107, as listed in Table 1, are 2.626 eV, 2.609 eV, 2.685 eV, 2.640 eV, and 2.643 eV, 
respectively. The bandgaps are consistent with previous reports of ZnSe. [15,16] The 
optical bandgap is decreased by ~17 meV with Cu doping, increased by ~14 meV with 
Cu2Se doping, and increased by ~59 meV by Se enrichment. 
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Figure 3.1(a) XRD patterns of undoped (sample 22), Cu-doped (samples 31 and 51), 
Se-enriched (sample 401), Cu2Se-doped (samples 105, 107, and 101) ZnSe thin films. 
The plots are shifted for better view. 

 
 
The electrical properties were analyzed by Hall effect measurements. It was 

determined that both the 16 mol%-Se-enriched ZnSe film and Cu-doped ZnSe films are 
highly resistant. Hall effect measurement results of Cu2Se-doped ZnSe films are also 
listed in Table 1. These results indicate the films are highly p-type. Sample 107 shows a 
hole concentration of  cm-3, which is about one order of magnitude larger than 
previously reported value of  cm-3. [6,16,17] The resistivity of sample 107 is 
0.098 Ohm•cm, also much lower than previously reported 0.75 Ohm•cm. Since the 
depletion layer thickness is inversely proportional to 

19101.1 ×
18101×

N (N is the carrier concentration), 
tunneling effects are more significant at such high hole concentrations. A typical I-V 
curve of a sample without using gold electrodes is shown in Figure 3.4. The curve is 
linear, demonstrating an excellent ohmic contact established between the measurement 
probes and sample surface. 
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Figure 3.1(b) Small region XRD patterns of undoped (sample 22), Cu-doped (samples 31 
and 51), Se-enriched (sample 401), and Cu2Se-doped (samples 105 and 107) ZnSe thin 
films. 

 
 
It has been proposed previously that compensation in p-type ZnSe films is mainly due 

to complexes associated with selenium vacancies such as VSe-Zn-NSe.[18,19] Doping 
ZnSe films with Cu can further increase the anion deficiency. By introducing selenium 
and thus reducing selenium vacancies, this type of compensation is minimized. In 
addition, it is known that Cu atoms act as donors in interstitial sites and as acceptors when 
substituting Zn2+ (CuZn). Adding selenium could increase zinc vacancies and assist Cu 
atoms to enter acceptor Zn sublattice. This scenario explains the possible mechanisms 
involved in the increased p-type doping of ZnSe films using Cu2Se. 

 
The observed lattice constant decrease in Cu2Se-doped films presented above may 

provide evidence for a reduction in selenium vacancy concentration. As shown above, 
Cu-doping increases the lattice constant while Se enrichment and Cu2Se doping decrease 
it. Resulting from the repulsion among cations, the selenium vacancies in a unit cell can 
increase the lattice constant. It is possible that doping with Cu2Se reduces the overall Se 
vacancy concentration as compared with Cu doping, which results in a decrease in lattice 
constant.  
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Figure 3.2(a) A SEM image of undoped ZnSe film surface (sample 22). 
 

 
 
Figure 3.2(b) A typical SEM image of Cu2Se-doped ZnSe film surface (sample 105). 
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Figure 3.3 Absorption coefficients of undoped (sample 22), Cu-doped (sample 51), 
Se-enriched (sample 401), Cu2Se-doped (samples 105, 107, and 101) ZnSe films. The 
plots are shifted by 20000 cm-1 for better view. 
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Figure 3.4 A typical I-V curve of Cu2Se-doped ZnSe films. 
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3.3.2 Doping with Ag, Ag2Se 
  

Although different amounts of Ag have been tried, Ag-doped ZnSe samples are all 
non-conductive. XRD pattern and Transmittance and Reflectance spectra are shown in 
Figure 3.5(b) and 3.8(d). Using the same method as discussed above, the bandgap is 
determined to be 2.612 eV. The bandgap is decreased just like Cu-doping. The (111) 
peak shits to a lower angle and lattice constant increases as shown in Figure 3.7(c). 
However, although Ag doping is very similar to Cu doping in terms of XRD and optical 
results, none of the samples deposited using Ag, Ag + Se targets are conductive. This 
might be due to a higher ionization energy of AgZn in Ag doping. [20]  
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Figure 3.5 XRD patterns of (a) an undoped ZnSe film and (b) a Ag-doped ZnSe film. 

