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The paper summarises some of recent advances made by the author’s group on the growth, characterization and applications

of AlGaN and InAlGaN alloys. Electrical, optical as well as optoelectronic properties have been studied. It is shown that the

effect of carrier localisation in undoped AlGaN alloys enhances with increased Al contents and is related to the insulating

nature of AlGaN of high Al contents. Si-doping reduces the effect of carrier localization in AlGaN alloys and a sharp in-

crease in conductivity occurs when the Si doping concentration increases to above 1018 cm–3. For the Mg-doped AlxGa1-xN

alloys, p-type conduction was achieved for x up to 0.27. Due to the strong piezoelectric polarization and deep triangular po-

tential notch in AlxGa1-xN (x = 0.5) heterointerface, a total of five emission lines related with the two-dimensional electron

gas in heterostructure have been observed, which correspond to the recombination between the electrons from different

sub-bands. The dominant optical transition at low temperatures in InxAlyGa1-xN quaternary alloys is due to localized exciton

recombination, while the localisation effects were combined from those of InGaN and AlGaN ternary alloys with comparable

In and Al compositions. Finally micro-size ultraviolet light emitters are demonstrated.

Keywords: AlGaN alloys, InAlGaN alloys, AlN epilayers, light emitters, time-resolved photoluminescence.

�� ������
���

III-nitride wide bandgap semiconductors, with energy band

gap varying from 0.8 eV (InN) to 3.4 eV (GaN) to about

6.2 eV (AlN), have been recognised as technologically im-

portant materials [1–10]. Photonic devices based on

III-nitrides offer benefits including UV/blue emission,

large band offsets of GaN/AlN or InN/AlN heterostructures

allowing novel quantum well (QW) device design, and in-

herently high emission efficiencies. Furthermore, electro-

nic devices based on III-nitride heterostructures, including

heterojunction field effect transistors (HFETs) and bipolar

transistors (HBTs), have great promises in microwave and

millimeter-wave electronic device applications, due to the

high peak electron velocity, high saturation velocity, high

breakdown voltage, low noise, and thermal stability of the

system. III-nitride based optoelectronic and electronic de-

vices may operate at much higher temperatures and volt-

ages/power levels for any dimensional configuration and in

harsher environments than other semiconductor devices

and are expected to provide much lower temperature sensi-

tivities, which are crucial advantages for many applica-

tions.

Although tremendous progress has been made for

III-nitrides research and development in terms of both fun-

damental understanding as well as devices applications, the

materials we understand relatively well today is just GaN

compound and In (Al) GaN alloys with In (Al) content less

than 30% (50%). InGaN alloys with high In contents

(50%), which emit light in the orange to red colour spectral

range, can be replaced by other semiconductors. However,

AlGaN alloys with high Al contents, covering from 350 nm

to 200 nm, cannot be replaced by any other semiconductor

system due to the fact that no other semiconductors possess

such a large direct bandgap (diamond is 5.4 eV with indi-

rect bandgap) as well as the ability of bandgap engineering

through the use of III-nitride heterostructures.

There is currently a great need of solid-state ultraviolet

(UV) emitters for detection of chemical and biological

agents as well as for general lighting. In such applications

based on III-nitride wide bandgap semiconductors, conduc-

tive n-type and p-type AlGaN or InAlGaN alloys with high

Al contents are indispensable. The use of high Al-content

AlGaN layer is also expected to increase the overall figure

of merit of the AlGaN/GaN HFETs due to the combined

advantages of enhanced band offset, lattice mismatch-

induced piezoelectric effect, and the electron velocity in the

two dimensional electron gas (2DEG) channel. Thus im-

proving the material quality of high Al content AlGaN al-

loys is also of crucial importance for fabricating high per-

formance AlGaN/GaN HFETs.

This paper summarises some of the recent advances

made by the authors’ group on the growth, characterization

and applications of AlGaN and InAlGaN alloys. It was

shown that the effect of carrier localisation in undoped

AlGaN alloys enhances with increased Al contents and is
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related to the insulating nature of AlGaN of high Al con-

tents. It was also shown that AlxGa1-xN alloys could be

made n-type for x up to 1 (pure AlN). Time-resolved

photoluminescence (PL) studies carried out on these mate-

rials have revealed that Si-doping reduces the effect of car-

rier localization in AlxGa1–xN alloys and a sharp drop in

carrier localisation energy as well as a sharp increase in

conductivity occurs when the Si doping concentration in-

creases to above 1�1018 cm–3. For the Mg-doped

AlxGa1–xN alloys, p-type conduction was achieved for x up

to 0.27. From the Mg acceptor activation energy as a func-

tion of Al content, the resistivity of Mg-doped AlxGa1–xN

with high Al contents can be estimated. For example, the

projected resistivity of AlxGa1–xN (x = 0.45) is around

2.2�104 �cm. Thus, alternative methods for acceptor acti-

vation in AlGaN or InAlGaN with high Al contents must

be developed before the high performance deep UV emit-

ters can be realised.

The optical properties of AlGaN/GaN heterostructures

with high Al content were also studied. Due to the strong pi-

ezoelectric polarisation and deep triangular potential notch

in AlxGa1–xN/GaN (x = 0.5) heterointerface, a total of five

emission lines related with the 2DEG in AlxGa1–xN/ GaN (x

= 0.5) heterostructure have been observed, which correspond

to the recombination between the electrons from different

sub-bands (n = 1 to 5) in the conduction band and the

photoexcited holes in the valence band. The 2DEG PL emis-

sion lines were found to be observable at temperatures as

high as 220 K, in sharp contrast to the AlGaAs/GaAs

heterostructures system in which the 2DEG emission lines

were observable only at low temperatures (T <20 K).

Optoelectronic properties of InAlGaN quaternary alloys

were studied. It was observed that the dominant optical

transition at low temperatures in InxAlyGa1–xN quaternary

alloys was due to localized exciton recombination, while

the localisation effects in InxAlyGa1–xN quaternary alloys

were combined from those of InGaN and AlGaN ternary

alloys with comparable In and Al compositions. Our stud-

ies have revealed that InxAlyGa1–xN quaternary alloys with

lattice matched with GaN epilayers (y ~4.8x) have the high-

est optical quality. The quantum efficiency of

InxAlyGa1–xN quaternary alloys was also enhanced signifi-

cantly over AlGaN alloys with a comparable Al content. It

was also found that the responsivity of the InxAlyGa1–x–yN

quaternary alloy photodetectors exceeded that of AlGaN al-

loy of comparable cut-off wavelength by a factor of five.

The AlGaN ternary and InAlGaN quaternary were incorpo-

rated into UV (340 nm) emitter structures. The operation of

340 nm micro-size UV emitters have been demonstrated.

AlN epilayers with high optical qualities have also been

grown on sapphire substrates. Very efficient band-edge PL

emission lines have been observed for the first time with

above bandgap deep UV laser excitation. We have shown

that the thermal quenching of the PL emission intensity is

much less severe in AlN than in GaN and the optical qual-

ity of AlN can be as good as GaN.
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AlxGa1–xN alloys and AlN epilayers (1 µm thick) were

grown on sapphire (0001) substrates with AlN buffer layers

by metal organic chemical vapour deposition (MOCVD).

