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Figure 8.4: Detected emission energy, Eph against bandgap energy, Eg, for the 

MOCVD InGaN epilayers. 

8.3 PLE Spectroscopy of MBE grown InGaN OWs and OBs 

Low temperature «25K) PL of the MBE samples show emission peaks ranging 

from 2.86eV to 1.96eV and from 2.78eV to 2.45eV, for the QW and QB samples, 

respectively (Appendix A, Tables A4 and AS). As seen in Figure 8.5, PLE was 

taken at several fixed energies, from the emission peak to the low energy side of the 

spectral tail. Moreover, as indicated in Figure 8.6, PLE was also taken at energies on 

the high energy side of the emission peak. This was done for two of the QW and one 

of the QB samples. 
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Figure 8.5: PL spectrum of sample N400 (QB), showing selected PLE detection 
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Figure 8.6: PL spectrum of sample N443 (QW), showing selected PLE detection 

energies. 
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The PLE spectra obtained from the QW and QB samples were found to have the 

same general shape (Figure 8.7) as that from the MOCVD samples (Figure 8.2). 

- PLE spectrum 
---- Sigmoidal fit to the PLE spectrum 

Epl=2.30eV 

Ec 2.68eV i . 
2.4 2.6 2.8 3.0 3.2 

Energy (eV) 

Figure 8.7: Selection ofPLE spectra from MBE InGaN QWs and QBs, samples N399, 

N443 and N446. 

The bandgap energy, Eg, was again determined for each spectrum using equation 

8.1. As shown in Figure 8.7, Eg was found to decrease with the detection energy, £pl. 

In Figures 8.8 and 8.9, it can be seen that Eg also decreases with detection energy 

within the emission band of an individual sample. Similar behaviour was observed 

for both the QW and QB samples. 
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- PLE spectrum 
---- Sigmoidal fit to the PLE spectrum 
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Figure 8.8: PLE spectra from sample N400 (QB), for different detection energies. 

- PLE spectrum 
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Figure 8.9: PLE spectra from sample N443 (QW), for different detection energies. 

144 



Figure 8.10 plots Epl against Eg for the PLE results from the MBE grown InGaN QW 

and QB samples. The results follow a linear trend and the best-fit line to the data is: 
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Figure 8.10: Detected emission energy, Eph against bandgap energy, E g, for the MBE 

InGaN QWs and QBs; the QWs are indicated by (_) and the QBs by (A). 

8.4 Analysis of the PLE Results 

For MOCVD grown InGaN epilayers, the bandgap energy was found to decrease 

with the detected emission energy for a given sample, as shown in Figures 8.2, 8.3 

and 8.4. This indicates that the sample emission spectrum is inhomogeneously 

broadened. Furthermore, PLE spectra of epilayer samples with a low energy 

emission tail yields bandgap energies as low as that of the generally accepted 
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bandgap of InN ~1.8geV [4]. From the PLE measurements on sample Strl15 at 

Epl=1.55eV, a value ofEg ~ 1.9geV was obtained. 

Using the fitting procedure outlined earlier, data were extracted from previous PLE 

measurements found in the literature on MOCVD grown InGaN QWs [5,6,7], and 

compared in Figure 8.11 to our results. The previous PLE measurements were taken 

on blue emitting InGaN samples with peak emission from ~2 . 65eV to 3.2geV, 

whereas the PLE results presented here extend from 2.85eV, in the violet, to 1.55eV, 

in the infra-red. These results are also compared with a best-fit line to the results of 

optical absorption measurements taken on MOCVD grown InGaN epilayers and 

QW s [8]. The line to the absorption data at low temperature is: 

Ep = 1.453(26)Eg - 1.56(8) Equation 8.4 

The PLE and absorption measurements both exhibit a linear relationship between the 

bandgap and detected emission energies. The PLE results compare fairly well with 

the absorption measurements and may extend the data range to lower energies. From 

the optical absorption spectrum of sample Str 115, used in Figure 8.1, a bandgap 

energy of 2.67eV was determined by fitting equation 8.1 to the spectrum. Using 

equation 8.2 this corresponds to Epl~2.45±(O.20)eV, which agrees within the error 

range with the experimental emission peak, Ep~2.32eV, as shown in Figure 8.1, and 

the calculated value of Ep~2 . 32±(O . 15)eV from equation 8.4 . This result shows that 

an optical absorption measurement is consistent with a PLE spectrum taken with the 

detection energy set to approximately that of the luminescence peak. An equation of 

best-fit for the combined data-set (PLE and absorption) is: 
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Figure 8.11: PLE results and data taken from previous PLE and optical absorption 

measurements on MOCVD grown InGaN epilayers and QWs. 

