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' Metal Organic Chemical Vapor Deposition (MOCVD)
* Photoluminescence(P)

> Time Resolved Photoluminescence(TRPL)
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* Quantum Confined Stark Effect(QCSE)

® Injected carrier
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Dynamical study of the radiative recombination processes in GaN/AlGaN QWs
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The effects of the Si doping level on the recombination dynamics and carrier (exciton)
localization in modulation-doped GaN/Alp47GagesN multiple-quantum-well (MQW) structures
were studied by means of photoluminescence (PL) and time-resolved PL measurements. All
samples with different doping levels show a QW emission which is blue shifted with respect to
the 3.48 ¢V PL peak from the GaN buffer layer. The decay time at the peak position remains
nearly constant in the range of 320-420 ps at 2 K for all doping levels. For the undoped and low-
doped samples (3x10'® cm™), which have less free electrons in the QWs, a non-exponential PL
decay behaviour at 2 K is attributed to localized exciton recombination. The more highly doped
samples (5x10'® cm™ to 10* cm™) show almost exponential decay curves at 2 K, suggesting the
recombination of free electrons and localized holes. The intermal polarization-induced fields of
the medium and highly-doped samples are partly screened by the electrons originating from the
doping in the barriers. The emission peaks in time delayed PL spectra of these samples exhibit
almost no shift as time evolves. Only the PL peak of the undoped and low-doped samples shows
a redshift with time delay, related to the photogenerated carriers [1]. The decay time for the
undoped sample shows non-exponential behaviour typical for localized excitons in III-N QWs.
The same behaviour of decay time as a function of emission energy has been reported for InGaN

QWs [2].

{11 H. Haratizadeh, B. Monemar, P. P. Paskov, P. O. Holtz, G. Pozina, S. Kamiyama, M. Iwaya,
H. Amano, and 1. Akasaki; Phys. Status Solidi B 241, 1124 (2004).

{2} C. K. Choi, Y. H. Kwon, B. D. Little, G. H. Gainer, and J. J. Song, Y. C. Chang, S. Keller, U.
K. Mishra, and S. P. DenBaars, Phys. Rev. B 64, 245339 (2001).
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The Competition Between the Radiative and Nonradiative Recombinations in
GaN/AlGaN Multiple Quantum Wells

Hamid Haratizadeh'”; Morteza Esmaeili '; B.Monemar?; H.AmanoS;

"Physics Department, Shahrood University of Technology, Shahrood, Iran
k]
“Department of Physics and Measurements Technology, Linkoping University, Linkoping, Sweden
*Department of Electrical and Electronic Engineering, Meijo University, Nagoya 468 Japan

Abstract
The competition between the radiative and nonradiative recombination processeshas been studied by means of
the temperature dependence of the time resolved photoluminescence (TRPL). The first sample is an undoped
GaN/AIGaN multiple quantum wells and the second one is a Si modulation-doped one with 9x10°cm™ doping

level. It has been determined that the radiative recombination (RR) mechanism dominates at the low
temperature range and with increasing temperature the nonradiative recombination (NRR) will dominate. The
results demonstrate that the radiative recombination channel is stronger in the Si doped sample, compared to
the undoped one.

PACS No.78, 73
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Competition of the Photo-Generated Carriers and the S1 Doping Level on the Screening
of the Internal Polarization Fields of the GaN Quantum Well

Esmaeili, Morteza *; Sabooni,Mahmood ';Haratizadeh, Hamid"*; Monemar, Bo* ; Amano, Hiroshi’

'Physicg Department, Shahrood University of Technology, Shahrood, Iran
“Department of Physics and Measurements Technology, Linkoping University, Linkoping, Sweden
?P Y &Y, ping ) ping
"Department of Electrical and Electronic Engineering, Meijo University, Nagoya 468 Japan

Abstract

The competition between the photo-generated carriers and the Si doping level on the screening of the internal
polarization fields in modulation-doped GaN/Alye:GagesN multiple-guantum-well (MOW) structures were
studied by means of photoluminescence (PL) and time-resolved PL measurements. Undoped and low-doped
samples indicate a QW emission, which is red shifted by a few meV during the first 600 ps in time delayed
spectra due to the screening of the internal polarization fields, but there is alinost no shift for the medium and
high doped samples because of the competition berween the photo-generated carriers and St doping level is
dominated by the extrinsic carriers in the medium and high doped samples.
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Abstract