The growth temperature and pressure were around 1050�C
and 50 Torr, respectively. The metal organic sources used

were trimethylgallium (TMGa) for Ga and trimethylalu-

minum (TMAl) for Al. For Mg-doping of AlGaN, bis-cyc-

lopentadienyl-magnesium (Cp2Mg) was transported into

the growth chamber with ammonia during growth. The gas

sources used were blue ammonia (NH3) for N and Silane

(SiH4) for Si doping and the doping level was varied by

controlling the SiH4 flow rate. The Al contents of

AlxGa1–xN alloys were determined by energy dispersive

x-ray (EDX) microanalysis and x-ray diffraction (XRD)

measurement as well as by the flow rates of TMGa and

TMAl. The Al contents (x) determined by all three methods

agreed within ±0.02. The Si-dopant concentrations were

determined by the flow rate of SiH4 as well as by the vari-

able temperature Hall effect measurement at elevated tem-

peratures (T < 650 K). Additionally, secondary ion mass

spectroscopy (SIMS) measurements were performed (by

Charles and Evan) for selective samples to verify the

Si-dopant concentrations. Atomic force microscopy (AFM)

and scanning electron microscopy (SEM) were employed

to examine the surfaces and revealed crack-free AlxGa1–xN

epilayers. Variable temperature Hall-effect (standard Van

der Pauw) measurements were employed to measure the

electron concentration, mobility, and resistivity of these

materials.

To investigate the optical properties of AlxGa1–xN/GaN

heterostructures with high Al contents, we have targeted

for x = 0.5. A set of Al0.5Ga0.5N/GaN heterostructure sam-

ples was grown on sapphire (0001) substrates with GaN

buffer layers. These samples consist of a 1 µm-thick

undoped GaN epilayer, followed by a 5 �-thick undoped

Al0.5Ga0.5N spacer layer, again followed by the top

Si-doped Al0.5Ga0.5N layer with varying thickness (d) from

55 to 140 �. The growth temperature and pressure of the

top Si-doped Al0.5Ga0.5N layer were 1060�C and 75 Torr,

respectively. The targeted Si doping concentration for the

top AlGaN layer was 5�1018 cm–3. Atomic force micros-

copy (AFM) was employed to examine the surfaces of

these samples. Variable temperature Hall measurements

were used to measure the 2DEG mobility and the sheet car-

rier density of Al0.5Ga0.5N/GaN heterostructures.

For the growth of InxAlyGa1–x–yN quaternary alloys, a

GaN epilayer of about 1 µm was first deposited on the sap-

phire substrate with a 25 nm low temperature GaN buffer

layer, followed by the deposition of a 0.1 µm

InxAlyGa1–x–yN epilayer. The growth temperature and pres-

sure for the underneath GaN epilayer were 1050�C and

300 Torr, respectively. The growth temperature and pres-

sure of InAlGaN quaternary alloys varied around 780�C
and 300 Torr, respectively. In and Al compositions were
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controlled by varying the flow rates of TMIn and TMAl.

The actual Al and In contents of InxAlyGa1–x–yN quaternary

alloys were determined by EDX and SIMS measurements

as well as by the flow rates of TMIn and TMAl.

A deep UV (10 mW @ 196 nm) picosecond time-resol-

ved photoluminescence (PL) spectroscopy system was spe-

cially designed to probe the optical properties of materials

and device structures based on AlGaN and InAlGaN alloys

with high Al contents and hence serves as “eyes” for moni-

toring the material qualities of these materials. The pico-

second time-resolved PL spectroscopy system basically

consists of a frequency quadrupled 100 femtosecond Ti:

sapphire laser with a 76 MHz repetition rate, a monochro-

mator (1.3 m), and a streak camera with a detection capa-

bility ranging from 185–800 nm and a time resolution of 2

ps [11]. For GaN-rich alloys, in addition to the 196 nm

deep UV laser, a second laser system with excitation wave-

length tunable from 285 nm to 320 nm was also used as an

excitation source. This second laser system consisted of a

cavity-dumped dye laser with 6G dye solutions, which was

pumped by a YAG laser with a frequency doubler, while

the output of the dye laser was frequency doubled again to

provide a tunability from 285–320 nm [11]. This was to

check the differences in PL spectral shapes due to the vari-

ation in optical absorption depth as a result of the use of

different excitation wavelengths. In general, the PL results

of GaN-rich alloys obtained by the two laser systems of

different excitation wavelengths were similar.
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Low-temperature (10 K) cw PL spectra of AlxGa1–xN al-

loys with x = 0.3, 0.5, and 0.7 are presented in Fig. 1(a)

[12]. The PL peak position (Ep), the full width at half maxi-

mum (FWHM) as well as integrated intensity (S) are also

indicated in the figure. Besides the shift of the peak posi-

tion towards shorter wavelength with increasing Al-con-

tent, one also notices a considerable decrease in the PL in-

tensity and increase in the full width at half maximum

(FWHM), which is caused by the reduction in crystalline

quality as well as alloy broadening. The solid lines are the

least-squares fits of data with two peaks of Gaussian distri-

butions. With longitudinal optical (LO) phonon energies

around 112 and 92 meV for AlN and GaN, respectively

[13], the low energy shoulders in Fig. 1(a) are assigned to

LO phonon replica of the main emission peak. An efficient

way to investigate the quality of semiconductor alloy sys-

tems is by studying the linewidths of their excitonic

photoluminescence spectra at low temperatures. Theo-

retically, higher is the quality of the alloy; closer are the

excitonic photoluminescence linewidths to the theoretically

predicted values [14]. It was found that the values of the

excitonic linewidths we measured agree very well with

those calculated using a model in which the broadening ef-
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Fig. 1. Photoluminescence spectra of Al
x
Ga

1–x
N alloys measured at 10 K for different Al concentrations x = 0.3, 0.5, and 0.7 measured at

10 K (a). Variation of excitonic emission linewidth as a function of Al concentration: theoretical calculation (solid line), determined from

the line shape analysis of the PL spectra measured at 10 K (triangles and circles) (b). The constant value of the inhomogeneous broadening

at x = 0 has been subtracted from the data, so as to consider only the effect of the compositional disorder (after Refs. 12, 13, and 14).



fect is assumed to be due to compositional disorder in com-

pletely random semiconductor alloys. This is illustrated in

Fig 1(b), which displays the variation of the exciton emis-

sion linewidth (�) as a function of Al concentration. We

found that the measured values of agree rather well with

the calculated values, thus suggesting a high quality of our

samples and that random compositional disorder is the

main broadening mechanism in AlGaN alloys [14].