 
  
3.3.3 Doping with nitrogen 
  

Nitrogen doping was tried by admitting nitrogen gas into the deposition chamber 
during deposition. Different ambient pressures have been tried. Figures 3.6 (b) and (c) 
show XRD patterns of nitrogen-doped ZnSe films grown at 10 mTorr and 40 mTorr, 
respectively. Compared with other deposition pressures (1mTorr, 10 mTorr, 500 mTorr), 
ZnSe films grown at 40 mTorr have better crystallinity, determined from XRD results. 
From Figure 3.6, it can be seen that nitrogen doping has turned ZnSe films from cubic to 
hexagonal phase. A higher resolution XRD measurement has been done as shown in 
Figure 3.7(d). The peak shifts to a larger angle, indicating a decrease of lattice constant.  
 Transmittance and reflectance of nitrogen-doped ZnSe films have been measured as 
shown in Figure 3.8(e). Absorption coeffcients have been calculated using the equation 
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⎟
⎠
⎞

⎜
⎝
⎛

−
−=

R
T

d 1
ln1α . Plots of  vs  are shown in Figure 3.9. Bandgaps are 

calculated by extrapolation of (αhv)2 near the band edges. The bandgap is decreased by 
155 meV from 2.626 eV to 2.471 eV. The change of absorption coefficients at the band 
edge becomes less steep after nitrogen doping, which is due to nitrogen doping induced 
defects. 
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Figure 3.6 XRD patterns of (a) an undoped ZnSe film, (b) a nitrogen-doped ZnSe film 
deposited with an ambient nitrogen pressure of 40 mTorr, and (c) a nitrogen-doped ZnSe 
film deposited with an ambient nitrogen pressure of 10 mTorr. (C represents cubic phase, 
and H represents hexagonal phase). 
 
 

Figure 3.10 shows Raman spectra of nitrogen-doped and undoped ZnSe films. 2TA 
(~139.21 cm-1), TO (~202.239 cm-1), and LO (~250.48 cm-1) peaks of ZnSe films are 
observed. After nitrogen doping, the peaks become weaker and broader, indicating a 
decreased quality or increased disorder of films due to nitrogen doping. However, two 
new peaks appeared at 555 cm-1 and 602 cm-1. 
  

The observed Raman peak (~555 cm-1) is consistent with the peak (~553 cm-1) 
observed in localized vibrational mode absorption of ZnSe films after nitrogen 
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implantation. [21] The vibrational frequency is consistent with the substitution of N on Se 
sites in ZnSe films, verified by the authors with isotopic substitution of 14N and 15N. As is 
well-known, in hexagonal phase, there will be two LO phonon modes (A1 and E1). It is 
believed that the peak around 602 cm-1 is due to this phase change induced splitting.  
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Figure 3.7 Small region XRD patterns of (a) undoped, (b) Cu-doped, (c) Ag-doped, (d) 
nitrogen-doped, and (e) Cu2Se-doped ZnSe thin films. 
 
 

Zunger et al.. have calculated the T=0 energy difference ZBWE −∆  between wurtzite 
(W) structure and zinc-blende (ZB) for binary octet semiconductors using a numerically 
precise implementation of the first-principles local-density formalism (LDF), including 
structural relaxations [22] The result of phase change of ZnSe films after nitrogen doping 
is consistent with the linear model they proposed to explain the relationship between 

 and atomistic orbital radii. As the anions change from Se to N, the anion size 
decreases, which in turn causes the size difference to increase, favoring the wurtzite 
phase. 

ZBWE −∆
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Figure 3.8 Transmittance and reflectance spectra of (a) undoped, (b) Cu-doped, (c) 
Cu2Se-doped, (d) Ag-doped, and (e) nitrogen-doped ZnSe thin films. 
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Figure 3.9 Plots of  vs hv  for bandgap calculation. 2)( dhvα
 
 
Polytypism is a form of polymorphism in which different structures differ only in 

stacking sequences of identical, two-dimensional sheets or layers. Zinc blende (ZB) and 
wurtzite (W) are the most common polytypes with tetrahedrally bonded covalent 
structures. Expected to be free of stress and dangling bonds, heterostructures of zinc 
blende and wurtzite polytypes have great potential applications in band-structure 
engineering, spatial localization of electrons and holes, and study of anomalous 
photovoltaic effect. [23-26] In addition, due to the splitting of valence band maximum in 
wurtzite structure, the laser threshold of wurtzite ZnSe should be lower than that of zinc 
blende ZnSe. [27] Therefore, this work is of importance for these applications. 

 
However, while zinc blende ZnSe films have been extensively studied, due to the 

difficulty of growing stable wurtzite ZnSe films, there are very few reports on wurtzite 
ZnSe films, which caused the difficulty of fabricating ZnSe-based polytypism. [28] 
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High-temperature X-ray diffraction showed that the cubic-hexagonal phase 
transformation occurred at a high temperature of 1425 °C. [29] There are some reports of 
hexagonal ZnSe. [30-32] However, the work has been extensively focuses on 
nanostructures. The occurrence of wurtzite phase in these reports can be explained from 
the thermodynamic point of view. [33] The surface energy of {1100} wurtzite planes is 
lower than {110} and {111} zinc-blende planes. [34] Therefore for nanostructures, in 
which surface energy plays a more important role, wurtzite structure can become more 
stable than zinc-blende structure. These wurtzite ZnSe nanostructures are not good for 
practical applications. It is believed that the work is promising for achieving stable 
wurtzite ZnSe films. 
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Figure 3.10 Raman spectra of (a) nitrogen-doped ZnSe film on (100) GaAs substrate, (b) 
nitrogen-doped ZnSe film on fused quartz substrate, and (c) undoped ZnSe film on fused 
quartz substrate. 