Due to many important applications, the group III-Nitride semiconductors have recently attracted
remarkable attention among the semiconductor researchers and engineers. In this paper, we report on
the impact of the extrinsic and temporal carriers on the screening of the polarization internal fields.
The optical efficiency of GaN/AlGaN multiple quantum well (MQW) nanostructures were studied by
means of photoluminescence (PL) and time-resolved PL measurements. Extrinsic carriers come from
Si doping in the barriers while temporal carriers originate when the samples are excited by the laser
beam. The emission peaks of MQWs in PL spectra of the undoped and low-doped samples show a shift
towards higher energy levels as excitation intensity increases, while the other samples do not exhibit
such a phenomenon due to the dominance of the extrinsic carriers. The transient data confirm the

results of the PLL measurements.

Keywords- Photoluminescence (PL), GaN/AIGaN multi quantum well, Time Resolved PL (TRPL), Polarization

fields, Exciton, Nanostructures, III-Nitride semiconductors, quantum well

1. Introduction

II1-nitride material family, especially GaN, attracted much interest during the last few years. These are
particularly well suited for optoelectronic applications, e.g. as UV light emitters in the lighting
solutions that are expected to replace today’s incandescent and fluorescent lamps. Some other
applications include laser diodes (ILDs) as well as high temperature and high power electronic devices -
[1, 2]. In order to optimize the function of such devices, we need to improve our knowledge of the
material properties and especially to understand the recombination mechanisms in Il-nitride QWs. A

peculiarity of the nitrides is the significant macroscopic polarization with both spontaneous and



piezoelectric components [3, 4]. These polarization charges create internal fields in the QWs that have
fundamental influence on the optical properties, strongly affecting the oscillator strengths of excitons
and the spectral position of the corresponding photoluminescence (PL) peaks. The radiative
recombination processes are intensely modified by these built-in electric fields in the [0001] direction,
which result in a substantial quantum confined stark effect (QCSE). Screening by doping (extrinsic
carriers) and/or photo-generated carriers (temporal carriers), strongly affects the polarization-induced
properties [5]. The modulation doping technique (doping in the barriers) can be used to screen the
macroscopic polarization fields in the nitride quantum wells. The screening of the fields increases the
overlap between the confined electron and hole wave functions, enhancing the radiative transition
probability across the gap.

In this paper, we discuss some recent results of MOCVD grown GaN/AlGaN MQWs nanostructures,
all grown without an additional capping layer. In addition to the polarization fields inside the MQWs,

the influence of the outer surface in the absence of the capping layer is, indeed, present.

2. Samples and experimental procedure
A set of GaN/AIGaN MQW structures with Si doping concentration in the range of nominally undoped
(with a residual donor doping of about 1 x 10" ecm™) up to 9 x 10" cm™ doping level in the AlGaN
barriers has been studied by means of PL and time-resolved PL (TRPL) [see tablel]. The MQW
structures were grown on (0001) sapphire substrates by means of metal organic chemical vapor
deposition (MOCVD) [6].
On top of the substrate, an AIN layer with a thickness of 20 nm and a thick nominally undoped GaN

buffer layer of about 2 pm were grown. This was followed by a multiple quantum well structure with



five-period of 3 nm wide GaN quantum well layers separated by 7 nm wide Alg7GagosN barriers (Fig.
1). No additional capping layer was used so that the outermost QW barrier faces the surface.

Optical measurements have been undertaken by means of PL. and TRPL techniques at IFM institute of
Linkoping University, Sweden. For optical excitation in the PL. measurements, we have used the fourth
harmonic of a Nd:Vanadate laser with a wavelength of 266 nm. The PL signal was dispersed by a
single-grating monochromator and detected by a UV enhanced liquid nitrogen cooled CCD camera.
For the transient PL data, we used the third harmonic (Aexc = 266 nm) of a Ti: sapphire femto-second
pulsed laser. The PL transients were detected either by a UV sensitive Hamamatsu streak camera
system with a temporal resolution better than 10 ps. The samples were then placed in a variable

temperature cryostat for measurements at low temperature (2 K).

