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ABSTRACT 

 

We study the properties of Vanadium Dioxide (VO2) thin films that exhibits 

photo-induced insulator-metal phase transition at a temperature of ∼68 °C. In this 

thesis, we describe two different methods of infrared (IR) and thermal imaging. The 

first approach is generating rewritable patterns in the optical communications band 

using a combination of pump-probe technique, a scanning mirror and an infrared (IR) 

camera. The sample used in these experiments is composed of VO2~150 nm thick 

films deposited on both sides of c-plane-oriented sapphire substrates whose 

temperature was controlled by a thermoelectric heater/cooler stage. Illumination from 

a high-power laser beam is deflected by the two protected scanning mirrors towards 

the VO2 sample’s surface in order to generate the desired transmission patterns. 

Furthermore, the VO2 thin film and the obtained images are illuminated by an infrared 

probe light source emitting in the important optical communication band. These 

images can be obtained using an IR camera. 

On the other hand, we experimentally describe a thermal imaging approach 

depending on controlling the thermal emissivity of VO2\sapphire samples. We change 

the thermal emissivity of the VO2 sample by focusing a high-power laser beam at the 

VO2 film in order to develop localized heating on the sample. A similar device 

consisting of two vibrating mirrors contribute to deflecting the pump laser. No 

thermal probe beam is needed because the thermal emission of the VO2 functions as 

the source of thermal illumination. Heating the sample near to the phase transition 

temperature and scanning the sample with the pump laser result in controlled thermal 

emissivity of the VO2\sapphire film and updated the generated emissivity pattern. 

This pattern can be imaged with a thermal camera. 



Texas Tech University, Eman Bu Ali, December 2016 

v 
 

LIST OF FIGURES 

1. Atomic structure of VO2 [3]……………………………...………………...…2 

2. A schematic of double side VO2 sample…………………………………...….4 

3. Schematic of the pump-probe experimental setup used for optical 

characterization of the double sided VO2 sample………………...……..…….5 

          

4. Infrared images of the sample surface obtained by modulating the pump laser 

with a frequency range of 15-100 Hz. The pump laser was (a) maintained 

static or (b-h) was repetitively scanned through the sample surface with a 

refreshing frequency value less than 1Hz..........................................................7 

   
5.  Schematic of the thermal imaging experimental setup using Galvo system…9 

 

6.  Thermal images on the VO2 surface obtained by modulating the pump laser 

with a frequency range of 25-50Hz. The images were captured using a thermal 

camera. The pump laser was (a) maintained static, or (b-h) was repetitively 

scanned through the sample’s surface..............................................................12 

 

7.  Complex thermal images on the VO2 surface obtained by modulating the 

pump laser with a frequency range of 12.5-50Hz, and were captured by 

thermal camera. The images (a) to (c) were obtained by (erasure /re writing) 

technique, and (d) and (f) were obtained by writing permanently…………...13 

 

8.  Thermal images of localized spots on the VO2\sapphire sample obtained by 

changing the pump power from 281mW to 1134mW, and the corresponding 

illustration of the apparent temperatures along the distance as a result of the 

emissivity change……………………………………………………...……..14



Texas Tech University, Eman Bu Ali, December 2016 

1 
 

CHAPTER 1 

INTRODUCTION 

 

At the time of analog television, cathode ray tubes (CRT) was a technological 

field of major interest [1]. The principle of analog television screens involved the 

excitation of the phosphorous layer by an electron beam at a particular point in the 

screen. After exciting the molecules in the phosphorous layer, an observer can 

recognize the emission of visible light. The required images are formed by controlling 

the electron beam point of impact on the CRT screen with a combination of electric 

and magnetic fields conveniently created in the CRT. Moreover, by scanning the 

beam on the CRT screen, the images can be updated easily [1]. 