Figure 2(a) shows the Arrhenius plots of the PL emis-

sion intensity of AlxGa1–xN alloys with x = 0.3, 0.5, and

0.7. The solid lines are the least squares fit of data with

equation

I T I C E kTemi ( ) [ exp( )],� � �0 01 (1)

where E0 is the activation energy of the PL emission inten-

sity, which is correlated with the carrier localisation energy

induced by compositional disorder. The fitted activation

energy E0 is indicated in the figure. Figure 2(b) plots the Al

composition (x) dependence of the activation energy (E0).

The most intriguing result is that E0 has a sharp increase at

x ~0.4. For x 0.5, E0 is as large as 90 meV and is much

larger than the thermal energy at room temperature

(25 meV).

Time-resolved PL spectra have been measured at 10 K.

Figure 3(a) shows the temporal responses of the PL emis-

sions from AlGaN alloys (with x = 0.3, 0.5, 0.7) measured

at their respective spectral peak positions. It clearly shows

an increase of decay lifetime with increasing Al content.

Figure 3(b) displays the Al composition (x) dependence of

the recombination lifetime. It is quite convincing that the

AlGaN and InAlGaN alloys – epitaxial growth, optical and electrical properties, and applications
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Fig. 2. Arrhenius plots of PL intensity for undoped AlGaN alloys with x = 0.3, 0.5, and 0.7 (a). The solid lines are the least squares fit of data

with Eq. (1). The fitted activation energy, E0, is also indicated in the figure. The activation energy E0 as a function of Al composition x (b).

A drastic increase of E0 is evident at x ~0.4 (after Ref. 12).

Fig. 3. Temporal responses of the PL emissions from undoped

AlxGa1–xN alloys with x = 0.3, 0.5, and 0.7 measured at 10 K and

their emission peak positions (a). The Al content dependence of the

measured decay lifetime of AlxGa1–xN alloys at 10 K (after Ref. 12)

(b).



decay lifetime shows exactly the same trend as that of the

activation energy of the PL emission intensity. The PL de-

cay lifetime is expected to increase with the carrier/exciton

localisation energy [15,16]. There are many important con-

sequences for large E0 for x greater than 0.4. Larger E0 im-

plies larger carrier/exciton localisation energies, which we

believe accounts partly for the low conductivities of

AlGaN alloys of high Al contents – a fact has been known

for Al-rich AlGaN alloys for many years [17]. We have

measured the conductivity of a set of undoped AlGaN al-

loys with x between 0.3 and 0.5 and the results are summa-

rized in Table 1. As shown in Table 1, the resistivity in-

creases by about 3 orders of magnitude when Al contents

increased from 0.3 to 0.4. It becomes a highly resistive ma-

terial at x around 0.5 for undoped AlxGa1–xN alloys. The

results shown in Table 1 further corroborate the optical

data presented in Figs. 2 and 3.

Our results thus strongly suggested that a sharp increase

of the carrier localisation energy in undoped high Al content

AlGaN alloys is responsible for all the behaviours reported

here. These include sharp increase of (a) PL emission inten-

sity activation energy, (b) PL decay lifetime, and (c) resistiv-

ity, for undoped AlxGa1–xN alloys at x around 0.4.

Table 1. Resistivity vs x in undoped AlxGa1–xN (after Ref. 12).

Al content x Resistivity � (�cm)

0.3 0.18

0.35 2.1

0.4 190

0.45 374

0.5 >105
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We have investigated the MOCVD growth of n-type

AlxGa1–xN alloys by Si-doping [18]. By examining the

electrical and optical properties of vast numbers of AlGaN

samples grown under different conditions, we concluded

that:

(i) the conductivity of AlxGa1–xN alloys continuously in-

creases with an increase of Si doping level for a fixed

value of Al content and

(ii) there exists a critical Si-dopant concentration of about

1�1018 cm–3 that is needed to convert insulating AlxGa1–xN

alloys with high Al contents (x 	 0.4) to n-type.

This is illustrated in Fig. 4, which shows the free electron

concentration (n), mobility (µ), conductivity (�
 of Si-doped

AlxGa1–xN alloys as functions of the Si dopant concentration

(NSi) for three different Al compositions, x = 0.4, 0.45, and

0.5. The results clearly reveal that there exists a critical

Si-dopant concentration for converting insulating AlxGa1–xN

(x 	 0.4) to n-type and the critical dopant concentration is

about 1�1018 cm–3. We believe that this is a direct conse-

quence of electrons filling the localised states in AlxGa1–xN

alloys caused by compositional disorder. Our results thus in-

dicated that the density of the localised states in AlxGa1–xN

alloys with x 	 0.4 below the mobility edge (energy that sep-

arates the localised states from the extended states) is on the

order of 1�1018 cm–3.

Figure 5(a) shows the room-temperature (300 K) PL

spectra of AlxGa1–xN with three different Si doping con-

centrations (NSi) at fixed Al content x = 0.4, 0.45, and 0.5.

In addition to the shift of the peak positions (Ep) toward

longer wavelengths at higher doping levels due to the effect

of the bandgap renormalisation, we also observe a consid-

erable increase in the PL emission intensity with increasing

NSi. The improvement in optical quality by Si doping has

been observed previously in GaN epilayers [19–21] and

AlGaN/GaN multiple quantum wells [22]. The relative PL

intensities for Si-doped AlxGa1–xN alloys seen here in-

crease by about one order of magnitude when the Si doping

concentration is varied from 0 to 5�1018 cm–3. For exam-

ple, for x = 0.45, the relative PL emission intensity in-

creases from 5 to 37 and to 44 as the doping concentration

increases from 0 to 1�1018 cm–3 and to 5�1018 cm–3.

We have also measured the carrier localisation energy

and recombination lifetime as functions of Si doping for

representative n-type AlxGa1–xN epilayers with different Si

doping levels up to 5�1018 cm–3, as we have done for the

undoped AlxGa1–xN layers (Figs. 2 and 3). The recombina-

tion lifetime and activation energy E0 of PL emission for
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Fig. 4. Mobility (µ), free electron concentration (n), and con-

ductivity (�) of Si-doped n-type AlxGa1–xN alloys as functions of

the Si dopant concentration (NSi) for three different Al

compositions, x = 0.4, 0.45, and 0.5 (after Ref. 18).



Si-doped Al0.45Ga0.55N epilayers as functions of doping

level are plotted in Fig. 5(b). Both values of � and E0 ex-

hibit initial sharp decreases when the Si doping concentra-

tion is increased from NSi = 0 to NSi = 1�1018 cm–3, fol-

lowed by gradual decreases as NSi is further increased.

These results suggest that Si-doping reduces the carrier lo-

calization effect with a sharp reduction in carrier localisa-

tion energy taking place at around NSi = 1�1018 cm–3. The

results shown in Fig. 5(b) thus corroborate the electrical

data presented in Fig. 4. Our results suggest that the critical

Si-doping concentration needed to fill up the localized

states in AlxGa1–xN alloys (x 	 0.4) is around

NSi = 1�1018 cm–3, above which carriers are able to trans-

port via extended states and reasonable conductivities can

be achieved. Therefore in order to obtain good n-type con-

ductivities in AlxGa1–xN alloys (x 	 0.4), Si doping levels

above 1�1018 cm–3 is required.