3. Results and discussion

As we mentioned in our previous reports, [7, 8] existence of polarization fields in IIl-nitrides QWs is a
well-known concept. The abrupt variation of the polarization at surfaces and interfaces gives rise to
large polarization sheet charges that in turn create huge internal electric field of the order of MV/cm.
The piezoelectric (Py,) and spontaneous (Ps,) polarizations in GaN well layers for the undoped sample
have been estimated at about 0.002 (C/m?) and -0.034 (C/mz), respectively [7] and the total internal
polarization field (Ey) has been calculated -0.48(MV/cm). The internal field in the growth direction
causes band bending and forces the electrons and holes to the opposite side of the well and decreases
the overlap of the electron-hole wave functions, resulting in the reduction of the transition probability.
In addition, the internal polarization field reduces the energy emission of the recombination, leading to
a red shift on the PL peak position (Fig. 2). This well known effect is referred to as the Quantum

Confined Stark Effect (QCSF).



The cw PL spectra of GaN/AlGaN MQW with different doping level measured at T=2 K reveals a blue
shifted broad QW emission with respect to the 3.48 eV PL peak from the GaN buffer layer due to the
quantum confinement. The PL spectra for undoped and heavy-doped samples (samples No.1, 6) can be
seen in Fig.3. The QW emission is attributed to excitons localized at the energy minima induced by
well width fluctuations [9]. The internal field is screened more efficiently by increasing the doping
level, consequently the QCSF is reduced and the QWs peak shifts to higher energies.

The integrated PL spectra of the samples at low temperature clearly indicates that the enhancement of
the optical efficiency in heavy-doped sample corresponds to the undoped one (Fig. 3), which can be
explained if we take into account the more effective screening of the internal polarization fields of the
doped samples by the electrons originating from the doping in the barriers. Screening of the fields
increases the overlap between confined electron and hole wave functions and the optical efficiency
enhances with increasing the modulation doping [9].

The outermost barrier (outermost AlGaN layer) faces the surface. Therefore the QWs will experience a
strong depletion field [10], which is also expected to vary strongly between the different QWs in the
MQW region. Fig.4 shows the variation of the tull width at half maximum (FWHM) of the QW peak
versus the doping level. FWHM increases by increasing the doping level, which can be explained by
varying the internal polarization fields due to the variation of the depletion fields in different samples
as well as the large contribution of structural defects induced by high Si doping and nonuniform
absorption of the excitation energy at different QWs. FWHM in the undoped sample is 23 meV,
comparable with similar GaN/AIGaN QWs structures grown by molecular beam epitaxy (MBE),
exhibiting a typical FWHM of about 20-25 meV [11], which is shown that the quality of our MOCVD

grown samples is comparable with the best MBE grownones .



The PL temporal response has been evaluated at the PL peak position for undoped and heavy-doped
(9x10"cm™) samples at different excitation power (Fig. 5). The PL decay time corresponding to the
stronger excitation regimes in the undoped sample is faster than the corresponding one for the weaker
excitations and the PL transient curves show a non-exponential behavior at different excitation powers
(Fig. 5a). The faster part of the PL transient in the undoped sample decreases from 360 ps at the lowest
excitation intensity to 260 ps at the highest one. This part of the PL decay curve is attributed to the
relaxation time for the excitons to relax to the localization centers. By increasing the excitation
intensity the photo-generated carriers/exciton density will increase and partly screen the localization
potentials. In the case of the undoped sample, the built-in electric fields are more effectively screened
in the stronger excitation regime, photo-generated carriers recombine more quickly and the slower part
of the PL decay time curves becomes faster. But for the case of the heavy doped sample, free carriers
originating from the modulation doping effectively screen the built-in electric fields and the photo-
generated carriers recombine at nearly flat band condition. In the case of heavy-doped sample, the
extrinsic carrier density 1s much higher than the photo-generated density [12] and a large number of
free electrons; originating from the barrier doping, are available to recombine with the localized holes
even at a low excitation power. Then the PL transient curves show a mono-exponential behavior with a
nearly similar decay time at different excitation intensity.

Effect of the screening of the polarization fields by the extrinsic carriers originating trom the Si doping
in the barriers can in principle be verified by PL measurements. Fig. 6 shows the PL spectra of
undoped, low doped and heavy samples at different excitation powers at T=2 K. These data show that
with decreasing excitation intensity from 100% to 0.002%, the PL peak position of the undoped and
low doped samples red shifted about 3.8 meV and 1 meV respectively, but there is no shift for the

heavy-doped sample.



This behavior can be explained in terms of the screening of the internal fields by the photo-generated
carriers and the relaxation rate to lower energy states in the undoped and low-doped samples. As we
reported before, the maximum photo-generated carrier concentration (2 x 10'® ¢cm™) is less than the
extrinsic carrier concentration originating from the doping in the barriers in the medium and heavy
doped samples [12], which means that the extrinsic carriers dominate in the medium and heavy doped
samples, and the photo-generated carriers have accordingly a small influence on the electron

concentration, consistent with the transient PL data (Fig. 5).