 
 
Although all the results and analysis above indicate that N has replaced Se and gone 

into the lattice sites, the nitrogen-doped samples are all non-conductive. Similar to 
another II-VI wide-bandgap semiconductor ZnO, this difficulty of p-type doping by 
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nitrogen is believed to be due to compensating defects arising from the presence of native 
defects or other impurities. [35-37] Further work can be done for better understanding of 
the doping difficulties of these wide-bandgap semiconductors. 
 
3.4 Summary 

 
In summary, we have tried p-type doping of ZnSe films by Cu, Se, Cu2Se, Ag, Ag2Se, 

and nitrogen. Heavily p-type ZnSe by Cu2Se doping has been demonstrated. For 
Cu2Se-doped samples with Cu composition less than 15 mol%, no phase separation is 
observed. It is revealed that Cu2Se doping can significantly promote grain growth and 
(111) texturing of ZnSe films. Optical spectroscopy measurements indicate that the 
bandgap is slightly modified from intrinsic ZnSe upon doping. Exceptional p-type 
conductivity is observed in Cu2Se doping, with hole concentrations of ~ cm-3 
and resistivities of ~0.098 Ohm•cm. Linear I-V curves have also been achieved. Ag and 
nitrogen are not successful in p-type doping of ZnSe. Nitrogen doping has turned ZnSe 
films more favorable to wurtzite structures. Two newly observed Raman peaks at 555 
cm-1 and 602 cm-1 are assigned to N local vibrational modes of hexagonal ZnSe structures. 
The nitrogen-doped ZnSe films are not conductive, which might be due to compensating 
defects arising from the presence of native defects or other impurities. This work can be 
good for understanding nitrogen doping difficulties and solve the p-type doping problems 
of ZnSe films. 

19101.1 ×
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Chapter 4 
Batch Growth of Thin Films by Pulsed 
Laser Deposition 

 

 
4.1 Introduction 

 
From chapters 2 and 3, we can see that for thin film fabrication we usually need to 

change deposition temperature or composition. Considering the time for pumping down, 
deposition, and cooling down, it is very time-consuming to fabricate these films with a 
different deposition temperature or a different composition one by one. In this chapter, 
batch growth of these films is to be discussed. Experimental results of batch grown films 
are presented. 

 
4.2 Batch Growth of Thin Films with Different Deposition Temperatures 
 
4.2.1 Introduction 

 
As has been discussed in chapter 3, wide bandgap semiconductors such as ZnSe and 

ZnO have attracted great interest due to their potential applications in optical devices 
such as light emitting diodes and lasers. [1,2] Extensive studies have been done to 
improve their film quality. However, reports of the optimized growth conditions are not 
consistent. ZnSe films grown by pulsed laser deposition (PLD) are reported to show best 
quality at deposition temperatures ranging widely from 300 °C to 450 °C. [3-6] The 
temperature difference may result from instrumental errors or difference between 
thermocouple temperature and film surface temperature. For each individual system, 
distance from thermocouple to substrate, contact thermoresistances, or even substrate 
thermoresistance may be different. Therefore, even with reports in literature, for each 
different fabrication system, it is desirable to deposit a series of films and find a best 
deposition temperature. For a new material without enough reports in literature, it is 
obviously more desirable to fabricate them at different temperatures. In addition, with 
knowledge of such a relationship of film growth with deposition temperature, it is 
possible to find problems in growth of ZnSe films and solve them accordingly.  

 
In this part, ZnSe films with different deposition temperatures have been deposited on 

fused quartz substrates by pulsed laser deposition. Instead of depositing films one by one, 
all the substrates were mounted on a plate holder that has a natural temperature gradient. 
X-ray diffraction (XRD), optical transmission and reflection, Raman spectroscopy, and 
Energy Dispersive X-ray analysis (EDX) measurements have been performed to 
characterize the films. With change of deposition temperatures, ZnSe films are shown to 
have problems associated with crystalline defects, selenium loss, or phase separation. The 
results show that deposition temperature and proper selenium adjustment are very 
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important factors in ZnSe growth and doping. ZnSe films with improved crystallinity and 
no phase separation have been achieved using a 16 mol%-Se-enriched target.  

 
4.2.2 Experimental Details 
 
 

 

S7

S6

Figure 4.1 An image of the plate substrate holder with samples attached on it. 

 
Two stainless steel plates (20 mm × 120 mm × 0.5 mm) with thermocouples (labeled 

as T0, T1, T2, T3, and T4 in Figure 4.1) in between were sandwiched together as a 
substrate holder. One end of the holder was mounted onto a resistance heater. The 
thermocouples were connected to two UHV feedthroughs for temperature measurement.  