From the results of the MBE InGaN samples, as shown in Figures 8.7, 8.8, 8.9 and 

8.10, it was found that for the QWs and QBs, Eg obtained at different energies 

within the emission band of an individual sample decreases with detection energy. 

The results for both the QW and QB samples suggest that the emission spectrum is 

inhomogeneously broadened in both cases. 

Independent low temperature (~0.35K) thermally detected optical absorption 

(TOOA) measurements taken on MBE samples N443, N444, N446 and N448 
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exhibit a linear relationship between the Stokes' shift and the emission energy [9]. A 

comparison with our results is shown in Figure 8.12. From the PLE results, a linear 

relationship between Stokes' shift and detected emission energy was observed and 

values of the Stokes' shift between 860meY and 100meY for detection energies in 

the range of 1.8SeY and 2.82eY were obtained. For a given emission energy, the 

Stokes' shift from the TDOA measurements are ~ 10% greater than those from the 

PLE data on the same sample. This may be due to an underestimation in the bandgap 

energy determined from TDOA. The bandgap energy was calculated from the 

TDOA spectrum using a method based on the conservation of absorbed, reflected 

and transmitted light intensities, assuming that diffusion phenomena can be 

neglected [10]. In addition, strong thin-film interference in the TDOA spectra due to 

the flatness of the layers makes it difficult to determine precisely the bandgap energy 

of the sample. 
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Figure 8.12: Stokes' shift against detected emission energy for the MBE InGaN QWs 

and QBs (key to QW and QB samples is shown in Figure 8.10). 
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Comparing a plot of Stokes' shift against detected emission energy from the PLE 

results on the MBE samples with the MOCVD samples, two very different linear 

trends are observed. Figure 8.13 presents a plot of the best-fit lines. 
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Figure 8.13: Best-fit lines for the Stokes' shift from PLE results on the MBE InGaN 

samples and the PLE and absorption measurements on the MOCVD InGaN samples. 

As shown in Figure 8.13, at Ept<2.80eV, the Stokes' shift from the MBE samples 

increases more rapidly with decreasing detection energy than for the MOCVD 

samples. At zero Stoke' s shift, the linear trend line through the MOCVD results cuts 

the axis at emission energy - 3.4IeV and the MBE results at emission energy 

- 3.02eV. The value from the MOCVD results is close to the emission energy oflow 

temperature wurtzite GaN- 3.5eV, as expected, but the MBE trendline is closer to 

the emission energy from low temperature cubic GaN - 3.I5eV to 3.3eV [11]. 
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However, XRD measurements and electron beam studies of the MBE samples 

indicate that the MBE, like the MOCVD samples, have wurtzite crystal structure [9]. 

An additional peak at -3.SeV (not shown in the figures) is common in many of the 

PLE spectra. This peak is particularly prominent in the MBE samples, which have a 

thin nm-scale InGaN layer and suggests that the additional peak may be due to 

carriers being excited in the GaN layer, which then relax into the InGaN layer and 

cause an increase in the emission intensity [7]. 

Strong localisation effects attributed to InN-rich QDs combined with accompanying 

strain induced piezoelectric fields have been presented to explain the linear trend in 

the optical absorption measurements shown in Figure 8.11 [3,12]. This argument 

may also be extended to explain the PLE results. The effects of localisation and 

piezoelectric fields as discussed previously in Chapter 4, Section 4.5.1, may result in 

inhomogeneous broadening of the emission spectrum. Furthermore, the linear 

relationship between Eg and Bpi, determined in both the MOCVD and MBE samples, 

and the trendline plotted in the !\mE results, irrespective of whether it is a QW or 

QB sample, indicates that the excitation/emission cycle of InGaN is dependent on 

some form of localisation common in all the samples. The different trendlines 

plotted for the MOCVD and MBE results and the large difference in the Stokes' 

shifts obtained are likely to be related to the different growth techniques used and 

the resulting difference in the strain induced piezoelectric fields. 
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8.5 Summary 

In this chapter, PLE measurements from two different sets of MOCVD grown 

InGaN epiIayer samples and a set of MBE grown QW and QB InGaN samples are 

presented and discussed. It was found that for a given sample the bandgap energy 

determined from the PLE spectrum decreases linearly with detected emission 

energy. This indicates that the sample emission spectrum is inhomogeneously 

broadened. 