Indeed, by fixing the Si dopant concentration at

5�1018 cm–3 while varying the growth conditions slightly,

we have achieved highly conductive AlxGa1–xN alloys with

high Al contents (x up to 0.7) [18]. The Hall data for this

new batch of samples are summarised in Fig. 6. Conductiv-

ity values of 6.7 �–1 cm–1 and 2.2 �–1 cm–1, respectively,

have been achieved for Al0.65Ga0.35N and Al0.7Ga0.3N al-

loys. We believe that the n-type conductivity values we

have achieved here for AlxGa1–xN alloys (x up to 0.7) are

sufficiently high for deep UV emitter applications.
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We have investigated the MOCVD growth and optical and

electrical properties of Mg-doped AlxGa1–xN alloys. Elec-

trical studies have revealed that we have achieved p-type

conduction in AlxGa1–xN epilayers for x up to 0.27 [23]. PL

emission lines due to band-to-impurity transitions of free

electrons with neutral Mg acceptors in AlxGa1–xN alloys

have been observed, from which the values of the Mg ac-

ceptor activation energy EA were deduced and were found
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Fig. 5. Room temperature PL spectra of Si-doped n-type

AlxGa1–xN alloys with three different Si dopant concentrations

(NSi) for x = 0.4, x = 0.45, and x = 0.5 (a). The Si dopant

concentration dependence of the recombination lifetime � and

thermal activation energy E0 of the PL emission intensity for

Al0.45Ga0.55N alloys (after Ref. 18) (b).

Fig. 6. The free electron concentration (n), mobility (µ), and

conductivity (�) of Si-doped n-type AlxGa1–xN alloys as functions

of the Al content (x) for Si dopant concentration NSi = 5�1018 cm–3

(after Ref. 18).



to increase with an increase of Al content. These were

found to match very well with those obtained by Hall mea-

surements.

The Mg-doped p-type AlxGa1–xN epitaxial layers of

thickness 1 µm were grown on sapphire substrates with a

30 nm GaN buffer layers. For Mg-doping, bis-cyclopenta-

dienyl-magnesium (Cp2Mg) was transported into the

growth chamber with ammonia during growth. Postgrowth

annealing at 950oC in nitrogen gas ambient for 8 s resulted

in p-type conduction, as verified by Hall measurements. A

further anneal at 600�C for 2 min in nitrogen gas resulted in

the room temperature PL spectra as shown in Fig. 7 for the

Mg-doped p-type AlxGa1–xN for x = 0.22, 0.25 and 0.27.

As can be seen, the emission intensities of these spectra de-

crease with increase in x, a phenomenon that is discussed in

section 3.1 and is related to reduction in crystalline quality

with increasing x. The emission peaks are observed at

3.615 eV, 3.667 eV and 3.682 eV for x = 0.22, 0.25 and

0.27 respectively, which are greater than the band edge

transition of 3.42 eV for GaN. We assign these emission

lines to the band-to-impurity transitions for the recombina-

tion of free electrons with neutral Mg acceptors in

AlxGa1–xN. With the origin of these peaks thus assigned,

the activation energy EA(x) of the ionised Mg impurity in

AlxGa1–xN can be deduced simply by the difference be-

tween the energy gap Eg(x) and the observed band-to-

impurity emission peak E(e–,Ao). Eg (x) can be estimated

from the expression

E x x E xE bx xg gGaN g AlN( ) ( ) ( ), ,� � � � �1 1 (2)

and EA(x) = Eg(x) – E(e–, Ao). In the above expression, we

use widely accepted value of the energy gap for GaN,

Eg,GaN = 3.42 eV, for AlN, Eg,AlN = 6.20 eV and of the bow-

ing parameter b = 0.90 [24]. With these, EA values of

0.262 eV, 0.279 eV and 0.311 eV corresponding to Al con-

tents 0.22, 0.25 and 0.27, respectively, are obtained. It is

expected that different choices of the bowing parameter b

would result in variations in the EA values. However, be-

cause the Mg acceptor level in AlGaN alloys is quite deep,

the uncertainties in EA values due to different choices of b

are not very significant. For example, the above optically

determined EA values from Eq. (2) will be reduced by

about 17–20 meV if the bowing parameter b = 1 is used.

The value of EA we obtained in the above manner are plot-

ted as a function of Al content x in Fig. 8, together with

those reported previously [25,26], all obtained by means of

variable temperature Hall measurements.

Also shown in this figure are data points for p-GaN and

for p-Al0.27Ga0.73N where we determined EA by variable

temperature Hall measurements (0.15 eV and 0.309 eV re-

spectively). The measured temperature dependence of Hall
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Fig. 7. Room temperature cw PL spectra from Mg-doped p-type

AlxGa1–xN for (a) x = 0.22, (b) x = 0.25 and (c) x = 0.27 (after

Ref. 23).

Fig. 8. Activation energy of Mg acceptors in Mg-doped p-type

AlxGa1–xN as a function of Al content x. Closed squares and

triangles are data from Refs. 25 and 26 respectively, while closed

circles are data from our work, all obtained by Hall measurements.

Open circles indicate data obtained from the PL spectra such as

those shown in Fig. 7 from our work. The inset shows the measured

temperature dependence of the free hole concentration (p) in

Mg-doped p-type Al0.27Ga0.73N sample from which EA = 0.310 eV

was obtained (after Ref. 23).



concentration (p) in the Mg-doped p-type Al0.27Ga0.73N

sample is shown in the inset of Fig. 8, from which a value

EA = 0.310 eV was obtained. Since the hole concentrations

in AlGaN alloys are relatively low and impurity band for-

mation is not likely, our results of EA deduced from the PL

spectra match quite well with those obtained by Hall mea-

surements, which further corroborates our assignment that

the observed transitions between 3.62–3.68 eV in Fig. 7 are

band-to-impurity transitions of free electrons to the neutral

Mg acceptors. The results shown in the inset of Fig. 8 dem-

onstrated conclusively that we have obtained p-type

AlxGa1–xN epilayers with x up to 0.27. A hole concentra-

tion of about 7�1016 cm–3 and mobility 3 cm2/Vs at room

temperature have been achieved in Mg-doped Al0.27Ga0.73N

epilayers.

The increase of EA with increase in band gap energy for

the III-nitrides has been reported previously in other stud-

ies [25–27] and is predicted by the effective mass theory

[28–30]. As a comparison with our results, the value of EA

estimated from the effective mass theory for x = 0.25 for

example, is between 0.263 and 0.294 eV which agrees well

with the measured value of 0.279 eV. From the measured

EA versus x in Mg-doped p-type AlxGa1–xN, the resistivity

versus x can be estimated as follows:

� �

�

( ) exp( )

exp{[ ( ) ] }

Al Ga N E kT

E GaN E kT

x x o A

o A A

1� � �

� � �
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�

�( ){exp( )}GaN E kTA�

(3)

where EA = EA(AlxGa1-xN) – EA(GaN) and our p-type GaN

has typical resistivity, �(GaN), of about 1.0 �cm. From

Eq. (3), the resistivity of AlxGa1–xN alloys with higher val-

ues of x can be deduced. For example, if the trend in Fig. 8

holds for higher x, at Al content x = 0.45, the activation en-

ergy EA is estimated to be 0.4 eV and the estimated resistiv-

ity should be as high as 2.2�104 �cm. This deepening of

the Mg activation energy with Al content presents a real

challenge for obtaining p-type AlGaN with high Al con-

tents. Our results thus indicate that alternative methods for

acceptor activation in AlGaN alloys with high Al contents

have to be developed.
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Most recently, we have investigated the growth of

AlxGa1-xN/GaN heterostructures with high Al contents.

