
ELSEVIER Diamond and Related Materials 7 (1998) 123-128 

2t OND 
R|[AT|D 

Electrical and structural properties of A1GaN: 
a comparison with CVD diamond 

M.  S t u t z m a n n  *, O.  A m b a c h e r ,  H.  A n g e r e r ,  C.E.  Nebe l ,  E. R o h r e r  

Walter Schottky Institut, Technische Univer~itiit Miinchen, Am Coulombwall, D-85748 Garching, Germany 

Received 23 June 1997; accepted 19 August 1997 

Abstract 

The present state of the AIGaN ~.,stem is discussed in comparison to the known properties of CVD diamond. Growth and 
structural features of thin films as well as heterostructures are described. The variation of the fundamental optical gap with 
aluminum content provides the basis for the application of AIGaN in optical devices for the t, ltraviolet spectral range. The large 
conduction band offset between GuN and AIN together with reasonable dopaF'lity of AIGaN allow the construction of new field 
effect transistors with promising performance. The use of AIGaN in surface acoustic wave devices and the potentially negative 
electron affinity of alloys with high AI content are also briefly mentioned. © 1998 Elsevier Science S.A. 
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1. Introduction 

Compared with SiC, both diamond and the group 
lll-nitrides (INN, GuN, and AIN) are relative newcom 
ers in the com r,~:titon for electronic applications requir- 
ing wide-bandgap materials. Whereas at present SiC is 
most advanced as far as technological and device issues 
are concerned [ 1 ], and diamond would be the material 
of choice for many applications because of its excellent 
electronic and thermal properties, the group llI-nitrides 
currently experience a very rapid development and show 
a lot of promise for the future. In contrast to SiC and 
diamond, but similar to the group II-VI compounds, 
all group IlI-nitrides have a direct bandgap (at least in 
the wurtzite structure) and allow the preparation of 
heterostructures with largely variable band offsets within 
the same material system. Whether these advantages are 
sufficient to overcome the known problems of GuN and 
Co (lack of bulk crystals with sufficient size, large lattice 
mismatches with the by now established substrate mate- 
rials sapphire and SiC. low hole mobilities and thermal 
conductivities) remains to be seen. 

So far, most of the work published about the group 
III-nitrides covers GaN and its alloys with small In or 
A1 concentrations, i.e., the materials currently used in 
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commercial light-emitting diodes and various transistor 
prototypes. There exist a number of excellent reviews 
concerning these Ga-rich alloys, and the reader is 
referred to the relevant literature for more details [2- 
4]. The purpose of this article is to concentrate more 
on the structural and electronic properties of the AlGaN 
alloy system, in particular the AI-rich alloys with band- 
gaps comparable with that of diamond. 

2. Preparation and structure 

Device quality group III-nitrides are usually grown 
by metal-organic chemical vapor deposition (MOCVD) 
or molecular beam epitaxy (MBE) on SiC or  A120 3 
substrates with typical growth rates of approx. 1 l~m/h. 
Much higher growth rates can be achieved by hydride 
vapor phase epitaxy (HVPE), alas at the expense of the 
film quality. Typical growth temperatures for AIGaN 
alloys are in the range 850-1100 c C, depending on the 
growth method and the A! concentration. Because of 
the large lattice mismatch between AiGaN and the 
common substrates, the use of thin low-temperature 
A1N or GuN buffer layers greatly helps to achieve good 
two-dimensional growth with a reduced density of misfit 
dislocations and other structural defects. Optimized 
GuN layers grown by MOCVD now have threading 
dislocation densities below 109 cm-2 (still extremely high 
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Compared with SiC, both diamond and the group 
Ill-nitrides ( inN, GaN, and AIN) are relative newcom- 
crs . 
ing wide-bandgap materials. Whereas at present SiC is 
most advanced as far as technological and device issues 
are concerned [1]. and diamond would be the material 
of choice for many applications because of its excellent 
electronic and thermal properties, the group III-nitrides 
currently experience a very rapid development and show 
a lot of promise for the future. In contrast to SiC and 
diamond, but similar to the group II-VI compounds, 
all group ill-nitrides have a direct bandgap (at least in 
the wurtzite structure) and allow the preparation of 
heterostructures with largely variable band offsets within 
the same material system. Whether these advantages are 
sufficient to overcome the known problems of GaN and 
Co (lack of bulk crystals with sufficient size, large lattice 
mismatches with the by now established substrate mate- 
rials sapphire and SiC. low hole mobilities and thermal 
conductivities) remains to be seen. 

