
6.4 Wavelength Tuning of Intersubband Absorption in

GaN/AlN Multiple Quantum Wells Grown on AlN

As mentioned in the last section, the intersubband absorption wavelength in GaN/AlN

MQW grown on AlN-based waveguide is quite difficult to control because of the large

built-in electric field induced by stress in GaN quantum wells. In order to tune the

wavelength of absorption, three methods are described as follows:

1) Changing quantum well thickness

As the subband energy levels make a shift in energy with increasing or decreasing

of quantum well thickness, the change of quantum well thickness should be the easiest

way to change the energy levels. However, since a little change of thickness could not

be used to adjust the absorption wavelength, a large increase in thickness is required for

the wavelength adjustment. It is also difficult to adjust the absorption wavelength to

long wavelength side because the thickness must be increased to be over the critical

thickness, which could cause crystalline defects in the quantum well structure.

2) Changing barrier height

The AlN barrier normally gives the highest barrier for nitride-based quantum wells.

The use of AlN thus results in the shortest intersubband transition wavelength in case of

GaN quantum wells. The tuning of intersubband absorption wavelength to long

wavelength can therefore be performed by changing the barrier from AlN to AlGaN,

resulting in lower barrier and a red shift of the intersubband absorption wavelength.

Because the lattice mismatch in AlGaN is smaller than in AlN barrier, changing the

barrier to AlGaN also affect in a decrease of lattice-mismatch induced stress in the

quantum well, making it easier to grow the MQW structure. This method can therefore

be used to adjust the intersubband absorption wavelength of the AlN-based waveguide.

However, changing the barrier height might require some upgrade of growth machine,

as two GaN source will be required in the growth of both AlGaN barrier and GaN

quantum well. It is thus not possible to be performed in this study.
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3) Changing barrier thickness

The indirect way to adjust the intersubband transition wavelength is to adjust the

barrier thickness, which could result in the change of the built-in electric field. Since it

is known that the built-in electric field in the AlN waveguide is too large, the shift to

long-wavelength side could therefore be achieved by reducing the strength of the

built-in electric field, which can be performed by decreasing the barrier thickness.

In this study, the wavelength adjustment was firstly performed by changing the

quantum well thickness. Figure6.11 shows the transmission spectra of three samples

with well thickness varied by 2.5nm. 3.3nm and 4.0nm, while the barrier thickness

was kept constant at 10.5 nm. As can he seen in the figure, the wavelength of

intersubband absorption shifted from 1.35ƒÊm to 1.52ƒÊm and 1.70ƒÊm with stronger

absorption for a change in the quantum well thickness from 2.5nm to 3.3nm and 4.0

nm, respectively. As expected, stronger absorption was observed for thicker quantum

well, because the number of carrier in quantum wells generally increase with thicker

quantum well, thus inducing stronger absorption. This result is in good agreement with

the prediction that the wavelength should be shifted when the quantum well thickness is

Figure6.11 Wavelength tuning of intersubband absorption in GaN/AlN
MQW grown on AlN by changing quantum well thickness.
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thicker than the critical thickness, causing lattice relaxation in the GaN quantum wells.

As a result, the built-in electric field in the GaN is weakened. This result also confirmed

the assumption that the intersubband absorption of quantum wells thinner than 2.5nm is

difficult to tune the wavelength because of the effect of built-in electric field.

The other method for adjusting the wavelength of intersubband absorption,

changing barrier thickness, is also studied here. The well thickness was fixed at 3.3nm

which is thicker than the critical thickness, while the barrier thickness was varied by 3

nm, 10.5nm, and 31.5nm. The transmission spectra of three samples are shown in Fig.

6.12. It can be obviously seen that the wavelength can be adjusted by changing the

barrier thickness. For thick barrier, the absorption wavelength shifted to shorter

wavelength as predicted, owing to the stronger built-in electric field. On the other hand,

the absorption wavelength shifted to longer wavelength for thin barrier as a result of

weakening electric field. However, the amount of absorption became smaller for

30-nm-thick barrier samples, which is thought to be a cause of crystalline defects as the

growth of thick AlN barriers with high quality is still not possible by MBE growth

technique.

Considering these results, it can be concluded that the intersubband absorption

wavelength in thick GaN quantum wells grown on AlN buffer layer can be tuned with

Figure6.12 Wavelength tuning of intersubband absorption in GaN/AlN
MQW grown on AlN by changing barrier thickness
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changing the strength of built-in electric field. However, the built-in electric field cannot

be adjusted directly, but requires the change of quantum well thickness or barrier

thickness instead. It is therefore necessary to understand the crystal-growth ability and

nature of built-in electric field very well in order to tune the absorption wavelength to

the desired wavelength for MQW on AlN buffer layer.