4. Summary and conclusions

The screening effect of the internal polarization fields due to the Si modulation doping, on the PL
radiative recombination dynamic and optical efficiency of GaN/AlIGaN multi quantum wells
nanostructures has been investigated by means of photoluminescence and time resolved PL
spectroscopy. We found that the screening of the internal polarization fields increases the overlap
between the confined electron and hole wave functions therefore enhancing the optical efficiency. By
decreasing the excitation power due to the less screening of the internal polarization fields by the
temporal carriers (photo generated carriers), the stationary PL data reveals a red shifted QW emission
for the undoped and low-doped samples. But there is almost no shift for the medium and heavy doped
samples due to the most effectively screening of the internal fields by the extrinsic carriers originated
from the modulation Si doping. The faster part of the PL transient in the undoped sample decreases
with increasing excitation intensity but in heavy doped sample decay time is nearly constant at

different excitation intensity due to the screening the internal fields by the extrinsic carriers.
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Table 1. Detailed description of samples

Sample Si Doping Well Width  Barrier width ~ Composition x
(cm™) (nm) (nm)

l Undoped 3.0 7.2 ~0.07
2 3.0x10'® 3.0 7.2 ~0.07
3 6.0x 10 3.1 7.6 ~0.07
4 2.4x 10" 3.0 7.4 ~0.07
5 42x 10" 3.1 7.5 ~0.07
6 9.0x 10" 3.0 7.0 ~0.07

: GaN/Al,,; Ga,, N:Si :

— sx304704  H

- o~

GaN

PLT buffer |
Sapphire (G001)

Fig. l. Schematic picture of the structure of the GaN/AlGaN MQW samples. The dimensions and compositions
are approximate.

b
|

(a}) (b)

Fig. 2. (a)An unperturbed QW (b) A QW affected by the internal polarization field. The energy bands will be
tilted and the carriers tend to become localized at the opposite interfaces. The reduction AE of the recombination

energy is called the quantum confined Stark shift
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Fig. 3. PL spectra of undoped and heavy doped samples at 2 K (clearly the optical efficiency in heavy doped
sample is higher than the undoped one)
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Fig. 4. Si doping dependence of the MQWs photoluminescence peak width (FWHM), measured at T=2 K
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the corresponding one for weaker excitations. (b)The PL transient curves of the highest doped sample show
almost same decay time at different excitation intensity powers
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The effect of Al composition and Si doping on the optical properties
of GaN/AlGaN multi Quantum Well nanostructures

M. Esmaeilil; H. Haratizadehl’z; B. Monemar®

! Physies Deparimen, Shatvood Unrversipy of Technology, Shatrood fran
? Department of Physics and Measurements Technology, Linkoping Universizy, Linkoping, Sweden

Ll pambai@walla con

Abstract

We studied the dependence of macroscopic polarization and decay time of Wurtzite III-V nitride
ternary alloys multi quantum wells emission on Al composition and doping using
cw-photoluminescence (PL) and Time resolved photoluminescence (TRPL) techniques. In this
study all materials were grown by MOCVD, as opposed to most previous studies where MBE
was employed. The recombination process in undoped samples is excitonic, while in MQWs
doped with Si above about 5 x 10'® cm™ PL process is a free electrons-localized holes transition
at low temperatures and Al content in barrier almost don't have any influence on recombination
dynamics in QWs. Hole localization in GaN/AlGaN MQWs with different composition of Al is
demonstrated via PL transient decay times and LO phonon coupling. It is found that there is a
moderate increase in PL peak decay time of the QWs emission with increasing Al composition.
Our datas show that increasing Al in barrier create slight blueshift in PL peak position of MQWs.
Near surface band bending, due mainly to dopant depletion in doped structures or interaction
with surface states in case of higher Al content in barriers, influences the distribution of electron
filling among the QWs, making a detailed modeling of the spectral shape somewhat ambiguous.