From the PLE measurements on the MOCVD samples, the lowest bandgap energy 

obtained was -1.9geV, close to the generally accepted value for the bandgap of pure 

InN -1.8geV [4]. The linear trend ofEg against Bpt plotted for the MOCVD results 

agrees, within the error range, to previous optical absorption measurements and the 

data range covered by the absorption measurements therefore extended to lower 

energies by the PLE results. 

Stokes' shift values, calculated using the PLE data from the MBE samples, were 

approximately 10% smaller than those from independent measurements taken by 

TDOA. On comparing the Stokes' shifts from the MBE samples with those from the 

MOCVD samples, two very different linear trendlines were obtained. At 

Bpt<2.80eV, the MBE Stokes' shift becomes larger and increases more rapidly with 

decreasing detection energy than that from the MOCVD samples. 
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CHAPTER 9: CONCLUSIONS AND SUGGESTIONS FOR 

FUTURE WORK 

9.1 Conclusions 

This thesis presents work on the optical properties, composition and local structure 

ofInGaN using experimental techniques not commonly applied to III-nitrides. 

The thesis was presented in nine Chapters. In Chapter 1, the history of III-nitrides 

and their applications were given and the properties of InGaN introduced. Chapter 2 

outlined the growth and structure of InGaN and presented the main theories 

currently proposed to explain InGaN luminescence. In Chapter 3, the experimental 

procedures to be used in this investigation were described. Photoluminescence (PL) 

mapping of InGaN epilayers and the temperature dependence of the PL spectrum 

were discussed in Chapter 4. In Chapter 5, the indium nitride content determined 

from several composition measurements on epilayers was related to their optical 

properties. Confocal microscopy (CM) images of InGaN epilayers, QWs and QBs 

were presented in Chapter 6, and in Chapter 7 local structure parameters derived 

from extended X-ray absorption fine structure (EXAFS) measurements on InGaN 

epilayers and an InGaN QB sample were given. Finally, Chapter 8 showed the 

results from photoluminescence excitation (PLE) spectroscopy measurements on 

MOCVD and MBE grown InGaN epilayers, QWs and QBs. 

From PL spectroscopy of InGaN epilayers a number of experimental results were 

determined (Chapter 4). It was found that the linewidth of the PL spectrum generally 
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broadens with a decrease in the peak emission energy. PL mapping on a unique 

piece of InGaN emitting in the red and near infra-red revealed that the luminescence 

intensity lowers with decreasing peak emission energy. Each of these results could 

be explained by a change in the indium nitride content in the material. 

Macroscopically inhomogeneous emission shown in the PL maps can be identified 

with a variation of the indium incorporation rate as a result of a temperature gradient 

across the sample formed during growth. 

Temperature dependence of the PL of the epilayer samples showed for one sample a 

decrease in the peak emission energy with increasing temperature, consistent with a 

reduction in the bandgap energy [1]. For this sample, linewidth broadening of the PL 

spectrum with increasing temperature was attributed to phonon broadening effects. 

An 'S'-shape temperature dependence of the peak emission energy as a function of 

temperature was obtained from a second epilayer sample. This result could not be 

fully explained by a reduction in the bandgap energy of the material. 

For both samples it was found that the emission intensity decreases with increasing 

temperature. This reduction is generally attributed to thermal quenching of the 

luminescence by non-radiative sites in the material, which become active at higher 

temperatures [2]. Activation energies determined from a linear fit to an Arrhenius 

plot of the intensity data were between 30meV and 60meV, consistent with those 

reported in the literature for InGaN [3,4]. 
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Composition analysis of the InGaN epilayers (Chapter 5) taken using three different 

experimental techniques: RBS, EPMA and EXAFS, found that the indium nitride 

fraction varies linearly with the PL peak emission energy of the sample. The results 

from different composition analysis techniques agree fairly well with each other and 

a best-fit linear trendline was plotted for the combined dataset. This best-fit line was 

also shown to agree with similar published results from SIMS and XRD 

measurements, where the latter have been corrected for the effects of strain in the 

material [5,6]. The composition values presented here extend beyond those found in 

the literature at the time of writing, with an upper limit for the indium nitride 

content, x, of .....().40. The experimental data did not follow the bowing curve 

calculated theoretically. 