In this work, we describe two different methods of imaging using VO2 films: 

infrared and thermal. First, we illustrate a method comparable to CRT for creating 

infrared scenes. However, instead of using CRT, we work with a high-power laser 

beam (pump). This laser beam is deflected to a Vanadium dioxide (VO2)\ sapphire 

thin film by two vibrating mirrors. By focusing a high-power laser beam (pump) at 

the VO2 film, localized heat is developed in one of the VO2 layer which plays a major 

role in changing the infrared radiation transmission of the VO2 film. At the same time, 

the VO2 film is illuminated by a low-power laser beam (probe). It is possible to 

control the infrared transmission through the VO2 film by scanning the VO2 sample 

with the pump beam and updating the created transmission pattern. By using an 

infrared (IR) camera, the transmission pattern can be imaged. 

 Using this pump-probe technique and a near-IR camera, we explored the 

characteristics of the excited VO2 thin films. We also studied how the metal-insulator 

transition (MIT) due to thermal diffusion occurs using this technique. Furthermore, 
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we studied in this work the impact of the laser beam’s pumping power when applied 

to the VO2/sapphire samples. The sample used in this experiments had VO2 deposited 

on both surfaces of the sapphire substrate. 

In the second part of this work, we describe a method of thermal imaging based on 

control of the thermal emissivity of VO2\sapphire samples. In this approach, a high-

power laser beam (pump) is deflected to a VO2\ sapphire thin film by two independent 

vibrating mirrors. By focusing a high-power laser beam (pump) on the VO2 film, 

localized heat takes place on the VO2 and this plays a major role in changing the 

thermal emissivity of VO2\sapphire sample. The thermal emission of the VO2 layer 

constitutes the source of thermal illumination in our thermal imaging approach; 

therefore, no thermal probe beam was necessary. We controlled the thermal 

emissivity of VO2\sapphire sample by scanning the sample with the pump laser and 

updating the generated emissivity pattern. Using a thermal camera, the heated pattern 

formed in the VO2\sapphire sample was imaged. A consequence of the remote laser 

control of the thermal emissivity is that the thermal camera used for displaying the 

thermal radiation recorded an apparent temperature that was different than the real 

temperatures of the sample [2].  

 

 

 

 

 

  

Figure 1.  Atomic structure of VO2 [3] 

 

(a) High-temperature rutile phase 

of VO2. 

 

 

(b) Low-temperature monoclinic 

phase of VO2. 



Texas Tech University, Eman Bu Ali, December 2016 

3 
 

VO2 is a material that exhibits a reversible phase transition from a monoclinic 

structure (M) at low temperatures to a tetragonal structure (R) at high temperatures. 

Basically, the change from a semiconductor phase to a metallic phase which is called 

metal-insulator transition, as defined above, occurs at a temperature of ∼68 °C [4, 5]. 

Although it was initially discovered over four decades ago, the essential reasons and 

the potential applications for this type of transition are currently of significant interest 

[5].  

There are many significant aspects of VO2 that makes it a very interesting electro-

optical material. The electrical conductivity can change up to five orders of magnitude 

when VO2 changes from insulator to metallic, [6-7]. The theories of Peierls and Mott-

Hubbard explained the main origin of the MIT in a different way [5, 8]. In addition, 

there are other theoretical approaches that integrate the interpretations of Peierls and 

Mott-Hubbard. The MIT is an important phenomenon for many researchers who are 

interested in opto-electronic interconnection applications. Efforts have been dedicated 

to explain the transition characteristics of this material using the strong changes in its 

structure as well as other properties [9].  

The VO2 phase transition is a first-order reversible metal- insulator transition. 