Keywords: Piezoelectric polarization, Optical Study, modulation doping, Photoluminescence (PL),
Quantum confined Stark Effect (QCSE), GaN/AlGaN quantum well,

1. Introduction

GaN/AlGaN heterostructures and quantum wells are at the heart of high-performance blue,
green, and amber LEDs as well as violet laser diodes]’z‘B, which are now commercially available.
Despite the very large number defects still present in such structures”, the efficiency and the
lifetime’of these devices are extremely good. However, the light-emitting mechanism is not yet
fully understood because this material system exhibits some peculiarities. The rather poor
structural material quality in term of the defect density, compositional homogeneity, abrupt
interfaces, etc. compared to other heterostructures is mainly a consequence of a strong chemical
difference between GaN and other element of 11I-N group. Nevertheless, the optical properties of
nitride quantum wells (QWs) have recently been subject to quite some controversial discussion.
Initially, it was proposed that carrier localization due to compositional fluctuation® in GaN QWs
could explain their unusual optical properties. More recently, it recognized that all group-111
nitrides in the wurtzite phase have a strong spontaneous macroscopic polarization and large



piezoelectric coefficients. This has been found from ab initio calculations”®. The abrupt variation
of the polarization at surfaces gives rise to large polarization sheet charges that in turn create
internal electric fields of the order of MV/cm. A huge redshift of the transition energy and a
strong increase of the carrier lifetime due to the quantum confined Stark effect are marked
features in the optical Spectra of GaN/AlGaN quantum wells, extensively debated in many
publica‘[ions.g’10 Significant theoretical and experimental attention has been devoted to doping of
GaN: which dopants to use, how to increase doping efficiency, what sources of compensation
may occur, etc. For practical electronic and optoelectronic devices, however, it is essential to be
able to control not just doping of GaN, but also of AlGaN alloys. For instance, AlGaN alloys
form the thick cladding Jayers in nitride-based injection lasers, and the resistivity of these layers
plays a major role in the device characteristics. Most research to date has indicated that AlGaN
alloys are more difficult to dope than pure GaN, and the ability to dope AlGaN alloys
significantly decreases with increasing Al content. The decrease in doping efficiency with
increasing Al content is even more dramatic for ptype AlGaN. While p-type doping of pure GaN
was originally a problem, those difficulties have largely been overcome due to the use of the Mg
acceptor and the understanding of the role of hydrogen'"'%.

By doping of the barrier layer close to a hetero-interface, i.e. modulation doping, charge transfer
across the interface occurs and the electrons form a two-dimensional electron gas (2DEG) in the
approximately triangular shaped potential in the active layer close to the interface. Since these
electrons are spatially separated from the donor impurities in the barriers, they should have a
relatively high mobility. This is an important property utilized in devices such as high electron
mobility transistors (HEMTs). Optical and electrical properties in these kinds of structures have
been extensively influenced by doping; and modulation doping strongly affects the polarization-
induced properties. The understanding of the electronic structure and transitions involving the
2DEG is still limited, however. To the best of our knowledge, no detailed optical investigations
have been done on modulation doped GaN/AlGaN quantum wells (QWs)". Therefore, further
investigations of these structures are necessary to achieve a proper understanding of the physical
properties of this system, in order to exploit the full benefits of the high potential this materials
system offers.

2. Samples and experimental setup

We have performed cw- photoluminescence and time resolved PL(TRPL) experiment on a set of
modulation doped GaN/AIGaN QW samples, which have different doping and Al composition in
their barrier. Some similar structures have been investigated, with nearly identical optical
spectra. Detailed results for these structures are discussed below. As mentioned the main
differences between these samples are Al percent and doping density in barriers. The samples
were grown by metal organic chemical vapor deposition on (0001) sapphire substrates. First, a
20 nm thick AIN buffer layer was grown, followed by a thick nominally undoped GaN buffer
layer about 2 um. On top of this buffer layer, multiple quantum well structure with five periods
of 3 nm wide GaN quantum well layers separated by 7 nm wide AlGaN barriers grown”. The
samples were placed in a variable temperature liquid helium bath cryostat for optical
measurement at 2K. For TRPL measurements we used the third harmonics from a Ti: sapphire s
(hexe = 266 nm) pulse laser. The PL transients were detected with a UV sensitive Hamamatsu
streak camera system with a temporal resolution better than 10 ps. For optical excitation in the
PL measurements we have used a cw 266 nim fourth harmonic of a Nd:Vanadate laser. The PL
signal was dispersed by a single-grating monochromator and detected by a UV enhanced liquid
nitrogen cooled CCD camera.