The transport properties of Al-rich AlGaN/GaN HFET

structures have been studied by varying the growth condi-

tions and structural parameters, including Si-doped AlGaN

barrier thickness, i-AlGaN spacer layer thickness, and Si

doping concentration. It was shown that AlGaN/GaN

HFET structures with high Al-contents could supply higher

sheet densities (around 1014 cm–2 at room temperature).

These HFET structures may have the potential for many

applications in high power electronic devices with high

temperature stability.

Optical properties related to two-dimensional electron

gas (2DEG) in AlxGa1–xAs/GaAs heterostructures have

been well studied [5–7]. A photoluminescence (PL) peak

related to 2DEG in AlxGa1–xAs/GaAs (x = 0.6) hetero-

structures, the H band, was observable only at low temper-

atures (T < 20 K) [31–33]. On the contrary, we expect to

observe the PL emission line associated with the 2DEG in

AlxGa1–xN/GaN heterostructures, particularly in high Al

content AlxGa1–xN/GaN heterostructures, at higher temper-

atures (T > 20 K) because of the strong piezoelectric field

near the heterointerface as well as the strong carrier con-

finement resulting from the large band offset of AlxGa1–xN/

GaN heterostructures. However, very few studies have

been carried out for the AlxGa1–xN/GaN system [34,35]. In

fact, the H band has been recently observed up to 60 K in

AlxGa1–xN/GaN (x = 0.22) heterostructures [34].

We have carried out the investigations on the optical

properties of AlxGa1–xN/GaN heterostructures with high Al

contents [36]. Figure 9 shows the PL spectra of an

Al0.5Ga0.5N/GaN heterostructure sample with an Al0.5Ga0.5N

barrier thickness d = 110 � measured at different tempera-

tures from 10 to 300 K. The emission line at 3.393 eV

(10 K) is attributed to the recombination between the

2DEG and photoexcited holes [36]. Although the peak po-
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Fig. 9. PL spectra of a representative Al0.5Ga0.5N/GaN hetero-

structure with Al0.5Ga0.5N barrier thickness d = 110 � measured at

different temperatures from 10 to 300 K (after Ref. 36).



sitions of both 2DEG and the I2 lines at 3.482 eV (at 10 K)

are redshifted with increasing temperature, the energy sep-

aration between the 2DEG PL peak and GaN I2 peak tends

to decrease with increasing temperature, which is consis-

tent with a previous observation in low Al content (x =

0.22) AlxGa1–xN/GaN heterostructures (T � 60 K) [34]. It is

striking that the PL emission associated with the 2DEG in

AlxGa1–xN/GaN (x = 0.5) heterostructures is observable

even at 220 K, while the 2DEG emission line in

AlxGa1–xAs/GaAs (x = 0.6) heterostructures diminishes at

temperatures greater than 20 K [31]. This result reflects the

fact that AlxGa1–xN/GaN heterostructures have stronger pi-

ezoelectric polarisations as well as much deeper triangular

potentials than AlxGa1–xAs/GaAs heterostructures, result-

ing from larger band offsets and lattice mismatches of

AlxGa1–xN/GaN heterostructures.

Figure 10(a) shows a PL emission spectrum of the

Al0.5Ga0.5N/GaN (d = 110 �) heterostructure under a low

intensity excitation Iexc (Iexc = 10 W/cm2) measured at

10 K. Five emission lines were observed at emission ener-

gies 70, 97, 126, 157, and 216 meV below the GaN I2 peak

(3.482 eV). These emission lines are due to the recombina-

tion between 2DEG electrons in different sub-levels and

photoexcited holes in the valence band. The solid line in

Fig. 10 (b) is the least squares fit of five emission energy

peak positions with equation [37]
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where m is the electron effective mass, F is the total elec-

tric field in the triangular potential well of AlxGa1–xN/GaN

heterostructures, n is the index of the sub-band for elec-

trons, and c is a constant which is determined by the energy

gap of GaN as well as the total band bending. The magni-

tude of piezoelectric field has been measured to be around

0.5 MV/cm for AlxGa1–xN/GaN (x ~ 0.25) heterostructures

[38–40]. The fitted value of 90 kV/cm for this sample

seems too low for the total electric field in the triangular

potential in AlxGa1–xN/GaN heterostructures, which we be-

lieve is due to the screening of the electrons. The screening

electrons are transferred from the Si doped AlGaN barrier

layer to the well of AlxGa1–xN/GaN heterostructures. The

Hall effect measurement results revealed that the 2DEG

sheet densities in this set of Al0.5Ga0.5N/GaN heterostruc-

ture samples were very high, around 1.0�1014 cm–2, which

corroborates our charge screening explanation.
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Fig. 10. Low-temperature (10 K) PL spectrum of an

Al0.5Ga0.5N/GaN heterostructure under low excitation intensity

(10 W/cm2) and five emission peaks are resolved (a). The least

squares fit (solid line) of the observed five emission peak positions

(solid squares) with Eq. (3) (b). The fitted value of the total electric

field is indicated in the figure (after Ref. 36).

Fig. 11. Emission energy dependence of the decay lifetime of the

2DEG emission line in an Al0.5Ga0.5N/GaN heterostructures

sample measured at 10 K. The time-integrated emission spectrum

is also shown. The inset shows the temporal responses of the PL

emission measured at several different emission energies, which

reveal that the decay kinetics can be well described by single

exponential functions (after Ref. 36).