So far, most of the work published about the group 
Ill-nitrides covers GaN and its alloys with small In or 
Al concentrations. i.e.. the materials currently used in 
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commercial light-emitting diodes and various transistor 
prototypes. There exist a number of excellent reviews 
concerning these Ga-rich alloys, and the reader is 
referred to the relevant literature for more details [2 
4]. The purpose of this article is to concentrate more 
on the structural and electronic properties of the AIGaN 
alloy system, in particular the Al-rich alloys with band- 
gaps comparable with that of diamond. 

2. Preparation and structure 

Device quality group III-nitrides are usually grown 
by metal-organic chemical vapor deposition (MOCVD) 
or molecular beam epitaxy (MBE) on SiC or AIzO3 
substrates with typical growth rates of approx. l pm/h. 
Much higher growth rates can be achieved by hydride 
vapor phase epitaxy ( HVPE), alas at the expense of the 
film quality. Typical growth temperatures for AlGaN 
alloys are in the range 850-1100 'C, depending on the 
growth method and the Al concentration. Because of 
the large lattice mismatch between AiGaN and the 
common substrates, the use of thin low-temperature 
AIN or GaN buffer layers greatly helps to achieve good 
two-dimensional growth with a reduced density of misfit 
dislocations and other structural defects. Optimized 
GaN layers grown by MOCVD now have threading 
dislocation densities below 109 cm - 2  (still extremely high 
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compared with other group III-V or group II-VI epitax- 
ial films, but apparently with no deleterious effects on 
devices) [5], with a r m s  surface roughness of 0.2 nm 
limited by step flow growth. In contrast, MBE grown 
GaN exhibits significantly rougher surfaces (about 
1-2 nm rms), which moreover show little improvement 
upon implementation of a buffer layer. As an example, 
Fig, 1 shows a TEM micrograph of GaN directly grown 
on sapphire. The high density of dislocations and other 
defects at the interface decreases gradually within typi- 
cally 1 pm as film growth proceeds. However, a high 
density ( ~ 5 x 109 cm -2) of threading dislocation propa- 
gating parallel to the (0001) growth direction remains, 
even for thicker films. This can be compared with the 
CVD growth of highly oriented diamond on Si (100), 
where, starting from a highly defective nucleation layer, 
the crystallite size increases gradually with film thickness, 
until the entire growth surface is covered by {1001 
facets [6,7]. 

As mentioned above, a major advantage of A1GaN 
compared with diamond is the possibility to grow hetero- 
structures for optical or charge carrier confinement. A 
problem could be the significant mismatch of approx. 
3% between the lattice constants ao of GaN (0.3189 nm) 
and AIN (0.3112 nm) parallel to the substrate plane. 
Especially for large differences in the AI content and/or 
for thick overlayers the mismatch could give rise to 
structural relaxation with the generation of additional 
misfit dislocations. Fortunately, it turns out that the 
AIGaN alloys are rather well suited for pseudomorphic 
growth. This is demonstrated by Fig. 2, where we show 
high resolution X-ray diffraction results (reciprocal space 
map in the vicinity of the (002) reflex) obtained for a 
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Fig. 2. Reciprocal space map in the vicinity of the 002 Bragg reflex of 
an AIGaN multilayer structure (GaN layer embedded between two 
Bragg reflectors of 20 pairs each). See text for further details. 

vertical laser structure consisting of a 150-nm thick GaN 
active layer embedded between two AIGaN Bragg- 
reflectors. Each reflector is built up by 20 bilayers 
(33 nm Alo.2Gao.sN/38 nm Alo. 62Gao.38N). The total 
structure was deposited by MBE with a rf-plasma source 
and, according to Fig. 2, exhibits no signs of deviation 
from pseudomorphic growth. 