6.5 Ultrafast All-Optical Switch Operating at 1.55ƒÊm

In order to fabricate the intersubband transition device that operates at 1.55ƒÊm, as

described in the last section, it is needed to increase the quantum well thickness to be

thicker than the critical thickness of GaN on AlN layer. With such thickness, the lattice

relaxation can induce the defects such as threading dislocation inside the quantum wells.

resulting in large switching energy of the input optical pulse to achieve the intersubband

absorption saturation. The optimal barrier thickness that can grow the MQW structure

with low defect density should therefore be investigated. In addition, the optical

confinement of the core should also be carefully considered. As described in Chapter 5,

the total thickness of the core is needed to be as thick as possible in order to increase the

optical confinement of the core, while low carrier concentration is required to reduce the

amount of absorption, which could result in a reduction of the switching energy.

However, since the MQW composing of lattice-mismatched materials, too thick core

can generate defects with high density. The quantum well thickness, barrier thickness,

total core thickness, and the carrier concentration are therefore very important

parameters needed to be concerned for the fabrication of 1.55-ƒÊm intersubband

transition devices based on AlN waveguide structure. In order to investigate such

parameters, the AlN waveguides with GaN/AlN MQW fabricated with different

parameters as shown in Table 6.1 were fabricated and characterized for the intersubband

absorption saturation. Firstly, the effect of quantum well thickness is investigated using

Waveguide A and B. Waveguide A is the first AlN-waveguide-based intersubband

transition device operating at 1.3ƒÊm as described in Section 6.1 to 6.3, while

Waveguide B was fabricated with the same structure but the GaN quantum well
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Table 6.1 Structures of AlN waveguides with different GaN/AlN quantum well structure

thickness was changed to 3.3nm to obtain the intersubband absorption at about 1.55ƒÊm.

In contrast to the observation of 7-dB absorption saturation in Waveguide A, Waveguide

B provides very high TM-mode propagation loss, making it not possible to detect the

absorption saturation. Such high TM-mode propagation loss is thought to be due to an

increase in the defect density as the thickness of GaN quantum wells was increased to

be thicker than the critical thickness. Additionally, since the thickness was increased, the

amount of carriers inside the quantum well increased, resulting in stronger intersubband

absorption at 1.55ƒÊm.

Next, the optimal barrier thickness is investigated using Waveguide C, D and E. To

reduce the amount of intersubband absorption and to increase the core optical

confinement, the carrier concentration in the GaN quantum well was reduced to be

5•~1018cm-3 in Waveguide C, and 1•~1019cm-3 in Waveguide D and E, while the amount

of quantum wells was increased to be 20 and 10, respectively. The intersubband

absorption in these samples was found at about 1.6ƒÊm, comfirmed by both the

Multiple-reflection method and the Waveguide-coupling method. However, only 1-2 dB

of intersubband absorption saturation was observed in the samples cleaved with a

waveguide length of 400ƒÊm. The effect of barrier thickness is then investigated by the

Waveguide-coupling method as shown in Fig.6.13 for Waveguide D and E, which has

almost the same structure except the barrier thickness. As seen in Fig.6.13, both

samples have broad absorption spectrum, suggesting that the absorption might be still

too strong. Note that the maximum distinction ratio that can be observed by the

Waveguide-coupling intersubband-absorption measurements is limited by the

distinction ratio of the polarizer used in the experiment. In this study, the maximum
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distinction ratio is estimated to be about 25 dB, meaning that absorption stronger than

25 dB can cause a broad absorption peak with this method.

However, the important difference observed between Waveguide D and E is the

TM/TE propagation loss ratio in the wavelength range of 1.1-1.2ƒÊm. where Waveguide

E shows TM/TE ratio of almost zero, while Waveguide D shows 5-10 dB difference. In

general, this wavelength range is expected not to contain intersubband absorption; it is

thus used to characterize the waveguide quality as described in Chapter 4 and 5. The

5-10 dB of TM/TE ratio is therefore thought to be due to the extra TM-mode

propagation loss, which is caused by crystalline defects generated during the growth of

lattice-mismatched MQW layer. Since Waveguide D contains thick barrier (31.5nm)

compared with quantum well (3.3nm), the stress induced in the GaN quantum well is

expected to be strong, causing high density of crystalline defects in Waveguide D. On

the other hand, Waveguide E was fabricated with the same barrier and quantum well

thickness (3.3nm), making the average Al-composition of the MQW layer in

Waveguide E becoming about 50%. which means that the stress induced in the GaN

quantum well is much reduced in Waveguide E compared with Waveguide D. Therefore,

the density of crystalline defects in Waveguide E is expected to be much reduced in

Waveguide E. providing no extra TM mode propagation loss. Considering these results,

Figure 6.13 Intersubband absorption spectrum measured by Waveguide-coupling method.

of AlN waveguides with different AlN barrier. D: 31.5nm, E: 3.3nm.

146



it can be concluded that the MQW layer should be fabricated with careful consideration

of stress induced by lattice mismatch to minimize the defect density, which can be

achieved by reducing the barrier thickness to be equal to that of GaN, or by reducing the

total MQW thickness.