Confocal microscopy of InGaN epilayer, QW and QB samples (Chapter 6) revealed 

that InGaN luminescence usually segregates into bright and dark spots, -l~m in 

diameter (comparable with the resolution limit of the microscope). The temperature 

dependence of the bright spots in the fluorescence images was similar to that from 

the temperature dependence of the PL spectrum (Chapter 4). A crude form of 

spectroscopic imaging on the fluorescent spots, using 10nm bandpass filters in the 

fluorescence channel of the eM, showed that the intensity of the image changes 

depending on the bandpass filter used, as expected. Although some bright spots 

appeared at a specific wavelength but not others, the majority of bright spots were 

present in all the fluorescence images from a particular region of the sample. PL 

spectra taken from bright and dark spots varied in intensity but showed a consistent 

PL peak emission energy value. 
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InGaN local structure parameters were derived from EXAFS measurements at the 

indium K-edge for a set of InGaN epilayers and an InGaN QB sample (Chapter 7). 

The In-Nt interatomic spacing in the epilayers was found to be -2. 11(2)A, which is 

similar to that for a pure InN sample used as a calibration standard, -2. 16(2)A and 

also to the In-Nt value determined from the literature, -2.16A [7]. However, the 

experimental values obtained were higher than those predicted by Vegard's Law and 

varied little over the composition range. The interatomic spacing of the first metal 

shell was closer to the Ga-Ga separation in bulk GaN than the In-In separation in 

bulk InN. The InGaN QB showed a similar In-Nt separation to the epilayers. 

Although the epilayers comprised of a single-phase InGaN alloy, the InGaN QB 

exhibited two components, one InN-like and another that resembles a gallium rich 

InGaN alloy. From the parameters derived, the indium nitride content, X, in the 

gallium rich InGaN alloy was estimated to be .....().06 and the volume of material 

which is InN-like -4%. 

Photoluminescence excitation (PLE) spectroscopy of MOCVD InGaN epilayers 

(Chapter 8) showed that the bandgap energy, Eg, of the material varies linearly with 

the detected emission energy, Bpi. These results were consistent with optical 

absorption measurements on MOCVD grown InGaN epilayers and QWs. From PLE 

measurements ofMBE grown InGaN QWs and QBs, a linear relationship between 

bandgap energy and detected emission energy was also observed. Stokes' shifts 

calculated from the MBE results were -10% smaller than those obtained by 

independent TDOA measurements taken on some of the same samples. Comparing 

the best-fit for Stokes' shift against detected emission energy of the MOCVD and 
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MBE samples, two very different linear trendlines were produced. At EpI<2.80eV, 

Stokes' shift from the MBE samples increases more rapidly with decreasing 

detection energy than for the MOCVD samples. 

As discussed in Chapter 2, the emission mechanisms of InGaN are not yet fully 

understood. There are two main theories currently proposed to describe the 

influences acting on the exciton recombination process in InGaN. These are 

localisation effects and the effects of piezoelectric and spontaneous polarisation 

fields. By analysing and comparing the result presented in this thesis, a more 

detailed description of the emission mechanisms in InGaN may be deduced. 

In Figure 5.6, it was shown that the peak emission energy of InGaN varies linearly 

with the indium nitride fraction. This demonstrates that the emission mechanism is 

dependent in some way on InN. Moreover, as the linear relationship is consistent 

over many different samples, the emission is dependent on a source common to all 

InGaN. The generallinewidth broadening of the PL spectrum with decreasing peak 

emission energy, as shown in Figure 4.2, suggests that this emission mechanism 

may also determine the shape of the PL spectrum. It can be concluded from the 

results that localisation effects are present in these samples as strong luminescence 

from sample InGaN 331 and InGaN 336 could be obtained, despite the poor 

crystallinity of the material. Furthermore, emission in the red and near infra-red 

from sample InGaN 336, as shown in the PL maps in Figures 4.6 and 4.7, indicate 

that localisation occurs in sites which are either InN-rich or are heavily affected by 
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strain induced piezoelectric fields. Equally, emission could be due to a combined 

factor of both. 