3. Optical properties 

AIGaN alloys are particularly attractive for optical 
applications in the ultraviolet spectral region, since the 
fundamental gap of AIGaN at 300 K can be adjusted 

Fig. !. Transmission electron micrograph of a GaN film grown by MBE on sapphire without the use of a buffer layer. Note the high density of 
misfit dislocations and other structural defects at the substrate interface. A high density of threading dislocations also persists further away from 
the substrate. 

124 M. Snuznuum it ul. , Diamond and Rvlatwl Alzltcriuls 7 I 1998) I 13~-I "8 

compared with other group Ill-v or group II-vl epitax- 
ial films, but apparently with no deleterious eliects on 
devices) [5], with a runs surface roughness of 0.2 nm 
limited by step How growth. In contrast, MBE grown 
GaN exhibits significantly rougher surfaces (about 
1-2 nm runs), which moreover show little improvement 
upon implementation of a buffer layer. As an example. 
Fig. l shows a TEM micrograph of GaN directly grown 
on sapphire. The high density of dislocations and other 
defects at the interface decreases gradually within typi- 
cally l um as film growth proceeds. However, a high 
density ( 5 x 109 cm '2) of threading dislocation propa- 
gating parallel to the (000l) growth direction remains. 
even for thicker films. This can be compared with the 
CVD growth of highly oriented diamond on Si (100), 
where, starting from a highly defective nucleation layer. 
the crystallite size increases gradually with film thickness. 
until the entire growth surface is covered by {100} 
facets [6,7]. 

As mentioned above, a major advantage of AIGaN 
compared with diamond is the possibility to grow hetero- 
structures for optical or charge carrier confinement. A 
problem could be the significant mismatch of approx. 
3% between the lattice constants as of GaN (0.3189 nm) 
and AlN (0.3ll2 nm) parallel to the substrate plane. 
Especially for large dilferenccs in the Al content and/or 
for thick overlayers the mismatch could give rise to 
structural relaxation with the generation of additional 
misfit dislocations. Fortunately. it turns out that the 
AIGaN alloys are rather well suited for pseudomorphic 
growth. This is demonstrated by Fig. 2, where we show 
high resolution X-ray diffraction results (reciprocal space 
map in the vicinity of the (002) reflex) obtained for a 

0.77 

0.76 - 

q 
[r

.l.
u]

 
P a 

0.74 - 

0.73 
0.26 

\ 

» \ / 

O 
n 

002 
Al0.s2G°o.aa** (X40) 

d, =33nm 
dz = 38 nm 
dGan = 150 nm 

a Q)l)l.) 

r ff8s>» 

O 
, o  

» 

5 Q\._2I1 
(1l(1l1l 

002 
Al°.2Ga0.,N (x40) 

. , ,  J 

0 GaN 002 "' \  
I 

Q 

0.27 6.28 0.29 
q, [r.I.u] 

0.30 0.31 

Fig. 2 .  Reciprocal space map in the vicinity of the 002 Bragg rcllex of 
an AIG aN multilayer structure (GaN layer embedded between two 
Bragg reflectors of 20 pairs each). See text for further details. 

vertical laser structure consisting of a 150-nm thick GaN 
active layer embedded between two AIGaN Bragg- 
reflectors. Each reflector is built up by 20 bilayers 
(33 nm A10.2Ga0.8N/38 nm AIr. 62G30.38N ). The total 
structure was deposited by MBE with a if-plasma source 
and. according to Fig. 2, exhibits no signs of deviation 
from pseudomorphic growth. 