T0

T1

T3

T4 

T2 

S1

S2

S3

S4

S5
Plate 2Plate 1 
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In order to reduce contact thermoresistance, silver paste was used to mount samples (7 
samples in total, labeled as S1, S2, S3, S4, S5, S6 and S7 in the figure) onto the holder. 
Mainly due to heat radiation, the plate naturally formed a temperature gradient. The 
temperatures were obtained by measuring feedthrough pins outside the deposition 
chamber with a multimeter. Table 4.1 lists measured deposition temperature for each 
sample. Target-to-plate distance was 8.5 cm. Films were deposited in vacuum with a 
pressure of 1.6 × 10-6 Torr for 200 minutes. Pulse energy and frequency of the laser were 
190 mJ and 8 Hz, respectively.  

 
 

Table 4.1 Measured deposition temperatures of different samples. 

 
Sample Label 

 

 
S1 

 
S2 

 
S3 

 
S4 

 
S5 

 
S6 

 
S7 

Deposition 
Temperature 

(°C) 

 
695 

 
502 

 
293 

 
195 

 
165 

 
133 

Not measured, 
should be less 
than 133 °C. 

 
 
X-ray diffraction (XRD) measurement was performed using a Siemens D500 XRD 

machine with Cu Kα radiation. Optical transmittance and reflectance spectra were 
obtained using the built-in function of a FilmTek 3000PAR SE ellipsometer. An ISA 
Groupe Horiba microscope Raman system with an internal He-Ne laser (wavelength: 632 
nm) was used. The average acquisition time for each spectrum was 60 seconds. Detail of 
the Raman spectroscopy measurement can be found in a previous report. [7]  
 
4.2.3 Results and Discussions 

 
After deposition, samples were cooled down naturally. It is found that there was 

almost no film deposited on sample S1. The film was evaporated at a temperature of 695 
°C. Figures 4.2 (a)-(e) show XRD patterns of the other films (samples S2, S3, S4, S5, S6, 
and S7). In order for better view, the figures are shifted and shown in a log scale. Sample 
S2, which was deposited at a plate temperature of 502 °C, shows a very strong and sharp 
(111) peak. However, there is a small amount of wurtzite hexagonal phase as labeled in 
the figure. Transformation of zincblende cubic phase to wurtzite hexagonal phase has 
been observed for ZnSe at a temperature above 1425 °C by in-situ X-ray diffraction study. 
[8] The occurrence of wurtzite phase in the film deposited around 502 °C here is possibly 
due to high energy of deposited species in pulse laser deposition. Sample S3, which was 
deposited at 293 °C, shows only cubic phase with preferred (111) orientation. There are 
some other peaks, such as (220) and (311), but the intensities are much weaker. For other 
samples, as temperature is lowered, XRD peaks become wider and weaker, which may be 
due to smaller grains or worse crystallinity at lower temperatures. 

 
A small region θ-2θ XRD scan has also been performed using narrower slits for 

higher resolution. The results are shown in Figures 4.3(a)-(c). It can be seen that, 
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compared to sample S3, which has a full width at half maximum (FWHM) of around 
0.28°, sample S2 peak is much narrower, with a width of 0.13°. In addition, sample S2 
peak shifts to a smaller angle by 0.08°, which tells a 0.3% increase of lattice constant. 
After subtracting the instrumental broadening, a rough estimation of grain size using 
Debye-Scherrer equation gives a grain size of about 273 nm and 45 nm respectively for 
samples S2 and S3. Much broader peaks are observed for samples S4 and S5. A wider 
range scan of sample S4 (from 26.5° to 28.5°, not completely shown in the figure) shows 
a width of 0.75°. The estimated grain size is about 13 nm, much smaller than samples S2 
and S3. 
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Figure 4.2 XRD patterns of ZnSe thin films deposited on fused quartz substrates (“H” 
represents hexagonal wurtzite phase; “C” represents cubic zincblende phase). 

 
 
Figures 4.4 (a)-(f) show Raman spectra of the 6 samples. LO and TO peaks can 

barely be seen in sample S2, which might be due to lattice disorder induced by phase 
separation. Among the 6 samples, S3 shows the strongest and sharpest ZnSe LO peak (at 
249.6 cm-1) and TO peak (at 203.5 cm-1). For other samples (S4, S5, S6, and S7), as 
temperature decreases, LO and TO peaks become weaker and wider. This Raman result is 
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consistent with the conclusion from XRD results that among the 6 samples, S3 has best 
crystallinity and does not show phase separation.  
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Figure 4.3 A small region θ-2θ XRD scan of ZnSe films. 