Finally, to reduce the amount of intersubband absorption in the waveguide, and to

reduce the defect density generated in the MQW layer, Waveguide F is fabricated with

Figure 6.14 (a) TM and TE mode transmission spectra of as-fabricated AlN high mesa
waveguide measured by Waveguide-coupling method.

(b) lntersubband absorption spectrum calculated from (a)

147



the same condition as Waveguide E but the amount of quantum wells is reduced to 5.

The intersubband absorption and TM-mode propagation loss in Waveguide F was

investigated by Waveguide-coupling method for a waveguide length of 1mm, as shown

in Fig. 6.14.

As seen in Fig.6.14, clear intersubband absorption can be clearly observed, but the

peak wavelength is not clearly confirmed due to the range of measurements. However, it

is expected to be longer than 1.65ƒÊm. This absorption peak is much narrower than that

of Waveguide D and E. Moreover, at a wavelength of 1.05ƒÊm, the TM/TE propagation

loss ratio becomes less than 5 dB, indicating that the waveguide quality is much

improved in Waveguide F. The extra TM-mode propagation loss of 5 dB is thought to be

due to the defects in the upper AlN cladding layer, as this layer was grown by MBE

technique with a thickness of 1ƒÊm. In contrast to GaN, the growth of thick AN by

MBE technique still provides a high density of defects, such as Al droplets.

To confirm the improvement of waveguide characteristic shown in Fig.6.14, the

intersubband absorption saturation is investigated for Waveguide F (600ƒÊm) with the

experimental setup described in Section 6.3.1. In Fig.6.15, the 1.55-ƒÊm intersubband

absorption saturation characteristic of Waveguide F is illustrated. For TE-polarization.

the insertion loss is almost constant at approximately 10.5 dB with increasing input

pulse energy from 0.01 pJ to 100 pJ. On the other hand, for TM-polarization, the

insertion loss changes from -30 dB to -20, or 10-dB of absorption saturation, with

increasing pulse energy. Note that this device is not mounted as a module, so the

vibration can cause a shift in energy as seen for TE-polarization in Fig.6.15.

Nevertheless, this result obviously shows that the intersubband absorption saturation by

10 dB was achieved with the input pulse energy of 90 pJ, which is the smallest energy

ever reported for the nitride-based intersubband transition devices. It is believed that the

characteristic can be further improved with the AR coating and module fabrication [62].

Without such module fabrication, the 3-dB absorption saturation can be obtained with

the input pulse energy as small as 8 pJ, much lower energy than that is necessary for

GaN-based waveguide (40 pJ) reported in the literature [62]. Therefore, these results

indicate that the AlN waveguide structure is a promising structure for improving the

switching characteristic of the ultrafast all-optical switch utilizing intersubband

transition.
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Figure6.15 Fiber-to-fiber insertion loss of TM and TE polarization of Waveguide F

as a function of input pulse energy. 10 dB of intersubband absorption

saturation is observed with input pulse energy of 90 pj.

Figure6.16 Results of pump-probe measurements for Waveguide F

The intersubband absorption saturation measurements was also performed for 1.7

ƒÊm, but less than 2 dB of distinction ratio was observed, suggesting that the amount of

absorption is very large at the absorption peak, which could be around 1.7ƒÊm or longer
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wavelength. The two-color pump-probe measurements have been performed to

demonstrate the ultrafast all-optical switching utilizing intersubband transition. Figure

6.16 shows the results of the pump-probe measurements for Waveguide F. The energies

of the control (1.7ƒÊm) and the signal pulses (1.55ƒÊm) were 100 pJ and 2.5 pJ,

respectively. The cross correlation between these two pulses provide the full width at

half maximum (FWHM) of 270 fs. Since the waveguide is not mounted as a module, the

measurement on ultrafast all-optical switching is very sensitive to vibration, making it

very difficult to obtain a clear switching characteristic. Nevertheless, the result in Fig.

6.16 shows an increase in transmitted signal intensity of around 2 dB when the timing

of the control and signal pulse coincides. The FWHM of the switching gate measured in

this experiment is estimated to be 440 fs. However, since the pump and signal pulses are

not optimized to obtain the shortest pulses, the switching gate is expected to be

narrower with optimized pump and signal pulses. These results thus indicate that the

ultrafast all-optical switching can be performed successfully with the fabricated device.

Therefore, this is the first demonstration of the ultrafast all-optical switching by

AlN-waveguide-based intersubband transition devices.