3. Optical properties 

AIGaN alloys are particularly attractive for optical 
applications in the ultraviolet spectral region, since the 
fundamental gap of AIGaN at 300 K can be adjusted 
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Fig. 3. Variation of  the optical bandgap in AIGaN alloys with AI 
content. 

continuously from 3.42 eV (Gab/) to 6.13 eV (AIN). 
The dependence of the optical gap on AI content, x, is 
summarized in Fig. 3. The variation with x exhibits a 
slight deviation from linearity, characterized by a bend- 
ing parameter of b ,-- 1.3 eV. The nature of the optical 
gap remains direct, resulting in a sharp rise from a 
defect background with a linear absorption coefficient 
of approx. 300 cm- t  to the excitonic absorption edge 
with a coefficient of approx, l0 s cm- t. Accordingly, the 
optical transmission shows an almost stcp-likc behavior 
at the band edge (Fig. 4). Moreover, the existence of 
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Fig. 4. Optical transmission spectra of  AIGaN films on sapphire with 

different AI fraction. 

pronounced interference fringes indicates the reasonable 
optical flatness of the epitaxiai films. A more detailed 
discussion of the optical properties of MBE-grown 
AIGaN will be given in a forthcoming publication [8]. 
Here we only note that these basic optical properties of 
AIGaN are necessary conditions for the realization of 
filters, optical cavities, and interference structures e.g. 
for the use in light-emitters or selective UV detectors 
[9]. As an example of our own work, we show in Fig. 5 
the reflectance spectra of the vertical laser structure 
already described above (c.f. Fig. 2).The strong (>94%) 
Bragg reflection around 370 nm together with the GaN 
cavity mode at 368 nm can be clearly seen. It is fairly 
safe to predict that because of the tunable optical 
properties of AIGaN this material system will play an 
important role in future UV electronic applications. 

4. Electrical properties and doping 

Nominally undoped GaN is usually n-type with an 
electron background concentration of 5x 1016(2m -3, 
probably coming from residual oxygen contamination. 
Deliberate n-type doping is possible e.g. with Si, (activa- 
tion energy ~20 meV) up to concentrations exceeding 
1019cm -3. The electron effective mass is 0.22 too, the 
electron mobility at 300K reaches values up to 
1000 cm2/Vs, depending on the structural quality of the 
material, p-type behavior can be achieved by doping 
with Mg. In MOCVD material, an additional annealing 
step at 700 ~'C is necessary to activate the Mg accept- 
ors, most liken because of the formation of elec- 
trically inactive Mg-H complexes during cool-down 
in a hydrogen-containing atmosphere. MBE-grown 
Mg-doped samples do not require such an annealing 
step. Mg as the most common acceptor used today still 
has a rather large ionization energy of approx. 170 meV, 
so that less than 1% of the totally incorporated Mg 
acceptors are thermally activated at room temperature. 
Moreover, because of the large effective mass of holes 
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Fig. 5. Reflectance spectra of  the vertical laser structure from Fig.. 2. 
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optical flatness of the epitaxial films. A more detailed 
discussion of the optical properties of MBE-grown 
AIGaN will be given in a forthcoming publication [8]. 
Here we only note that these basic optical properties of 
AIGaN are necessary conditions for the realization of 
filters. optical cavities, and interference structures e.g. 
for the use in light-emitters or selective UV detectors 
[9]. As an example of our own work, we show in Fig. 5 
the reflectance spectra of the vertical laser structure 
already described above (c.f. Fig. 2).The strong (>94%) 
Bragg reflection around 370 nm together with the GaN 
cavity mode at 368 nm can be clearly seen. lt is fairly 
safe to predict that because of the tunable optical 
properties of AIGaN this material system will play an 
important role in future UV electronic applications. 