As discussed in Chapter 4, the 'S'-shape temperature dependence of PL from an 

epilayer sample, shown in Figure 4.11 and 4.13, can only be fully explained by 

considering the effects of carrier localisation in the material. This emission 

behaviour, first observed by Cho et aI., was attributed to the effects of 

inhomogeneity and carrier localisation [3]. The'S' -shape effect was only seen in 

one of the two samples tested. The other sample has higher peak emission energy 

and from the linear relationship in Figure 5.6, would have a lower indium nitride 

content. The effects of localisation must therefore become greater with an increase 

in the indium nitride content. 

Further investigations on the optical properties of InGaN using confocal microscopy 

showed that luminescence segregation occurs into bright and dark spots, -1 J.lm in 

diameter. The presence of the same luminescent spots in the images when taken 

using a variety of different bandpass filters indicates that the origin of InGaN 

luminescence is smaller than the order of 1 J.lm. These results demonstrate that 

segregation effects do occur in InGaN on the J.lm-scale. It can also be inferred that 

segregation effects occur on the sub J.lm-scale and that the emission mechanisms in 

InGaN may be a product of segregation in the material. 

A linear relationship between Eg and BpI, obtained from the PLE results taken on an 

individual sample, shows that the emission spectrum of the . sample is 
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inhomogeneously broadened. As the relationships between Eg and Bpi for all of the 

samples were found to follow a given linear trend, seen in Figures 8.4 and 8.10, this 

again indicates that localisation of the exciton occurs at a source common to all of 

the samples. The difference in the linear trendline of the MOCVD and MBE samples 

may be due to the different growth techniques and the subsequent different strain 

induced piezoelectric fields. The different piezoelectric fields would explain the 

separate linear relationships obtained and the difference in the Stokes' shifts but not 

the actual linear trendline. 

The local structure parameters derived from EXAFS measurements on the InGaN 

QB showed that InGaN may exist as a two-phase mixture of components, one of 

which is InN-like. As InGaN is thermodynamically unstable [8], this two-phase 

mixture may be due phase segregation effects in InGaN. Although the InGaN 

epilayers only exhibit a single phase InGaN alloy, the InN-like phase may still exist 

in these samples but not in sufficient quantity to be determined as a separate entity 

during modelling of the EXAFS. 

On consideration of the accumulated results presented, there is strong evidence to 

suggest that InGaN luminescence may be related to the combined effects of 

localisation in InN-rich QDs, formed as a result of nanometric phase segregation, 

accompanied by strain-induced piezoelectric fields [9,10]. 

These effects can explain each of the conclusions drawn from the experimental 

results. InN-rich QDs would provide a source of localisation, common in all InGaN 
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material, as was demonstrated on analysis of the PL, composition and PLE results. 

The size and distribution of the InN-rich QDs would vary with the indium nitride 

molar fraction and can describe the effects of the PL results in Chapter 4 and the 

linear dependence of PL peak emission energy on the composition measurement as 

shown in Chapter 5. On increasing the InN molar fraction, the diameter of the InN­

rich QDs would be expected to increase. As a larger QD diameter would result in a 

reduction in the quantum confinement energy, then a shift toward red emission 

would be obtained in InGaN with higher indium nitride fractions. Furthermore, 

increasing the indium nitride content would also provide a wider distribution of dot 

sizes, and, as the emission energy is dependent on the size of the dot, this leads to 

inhomogeneous linewidth broadening with decreasing peak emission energy [9,10]. 

The epilayer sample that did not exhibit 'S'-shape temperature dependence has a 

lower indium nitride content and will subsequently have a lower number of InN-rich 

QDs with a smaller diameter, therefore the influence of localisation effects on the 

PL spectrum of this sample would be smaller. 

InN-rich QDs are estimated to be on the order of -1 nm, consistent with the sub llm­

scale estimated for the origin of InGaN luminescence from CM results. If clustered 

together, these InN-rich QDs may produce the appearance of luminescence 

segregation when viewed on the llm-resolution of the CM. 

The QB sample was shown to be a two-phase mixture, one InN-like which occupies 

only 4% of the volume of the material and the remainder a gallium rich InGaN alloy 
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with an indium nitride content of -0.06. This agrees completely with the idea of nm­

scale InN-rich QDs embedded in a gallium rich InGaN matrix. 

However, accompanying strain induced piezoelectric fields acting in the material are 

also evident from the different linear trendlines produced for the Eg against BpI plots 

for the MOCVD and MBE samples and from the red and near infra-red 

luminescence obtained from InGaN 336, well below the generally accepted bandgap 

ofInN -1.8geV [11]. 