S
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3. The material quality, a limitation for studies of the physical properties

Most physical properties cannot be determined with a satisfactory accuracy unless a well defined
material with a sufficiently low defect density is available. For the case of GaN the present status
of the material is inadequate for an accurate determination of many physical parameters. The
most suitable bulk material for physical measurements is thick epilayers grown by hydride vapor
phase epitaxy (HVPE), or thin homoepitaxial layers grown by metal organic vapor phase epitaxy
(MBE). The homoepitaxial material is at the moment not readily available due to the lack of
GaN substrates. For the details of the electronic structure the optical data are generally required,
these are not very accurate if the spectroscopic line width is too large, however. A desired line
width is about 0.1 meV, however, this is not generally obtained in GaN layers available today,
and a value about 1 meV is more typical in the best cases. This is due to a large dislocation
density, 107-10° cm™ even in good thick HVPE grown GaN layers, and a high concentration of
residual dopants or complex defects (often in the range 10'7 cm?). Such defects cause
inhomogeneous strain fields that broaden spectroscopic lines for electronic transition.
Measurements of electrical parameters are also of limited accuracy when the defect density is too
high. The quantum structures involving GaN or AlGaN materials are strongly influenced by
polarization fields, as discussed in more detail below. Interface roughness causes a strong
spectroscopic broadening, as well as In segregation effects in the case of structures containing
InGaN. The spectral broadening in optical data is due to localization of excitons or carriers in the
related potential fluctuation, which are enhanced in case of strong polarization induced electric
fields. These effects, which are strong for lI-nitride structures, limit the spectroscopic accuracy
for these quantum structures’”.

4. Results and discussion

The internal electric field in our QWs is largely screened (but not completely) by the electron
filling (the 2DEG) in the QWSs as seen in the PL decay curves data in Fig. 1. This figure shows
the PL decay time for peak position of the PL spectra for different samples. Except of undoped
sample, decay times of other MQWSs have an exponential behavior. There is a moderate increase
of the decay time with x from 320 ps for x = 0.04 to 500 ps for x = 0.11, tracking the residual
internal field. At first view we can see that PL decay times is rather long in these highly doped
QWs and this is largely due to the fact that the photoexcited holes remain localized in the PL
process, as discussed below. For a free carrier PL process the radiative lifetime is expected to be
very short at high electron concentrations, which is not observed.

As we reported, holes are localized in GaN/AlGaN MQWs. ' Such a hole localization can be
verified experimentally by observation of LO phonon replica in PL spectra of these samples. The
LO phonon coupling strength is unexpectedly strong for GaN QW system”and LO phonon
coupling strength for QW excitons is typically determined by the localization, i.e. the
localization of excitons or holes strongly enhances the coupling strength 18.19,

Tox= 11 801671870 =500 ps

- 0O x=0.07, Si:2.4*10", =390 ps
: @  x=0.04, Si:1.0*10%, =320 ps
’;v%& ¥ x=0.07. St0.8716%. =410 ps
* x=0.07, undoped, (t,=320,

1,540 ps)

Figurel: Photoluminescence decay time curves
for three MQWs with different Al composition in
the barriers region.
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An example has been shown in Fig. 2. In this figure we show a comparison between 3 samples
with similar Al composition (0.07%) and very large difference in doping. A strong internal field
also tends to increase the localization, and consequently the LO phonon coupling strength. The
coupling strength to LO phonons for the main emission is comparable in the three cases, due to
the hole localization that is only weakly influenced by the electrons in GaN. A combination
decay and exciton relaxation is one explanation for the non-exponential decay behavior in
undoped sample. The slower part of the decay time is attributed to the time for the radiative
recombination and the faster part to the time for the excitons at the higher energy edge to relax to
the unoccupied state at lower energy before the radiative recombination. We must mention that
the coupling strength for the undoped sample is somewhat larger than other ones, because
localization energy for carriers at this sample is larger (as we regoft at earlier workzo). Therefore
we conclude that in MQWs doped with Si above about 5 x 10° cm™ free electrons (2DEG) are
dominant, and the PL process is a free electrons-localized holes transition at low temperatures
and for undoped sample there is evidence for excitonic character of the PL emission. With rising
temperatures the photoexcited holes become free. Then the radiative efficiency goes down, and
the PL decay time as well.

P Ts2K (a) T=2 K (b) 20K
9x10%(am)

undoped [ 6x10"%cm™
P mMQw

MQW-LO

PL Intensity (log. scale)
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Figure 2: PL spectra of three MQW sample with different Si doping showing a comparable LO
phonon coupling. The coupling strength is slightly higher for the undoped sample.