Electrical properties and doping 
Fig. 3. Variation of the optical bandgap in AIGaN alloys with Al 
content. • 

continuously from 3.42 CV (GaN) to 6.13 et (AIN). 
The dependence of the optical gap on Al content, x. is 
summarized in Fig. 3. The variation with x exhibits a 
slight deviation from linearity, characterized by a bend- 
ing parameter of b 1.3 eV. The nature of the optical 
gap remains direct, resulting in a sharp rise from a 
defect background with a linear absorption coefficient 
of approx. 300 cm" to the excitonic absorption edge 
with a coefficient of approx. 105 cm' t .  Accordingly. the 
optical transmission shows an almost step-like behavior 
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step at 700 C is necessary to activate the Mg accept- 
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in a hydrogen-containing atmosphere. MBE-grown 
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in wurtzite GaN (approx. 1-2 mo), the mobilities in 
typical p-type samples are less than 100 cm2Vs- 1. Ohmic 
contacts to GaN can be achieved by Ti/AI or Ti/Au 
layers via the formation of an intermediate TiN phase. 
Good Schottky-contacts are more difficult to realize, 
requiring a careful cleaning of the GaN surface e.g. with 
a Ga beam in UHV. For a more detailed description of 
electronic transport and contact issues in GaN the 
reader is" referred to Refs [2,3] and the references 
cited therein. 

Thus, except for the low hole mobility, the electrical 
and doping properties of GaN appear much more 
favorable than those of CVD diamond, where efficient 
n-type doping is still elusive [10] and p-doping with 
boron also requires high concentrations, with the ensu- 
ing negative effects on carrier mobilities. In Fig. 6, we 
show a comparison between the subgap absorption 
spectra of undoped and boron doped CVD diamond 
and GaN grown by MBE. The spectra were obtained 
by the constant photocurrent method (CPM, see 
Ref. [ 11 ] for more details). In the diamond samples, the 
acceptor level at Ev + 0.38 eV is clearly seen by the 
onset of optical absorption from the valence band into 
the acceptor ground state, followed by the known 
phonon replica ([ 11 ] and references therein). Also visible 
is the enhanced absorption due to deep defects, which 
have a significantly lower contribution in undoped dia- 
mond. Qualitatively similar features are also observed 
in the GaN samples. Unfortunately, the expected onset 
of absorption at approx. 170 meV falls outside the 
accessible spectral range of our CPM setup, but the 
strongly enhanced infrared absorption and the contribu- 
tion due to additional deep defects are clearly observed. 

An important question in our comparison between 
CVD diamond and widegap AIGaN alloys, of course, 
is how these favorable properties of GaN change with 
increasing AI concentrations. We have therefore per- 
formed a systematic doping study over the entire compo- 
sitional range. For n-type doping with Si 
(5 X 1019 cm-3) ,  the results are summarized in Fig. 7. 
Also included in this figure are measurements by 
Korakakis et al. for lower A! contents [ 12]. As a general 
trend, the Si donor ionization energy increases linearly 
with Ai content from 20 meV in GaN to 320 meV in 
AIN, accompanied by an exponential decrease of the 
room temperature conductivity. A quantitative analysis 
of Hall experiments performed on Si-doped AIN at a 
higher temperature of 500 K gave an electron concen- 
tration of 1016 cm-3 and a Hall mobility of 
5 cm 2 Vs- ~. In any case, unlike diamond and despite its 
large bandgap of more than 6 eV, MBE-grown AIN can 
still be doped n-type quite effectively. 

In the case of p-type doping, a less encouraging 
picture emerges. Already small A! contents up to 30% 
lead to an increase of the conductivity activation energy 
from 170 meV in GaN to 360 meV in AIo.27Gao.73N (for 
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a Mg concentration of 5 x 1019 cm-3), showing that the 
acceptor ionization energy increases quickly with AI 
fraction (Fig. 8). This suggests that p-doping in AIGaN 
alloys with bandgaps above 5 eV will be much more 
difficult than p-doping of diamond. This is at least true 
for the case of Mg. Other dopants still need to be looked 
at in a systematic way. A second point of major concern 
is the influence of oxygen contamination, which becomes 
more important for increasing AI contents. 