Effects of strain-induced piezoelectric fields alone cannot fully explain the results 

obtained in this thesis. Moreover, InGaN alloy composition fluctuations could not 

explain the two-phase mixture of the QB material. It would also be very difficult to 

explain the consistent sets of results and relationships determined throughout this 

work, from many different samples investigated, by a random quantity such as 

InGaN composition fluctuations. The results clearly indicate that a single source 

common in all InGaN is responsible for localisation in the material. 

It can therefore be concluded that InGaN luminescence may be related to its 

nanostructure as a result of exciton localisation in nano-scale InN-rich QDs and that 

the optical properties of InGaN may also be influenced by the effects of strain 

induced piezoelectric fields in the material. 
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9.2 Suggestions for Future Work 

The data range of the results presented in this thesis could be extended by looking at 

InGaN samples with a higher indium nitride content, x ~O.4. However, due to the 

difficulty of incorporating indium into the material at the high growth temperature 

required to produce InGaN, such samples are rather hard to obtain. The recent 

arrival of an EPMA facility at Strathc1yde University has provided an opportunity 

for further investigations on the composition and optical properties of InGaN. The 

imaging and cathodoluminescence facilities on the EPMA allow for optical, 

structural and compositional analyses to be carried out simultaneously. 

There is a wealth of information on the luminescence properties of InGaN contained 

in each CM image but at present no data evaluation system is available to make full 

use of this information. As part of the VISION project at Strathc1yde University, the 

Semiconductor research group has access to a Silicon Graphics, Onyx II, computer. 

This facility could be used to produce large scale, high definition and fully 

interactive data visualisations of the CM images. These visualisations would make it 

possible to generate a 3-D like object formed from a sequence of 2-D images with 

temperature, bandpass filter or time as the third dimension. Using the Virtual 

Environment Laboratory (VEL) or displaying remotely on a high specification 

workstation, it would then be possible to study these images by appearing to travel 

through them. By selecting a single fluorescent spot on a given image, statistical 

analysis of the fluorescence intensity or even the size of the fluorescent region could 

be analysed in great detail. 
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EXAFS on QW samples would also be of interest to see if they exhibit the single or 

two-phase mixture, as obtained for the epilayer and QB samples respectively. In 

addition to EXAFS, techniques such as XEOL could be used where X-ray 

absorption is monitored by detecting optical luminescence from the sample. This 

may prove useful as unlike EXAFS, which reflects the average local structure, the 

XEOL yield represents the luminescent sites and its immediate surroundings [12]. 

PLE measurements carried out with BpI<1.55eV would determine whether the 

corresponding Eg value reaches a limit at 1.8geV, the generally accepted bandgap of 

InN, or continues to decrease. This has already been attempted on sample Str1l5 

with BpI set to -1.45eV, however, the PLE spectrum was not strong enough in order 

to unambiguously fit the sigmoidal function. 

By compiling more information on the properties of InGaN, perhaps the origin of 

InGaN luminescence and the physics of this significant semiconductor material will 

become more apparent. 
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APPENDIX A: loGaN SAMPLE DETAILS 

The MOCVD grown InGaN samples under investigation include epilayers and QWs 

obtained from five different sources: the University of Ghent, Belgium; the 

University of Strathclyde, UK; Aixtron AG, Germany; Thomsom-CSF LCR, France 

and Nichia Chemical Industries, Ltd. Japan. The MBE grown samples include QWs 

and QBs from CNRS, Valbonne, France. Details of each sample are given in Tables 

A.I to A.5. 

A.I MOCVD loGaN SAMPLES 

A.t.I MOCVD loGaN from the University of Ghent 

The InGaN samples from the University of Ghent were grown in a Thomas Swan 

and Co., Ltd rotating-disc reactor. A description of the growth reactor and 

modifications made to the system can be found in reference [1]. The samples 

investigated were all InGaN/GaN bilayers grown onto a sapphire substrate. The 

nominal growth temperature and layer thickness of each sample are presented in 

Table A.l. Unfortunately, no details are available for sample InGaN 131. 
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Sample GaN growth GaN layer loGaN growth loGaN layer 
Reference temperature thickness temperature thickness 
Number eC) (nm) eC) (nm) 

85 1050 2000 850 250-300 

131 ---- ---- ---- ----

331 1080 2200 780 270 

336 1080 2200 780 230 

Table A.I: Details ofthe MOCVD samples from the University of Ghent. 