Even though the switching characteristic is not the best compared to the previously

reported intersubband transition devices, the AlN-waveguide-based ultrafast all-optical

switch is expected to have much better characteristic with the optimization of the

structure, absorption wavelength, and module fabrication. These results not only

demonstrate the ultrafast all-optical switching utilizing intersubband transition, but also

indicating that AlN waveguide structure is a promising structure for the improvement of

the switching characteristic of intersubband transition devices.
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6.6 Discussions on Switching Pulse Energy

Although the AlN-waveguide-based ultrafast all-optical switch described in Section 6.5

has demonstrated the intersubband absorption saturation with good characteristic better

than the GaN-waveguide-based all-optical switches [61,62], the optical pulse energy

required for the absorption saturation is still large compared with conventional

all-optical switches [176-182]. However, since the device described in Section 6.3 was

still not optimized for application as all-optical switch, it is believed that with the

optimization of device structure and the tuning of the wavelength,

AlN-waveguide-based intersubband transition switches can provide better switching

characteristics. This is because AlN waveguide structures have many advantages in

developing the intersubband transition devices as follows:

1) Ability to fabricate the high-optical-confinement waveguide structures

2) Low propagation loss waveguide

3) Good carrier confinement to quantum wells

4) Strong built-in electric field in quantum wells

These advantages are special feathers for the intersubband transition devices based on

AlN-waveguide structure. They should be optimized to obtain the best performance

intersubband transition devices. In this section, two parameters, switching speed and

insertion loss, are also discussed. These parameters are very important that they should

be concerned not only for the AlN-waveguide-based intersubband transition devices, but

also for intersubband transition devices fabricated by other structures and other material

systems.

Effect of Switching Speed (carrier life time) on Switching pulse energy

In order to study the relation between the switching speed and switching pulse

energy, the saturation intensity of the intersubband transition switch is examined [56].

(6.1)
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where, ne is the sheet carrier density, nw is the number of wells, hv0 is the peak energy,

hƒ¢v is the homogeneous linewidth, ƒÑ is the energy relaxation time and the area under the

absorption peak is given by •ça(v)dv.

In the above equation, all the terms excepting ƒÑ can be estimated from the

absorption spectra. The saturation intensity can therefore be written as

(6.2)

meaning that the saturation intensity is inversely proportional to the energy relaxation

time. From this relation, it can be thought that to operate a switch with fast operating

speed (or short response time), high pulse energy is required to pump the waveguide to

saturation state. The experimental switching energy of each optical switch is therefore

plotted versus the response time in Fig.6.17. It can be seen that all intersubband

transition switches have almost the same relation between switching energy and

response time, less than 10 pJ・ps.  This relation is no big difference even for the

electro-absorption modulators, or SOA-based switches. It is therefore a trade-off

between the switching speed and the switching energy. If the switching speed is

Figure 6.17 Relation between switching energy and response time of all-optical switches.

Triangle: Experimental results of intersubband transition switches at 3-dB

absorption saturation, Orange line: reference line for "energy•~time" value.
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required, large switching power will be necessary. In case of GaN quantum wells, the

intersubband relaxation time is the shortest among other materials, suggesting that

requirement of large switching energy is inevitably. However, reduction of switching

energy can still be achieved with optimization of quantum wells. As can be seen in Eq.

6.1, the absorption intensity is proportional to the carrier density and the quantum well

number. A decrease in switching energy can thus be achieved by reducing the carrier

density.

Effect of Insertion Loss on Switching Pulse Energy

Even though it is known that high switching energy is required for ultrafast

switching using intersubband absorption saturation in GaN/AlN MQW, another

parameter that should be further studied to reduce the switching energy is the total

insertion loss of the waveguide. As described in previous section, the total insertion loss

includes the fiber-to-waveguide coupling loss and the propagation loss.

The fiber-to-waveguide coupling loss is usually varied with reflectance of

waveguide facet which is different by material. Since AlN has small refractive index,

the facet reflectance is smaller than other materials, thus producing lesser coupling loss

for the waveguide that is well designed and fabricated. The coupling loss is estimated to

be around 10 dB for AlN waveguide coupled by taper fiber. However, the coupling loss

could be further bit improved by fabricating a waveguide module coupled by

collimating lens, which is expected to be around 3-5 dB.

On the other hand, the propagation loss composes of three parameters which are

explained as follows:

1) Original waveguide propagation loss is the loss for both TM and

TE-polarization generated inside the waveguide due to abnormal shape of waveguide

such as sidewall roughness. This loss could be reduced by improving fabrication

process to obtain the waveguide with smooth sidewall.

2) Intersubband Absorption loss is the TM-polarization loss that is generated by

intersubband absorption of quantum wells. This loss is the most important because it is

the parameter that directly relates to the On-Off distinction ratio of the switches. For

high distinction ratio, this loss should be high, which can be adjusted by increasing the
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doping concentration or increasing a number of quantum wells. In that case, higher

switching energy is required, and too high loss could results in too large absorption

saturation energy. In order to achieve low switching energy, this part should be

optimized to be as low as possible while the distinction ratio can be achieved around 10

dB. Such optimization should be performed for both the carrier concentration in the

quantum wells and the amount (total period) of quantum wells.

3) Extra propagation loss generated by crystalline defects is the TM-polarization

loss that is not desirable to exist in any waveguide, because this loss only increases the

switching energy without improving the distinction ratio of the switch. This loss must

therefore be reduced to be as small as possible, which can be performed by improving

the growth technique to obtain high crystalline quality waveguide structure. This loss

can be as large as 20 dB for bad crystalline-quality waveguide structure, whereas it can

be negligible for the perfectly grown crystal.