The VO2 MIT is followed by several modifications in its properties. Many 

experiments have shown the crystalline structure changes during the MIT using x-ray 

diffraction at different temperatures near the phase transition. Fig. 1(a) exhibits the 

VO2 tetragonal crystalline structure for high temperatures, and Fig. 1(b) shows the 

VO2 monoclinic crystalline structure for low temperatures (above and below MIT 

temperatures) [10].  
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CHAPTER 2 

INFRARED SCENE PROJECTOR BASED ON VO2 FILMS AND SCANNING 

MIRRORS 

 

I. Optical characterization of fabricated sample 

VO2 layers were obtained using DC magnetron sputtering technique. The 

sample used in these experiments is composed of VO2~150 nm thick films deposited 

on both sides of c-plane-oriented sapphire substrates whose temperature was 

controlled by a thermoelectric heater/cooler stage. The growth temperature (Tg) used 

was 625 °C on both sides. Details of the deposition conditions can be found in 

reference [11]. A schematic of a type of VO2 samples used in our experiment is 

shown in Fig. 2, where VO2 was deposited in both sides of a sapphire substrate.  

 

 

 

 

 

II. Experimental setup 

Fig. 3 shows the schematic of the experimental setup used to investigate the 

optical properties of the double-sided VO2 sample. The system consists of a probe 

infrared laser beam emitting a λ=1560nm wavelength with a 21mW constant power. 

The probe beam illuminates perpendicularly the surface of the sample. In the 

experiments, the sample was placed over a temperature-controlled stage which 

temperature (Ts) was varied from 25°C to 90°C.  

 

Figure 2. A schematic of double side VO2 sample. 

Vanadium dioxide VO2 

Vanadium dioxide VO2 

 
Sapphire 

~150 nm 

~150 nm 

~250 m 
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Figure 3. Schematic of the pump-probe experimental setup used for optical characterization of 

the double sided VO2 sample.  

 

In addition, we used a near-IR vidicon camera (InGaAs - Hamamatsu C2400 03) 

with spectral response in the 800-1800nm wavelength range, 30 frames/sec (fps) 

speed, and 720x480 pixel resolution. A long working distance objective lens (20X) 

was connected to the near- IR camera to image surface of the sample. The camera has 

an external controller for the contrast, brightness, and gain. The camera and the pump 

laser were placed on translation stages for fine-tuning adjustments. The pump laser 

emitting a λ=980nm wavelength was concentrated on the sample surface with a power 

in the 230mW -650mW range. We used a high-pass filter at 1300nm to protect the 

camera from the effect of the 980nm pump laser. 

When the pump beam was focused on the sample surface, localized absorption 

produced a radial expansion of heat which caused a temporal spread in the circular 

area where the VO2 phase transition happened. That resulted in covering the whole 

area illuminated by the probe beam. A mechanical chopper with low frequency 

modulation (less than 1Hz) was placed after the pump beam. This resulted in a pulse 

width with constant duty cycle of ~10 %. To create patterns and different shapes on 
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the sample, a dual-axis, large beam diameter scanning Galvo-system with protected 

gold mirrors was used. 

III. Experimental results 

Producing the VO2 phase transition in specific areas in the sample is very 

important in display applications. However, localizing the VO2 phase transition in a 

small spot with no pump beam modulation cannot be done with the pump laser 

concentrated on the sample surface. Thus, we conducted several experiments using 

the pump laser modulation in order to produce the VO2 phase transition in small 

localized areas in the sample. 

As shown in Fig.3, a dual-axis, scanning Galvo-system with gold coated mirrors 

was used to produce different patterns and shapes on the sample. In order to generate 

vibrations in the X-axis mirror and the Y-axis mirror, two separate function 

generators with sinusoidal waveforms were used. In addition, we used a peak-to peak 

voltage range of 0-1.5V, and the range of the frequency was 10-100Hz. Moreover, the 

diameter of the circular transversal section of the probe in the experiments described 

in this chapter was about 15mm. 