5. AIGaN-based devices 

We finally discuss the potential use of AIGaN in 
electronic devices. Apart from preliminary investigations 
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in wurtzite GaN (approx. 1-2 mo), the mobilities in 
typical p-type samples are less than 100 cm2Vs .. 1. Ohmic 
contacts to GaN can be achieved by Ti/Al or Ti/Au 
layers via the formation of an intermediate TiN phase. 
Good Schottky-contacts are more difficult to realize. 
requiring a careful cleaning of the GaN surface e.g. with 
a Ga beam in UHV. For a more detailed description of 
electronic transport and contact issues in GaN the 
reader is' referred to Refs [2,3] and the references 
cited therein. 

Thus, except for the low hole mobility. the electrical 
and doping properties of GaN appear much more 
favorable than those of CVD diamond. where efficient 
n-type doping is still elusive [10] and p-doping with 
boron also requires high concentrations, with the ensu- 
ing negative effects on carrier mobilities. In Fig. 6. we 
show a comparison between the subgap absorption 
spectra of undoped and boron doped CVD diamond 
and GaN grown by MBE. The spectra were obtained 
by the constant photocurrent method (CPM, see 
Ref. [ I I ]  for more details). In the diamond samples, the 
acceptor level at Ev + 0.38 eV is clearly seen by the 
onset of optical absorption from the valence band into 
the acceptor ground state, followed by the known 
phonon replica ( [1 l ]  and references therein). Also visible 
is the enhanced absorption due to deep defects, which 
have a significantly lower contribution in undoped dia- 
mond. Qualitatively similar features are also observed 
in the GaN samples. Unfortunately, the expected onset 
of absorption at approx. 170 meV falls outside the 
accessible spectral range of our CPM setup, but the 
strongly enhanced infrared absorption and the contribu- 
tion due to additional deep defects are clearly observed. 

An important question in our comparison between 
CVD diamond and widegap AIGaN alloys, of course, 
is how these favorable properties of GaN change with 
increasing Al concentrations. We have therefore per- 
formed a systematic doping study over the entire compo- 
sitional range. For 'n-type doping with Si 
(5  X 1019 cm-3), the results are summarized in Fig. 7. 
Also included in this figure are measurements by 
Korakakis et al. for lower Al contents [12]. As a general 
trend, the Si donor ionization energy increases linearly 
with Al content from 20 meV in GaN to 320 meV in 
AlN. accompanied by an exponential decrease of the 
room temperature conductivity. A quantitative analysis 
of Hall experiments performed on Si-doped AlN at a 
higher temperature of 500 K gave an electron concen- 
tration of l0166 cm ~ 3  and Hall mobility of 
5 cm2 Vs I. In any case, unlike diamond and despite its 
large bandgap of more than 6 eV, MBE-grown AlN can 
still .be doped n-type quite effectively. 

.In the case of p-type doping, a less encouraging 
picture emerges. Already small Al contents up to 30% 
lead to an increase of the conductivity activation energy 
from 170 meV in GaN to 360 meV in Al0.2-,Ga0.73N (for 
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a Mg concentration of 5 x 1019 cm"3), showing that the 
acceptor ionization energy increases quickly with Al 
fraction ( Fig. 8). This suggests that p-doping in AlGaN 
alloys with bandgaps above 5 CV will be much more 
difficult than p-doping of diamond. This is at least true 
for the case of Mg. Other dopants still need to be looked 
at in a systematic way. A second point of major concern 
is the influence of oxygen contamination, which becomes 
more important for increasing Al contents. 

5. AIGaN-based devices 

We finally discuss the potential use of AlGaN in 
electronic devices. Apart from preliminary investigations 
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of AIGaN p/n diodes or photodetectors already men- 
tioned above, up to now most efforts have concentrated 
on the application in GaN/AIGaN hetero- and mod- 
ulation-doped field-effect transistors (HFET and 
MODFET),  using AIGaN barriers with A! concen- 
trations below 20% [13---15]. A typical transistor struc- 
ture consists of a 1-pm thick intrinsic GaN layer grown 
on sapphire with a n-type GaN channel followed by a 