In conclusion, the reduction of switching energy is still an important issue for the

realization of ultrafast all-optical switching in GaN/AlN MQW. For the

low-switching-energy all-optical switches, the optimization of the TM-polarization

intersubband absorption loss should therefore be concerned together with the

improvement of crystalline quality and waveguide fabrication process. The switching

energy can be further improved by making a device module which could improve the

coupling loss of the devices.

6.7 Concluding Remarks

In this chapter, the fabrication of ultrafast all-optical switch utilizing intersubband

transition was demonstrated by using AlN waveguide structure with GaN/AlN multiple

quantum wells. In Section 6.1, the MBE growth of GaN/AlN multiple quantum wells on

MOVPE-grown AlN layer was studied. It was found that there exists very strong

built-in electric field induced in the GaN quantum wells owing to the large lattice

mismatch between GaN and AlN. This built-in electric field is useful for shortening the

wavelength of intersubband absorption. By making use of this strong built-in electric
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field, the waveguide structure with GaN/AlN quantum wells could be fabricated for a

certain intersubband absorption wavelength, without wavelength shifting caused by a

change in built-in electric field, especially for a wavelength shorter than 1.4 inn. In

Section 6.2, the intersubband absorption at a wavelength as short as 1.3 p.m was

therefore demonstrated in the AlN waveguide structure with GaN/AlN quantum wells

for the first time. This wavelength is the shortest ever reported in the waveguide

structure. In Section 6.3, the intersubband absorption saturation in the device was

demonstrated by pump-probe measurements using ultrashort optical pulse. 7 dB of

absorption saturation was observed for input optical-pulse energy of 200 pJ.

In addition to the demonstration of intersubband transition device based on AlN

waveguide at a wavelength of 1.3ƒÊm, in Section 6.4, the wavelength tuning of the

device was also demonstrated by changing the quantum well and barrier thicknesses

with a careful consideration of the built-in electric field in the quantum wells, leading to

the realization of longer wavelength including 1.55ƒÊm. Although it is the first device

that can operate in the optical wavelength range of 1.3-1.55ƒÊm, the ultrafast

optical-switching characteristic of this AlN-waveguide-based device measured by

pump-probe measurements is good, comparable to the GaN-waveguide-based devices

previously reported. In Section 6.5, the first AlN-waveguide-based ultrafast all-optical

switch operating at 1.55ƒÊm was demonstrated with the careful concern of AlN barrier

thickness and optical confinement of the waveguide structure. The switch has very good

saturable absorption characteristic at a wavelength of 1.55ƒÊm: input pulse energy of 90

pJ for 10-dB saturation, which is better than that of the conventional

GaN-waveguide-based ultrafast all-optical switch.

Such achievements were originated from the characteristic of AlN waveguide

structure and the successes in fabricating the structure with high quality. With additional

improvement of the waveguide structure and a careful wavelength-tuning, the

AlN-waveguide-based device is expected to have much better characteristic for

applications on ultrafast all-optical switching. In Section 6.6, the parameters that affect

the switching energy of the device were discussed. The switching energy can be reduced

by further improvements of crystalline quality and waveguide fabrication which affect

the insertion loss. Such improvements are therefore required for the fabrication of the

intersubband transition devices with low switching energy.
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CHAPTER 7

CONCLUSIONS

I
n this dissertation, the GaN/AlN multiple quantum wells and nitride-semiconductor-

based waveguide structures were studied and fabricated for the applications of

ultrafast all-optical switch utilizing the intersubband transition. The ultrafast

intersubband transition device was realized by using MN waveguide structure with

GaN/AlN quantum wells. This AlN-waveguide-based intersubband transition device can

operate in the optical communication wavelength range, and is the first intersubband

transition device that can be designed to cover both 1.3ƒÊm and 1.55ƒÊm. The device

was successfully fabricated with a combination of many techniques achieved in both the

epitaxial growth of nitride-based semiconductors including their multiple quantum well



structures and the fabrication of the nitride-based waveguide structures. Additionally,

the careful design of waveguide structures with materials that has many outstanding

properties suitable for intersubband transition devices, GaN and AlN, has led to the

successful demonstration of the intersubband-transition ultrafast all-optical switches

with high performance.

In Chapter 1, the study began with basic background of the intersubband transition

and importance of nitride semiconductors for intersubband transition devices. The

interesting characteristics of the intersubband transition and three applications,

including quantum well infrared photodetector, quantum cascade laser and ultrafast

all-optical switch, were introduced. The chapter was focused on the materials with large

conduction-band offset, especially on GaN/AlN multiple quantum wells, since they can

provide the intersubband transition at 1.55ƒÊm for fabrication of ultrafast all-optical

switch. The difficulty in obtaining the intersubband transition at 1.55ƒÊm for

metalorganic vapor phase epitaxy technique and the need of a high-quality waveguide

structure for device fabrication were also introduced.