The recombination lifetimes were also measured. The

inset of Fig. 11 shows the temporal responses of the PL

emission measured at several different emission energies,

which reveal that the decay kinetics can be well described

by single exponential functions, from which the PL decay

lifetime can be deduced. Figure 11 shows the low tempera-

ture (10 K) PL decay lifetime measured under high laser

excitation (104 W/cm2) as a function of emission energy for

the 2DEG emission line in AlxGa1–xN/GaN (x = 0.5)

heterostructures. A time-integrated PL emission spectrum

is also shown. The PL decay lifetime varies between 0.04

and 0.48 ns. At the higher energy side of the emission peak,

the decay lifetime increases with an increase in emission

energy, which may be due to the fact that the PL decay is

dominated by electron transfer from higher sub-bands to

lower sub-bands in the triangular wells and the transfer rate

is expected to increase with increasing energy. Further-

more, the spatial separation between the recombining elec-

trons in the triangular wells and photoexcited holes is ex-

pected to decrease for higher sub-bands, which could also

contribute to the observed decay lifetime behaviour.
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By varying In and Al compositions x and y in

InxAlyGa1–x–yN, one can change the energy band gap while

keep lattice matched with GaN. In addition to the key fea-

tures of lattice-match with GaN and the tunability in energy

bandgap, InxAlyGa1–x–yN quaternary alloys also have the

potential to provide a better thermal match to GaN, which

could be an important advantage in epitaxial growth. For

lattice matching with GaN, the ratio of the concentration of

In: Al can be estimated from the formula

a

a a a

[ ]

( )

In Al Ga N

x y x y

x y x y

InN AlN GaN

1

1

� � �

� � � � �
(5)

This assumes that a solid solution of InN, AlN and GaN are

present in the quaternary. Using values of the lattice con-

stant aInN = 3.548 �, aAlN = 3.112 �, and aGaN = 3.189 �,

the ratio x:y of the concentration of In:Al is found to be

around 1:4.7 for lattice matching with GaN. When this ra-

tio is inserted in the formula for energy gap (Eg), one ob-

tains the following energy gap variation of InxAlyGa1–x–yN:

E In Al Ga N

xE InN xE AlN

g x x x

g g
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. .4 7 1 57
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with 0 < x < 0.18 and where we have used Eg(InN) =

0.8 eV, Eg(AlN) = 6.2 eV and Eg(GaN) = 3.4 eV. The bow-

ing effects are not included in Eq. (5) since no data is avail-

able for the energy gap of InAlGaN quaternary alloys. This
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Fig. 12. PL emission spectra of GaN, AlxGa1–xN, InxGa1–xN, and InxAlyGa1–x–yN quaternary alloys measured at T = 10 K. The emission

spectrum of InxAlyGa1–x–yN quaternary alloys shows that we can achieve not only higher emission energies but also higher emission

efficiency in InAlGaN quaternary alloys than that of GaN. The emission efficiency of InxAlyGa1–x–yN quaternary alloys is also higher than

that of AlxGa1–xN alloy and is comparable to that of InxGa1–xN alloy (a). Time-resolved PL spectra as well as emission energy dependence

of decay lifetime measured at 10 K for InxGa1–xN alloys, AlxGa1–xN alloys, and InxAlyGa1–x–yN quaternary alloys (b) (after Ref. 41).



indicates the possibility of growing InxAlyGa1–x–yN lat-

tice-matched to GaN with band gap energy adjustable from

3.4 to 5.3 eV for deep UV optoelectronic applications.

Our studies have revealed that InxAlyGa1–xN quaternary

alloys with lattice matched with GaN epilayers (y ~ 4.7x)

have the highest PL emission intensity as well as the nar-

rowest XRD linewidth [41]. We have also demonstrated

that the emission efficiency of the quaternary alloys is

about 3 times higher than the AlGaN ternary alloys with a

comparable Al content [41]. This is shown in Fig. 12(a),

where the PL emission spectra of a typical GaN epilayer

(#567), AlxGa1–xN alloy (#347), InxGa1–xN alloy (#693),

and InxAlyGa1–x–yN quaternary alloy (#706) that is lat-

tice-matched to GaN are presented. The arrows indicate the

spectral peak positions. The full width at half maximum

(FWHM) of each emission line is also included in the fig-

ure. The emission spectrum of InxAlyGa1–x–yN quaternary

alloys in Fig. 12(a) shows that we can achieve not only

higher emission energies but also higher emission effi-

ciency in InxAlyGa1–x–yN quaternary alloys than that of

GaN. The integrated emission intensity of InxAlyGa1–x–yN

quaternary alloys is higher than that of AlxGa1–xN alloy of

comparable Al content by a factor 3.6 at 300 K and is com-

parable to that of InxGa1–xN alloy [41].

Table 2 lists the optimal growth parameters and emis-

sion properties of one of the InxAlyGa1–x–yN quaternary al-

loy samples that is lattice matched with GaN together with

those of InxGa1–xN and AlxGa1–xN alloys. Room tempera-

ture electron mobilities and concentrations have also been

measured and listed in Table 2 as well. From Table 2, it is

interesting to note that the growth conditions as well as the

emission properties of InxAlyGa1–x–yN quaternary alloys

are more closely related with InxGa1–xN than AlxGa1–xN.

The growth temperature and pressure for the optimised

InxAlyGa1–x–yN quaternary alloys (Tg = 780�C and P =

300 �) are exactly the same as for InxGa1–xN alloys. The

relat ive integrated PL emission intensi t ies of

InxAlyGa1–x–yN quaternary alloys are 175 (T = 10 K) and

2.58 (T = 300 K). These values are comparable with the

values of 185 (T = 10 K) and 3.9 (T = 300 K) for InGaN,

but much larger than the values of 80 (T = 10 K) and 0.72

(T = 300 K) for AlGaN. It is thus concluded that

InxAlyGa1–x–yN quaternary alloys are InGaN-like rather

than AlGaN-like, although Al composition is almost a fac-

tor of 5 larger than In.

The dominant PL transitions in InxAlyGa1–x–yN quater-

nary alloys at low temperatures are also due to the localised

exciton recombination, just as the cases in InGaN and

AlGaN alloys. This fact is reflected in the characteristics of

time-resolved PL as well as decay lifetimes, as shown in

Fig. 12(b). The behaviour of emission energy dependence

of decay lifetime is very similar among these three alloys.

Decay lifetimes of PL emission at their spectral peak posi-

tions for InAlGaN, InGaN and AlGaN alloys and are listed

in Table 2. While InAlGaN has the longest decay lifetimes,

the decay lifetime decreases with an increase in emission

energy at energies above their corresponding spectral peak

positions. This is a well-known character of localised

excitons and is due to the transfer of excitons from higher

to lower energy sites within the tail states caused by alloy

fluctuations [42]. The increased decay lifetime as well as

activation energy in quaternary alloys points to an en-

hanced localisation effects in InxAlyGa1–x–yN quaternary al-

loys compared with InGaN and AlGaN ternary alloys. The
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Table 2. Comparison of InAlGaN quaternary alloys with InGaN and AlGaN (after Ref. 41).

Samples InxGa1–xN AlxGa1–xN InxAlyGa1–x–yN

Growth parameters:

P (Torr)
T (�C)

300
780

270
1060

300
780

XRD (002) (arcsec) 359 375 411

In and Al contents x ~0.026 x ~0.136 x ~0.026, y ~0.124

µ (cm2/Vs)
n (1017 cm–3)

222
2.50

215
5.40

236
3.60

Ep (eV) T = 10 K
T = 300 K

3.395
3.348

3.722
3.674

3.575
3.542

Iemi (a.u.)