To estimate the exciton or carrier localization energy we studied the temperature dependence of
the emission. The QW PL peak energies have an "S-shaped" dependence on the temperature (see
figure3). The first red shift is due to the emptying of the shallower potential valleys to the benefit
of deeper one. Then the thermal energy becomes sufficient to delocalize QW excitons or carrier
out of their traps and average PL energy increases again. To calculate localization energy we
used Varshini formula E(T) = E(0)—aT* /(S +T), (where E(0) is the transition energy at 0K,
and «,f are constants) to fit QW peak position energy. The difference between the
experimentally determined PL energies (QW peak position) and the corresponding energy
evaluated from the fit at low temperature, gives an estimation of the carrier localization energy.
The localization energies evaluated from this procedure are found to vary with Al composition.
With increasing Al composition from x=0.04 to x=0.11 the localization energy increase from 4
to 8 meV probably due to a larger contribution of structural defects and disorder induced by
higher Al, in barriers.



GaN/Af Ga, N-MQw GaN/Al Ga, N-MQW

x=.11 x=.04 MQWs emission

MQWs emission

g E / \
> > S
g L g A
g g L
=t = C
2 1.9K z
2 9 £ A |
< < A
= - /oy
o o 4 i
o o A
Q Q A
N N \
@ ®
£ \ E :
<] > ] 3
P4 \ =z s
o’ ‘\ \;\
C. ! t oy Lo Lo i R L | | ot |
3.36 339 3.42 3.45 348 3.51 354 357 3.60 3.36 3.39 3.42 3.45 348 351 3.54 3.57 360
Photon Energy(eV) Photon Energy(eV)

Figure 3: Temperature dependence of the MQW PL energies of the samples with Al content
0.04% and 0.11% and Si doping of 1.0- 10'° (cm™).

The normalized PL spectra of three samples with different Al content and same Si doping are
shown in Fig. 4a. In this figure is illustrated how the PL spectra vary with composition. A slight
upshift in QWs PL peak with increasing Al composition is observed, due the stronger
confinement of the electron and hole states, which counteracted by the expected rise of the
internal QW electric field with increasing x. As figure 4a shows PL linewidth increase with the
Al content. The increased Al content enhances the electric field in the structure, hence efficiency
in screening of the internal polarization fields increases and therefore PL peak emission moves to
higher energy, for the same value of doping. In the presence of free carriers in the well, £,

(polarization field) may be expressed as”’,

E\’(m = (EN.Y + Pb - R«-‘)Lb /(Lw + Lb)gogr (1)
and %, can be calculated from
E;m = (eN.s' + R«- - Pb )Lw /(Lw + Lb )gogr > (2)

Where N _is the sheet electron concentration in the well and P,, P, are total polarization charge

accumulated at the interface of GaN/AlGaN heterostructures. The total polarization charge can
be written as P" =P, + P, where P, is the piezoelectric charge caused by the lattice

22,23

mismatch and by thermal strain and this polarization can be estimated from the expression™
P..=2(a-a,)/agie; —eC 5 1Cy} (3)
Whereas P, represents the spontaneous polarizability of the GaN/AlGaN interface, as clearly

demonstrated by the work of Bernardini et aZ.24’25[7].Using this relation, we can find polarization
field in our samples. Our calculation shows that electric field varies linearly with the Al mole
fraction in the AlGaN barriers (see figure 4b).Note that theoretical calculations predict that the
polarization may depend on the barrier thickness too. We must mention that an extrapolation
leads to a zero electric field in GaN, allowing one to be confident with data.
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Figure 4: (a) PL spectra of a set GaN/AIGaN MQW nanostructure with different Al mole
fraction. (b) build- in electric field versus the Al content.(b) Variation of the built-in electric field
as a function of the Al mole fraction in the AlIGaN barriers.

At the end of discussion we show how the PL lineshape vary with doping. The samples do not
show any emission from the barriers, since there are too thin to hold the photoexcited carrier
within the recombination time. For the highest doping level there is a profound broadening also
of the high-energy edge of the spectrum, similar to previous studies of degenerately doped bulk
GaAs®® and AlGaAs/GaAs QWs?'. Finally, as could been seen from fig. 2 PL lineshape of doped
GaN MQWs is asymmetric, with a longer low energy tail. A detailed analysis of this lineshape is
uncertain due to overlap of probably inequivalent PL spectra from the different active QWs in
the doped samples. The low energy onset of the emission moves to lower energy with doping,
indicating the down-shifted position of the renormalized QW band gap, adjusted for a typical
hole localization energy™.