In Chapter 2, the epitaxial growth of nitride-based semiconductors and GaN/AlN

multiple quantum wells with metalorganic vapor phase epitaxy technique was described.

The high quality GaN was successfully grown with low-temperature nucleation layer

technique. The Si-doping of GaN was also achieved with a carrier concentration as high

as 9•~1018cm-3. It was found that the GaN/AlN multiple quantum well structures face

many difficulties to grow with high quality owing to a large lattice mismatch of 2.6%

and a difference in temperature coefficient of expansion between GaN and AlN. The

growth of GaN/AlN multiple quantum wells therefore requires a special technique such

as the insertion of "intermediate layer" to improve the structural quality. The growth of

high quality GaN/AlN multiple quantum wells with molecular beam epitaxy technique

was also performed and described. By comparing the crystalline and structural quality

obtained with both growth techniques, it was found that metalorganic vapor phase

epitaxy is more preferable to grow a thick epilayer since it can grow thick epilayer with

high crystalline quality as many growth techniques are available to reduce crystalline

defects, for example, low-temperature nucleation layer and insertion of intermediate

layer. On the other hand, molecular beam epitaxy is more suitable for the growth of
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multiple quantum wells since it can grow very sharp quantum-well interfaces and it has

ability to suppress the generation of cracks for the growth of large lattice-mismatched

material.

In Chapter 3, four methods of intersubband absorption measurements, including

Single-pass transmission method, Attenuated total reflection method, Multiple reflection

method and Waveguide coupling method, were introduced. Each measurement method

was described and found that the measurements with multiple reflection method have a

good sensitivity in the detection of intersubband absorption. Using the multiple

reflection method, the wavelength tunability of intersubband transition was

demonstrated by changing the quantum well width. It was also found that there exists

very strong built-in electric field in the quantum wells mainly due to the stress-induced

piezoelectric field. Another way to tune the intersubband transition wavelength,

adjusting the strength of built-in electric field, was therefore demonstrated by changing

the barrier thickness. With optimization of the growth condition, the near-infrared

intersubband transition in GaN/AlN multiple quantum wells grown by metalorganic

vapor phase epitaxy was achieved with the shortest wavelength of around 2ƒÊm. To

obtain the intersubband absorption at shorter wavelengths to cover the optical

communication wavelength range, the molecular beam epitaxy was utilized. It was

confirmed that the molecular beam epitaxy is suitable for the growth of multiple

quantum wells as the intersubband absorption 1.55ƒÊm was easily obtained. It was also

clarified that the growth with metalorganic vapor phase epitaxy still cannot provide

perfectly-sharp-interface quantum wells, while such quantum wells can be grown

without difficulty with the molecular beam epitaxy.

In Chapter 4, the fabrication of GaN-based waveguide structures was studied.

Several waveguide structures were proposed and investigated for their possibilities to

use as a waveguide structure for the intersubband transition device. It was found that to

obtain a high-optical-confinement waveguide structure, the structure requires a low

refractive index material to use as cladding layers of the waveguide. To examine a

waveguide characteristic of the GaN-based waveguide, however, the GaN waveguide

structure was also fabricated and characterized. The fabrication of GaN waveguide was

successfully demonstrated by the inductively coupled plasma etching technique. The
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new waveguide characterization method, using supercontinuum light source, was

proposed and demonstrated for the first time. This characterization method has clarified

that the waveguide structure grown by metalorganic vapor phase epitaxy has very good

crystalline quality suitable for the fabrication of intersubband transition devices. On the

other hand, the waveguide structure grown by molecular beam epitaxy provides a high

propagation loss for TM-polarization (the polarization that intersubband absorption

exists) owing to a high density of crystalline defects in the structure. It was thus found

that in order to fabricate a high-quality waveguide of nitride-based semiconductors, not

only the waveguide fabrication process, but also the epitaxial growth of the waveguide

structure requires a careful concern of each step to obtain the best quality. In case of the

epitaxial growth, it was found that the metalorganic vapor phase epitaxy is needed for

the growth of a thick epilayer with high crystalline quality, while the molecular beam

epitaxy is also needed for the growth of multiple quantum well structures with

intersubband absorption at 1.55ƒÊm. A combination of both the metalorganic vapor

phase epitaxy and molecular beam epitaxy is therefore a solution to achieve the

waveguides for the realization of intersubband transition devices.

In Chapter 5, the AlN-based waveguide structures were proposed and fabricated. It

was found out by simulation that using the AlN as cladding layers can improve the

optical confinement of the waveguide. Moreover, the AlN has many advantages for

fabrication of intersubband transition devices, for example, good carrier confinement,

strong built-in electric field, low refractive index and low reflectance. Three

high-optical-confinement waveguide structures were therefore designed and studied for

the waveguide fabrication. The epitaxial growth of high crystalline quality AlN was

successfully performed with metalorganic vapor phase epitaxy using optimized growth

condition. The fabrication of high quality AlN waveguide was demonstrated with low

propagation loss. Furthermore, the growth of high-optical-confinement waveguide

structure was demonstrated with metalorganic vapor phase epitaxy, and the waveguide

was successfully fabricated with the inductively coupled plasma etching technique. The

waveguide characterization by supercontinuum light source revealed that the waveguide

fabricated by metalorganic vapor phase epitaxial growth with excellent etching

technique can provide good waveguide characteristic suitable for the intersubband
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transition devices.