A.1.2 MOCVD InGaN from the University of Strathclyde 

InGaN samples were grown at the University of Strathclyde by Dr Ian Watson using 

an Aixtron 200/4 RF-S reactor. The samples investigated were all InGaN epilayers 

deposited on a GaN buffer layer on a GaN nucleation layer grown onto (0001) 

sapphire substrates. The growth temperatures for the nucleation, buffer and InGaN 

layers were 540°C, 1140°C and 760°C respectively. The thickness of each layer was 

estimated using the material growth rate as determined from optical reflectometry 

measurements. Independent Rutherford backscattering spectrometry (RBS) 

measurements taken on the samples verified the layer thickness [2]. Structures of 

each sample are presented in Table A.2. 
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Sample Reference GaN nucleation layer GaN butTer layer InGaN layer 
Number thickness (nm) thickness (nm) thickness (nm) 

Str59 20 1000 220 

Str115 20 1100 240 

Str116 20 1100 60 

Str117 20 1000 120 

Table A.2: Details of the MOCVD samples from the University of Strathclyde. 

A.1.3 MOCVD InGaN from Aixtron AG and Thomson-CSF LCR 

InGaN samples were grown at Aixtron AG, Germany and Thomson-CSF LCR, 

France as part of the Brite-Euram project, Rainbow. The samples listed in Table A.3 

with a reference number pre-fixed by an'S' were grown by Aixtron AG, in a 

AIX200012400HT reactor; the other material was grown by Thomson-CSF LCR in a 

home-made MOCVD reactor. All samples were InGaN epilayers grown at 

temperatures of approximately 800°C. Further details of the structures are outlined 

in Table A.3 . 

Sample Reference GaN butTer layer InGaN layer 
Number thickness (nm) thickness (nm) 

S101 >1000 120 

S201 >1000 350 

AEC53 650 75 

Table A.3: Details of the MOCVD samples grown as part of the Brite-Euram Project, 

Rainbow. 
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A.1.4 MOCVD loGaN from Nichia 

The InGaN sample from Nichia Chemical Industries, Ltd was grown using the two-

flow MOCVD method [3]. The sample was grown as a SQW structure for use in the 

fabrication ofLEDs [4]. The structure ofthe sample is as shown in Figure A. I. 
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Figure A.I: Structure of loGaN SQW sample from Nichia Chemical Industries, Ltd. 

(diagram not drawn to scale). 

A.2.1 MBE InGaN SAMPLES 

MBE InGaN samples were grown at eNRS, Valbonne, France in a Riber 32P 

reactor, adapted to use NH3 as the nitrogen source and equipped with RHEED and 

laser reflectometry facilities. For both the QW and QB samples, an InGaN layer was 

deposited on a GaN buffer layer grown on top of a GaN nucleation layer on a (0001) 

sapphire substrate. The sapphire substrate was metallized with molybdenum and 

mounted in an In-free molybdenum holder to allow the sample to heat effectively 

during MBE growth. The GaN nucleation layer was grown at 5000 e and the GaN 

buffer and QW layers at approximately 8000 e to 8200 e. The InGaN layer was 

grown at 530
0 e for the QW samples and 5500 e for the QBs. The QB GaN capping 

layer was grown at 8000 e. 
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Growth conditions for QW and QB samples were similar, with the exception of the 

InGaN growth temperature and the ammonia flux . The ammonia flux was increased 

from 50sccm, used during QB growth, to 200sccm for the QW growth. This is 

because the presence of ammonia, or hydrogen radicals at the growth surface is 

assumed to delay the 2D-3D transition by increasing the surface free energy [5]. The 

2D-3D growth transition in the QB was observed using in-situ RHEED and the 

growth rate of the layers determined from reflectivity oscillations. Sample structures 

are presented in Tables A.4 and A.5 . 

Sample GaN GaN butTer QWGaN QWInGaN Number of 
Reference nucleation layer layer layer QW layers 
Number layer thickness thickness thickness 

thickness (nm) (nm) (nm) 
(nm) 

N443 25 4700 14.0 3.2 10 

N444 25 10500 14.0 4.0 5 

N446 25 2400 13.5 5.5 7 

N448 25 2900 5.0 1.5 10 

Table A.4: Details of the MBE QW samples from CNRS, Valbonne. 
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Sample GaN GaN butTer Second loGaN GaN 
Reference nucleation layer GaN layer layer capping 
Number layer thickness thickness thickness layer 

thickness (nm) (nm) (nm) thickness 
(nm) (nm) 

N399 25 4500 200 2.5 40 

N400 25 4500 200 3.5 40 

N401 25 4500 ---- 3.1 Uncapped 

Table A.5: Details of the MBE QB samples from CNRS, Valbonne. 
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APPENDIX B: CORRECTION FACTORS APPLIED TO THE 

PHOTOLUMINESCENCE AND PHOTOLUMINESCENCE 

EXCITATION SPECTRA 

The photoluminescence (PL) and photoluminescence excitation (PLE) spectra 

presented in this thesis have been corrected for the variation of monochromator 

throughput and detector response as a function of light wavelength. 