T = 10 K
T = 300 K

185
3.9

80
0.72

175
2.58

FWHM (meV) 26 26 29

E activation (meV) 16.3 16.7 23.4

� (ns) (T = 10 K) 0.28 0.35 0.49



measured PL decay lifetime for InxAlyGa1–x–yN quaternary

alloys at T = 10 K, from Table 2, is 0.49 ns, while that for

InGaN and AlGaN are 0.28 and 0.35 ns, respectively. It is

interesting that the measured decay lifetime of

InxAlyGa1–x–yN quaternary alloys at T = 10 K, �InAlGaN, is

correlated with those of InGaN and AlGaN alloys, �InGaN

and �AlGaN, through the relation �InAlGaN (= 0.49 ns) �
(�2

InGaN + �2
AlGaN)1/2 = (0.282 + 0.352)1/2 = 0.45 ns. This

fact provides some hint that localisation effects in

InxAlyGa1–x–yN quaternary alloys are the summation of

those in AlGaN and InGaN alloys with comparable In and

Al compositions. Further evidence to support this specula-

tion is that the relation between the activation energies, E0,

in InxAlyGa1-x–yN quaternary alloys and InGaN and AlGaN

ternary alloys as shown in Table 2 is the same as the decay

lifetimes, i.e., E0,InAlGaN = 23.4 meV � (E2
0,AlGaN + E2

0,InGaN)1/2

= (16.32 + 16.72)1/2 meV = 23.3 meV.

We have also fabricated UV photoconductive detectors

based on InxAlyGa1–x–yN/GaN quaternary alloy hetero-

structures [43]. As shown in Fig. 13, we found that with

varying In and Al compositions, the cut-off wavelength of

the InxAlyGa1–x–yN detectors could be varied to the deep

UV range and that the responsivity of the InxAlyGa1–x–yN

quaternary alloys exceeded that of AlGaN alloys with com-

parable cut-off wavelengths by a factor of five [43]. We

therefore believe that quaternary materials open a new ave-

nue for the fabrication of high efficient UV light emitters as

well as detectors.

The important implication of our results is that not only

InxAlyGa1–x–yN quaternary alloys can provide lattice match

with GaN, but also the quantum efficiency (QE) of

InxAlyGa1–x–yN quaternary alloys is also much higher than

that of AlGaN with a comparable Al composition. The en-

hanced QE have been observed recently in unstrained

InGaN/InAlGaN QWs and was attributed to the reduction

of dislocation density as well as of the piezoelectric field

[44]. Our results show that besides the advantages of re-

ducing dislocation density and/or piezoelectric field in lat-

tice-matched InGaN/InAlGaN and GaN/InAlGaN QWs,

QE of InAlGaN is also higher than that of AlGaN with a

comparable Al composition. This makes the InAlGaN qua-

ternary alloys a better choice for many UV optoelectronic

applications over AlGaN. It is expected that detrimental ef-

fects due to lattice mismatch between the barrier and well

materials, such as layer cracking, piezoelectric field, and

high dislocation density will be significantly reduced in de-

vices based on quaternary alloys compared with those uti-

lising ternary alloys. This is very important for UV emitter

applications, where either AlGaN or InAlGaN will be used

as active layers. The possible physics involved here is

probably very similar with that between GaN and InGaN. It

has been well established that emission intensity in InGaN

alloys is much higher than that of GaN epilayers due to the

effects of carrier localisation in In-rich nanostructures [45].

It is thus not surprising that emission intensity of InAlGaN

is higher than that of AlGaN, attributed probably again to

the inherent properties associated with the presence of In.
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Fig. 13. Normalised photoresponse versus excitation wavelength of InxAlyGa1–x–yN quaternary alloys with different In and Al contents.

The arrows indicate the cut-off wavelength for the quaternary alloys. The photoresponse from the underlying GaN epilayer in the two

samples #706 and #667 is seen as the steps at 363 nm (a). The response of InxAlyGa1–x–yN quaternary alloy (solid line) and AlyGa1–yN

alloy (dotted line) with comparable cut-off wavelength. The compositions for these samples are estimated to be In
0.02

Al
0.15

Ga
0.83

N and

Al
0.14

Ga
0.86

N, respectively (b) (after Ref. 43).
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Because of our unique optical characterisation capability,

recently we have also successfully grown AlN epilayers on

sapphire with high optical quality. For the first time, we

have produced AlN epilayers that emit band-edge PL tran-

sition lines [46]. The 1-µm thick AlN epilayers were grown

by metal-organic chemical vapour deposition (MOCVD)

on sapphire (0001) substrates with low temperature AlN

nucleation layers.

Figure 14(a) compares the low temperature (10 K) PL

spectra of our AlN and GaN epilayers covering a broad

spectral range from 2.2 to 6.2 eV for AlN and 1.8 to 3.6 eV

for GaN. One can see that the peak emission intensity of

the deep level impurity related transition at 2.16 eV (the

yellow line) in GaN epilayers is about four orders of mag-

nitude lower than that of the band-edge transition at about

3.48 eV, revealing the high optical quality of our GaN

epilayers. In AlN, there are two broad emission bands re-

lated with deep level impurities at about 2.94 and 4.36 eV,

however with peak (integrated) emission intensity being

only 1% (3%) of that of the band-edge emission line at

6.033 eV, which indicates that the optical quality of our

AlN epilayers is also sufficiently high. It was observed that

the optical quality or the intensity ratio of the band-edge to

the deep level impurity transitions depends strongly on the

growth conditions.

Figure 14(b) compares the room temperature PL spec-

tra of AlN and GaN epilayers, again covering broad spec-

tral ranges. One sees that at room temperature the PL

emission intensity of the deep level impurity related tran-

sition is also about 2 orders of magnitude lower than that

of the band-edge transition in our AlN epilayers. This

points to a much-improved optical quality of our AlN

epilayers over those in previous cathodoluminescence

(CL) studies, in which a comparable peak emission inten-

sity for the deep level impurity related and the band-edge

transition lines was observed in AlN grown on sapphire

substrates [47,48]. It is interesting to note from Fig. 14

that although the 10 K band-edge emission intensity is

about one order of magnitude lower in AlN than in GaN,

the room temperature emission intensities are comparable

for both compounds. This implies that the thermal

quenching of PL emission intensity is greatly reduced in

AlN over GaN, which suggests that the detrimental effects

of impurities and dislocations or non-radiative recombina-

tion channels on the quantum efficiency in AlN is much

less severe than in GaN. This points to the great potential

of AlN for many device applications, because it is already

well known that the detrimental effect of dislocations/im-

purities in GaN is much smaller than in other III-V and

II-VI semiconductors.