In Chapter 6, the fabrication of the intersubband transition device using AlN

waveguide with GaN/AlN multiple quantum wells was demonstrated. The growth of the

multiple quantum wells on the AlN layer was studied and found that there exists very

strong built-in electric field induced in the GaN quantum wells. This built-in electric

field is useful for shortening the wavelength of intersubband absorption. By making use

of this strong built-in electric field, the waveguide structure with GaN/AlN quantum

wells could be fabricated for a certain intersubband absorption wavelength, without

wavelength shifting caused by a change in built-in electric field, especially for a

wavelength shorter than 1.4ƒÊm. The intersubband absorption at a wavelength as short

as 1.3ƒÊm was therefore achieved in the AlN waveguide structure with GaN/AlN

quantum wells for the first time.

The intersubband absorption saturation in the device was demonstrated by the

pump-probe measurements using ultrashort optical pulse: 7 dB of absorption saturation

was observed for input optical-pulse energy of 200 pJ. In addition to the demonstration

of intersubband transition device based on AlN waveguide, the wavelength tuning of the

device was also demonstrated by changing the quantum well and barrier thicknesses

with a careful consideration of the built-in electric field in the quantum wells, leading to

the realization of longer wavelength including 1.55ƒÊm. Although it is the first device

that can operate in the optical wavelength range of 1.3-1.55ƒÊM, the ultrafast

optical-switching characteristic of this AlN-waveguide-based device measured by

pump-probe measurements is good, comparable to those of the previously reported

GaN-waveguide-based devices. Moreover, the first AlN-waveguide-based ultrafast

all-optical switch operating at 1.55ƒÊm was demonstrated by the careful concern of AlN

barrier thickness and optical confinement of the waveguide structure. The switch has

very good saturable absorption characteristic for 1.55ƒÊm: the smallest input energy of

90 pJ to obtain 10-dB saturation, which is the best characteristic ever reported for

nitride-based intersubband-transition ultrafast all-optical switch.

Such achievements were originated from the characteristic of AlN waveguide

structure and the successes in fabricating the structure with high quality. With additional

improvement of the waveguide structure and a careful wavelength-tuning, the
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AlN-waveguide-based device is expected to have much better characteristic for

applications on ultrafast all-optical switching. Finally, the parameters that affect the

switching energy of the device were discussed. Since the switching energy is inversely

dependent on the operating speed, in order to achieve the all-optical switch with

ultrafast operating speed, the requirement of optical pulses with high switching energy

is inevitable. Nevertheless, the switching energy can be reduced by further improvement

of the waveguide structure and waveguide fabrication process to reduce the insertion

loss. With the optimization of each process, it is believed that the AlN waveguide

structure is a very promising structure that can be used to realize the low switching

energy ultrafast all-optical switch operating at a bit rate higher than 5 Tb/s for future

photonic networks.
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APPENDIX A

Principles of Electronic Band Structure

For an electron in a periodic potential

(A.1)

where R=n1a1+n2a2+n3a3, and a1, a2, a3 are the lattice vectors, and n1, n2, n3 are

integers, the electron wave function satisfies the SchrOdinger equation [183]

(A.2)

The Hamiltonian is invariant under translation by the lattice vectors, r •¨ r+R. If ƒÕk(r)

describes an electron moving in the crystal, ƒÕk(r+R) will also be a solution to (A.1).

The general solution of the above equation is given by

(A.3)

where unk(r) has the period of the crystal lattice with uk(r)=uk(r+R).

This result is the Bloch theorem. The wave function ƒÕnk(r) is usually called the Bloch

function. The corresponding energy is given by

(A.4)

Here n refers to the band and k the wave vector of the electron. The full description of

the band structure requires numerical methods. The effective mass theory for the

conduction band is obtained from the dispersion relation:
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(A.5)

where the effective mass of the electron in the conduction band is m*=mb* in the barrier

region and m*=mw* in the quantum well. In the presence of the quantum-well potential,

(A.6)

where the energies are all measured from the conduction band edge. The effective mass

equation (4.4.5) for a single band is [184]

(A.7)

In general, the wave function Wk can be written in the form

(A.8)

and

(A.9)

The eigenvalue and the eigenfunction obtained from the above equation are the Energy

level and corresponding wave function of the conduction subband, respectively. Here,

we ignore the kt dependence of ƒÕ(z). Eq. A.9 can be solved at kt=0 for the nth subband

energy En(0) with a wave function ƒÕ(z).=fn(z). Then we have

(A.10)
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APPENDIX B

Principles of Optical Transition

Consider a semiconductor illuminated by light, the interaction between the photons and

the electrons in the semiconductor can be described by the Hamiltonian [185]

(B.1)

Thus the electron-photon interaction Hamiltonian can be described as

(B.2)

The interaction Hamiltonian can be derived to the relation

(B.3)

where  kop  is the wave vector and e is a unit vector in the direction of the optical electric

field. With the interaction above, the transition rate for the absorption of a photon,

assuming an electron is initially at state Ea, is given by Fermi's golden rule and treated

with the time-dependent perturbation theory, can be written as

(B.4)

where Eb>Ea.
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Similarly the transition rate for the emission of a photon if an electron is initially at state

Eb is

(B.5)

The total upward transition rate per unit volume (s-1cm-3) in the crystal is

(B.6)

where the probability of the occupied state a is assumed as the Fermi-Dirac distribution.