thin (30 nm) AIGaN barrier layer. Depending on the 
design, the AIGaN barrier can also consist of a highly 
Si doped layer separated from the channel by a thin, 
undoped AIGaN spacer layer. Ohmic contacts to the 
channel and a Schottky gate contact complete the device. 
Further details are given in Refs [2, 13-15]. Because of 
the large conduction band offset between GaN and AIN 
(1.8 eV [2]), already small A1 contents are sufficient to 
produce a channel barrier much larger than kT. 
However, because of the high drift velocities in GaN 
(approx. 2.5 x 10 v cm s- ~ at 200 kV/cm) hot electrons 
are a concern and suggest the use of larger AI contents. 
Nevertheless, recently realized FET prototypes have 
shown impressive performance data, such as: 
• current gain cut-off frequencies, ./~=30 GHz, and 

maximum oscillation frequencies, J,,a,, =97  GHz, for 
0.15 lam gates 

o transconductances of 120mS mm -1 at 300 K and 
70 mS mm-  1 at 800 K 

® channel mobilities of 1200 cm 2 Vs ~ at 300 K and a 
carrier sheet density cf  6 x 10 n2 c m  - 2  

® output power densities of 1.5 W ram--1 at 4 GHz. 
Further improvements will certainly follow soon. As 

an example, with SiC as substrate material output 
powers up to 10 W/mm at l0 GHz can be reasonably 
projected. These results are similar or even superior to 
recently reported data for a diamond power FET grown 
by homoepitaxy on a type Ib diamond substrate [16]. 

A quite different application of AIGaN is its use in 
surface acoustic wave (SAW) devices. The velocity of 
the Rayleigh wave of A1N on sapphire with a (O()Ol) 
surface (approx. 6000 m s ~) is smaller than that of 
di,a,J,ulld, but on the other hand AIN is F.iczoelectric 
and provides a good electromechanical coupling without 
the use ot' hybrid transducers. As an example we show 
in Fig. 9 the first results obtained for epitaxial 
Aln.-~sGao.,.~N films on sapphire grown by M BE which 
were used to produce delay lines of different lengths. 
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thin (30 nm) AIGaN barrier layer. Depending on the 
design, the AIGaN barrier can also consist of a highly 
Si doped layer separated from the channel by a thin, 
undoped AIGaN spacer layer. Ohmic contacts to the 
channel and a Schottky gate contact complete the device. 
Further details are given in Refs [2. I3-l5]. Because of 
the large conduction band offset between GaN and AlN 
(1.8 eV [2]). already small Al contents are sufficient to 
produce a channel barrier much larger than kT. 
However. because of the high drift velocities in GaN 
(approx. 2.5 >< 107 cm 5-1 at 200 kV cm) hot electrons 
are a concern and suggest the use of larger Al contents. 
Nevertheless. recently realized FET prototypes have 
shown impressive performance data, such as: 
e current gain cut~ol1` frequencies. ./,=30 GHz, and 

maximum oscillation frequencies, fmax=97 GHz, for 
0.15 um gates 
transconductances of 120 mS mm" at 300 K and 
70 mS mm" at 800 K 

a channel mobilities of 1200 cm2 Vs~' at 300 K and a 
carrier sheet density of 6 x 1012 cm 
output power densities of 1.5 W mm - - 1  at 4 GHz. 
Further improvements will certainly follow soon. As 

an example. with SiC as substrate material output 
powers up to l o w  mm at 10 GHz can be reasonably 
projected. These results are similar or even superior to 
recently reported data for a diamond power FET grown 
by homoepitaxy on a type lb diamond substrate [ $6]. 

A quite different application of AIGaN is its use in 
surface acoustic wave (SAW) devices. The velocity of 
the Rayleigh wave of AIN on sapphire with at (0001 ) 
surface (approx. 6000 m s !) is smaller than that of 
diainonti. nut on the other hand AIN is [icxoclcctric 
and provides a good electromechanical coupling without 
the use of hybrid transducers. As an example we show 
in Fig. 9 the l ist results obtained f`or epitaxial 
Al0.75Ga0.25N films on sapphire grown by MBE which 
were used to produce delay lines of` different lengths. 
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measurements were no longer possible because of the high resistivity). 