| GaNiAl_Ga, N - MQWS

ce3

{ T=2(Kk), 268nm

MQWs emission |
v

i
1 R .
i GaN bufer

|
i ' |
'Undoped - ,
@
2|
e
£ 1 30x10 i
[ it .
g
=
c
g 24x107 .
£ .
o8
- 8.5x107 : ) Figure 5: PL spectra of a set n-type modulation doped
" : - T GaN/Aly 07Gag 93N MQWSs with different Si doping
measured at 2 K.
9.0x10
7 340 345 3.50 355 - 3.‘607

Photon Energy (eV)



5. Summary and conclusions:

We have shown experimental data for doped and undoped AlGaN/GalN MQW structuresgrown
by MOCVD on c¢-plane sapphire substrate, relevant for UV LED structures. All MQW structures
were directly facing the outer surface and all samples don't have cap layer. Localization of
excitons and/or holes is found to be important in these structures at low temperatures, even in the
case of very high doping densities. In highly Si-doped structures the excitonic recombination is
replaced by a_#ee elecrron— localized /ole transition, as is evidenced by experiments on the LO
phonon coupling and the PL decay times. We found that the coupling strength to LO phonons for
the main emission is comparable in our samples with different dopping and same Al
composition, due to the hole localization. The QW transition energies deduced from low
temperature photoluminescence reveal the presence of a stronge internal electric field which can
reach 0.528 MV/cm for only 11% of Al content. This electric field is found to vary linearly with
the Al mole fraction. We saw that there is a slight blue shift with increasing Al composition in
PL peak position spectra, due the stronger confinement of the electron and hole states. Finally we
conclude from our data’s that PL. decay time strongly was influenced by Al composition in
barriers.
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Abstract

The Ill-nitride material family is particularly well suited for optoelectronic applications,
e.g. as UV light emitters in future lighting solutions that are expected to replace the
incandescent and fluorescent lamps in use today and also laser diodes(LDs), high
temperature and high power electronic devices. In order to optimize the device design, it
is necessary to provide knowledge on the material properties and especially to
understand the recombination mechanisms in nitride QWs. A peculiarity of the nitrides
is the significant macroscopic polarization with both a spontaneous and a piezoelectric
component. These polarization charges create internal fields in the QWSs that have
fundamental influence on the optical properties, strongly affecting the oscillator
strengths of excitons as well as the spectral position of the corresponding
photoluminescence (PL) peaks. The radiative recombination processes are strongly
modified by these built-in electric fields in the [0001] direction, which causes a
substantial guantum confined stark effect (QCSE). Screening by doping and/or carrier
injection strongly affects the polarization-induced properties. For instance in this thesis
modulation doping technique is used to screen the macroscopic polarization fields in
nitride quantum wells. The screening of the fields increases the overlap between
confined electron and hole states, enhancing the radiative transition probability across
the gap.

This thesis is based on the optical studies of GaN-based quantum structures consist of
five period GaN/Alg 07Gag osN MQWs that have been grown on sapphire substrate along
c-axis [0001] by Metal-Organic Chemical Vapor Deposition (MOCVD) and the
thickness of well and barrier are 3nm and 7nm, respectively. The thesis is mainly based
on experimental investigation by using a combination of the PL and time resolved
PL{TRPL) techniques.

The results of measurements reveal the all samples with different doping levels show a
QW emission which is blue shifted with respect to the 3.48 eV PL peak from the GaN
buffer layer. For the undoped and low-doped samples (3 x 10'® cm™), which have less
free electrons in the QWs, a non-exponential PL. decay behavior at 2 K is attributed to
localized exciton recombination. The more highly doped samples show almost
exponential decay curves at 2 K, suggesting the recombination of free electrons and
Jocalized holes. We found that with increasing Si doping the localization energy will
decrese. The temperature dependence of radiative as well as nonradiative lifetime has
also been evaluated between 2 K and room temperature for different Si doping. It has
been determined that the radiative recombination (RR) mechanism dominates at the Jow
temperature range and with increasing temperature the nonradiative recombination
(NRR) will dominate. The results demonstrate that the radiative recombination channel
is stronger in the Si doped samples (60 K), compared to the undoped one(3CK).
Overcoming of radiative recombination in spite of high defect density in high doped
sample related to the dense 2DEG originating from the modulation doping in the
barrier. In addition the competition between the photo-generated carriers and the Si
doping on the screening of the internal polarization fields investigated.
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