(B.7)

With the similar treatment, the rate of the downward transition rate per unit volume.

with aid of •bH'ba•b=•bH'ab•b, can be written as

(B.8)

Thus, the net upward transition rate per unit volumn can be written as

(B.9)

Then, with the definition of the absorption coefficient, Eq. A.19 can be derived as

follows.
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(B.10)

Using the dipole approximation that  we can write

(B.11)

The absorption coefficient in Eq. B.10 then becomes

(B.12)

The Hamiltonian can also be written in terms of the electric dipole moment:

(B.13)

(B.14)

And we can write the absorption coefficient in terms of the dipole moment as

(B.15)

The delta function may be replaced by a Lorentzian function with a linewidth ƒ¡:

(B.16)
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APPENDIX C
Principles of Intersubband Absorption

Consider the intersubband transition between the ground state,

(C.1)

and the first excited state,  (C.2)

where the transverse wave vectors  and the position

vector p=xx+yy in the quantum-well plane have been used. The optical dipole

moment is given by [186]

(C.3)

which has only a z component, where the orthonormal conditions, and

are used.

Let consider the transition between two subband energies, which the initial state and the

final states are, respectively,

(C.4)
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Since the x and y components of the intersubband dipole moment in Eq. C.3 are zero,

we obtain nonzero absorption coefficient only for e=z . This is the reason why only

TM polarization is allowed for the intersubband absorption.

The absorption coefficient can be derived as follows.

(C.5)

where  is the intersubband dipole moment, and Ni is

the number of electrons per unit volume in the ith subband, which is given as

(C.6)

The absorption coefficient is, therefore,

(C.7)

which is a Lorentzian shape with a linewidth ƒ¡.
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APPENDIX D

Calculation of Built-in Electric-Field Effect

For GaN/AlN multiple quantum well structures, an important parameter that affects the

intersubband transition energy is the built-in electric field. This electric field is induced

mostly by stress in the quantum wells through the piezoelectric effect [187]. In addition,

the built-in electric field is strengthened by the spontaneous polarization, which has

very strong effect in wurtzite group-‡V nitrides [188]. The total electric field induced by

both piezoelectric and spontaneous polarization can bend the band structure of the

quantum wells to be inclined with a slope, thus changing the effective barrier height and

the wave function of each subband energy level.

To study the effect of this built-in electric field, the dependence of electric field in

the quantum wells on the subband energy is calculated in Fig.D.1 In this calculation,

the electric field strength is assumed to be constant throughout the quantum well and the

also the barrier. The summation of the potential is due to the electric field is assumed to

be equal to zero for each pair of GaN quantum well and AlN barrier. Clearly it can be

Figure D.1 1st and 2nd subband energy levels in a GaN/AlN quantum well

plotted as a function of electric field in 2-nm-thick GaN well
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seen that with increasing electric field, the  1st subband energy level shifts to lower

energy side, whereas the  2nd  subband energy level shifts to higher energy side. This

shifting causes larger difference of energy between  1st and 2nd  subband energy levels.

resulting in larger intersubband transition energy. In other words, the intersubband

transition energy increases with strength of built-in electric field. This effect therefore

helps making a blue shift of intersubband transition wavelength.

Fig.D.2 shows the calculation results for the intersubband transition wavelength

dependence on the well thickness with different built-in electric-field strength in the

GaN/AlN multiple quantum wells. The results confirm that the built-in field has a great

effect to cause a blue shift of the intersubband transition wavelength. When the quantum

well is thicker than 2.0 nm, the intersubband transition wavelength can shift to shorter

wavelength with a wide range depending on the strength of the built-in electric field.

Nevertheless, with the quantum well thinner than 1.5 nm, the effect of the built-in

electric field becomes almost negligible and can be approximated as a flat-band

condition in which the built-in electric field are not taking into account (0 MV/cm). This

is because when the well is very thin, the slope of inclining of the band structure does

not have much influence on the energy level of each subband, resulting in no changes of

the transition energy.

Figure D.2 Wavelength of intersubband transition in a GaN/AlN MQW structure with

different well widths calculated by taking into account the built-in electric

field:(a) 0 MV/cm, (b) 2 MV/cm, (3) 4 MV/cm, (4) 6 MV/cm, (5) 8 MV/cm
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