 

 

 

 

 

 

Figure 4. Infrared images of the sample surface obtained by modulating the pump laser with a 

frequency range of 15-100 Hz. The pump laser was (a) maintained static or (b-h) was 

repetitively scanned through the sample surface with a refreshing frequency value less than 

1Hz.   
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As shown in the Fig. 4(a), an IR image of a localized dark spot of about 

0.8mm was obtained by focusing the pump laser at a specific position on the sample 

surface. In order to avoid spreading of the area where the VO2 phase transition occurs, 

we have used Ts = 60°C, pump =29mW, and a ~1Hz pump beam modulation rate. 

After the pump laser was turned off, at these conditions, the black spot in the image 

was completely erased in ~0.06 seconds. Therefore, one should expect to be able to 

draw extended features in the sample by repetitively scanning the focused pump beam 

with a frequency of fs > 16.5Hz through the sample’s surface. This is proven by the 

IR images shown in Figs. 4(b) to 4(h), which were obtained by moving the focused 

pump beam in linear [Figs. 4(c) and 4(d)], circular [Figs. 4(b), 4(f), and 4(e)], and 

more complex paths [Figs. 4(g) and 4(h)] over the sample’s surface. 
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CHAPTER 3 

THARMAL IMAGING BASED ON VO2 THIN FILM AND SCANNING 

MIRRORS 

 

I. Thermal radiation and emissivity determination 

Thermal radiation is the emittance of electromagnetic waves by a material's 

surface at a temperature greater than absolute zero. There is a future benefit of 

modulating thermochromic materials because of their significant applications such as 

the ability of controlling smart devices in the absence of any outer power. For 

instance, a radiator with the maximum values of emissivity at maximum temperatures 

and minimum values of emissivity at minimum temperatures can be used to maintain 

heat during cold conditions and decrease heat during hot conditions to obtain an 

appropriate temperature [7]. 

The interest of studying emissivity (ε) has gradually increased for applications 

in the field of thermal radiation and imaging. Emissivity is an important factor in this 

part of our experiment. It provides a clear understanding of the experimental results 

and it gives an obvious explanation of our thermal images [7]. Emissivity can be 

defined as the ratio of the radiant energy from a sample's surface to the radiant energy 

from a perfect blackbody at the same temperature. The maximum value of the 

emissivity is 1 for a perfect blackbody, and less than that for other materials [12].  

There are different methods to determining the emissivity of the VO2 sample. 

In this work the emissivity was determined by placing a black masking tape 

(blackbody) with emissivity ~0.95 near the VO2 thin film within the field of view of 

the thermal imaging camera. The blackbody temperature was measured using the 

same heating/cooling stage shown in Fig. 3, and the corresponding temperature of the 
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VO2 sample was measured as well. The VO2 emissivity was adjusted until a correct 

temperature was obtained (equal to the blackbody temperature). 

II. Experimental setup 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Schematic of the thermal imaging experimental setup using Galvo- system. 

 

Fig. 5 shows a schematic of the experimental setup of the thermal imaging. In 

this part of the work we used similar devices to those we used in the infrared scene 

but important changes were made to be commensurate with the thermal part. The 

experimental setup consisted of the same infrared pump laser beam used in the IR 

experiments (emitting a λ=980nm wavelength), which was focused on the sample’s 

surface with a power ranging from 230 mW to 650mW. The sample was placed on a 

temperature-controlled stage with different values of temperature (Ts) ranging from 

25°C to 100°C.  

In addition, in this experiment we used a thermal imaging camera (COX- 

CX640) with a spectral range of 8-14µm, a -20 ~ 120°C, -20 ~ 650°C temperature 

measurement range, and 640×480 pixel resolution. The thermal imaging camera had 
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1x to 3x digital zoom and was focused on the surface of the sample. The thermal 

camera acquisition software includes several features which were used to determine 

the thermal imaging characteristics of the VO2 sample under different laser 

excitations. This software allowed loading radiometric files, adding information for 

each image, analyzing and recording data, and printing reports. The camera and the 

pump laser were placed over translation stages for fine-tuning adjustments. 