 
Optical transmittance and reflectance spectra, shown in Figures 4.5 (a)-(e), were 

measured using the built-in function of a FilmTek 3000PAR SE ellipsometrer. For 
samples S2, S3, S4, and S5, dramatic change of transmittance was observed at the band 
edges. The product of absorption coefficient α  and film thickness  has been 

calculated using the equation 

d

⎟
⎠
⎞

⎜
⎝
⎛

−
−=

R
Td

1
lnα , where T is transmittance, R is 

reflectance. For direct bandgap semiconductors, there is a well-known relationship 
described as . Bandgaps are calculated by extrapolation of the 

linear part in plots of  vs . 

)()( 2
gEhvChv −=α

2)( dhvα hv
 
Calculated dα  results are plotted in Figures 6 (a)-(f). Compared with other samples 

(samples S4, S5, S6, and S7), samples S2 and S3 have steeper slopes at the band edges. 
However, sample S2 shows a tail at the lower energy region. The absorption of sample 
S2 at lower energies might result from selenium deficiency related defects. As 
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temperature lowers, the slope becomes less and less steep. The extrapolated optical 
bandgaps are about 2.66 eV, which is consistent with previous reports in the literature. 
[9-11]  
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Figure 4.4 Raman spectra of ZnSe thin films. 

 
As mentioned above, ZnSe films deposited above 502 °C will evaporate or have a 

phase separation problem. For films deposited at 300 °C or lower, surface diffusion is 
inhibited. Films will have problems associated with crystalline defects. They may have 
more grain boundaries due to smaller grains, or even become amorphous.  

 
Since selenium normally has a higher saturation pressure than zinc[12], evaporation 

can cause selenium deficiency in ZnSe films. Energy Dispersive X-ray analysis (EDX) 
has been performed. For samples S4, S3 and S2, the atomic ratios of Zn to Se are 1: 0.871, 
1: 0.80, 1: 0.751, respectively. The ratio decreases with increase of deposition 
temperature, indicating increased selenium loss at higher temperatures. 
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Figure 4.5 Transmission and reflection spectra of (a) sample S2, (b) sample S3, (c) 
sample S4, (d) sample S5, (e) sample S6, and (f) sample S41. 

 
 
In order to solve these problems, another ZnSe film (sample S41) has been deposited 

at 400 °C using a 16mol% Se-enriched ZnSe target. The results are shown in Figures 
4.2(f), 4.3(d), 4.4(g), 4.5(f), and 4.6(g). No ZnSe wurtzite peaks or selenium peaks are 
obviously observed in Figure 4.2(f). The (111) peak of sample S41, with a width of 0.18°, 
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is narrower than that of sample S3 (about 0.28°). Compared with S2 peak, it shifts to a 
larger angle by 0.14°. The XRD results reveal that ZnSe lattice constant increases with 
increase of selenium deficiency, and decreases with selenium added in. Raman peaks of 
sample S41 shown in Figure 4.4(g) are sharper and stronger, which indicates increased 
crystallinity or reduced defects. A dramatic change of absorption coefficient at the band 
edge is shown in Figure 4.6(g). The absorption tail observed in sample S2 at the lower 
energy region is not seen in sample S41. 
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4.2.4 Summary 

 
In summary, batch growth of ZnSe films with different deposition temperatures has 

been achieved using the natural temperature gradient of the substrate holder. XRD, 
Raman, transmittance and reflectance, and EDX measurements have been performed to 
characterize the films. At higher temperatures the films have phase separation and 
non-stoichiometry problems. As temperature decreases, there are problems due to 
crystalline defects. With selenium added in, ZnSe films show improved crystallinity 
without phase separation. It is believed that at proper deposition temperature and with 
selenium adjustment, further optimization can be performed to improve film quality or 
solve doping difficulties of ZnSe films. 
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4.3 Batch Growth of Thin Films with Different Compositions 
 
4.3.1 Introduction 
 

 

Figure 4.7(a) Binary masks used for combinatorial synthesis. [18] 

 

Figure 4.7(b) A picture of a 128-member binary library prior to sintering. [18] 
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Recently there has been tremendous interest in compounds of solar cell absorber 
materials (i.e. CuInxGa1-xSe2 [13,14] or CuIn1-xGaxSe2-ySy [15]) and high-temperature 
superconductive metal oxides (i.e. Ca(Fe1-xCox)2As2 [16]  or HgBa2Cam-1CumO2m+2+δ 
[17]). Properties of these compounds are closely dependent on their components. 
Optimization of several components has been a great part of materials research on 
compounds. Usually a series of materials with different compositions will be grown 
one-by-one in order to study these compounds and optimize the compositions for 
applications. Evidently this trial-and-error process is extremely time-consuming. 
Therefore there is a great need for an efficient and systematic way to search through the 
compounds so that materials research, especially research on those ternary and quaternary 
materials that have not been well explored, can be greatly facilitated. 