In the past, AlN is referred as a ceramic due to its very

large bandgap, poor quality, and highly insulating nature and

is considered useful as a semiconductor only when alloyed

with GaN or used as buffer and spacer layers in nitride struc-

tures and devices. Our results show that it is now emerging

as an important semiconductor material, namely AlN

epilayers of high optical qualities can be achieved by

MOCVD. Since it is still at a very early stage for AlN

Opto-Electron. Rev., 10, no. 4, 2002 H.X. Jiang 283

Invited paper

Fig. 14. PL spectra of AlN and GaN epilayers measured at (a) 10 K and (b) 300 K, which cover broad spectral ranges to include both the

band-edge and deep level impurity transitions (after Ref. 46).



epilayer growth, significant improvements in materials qual-

ity are anticipated. Indeed, it was also shown recently that

the conductivity of AlN can be controlled and n-type con-

duction with a free electron concentration of about

1�1017 cm–3 has been achieved by Si doping [49]. With the

demonstrated abilities of achieving high optical quality here

and the n-type conductivity control of AlN epilayers, many

novel applications of III-nitrides are conceivable.
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Recently, our group has successfully fabricated UV (340

nm) micro-size light emitting diodes (LEDs) and arrays

based on AlGaN as well as InAlGaN quantum wells

(QWs). The LED wafers used were grown on sapphire sub-

strates with 30 nm AlN buffer layers. The AlGaN QW

LED layer structure consists of a 0.5 µm of Si-doped n-type

Al0.18Ga0.82N ohmic contact layer, 0.5 µm of silicon doped

n-type superlattice consisting alternating layers of

50 �/50 � of AlN/Al0.2Ga0.8N, a 1.0 µm silicon doped

n-type Al0.18Ga0.82N, a 20 � undoped Al0.08Ga0.92N active

quantum well, a 30 � of undoped Al0.18Ga0.82N barrier, a

7 nm of Mg doped p-type Al0.27Ga0.73N blocking layer,

0.2 µm superlattice consisting alternating layers of 50 �

/50 � of AlN/Al0.2Ga0.8N, and 0.1 micron Mg-doped GaN

p-ohmic contact layer, followed by a rapid thermal anneal

at 950�C for 5 seconds in nitrogen. The incorporation of

the p-type AlN/AlGaN superlattice structure is to further

enhance the p-type conduction, while the insertion of the

p-type Al0.27Ga0.73N blocking layer is to ensure the carrier

confinement in the well region. InAlGaN QW based UV

LED wafers have also been fabricated, in which case

InAlGaN QW replaces the active region. Arrays of mi-

cro-size UV LEDs with individual disk diameter around 10

microns were then fabricated from the QW LED wafers by

photolithography patterning, inductively coupled plasma

dry etching, and Ohmic contact metallisation, adapting the

technologies established for the blue micro-size emitter

fabrication [50–55]. In Fig. 15, optical microscope images

of two representative 340 nm micro-size UV LEDs under

operation are shown. Figure 15 also compares the electro-

luminescence (EL) spectra of AlGaN and InAlGaN based

340 nm micro-size UV LEDs. It was found that the spectral

line shape of the InAlGaN QW based UV LEDs is much

improved over those AlGaN QW based UV LEDs, namely

the EL emission from the GaN epilayers at 382 nm is sig-

nificantly reduced in quaternary LEDs. It was also found

that the problems associated with conventional broad-area

UV emitters, such as poor current spreading and extraction

efficiency, were significantly reduced in quaternary mi-

cro-size UV emitters.

The development of micro-size solid-state UV emitter

arrays based on III-nitrides would allow chip-scale integra-

tion of Chem/Bio sensors for detection of chemical or bio-

logical threats. Other applications include pre-cancer cells

detection with compact UV source in medical and health.

Protein fluorescence is generally excited by UV light

sources and changes in intrinsic fluorescence can be used

to monitor structural changes in a protein. The availability

of chip-scale UV light sources may open new avenues for

medical research.

(� 3
������
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As of this writing, rapid progress has been made recently in

the area of III-nitride UV emitters. Recently, Professor Asif

Khan’s group at University of South Carolina has achieved

UV LEDs with emission wavelengths shorter than 340 nm

and milliwatts output power under pulsed operation [56].

Professor M. Razeghi’s group at Northwestern University
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Fig. 15. Comparison of electro-luminescence spectra of 340 nm micro-size UV LEDs fabricated from AlGaN ternary and InAlGaN

quaternary alloys. Shown in the centre figure: optical microscope images of 340 nm micro-size UV LEDs with two different sizes under

operation.



has demonstrated the operation of a 280 nm UV LED under

pulsed operation [57]. Most recently, an InAlGaN quater-

nary alloy based 348 nm UV LED with 1 mW output

power at a cw injection current of 50 mA has been

achieved [58]. All these recent results demonstrate that

III-nitride materials are very promising for UV photonic

device applications. However, there are many problems

and questions that still stand in the way of the practical de-

vice implementation of deep UV emitters. Methods for im-

proved material qualities as well as doping efficiencies still

need to be further explored.

The use of AlN bulk single crystals as substrates are

expected to reduce crystal defect densities as well as UV

photon absorption in UV emitter structures due to its

better lattice constant and thermal expansion coefficient

matches over other substrates, high thermal conductivity,

and large energy gap. Thus epitaxial growth conditions

for UV emitter materials and device structures on AlN

bulk substrates have to be optimised. Novel approaches

for ohmic contact fabrication, p-type contacts in particu-

lar, must be further developed to curtail the problem of

very low p-type conductivity in AlGaN alloys with high

Al contents. The incorporation of AlGaN or InAlGaN

superlattice structures [59,60,52] and tunnel junctions

p++/n++ [61] are good examples of new approaches for

tackling the problem of low p-type conductivities of

AlGaN. A better understanding of fundamental properties

of AlGaN alloys and their associated QWs with high Al

contents is also essential.

In comparison to the recent burgeoning activities in the

area of UV emitter materials and device structures, much

less effort is devoted to the studies of AlGaN/GaN based

HFET structures with high Al contents. The use of high

Al-content AlGaN layer is expected to increase the overall

figure of merit of the AlGaN/GaN HFETs due to the com-

bined advantages of enhanced band offset and lattice mis-

match-induced piezoelectric field, both of which are known

to provide higher 2DEG densities in the channel. The

growth of AlxGa1–xN/GaN HFET structures with x = 0.5

has been reported previously [62]. It was fond that the elec-

tron sheet density (and the µn product) was almost the

same for AlxGa1–xN/GaN HFET structures with x = 0.5 and

x = 0.25 and the highest achieved room temperature elec-

tron sheet density in Al0.5Ga0.5N/GaN heterostructures was

1.2�1013/cm2 with a mobility around 1200 cm2/Vs. Never-

theless, an improved CW power density was observed in

Al0.5Ga0.5N/GaN HFETs over those in structures of lower

Al contents. The power density was found to increase with

Al content. The inability to increase the carrier sheet den-

sity with Al content larger than 35% was attributed to the

reduced doping efficiency [62]. The difficult to grow high

quality AlGaN/GaN HFET structures with high Al contents

was attributed partly due to the increased lattice and ther-

mal mismatch between the GaN and AlGaN layers. Our in-

vestigations carried out on Al0.5Ga0.5N/GaN heterostruc-

tures discussed in section 3.4 revealed that these structures

represent a very interesting system for studying the funda-

mental properties of the 2DEG system. Furthermore, our

results have shown that a 2DEG sheet density above 1014

cm–2 can be achieved in Al0.5Ga0.5N/GaN heterostructures.

Together with the use of special device designs such as

gate insulation layers for minimising leakage currents

[63–68], high Al content AlGaN/GaN heterostructures

could be a very interesting system with the potential for

achieving high power performance HFETs.
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