By attaching a double-sided VO2 sample on a heating/cooling stage, we 

measured the thermal emission from our sample’s surface. We varied the temperature 

of the stage from 25°C to 100°C, providing sufficient time (~min) for thermal 

stabilization [7]. Similar to the IR experiments, we set the temperature of 

heating/cooling stage at ~60oC, and using the dual-Galvo system we scanned the 

pump laser over the VO2 sample to create the desired thermal patterns.  
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CHAPTER 4 

EXPERIMENTAL RESULTS 

 

First, we studied the thermal emission from the VO2 surface by heating up the 

sample using heating/cooling stage from 25°C to 100°C. Increased heat and radiation 

are expected when any material is heated. However, in our work, the VO2 thermal 

radiation increased, as expected, until 74°C and suddenly decreased between 75°C 

and 85°C. The sample’s apparent temperature was cooler than the actual temperature 

by ~20°C. Through the thermal camera, our sample seemed to be cooler even when its 

temperature was gradually raised. This was due to the reduction of the sample 

emissivity when the VO2 changed from insulator to metallic state.  

Thermal images were produced using the optical setup shown in Fig.5. In the 

case of thermal imaging study, we used a peak-to-peak range of voltage of 0-1V, and 

the frequency range was 12.5- 50V for the amplitude and modulation of the dual-

Galvo system, respectively. Furthermore, in order to obtain different shapes and 

patterns on the sample, we applied a special technique, which was preheating the 

sample near to the phase transition temperature, and then developing localized heating 

in a specific region above the phase transition temperature by focusing the pump laser 

at the VO2 film [3]. Moreover, focusing the pump laser at the VO2 film resulted in 

controlling the thermal emissivity of the VO2\sapphire sample in order to create the 

emissivity pattern as shown in Fig.6. These patterns were imaged by using a thermal 

camera. 
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Figure 6. Thermal images on the VO2 surface obtained by modulating the pump laser with a 

frequency range of 25-50Hz. The images were captured using a thermal camera. The pump 

laser was (a) maintained static, or (b-h) was repetitively scanned through the sample’s 

surface. 

 

In Fig. 6, the sample temperature was kept at Ts=70°C. By focusing the pump 

laser at a specific position on the sample’s surface, we raised the temperature above 

the transition temperature which created a thermal image of a localized dark spot as 

shown in Fig. 6(a). In this case, we used 446mW laser pump power, and a low 

frequency modulation ~1Hz of mechanical chopper were used. After the pump laser 

was turned off, at these conditions, the black spot in the image was completely erased 

after 3-5 seconds. Therefore, one should expect to be able to draw extended features 

in the sample by repetitively scanning the focused pump beam with a frequency of 25-

50Hz through the sample’s surface. This is proven by the thermal images shown in 

Figs. 6(b) to 6(j), which were obtained by moving the focused pump beam in linear 

[Figs. 6(b) to 6(e)] and circular [Figs. 6(f) to 6(j)] over the sample’s surface.  In order 

to replace the image with time, the pattern on the sample should be erased and another 

one should be written instead. This is done by decreasing the temperature temporarily 

to below the transition temperature and raising it again to the previous temperature 

before creating the next pattern with the laser beam. It is noteworthy that the images 
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obtained in Fig.6 have lines and circles of different sizes. This is due to the direct 

relationship between the applied peak-to peak voltage and the lengths of the lines as 

well as the areas of the circles. 

 

 

 

 

 

Figure 7. Complex thermal images on the VO2 surface obtained by modulating the pump laser 

with a frequency range of 12.5-50Hz, and were captured by a thermal camera. The images (a) 

to (c) were obtained by (erase /re -write) technique, and (d) and (e) were obtained by writing 

permanently. 

  

Fig. 7 shows more complex patterns over the sample’s surface. However, two 

different methods were applied to obtain these images. The images in Figs. 7(a)-7(c), 

were created by applying (erase /rewrite) technique used to get the lines and circles. 