 
In 1995, Xiang et al. invented combinatorial method for making compounds, in 

which they used a series of masks while sputtering precursor targets [18-20] (patent 
number: 5985356, 6004617, 6326090, 6346290, 7442665). A typical series of masks is 
shown in Figure 4.7(a). [18] The deposited film was separated by the masks into a library 
of element samples on the substrate, as shown in Figure 4.7(b). Using a series of steps of 
changing masks or targets, Xiang et al. controlled deposition of precursors onto these 
elements and obtained different precursor amounts at each element. The precursors at 
each element were then mixed into one compound through post annealing process. Since 
amounts of deposited precursors are different at each element, compositions of the 
compound after annealing are different. Therefore a series of compounds with different 
compositions can be obtained in a much more efficient way. 

 
However, this combinatorial approach method that combines thin film deposition and 

physical masking techniques is a mixing-after-deposition process. It has some problems 
such as phase separation, mask misalignment, complex and time-consuming process, etc. 
In this paper, a low-cost, high-efficiency multi-plume pulsed laser deposition system is 
proposed and discussed in detail. This mixing-during-deposition system, supposed to be 
more uniform and suitable for growth of compound films, can greatly facilitate 
compound optimization and exploration process. 
 
4.3.2 Instrument Description 

 
An excimer laser (Lambda Physic LPX 210i) produces a high power UV laser beam 

at a wavelength of 248 nm as shown in Figure 4.8. Using two beam splitters (the first one: 
30% reflectance and 70% transmittance; the second one: 50% reflectance and 50% 
transmittance) and one mirror, the laser beam is split into three beams. The beam splitters 
are mounted on flippers so that the setup is also compatible for two-beam or one-beam 
deposition. Before entering the vacuum chamber, those three beams are focused by 
spherical lenses. Three targets are mounted on a three-target holder and ablated by 
focused lasers. A substrate heated by a resistance block and covered with a mask is 
positioned facing the targets. Gas (inert gas or reactive gas like oxygen in some cases) is 
admitted into the chamber and controlled by a mass flow meter. There is a laser block 
which is mounted on a linear stage and controlled by a programmable linear motor. 
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During deposition, the laser block switches among the three positions for each target 
ablation.   

 

 

Figure 4.8 Schematic of the three-beam pulsed laser deposition system.  

 
By using a mirror and two beam splitters, the high energy laser beam is split into 

three laser beams. These three beams are focused by spherical lenses onto three targets 
(targets A, B, and C). Precursor materials A, B, and C are ablated and deposited onto the 
substrate. A mask with square holes separates the deposited films into hundreds of small 
element samples. Since the three plumes caused by ablating three targets are physically 
separated and thickness of PLD-deposited films on substrate is not uniform, deposition 
rate of each precursor at each element is different. Therefore for each element sample, 
ratio of the three precursors is different. If there is no laser block, the three materials will 
be deposited and mixed simultaneously. It is optional to add a laser block with just one 
light opening for one laser beam to control starting and ending of the deposition or 
deposition sequence of the three laser beams. The linear motor can be controlled by a 
computer or a pre-written program. A crystal monitor measuring film thickness may be 
connected to a computer as a feedback for controlling.  

 
Pulsed laser deposition has been widely used in materials research since its 

successful growth of YBa2Cu3O7-δ thin films for high temperature superconductor 
applications in 1987. [21] As discussed previously, compared with other techniques such 
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as chemical vapor deposition and sputtering, pulsed laser deposition has many advantages. 
The composition of thin films deposited by pulsed laser deposition is almost the same as 
that of the target material. It is relatively easy for PLD to grow stoichiometric materials, 
which is very important for growth of compound materials such as high-temperature 
superconductive oxides and compound semiconductors. In addition PLD is a very 
versatile technology. Most of the materials in the nature can be ablated by high energy 
UV laser. Therefore PLD can be used to grow most kinds of materials, including metals, 
semiconductors, superconductors and insulators. The precursor material is just a small 
pellet, which is much easier to be obtained than in other technologies. Mainly because of 
these advantages, PLD has been widely used in new materials research and exploration. 

 
However, PLD has a well-known disadvantage, that is, thickness non-uniformity. 

The thickness of films deposited on substrates can be described with a shape similar to a 
Gaussian curve. Figure 4.9 shows normalized thickness of a Pb(Zr,Ti)O3 (PZT) film 
deposited in vacuum. [22] It can be seen that thin film growth rate of PZT is decreased by 
more than 50 times at a 60 mm distance away from the center.  

 

 

Figure 4.9 Normalized thickness of a PZT film deposited in vacuum as a function of 
distance from the center of the plume along the X-axis direction. The dashed line shows a 
fit to the cosn (x) approximation. [22] 
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Thickness non-uniformity is usually a problem in thin film deposition, especially for 
applications where a large area of thin film with consistent and predictable properties is 
required. Therefore even though PLD has achieved great success on materials research in 
research laboratories, it has not been widely used in industry. However, non-uniformity is 
not always a problem. The multi-plume pulsed laser deposition system described in 
Figure 4.8 is proposed to utilize this property. According to Anisimov et al.’s modeling, 
for the geometry shown in Figure 4.10, the normalized thickness can be expressed as 
[22-24]:  
 

 

Figure 4.10 A schematic of the pulsed laser deposition geometry. 