B.t Spectral Correction of the PL Results 

The emission spectrum from a known source was taken under the same experimental 

conditions as the PL spectrum to provide a reference to determine the correction 

factor for the PL experimental set-up, shown in Figure 3.1. The reference source was 

a tungsten lamp which, under closely defined operating conditions, has a determined 

spectral radiance for a given wavelength, 380nm ~ A. ~ 800nm, originally measured 

by the National Physical Laboratory (NPL). However, as the wavelength range 

given by the NPL datapoints does not cover the entire range of the experimental PL 

results, a fit of a blackbody emission spectrum to the NPL data was generated in 

order to extend the range of the calibration. Taking into account the variation of the 

tungsten emissivity with wavelength and temperature, e(A., T), the emission 

spectrum of the lamp can be described by the equation: 

Lamp radiance = emissivity of tungsten x radiance of blackbody (Planck's Law) 
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I(A, T) OC c(A,T) x ( ~ J 
A5 expkTA.- 1 

Equation B.l 

where h is Planck 's constant, c the speed of light, k Boltzmann ' s constant, A the 

wavelength and T the effective temperature of the lamp filament. 

As the temperature of the lamp filament is not known, the emissivity of tungsten, 

given for discrete values of A and T [1] , was fitted to a polynomial equation to 

determine c(A) for an arbitrary value of T [2]. By substituting this function for E(A, 

T) into equation B.l , keeping T as a variable, the spectral radiance for a given 

wavelength could be calculated and by applying the method of least squares the 

temperature value adjusted until a fit to the NPL data was obtained. As shown in 

Figure B.l the best fit was produced for a temperature of 2755K. Spectral radiance 

values could then be generated over the required wavelength range. 
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Figure B.1: Showing the best fit line to the NPL datapoints, obtained for T=2755K. 
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The experimentally obtained tungsten lamp spectrum recorded using the PL set-up, 

Lxp(A), is dependent on lamp radiance, 1(1..), and the light response of the 

monochromator and detector, G(A); 

lexp(A) oc 1(1..) x G(A) Equation 8.2 

To determine G(A), the experimentally obtained spectrum is divided by the spectrum 

calculated using equation B.l for T=2755K. 

The system response curve for the PL experimental set-up as a function of 

wavelength, when using the McPherson O.67m monochromator with a diffraction 

grating blazed for the visible wavelength range and the Thorn EMI Gencom Inc 

3365 cooled photomultiplier tube as the detector is shown in Figure B.2. The system 

response curve for the McPherson O.67m monochromator with the diffraction 

grating blazed for the infra-red wavelength range and the Edinburgh Instruments EI 

germanium detector is shown in Figure B.3. The PL spectra were multiplied by G(A) 

for the corresponding experimental set-up to produce the corrected PL spectrum. 
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Figure B.2: Correction factor for the McPherson O.67m monochromator with the 

visible grating and the Thorn EM) Gencom Inc 3365 cooled PMT. 
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Figure B.3: Correction factor for the McPherson O.67m monochromator with th 

infra-red grating and Edinburgh Instrument EI germanium det ctor. 
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B.2 Spectral Correction of the PLE Results 

The PLE spectra were corrected for the spectral variation of the xenon lamp and the 

throughput of the excitation monochromator, shown in Figure 3.3. The emission 

spectrum of the combination was measured using a calibrated photodiode, RS 303-

674 and corrected by using the known response curve of the photodiode, indicated in 

Figure B.4 [3]. Correction of the PLE spectra was made by dividing through by the 

corrected emission spectrum, shown in Figure B.S . 
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Figure 8.4: Response curve of the photodiode RS 303-674 as given by the suppliers. 
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Figure 8.5: Output of the xenon lamp and the excitation monochromator as a function 

of wavelength. 
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