On the other hand, the images in Figs.7 (d) and (e) were obtained by writing 

permanently. In this case, the process of generating the images started with heating 

the sample at TS=70°C, and scanning a part of the image with the pump laser. By 

maintaining the sample’s temperature (TS) and, at the same time, changing the peak-

to-peak voltage in only one direction—Fig. 6(d)—or both directions—Fig. 6(e)—the 

pump laser changed its direction and scanned the rest of the image. This process took 

about 5-8 seconds to complete the entire image. 
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Figure 8. Thermal images of localized spots on the VO2\sapphire sample obtained by changing 

the pump power from 281mW to 1134mW, and the corresponding illustration of the apparent 

temperatures along the distance as a result of the emissivity change. 
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The thermal images shown in Fig. 8 were obtained by keeping the VO2/sapphire 

sample at Ts=65°C. By focusing the pump laser with power in the 281mW-1134mW 

range at a specific position on the sample’s surface, thermal images of localized spots 

were obtained. The spots formed in the VO2\sapphire sample were imaged by using 

the thermal camera. Increasing the power of the laser resulted in an increase of the 

thermal lateral diffusion for each spot. Different intensities in the thermal diffuse 

spots images correspond to different values of apparent temperature. The 

corresponding intensity line profiles show the apparent temperatures distribution 

along the center of spots as a result of the emissivity change. As clearly shown in Fig. 

8, increasing the power of the laser resulted in broadening of the spots due to thermal 

diffusion in the sample. The darker central circular (Figs. 8(a) to 8(c)) or doughnut 

shape (Figs. 8(a) to 8(c)) regions correspond to the temperatures where the VO2 MIT 

has occurred. 

 For pump powers ~281mW, as shown in Fig.8 (a) to 8(c), the center of the spot, 

where the temperature is maximum,  has the lowest apparent temperature (the darker 

region) as a consequence of the reduction of thermal emissivity when the VO2 is in 

the metallic state. Then, as the pump power increases from 534mW- 1134mW, as 

shown in Fig.8 (d) to 8(l), the apparent temperature in the center of the spot starts to 

rise until reaching the highest value (the lighter color region). This happens because 

the temperature of the sample in the spot where the pump laser hits the sample 

increases with the pump power but the emissivity remains constant after the VO2 

reaches the metallic state.  
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CHAPTER 5 

CONCLUSION 

We investigated the photo-induced patterns produced by pump-probe technique 

on double sided VO2/sapphire/VO2 thin films grown by sputtering technique at 625oC. 

The insulator-metal transition was triggered using a continuous wave high power NIR 

laser. A dual-Galvo- system with two scanning mirrors vibrating in two orthogonal 

directions were used to create the shapes and patterns on the sample’s surface. Two 

independent function generators were used to produce the desired patterns by 

controlling the amplitude and vibration frequency of the scanning mirrors. An IR 

probe laser was used to illuminate the sample, and the generated patterns were imaged 

by an IR camera. The sample was heated near the phases transition temperature using 

a temperature-controlled stage. Modulating the pump laser at low frequency 

contributed to control the thermal diffusion in order to obtain well-defined and high-

contrast images with different patterns and sizes.  

We also experimentally used a thermal imaging approach to produce laser-

induced patterns which relies on the thermal emissivity control of VO2/sapphire 

samples. In this method, we modified the thermal emissivity of the VO2 by focusing a 

high-power laser beam (pump) at the sample surface and this result in localized 

heating. The photo-induced patterns were also obtained with the aid of the dual-Galvo 

mirror system. In the thermal imaging experiments, no probe thermal beam was 

necessary since thermal emission of the VO2 served as the source of thermal radiation. 

The thermal emissivity of VO2 was modified by varying the temperature of the 

sample and the desired patterns were obtained by scanning the sample with the pump 

laser. The change in VO2 emissivity resulted in an apparent temperature recorded by 

the thermal camera which was very different from the actual sample temperature. 
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