 
2/322 )1(),( −++= byaxyxH           (1) 

 
In the equation, H is the normalized thickness which equals to 1 at the plume center 

on the substrate; x and y are the distance to the center along x and y axes, respectively. 
And, 
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sZ is the distance between the target and the substrate. and  are values determined 
by characteristics of plume. They can be changed by adjusting ambient gas pressure, laser 
pulse energy, etc. 

ςk ηk

 
Neglecting the plume-plume interaction and assuming a same molar volume, 

composition of the compound at each element is simply illustrated in Figure 4.11 using 
typical values of ,  and  ( = 55 mm, = 4, and = 1). The other two 
parameters used in the model are l  and .  is the distance between laser spots 
assuming an equilateral triangle shape of the three spots as illustrated in Figure 4.12. This 
distance is also the distance between plume centers on the substrate.  is the distance 
between elements on the substrate. In the simulation of Figure 4.11,  = 60 mm and 

= 12.5 mm. It is clear to see three sections on the substrate, A-rich section, B-rich 
section, and C-rich section. More distributions can be obtained by changing the 
parameters above.  

sZ ςk ηk sZ ςk ηk
d l

d
l

d

 

 

Figure 4.11 A schematic showing compositions on the substrate. Each cycle shows 
compositions of three precursors by sector areas (red: material A; blue: material B; green: 
material C) for each corresponding element sample on the substrate. 
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Therefore, because of the directionality of PLD plumes and thickness non-uniformity 
of PLD films, this system is supposed to be able to batch grow hundreds of thin films 
with different compositions on a large substrate.  

 
 

 

Figure 4.12 The multi-plume pulsed laser deposition system. 

 
 
4.3.3 Results and Discussions 

 
The system is shown in Figure 4.12. A mask (for 100 element samples), a substrate 

holder and a three-target holder, and a laser block are shown in Figures 4.13, 4.14, and 
4.15, respectively. A typical fused quartz substrate with 100 element samples is shown in 
Figure 4.16. 

 
Using the automatic scanning function of the FilmTek 3000PAR SE ellipsometer as 

shown in Figure 4.17 (transmission and reflection mode) with the revised stage, the 
optical transmittance and reflectance spectra of the sample are obtained. The 
compositions were measured by X-ray fluorescence (XRF). Optical bandgaps are 
extrapolated using the method mentioned previously. Using Ag2Te and Ga2Te3 as targets, 
bandgaps of (Ag, Ga)Te2 versus Ga and Ag compositions are shown in Figure 4.18. It is 
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seen that thin films with different Ag or Ga compositions have been successfully 
obtained in a batch growth way. Bandgaps are ranging from 1.89 eV to 2.375 eV. 

 
 

 

Figure 4.13 A picture of a mask for deposition of 100 samples. 

 

 

Figure 4.14 A picture of a substrate holder (back side) and a three-target holder. 

 
The multi-plume pulsed laser deposition system proposed is supposed to have the 

following advantages: 
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Figure 4.15 A picture of a laser block. 

 
1) Just like combinatorial synthesis, this system can fabricate on a same substrate 

many compounds together instead of one-by-one fabrication. In order to fabricate one 
sample in lab, it usually takes one or two days. Using this technique, it can fabricate 100 
samples easily within one or two days. Therefore the efficiency of thin film fabrication is 
increased 100 times or higher. 

 
2) With the ability to fabricate a regular array of compound thin films on a substrate, 

this technique can also facilitate measurement process instead of one-by-one 
measurement. By using a simple automatic scanning or programmable switch circuits, the 
measurement can be automatic and much faster. For example, in order to fabricate 
hundreds of solar cells on a substrate, electrodes can be deposited first using the same 
mask. Absorber materials with various compositions or doping can be grown using this 
technique. After fabrication of an array of heterostructured solar cell devices on substrate, 
it is possible to measure them by mounting onto a programmed motor stage or connecting 
the electrodes to programmed switches. By connecting output data automatically, it is 
possible to compare them by the program and find optimized compositions or doping 
concentrations quickly. 
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Figure 4.16 A picture of a fused quartz substrate with 10X10 samples and labels. 

 

Figure 4.17 An ellipsometer with a homemade stage for automatic scanning 
measurement. 
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Figure 4.18 3D plot of (Ag, Ga)Te2 with black dots showing relationship among Ga 
percentage (X axis), Ag percentage (Y axis) and their bandgap (Z axis). The red, blue, 
and green dots are the projections on XY, YZ and XZ planes, respectively. 

 
 
3) Instead of depositing different precursor materials layer by layer, this technique 

deposits different precursor materials simultaneously. This avoids the troublesome and 
problematic annealing process in combinatorial synthesis. Deposited films are supposed 
to be uniform only if deposition parameters are not changed during deposition process. In 
combinatorial synthesis, since precursor materials are deposited layer by layer, post 
annealing is necessary in order to ensure uniform diffusion of precursors and subsequent 
phase formation. However, this process sometimes has been shown to be problematic. It 
is sometimes difficult to find a suitable annealing temperature to achieve uniformity 
without significant evaporation of deposited materials. If annealing temperature is too 
high, there might be problems associated with non-stoichiometry. If samples are annealed 
at a lower temperature, it needs a very long time and also a complex process. In Xiang et 
al.’s previous work [19], annealing was proceeded as follows: 200 °C for 150 hours, 400 
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°C for 24 hours, and 600°C for 12 hours, followed by treatment at 1000 °C for 2 hours in 
a high-purity argon flow (with temperature ramping rates of 1 °C per minute). 
Furthermore, this annealing process is very likely to see some other phases of precursor 
materials. For example, for deposition of materials A, B, followed by material C, it is 
very likely to get a stable phase only consisting of materials A and B (abbreviated as AB), 
or other phases like BC, instead of phase ABC with complete mixing. 

 
4) It is much easier for this technique to deposit thick films. In order to deposit 

thicker films, it just needs to deposit for a longer time. However, since combinatorial 
synthesis needs post annealing to achieve uniformity, each layer of the precursor can not 
be too thick. Otherwise it will have problems in achieving a uniform mixture. Therefore 
combinatorial synthesis needs more processes for growing thick films. For example, in 
order to deposit 1.5 µm thick film of ABC, it may need a series of processes, like 30 nm 
A, 30 nm B, 30 nm C….. That makes it necessary to keep changing targets during 
deposition.  

 
5) This technique does not have misalignment problem. In combinatorial synthesis, 

non-uniform distribution of precursors is controlled by using physical masks. In order to 
grow a library of materials on a substrate, combinatorial synthesis needs a series of masks 
and change and alignment of masks during deposition. All of these processes are being 
done mechanically and manually. It is not easy to do these processes in a vacuum 
chamber. There are always some alignment errors. Usually for an element, you may see 
many misaligned squares. The mechanical alignment process might be problematic due to 
thermal expansion if the substrate is heated. 

 
6) The composition change of element samples grown by this technique is ordered 

and continuous, which is good for automatic measurement and fast screening. In order to 
save time and find good samples quickly, measurement of all the samples therefore is not 
necessary. One sample can be picked out from every four or nine neighbored samples. 
Detailed measurement can be performed later when interesting properties are found.  

 
7) The process is much simpler and the system is much cheaper. It does not need to 

change masks or targets during the whole deposition process. Therefore these complex 
mechanical parts are avoided.  

 
8) It is also very easy and reliable for this technique to heat the substrate during 

deposition. In-situ heating is very important for deposition of most materials. However, 
in combinatorial synthesis, if the substrate is heated, mechanical alignment of masks has 
been proved to be very difficult. More steps for in-situ heating may thus be needed. In 
addition, in-situ heating may cause lower-order phases such as previously mentioned AB 
and BC phases, which, if they are stable, are often difficult to be removed later in post 
annealing. 

 
9) This technique is more flexible. By changing only one mask, the size of each 

element sample, the total number of samples, or distribution of the samples, or even the 
size of the substrate can be changed easily. However, if a series of masks and these masks 
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are mounted and aligned critically on a mask holder, change of masks or size of element 
samples is extremely difficult.  

 
10) The distribution of precursors on substrate is easy to be changed for various 

experimental purposes. Sharp composition change may be needed for fast screening. 
Sometimes small variation may be needed for detailed characterization. The precursor 
distribution can be easily changed by adjusting substrate-to-target distance, ambient gas 
pressure, and even distance between the plumes. More gradual change of compositions is 
expected at a larger substrate-to-target distance. [22] The distribution can also be changed 
by adjusting ambient gas pressure during deposition. In addition, it is also easy to change 
the distance between laser spots by adjusting the beam splitters and the mirror as shown 
in Figure 4.19. Laser spot positions on targets can be changed, and as a result the 
positions of the plumes can be changed, which obviously will affect precursor 
distribution on substrate. 

 
 

 

Figure 4.19 Schematic of the target holder showing different spot distances (A) close 
spots (B) spots are far away. Rectangles represent focused laser spots. 

 
 
4.4 Batch Growth of Thin Films with Different Compositions and Deposition 

Temperatures 
 
With change of compositions for different samples on the substrate, the deposition 

temperature may need to be changed for different films on the same substrate, especially 
for those materials whose melting temperature changes greatly with composition. 
Fortunately, because of the energetic species, growth temperature of pulsed laser 
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deposition can be much lower than other techniques. Another way to solve this problem 
is to combine the temperature gradient and composition gradient, as illustrated in Figure 
4.20. With positioning two plume centers parallel to the lines, the compositions mainly 
change along the line direction. With heating at one edge of the substrate holder, 
temperature gradient along the column direction can be obtained. Therefore, on the same 
substrate, thin films with different compositions and deposition temperatures can be 
obtained. 
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