/ of AIGaN p n diodes or photodetectors already men- 
tioned above, up to now m.ost efforts have concentrated 
on the application in GaN AIGaN hetero- and mod- 
ulation-doped field-effect transistors (HFET and 
MODFET), using AIGaN barriers with Al concen- 
trations below 20% [l3~-I5]. A typical transistor struc- 
ture consists of a I-pm thick intrinsic GaN layer grown 
on sapphire with a n-type GaN channel followed by a 
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These prototype devices exhibit an insertion loss 
of 25dB and a linear attenuation of approx. 
1.3 dB mm- t. Using submicron contacts, operating fre- 
quencies in the GHz-range and, in particular, operating 
temperatures up to 1000 K should be achievable. 

As a final point, we would like to mention that, 
similar to hydrogen-terminated diamond, AIN and 
AIGaN alloys with a large AI content exhibit the charac- 
teristics 'of a negative electron affinity (NEA) [17]. 
However, a systematic study under well-controlled sur- 
face conditions is still necessary for a better understand- 
ing of this feature. Interesting results are expected 
especially for AIGaN with different bulk Fermi level 
positions, which should give rise to different built-in 
fields at the surface. In this context the possibility to 
continuously vary the AIGaN bandgap and to dope 
AIGaN both n- and p-type should provide new opportu- 
nities for custom-made cold electron emitters. 

6. Summary and conclusions 

In this paper, we have given a brief overview over 
structural, electrical, and optical properties of AIGaN 
alloys. Compared with SiC or diamond, the AIGaN 
system has a number of interesting features, both from 
a basic physics point of view and for potential applica- 
tions. A major advantage of AIGaN is the tunability of 
the fundamental bandgap over a wide energy range. 
This allows the design of novel optical devices in the 
UV spectral range and provides the basis for 
GaN/AIGaN heterostructure field-effect transistors, 
which hold much promise for high frequency, high 
power, and high temperature operation. Although the 
intrinsic electronic properties of A1GaN a priori should 
be inferior to those of diamond, the possibility to dope 
AIGaN over a wide compositional range both n- and 
p-type is an additional plus for this material system. It 
can be reasonably expected that further progress will 
occur in the near future, mainly linked to a better 
control of the heteroepitaxial growth of AIGaN on 
substrates such as sapphire and SiC. 
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These prototype devices exhibit an insertion loss 
of 25 dB and a linear attenuation of approx. 
1.3 dB mm'  1. Using submicron contacts. operating fre- 
quencies in the GHz-range and, in particular. operating 
temperatures up to 1000 K should be achievable. 

As a final point, we would like to mention that, 
similar to hydrogen-terminated diamond, AlN and 
AIGaN al'oys with a large Al content exhibit the charac- 
teristics 'of a negative electron affinity (NEA) [17]. 
However, a systematic study under well-controlled sur- 
face conditions is still necessary for a better understand- 
ing of this feature. Interesting results are expected 
especially for AIGaN with different bulk Fermi level 
positions. which should give rise to different built-in 
fields at the surface. In this context the possibility to 
continuously vary the AIGaN bandgap and to dope 
AIGaN both n- and p-type should provide new opportu- 
nities for custom-made cold electron emitters. 

Yo Summary and conclusions 

/ 

In this paper, we have given a brief overview over 
structural. electrical. and optical properties of AlGaN 
alloys. Compared with SiC or diamond, the AlGaN 
system has a number of interesting features, both from 
at basic physics point of view and for potential applica- 
tions. A major advantage of AlGaN is the tunability of 
the fundamental bandgap over a wide energy range. 
This allows the design of novel optical devices in the 
UV spectral range and provides the basis for 
GaN AIGaN heterostructure field-effect transistors. 
which hold much promise for high frequency. high 
power. and high temperature operation. Although the 
intrinsic electronic properties of AlGaN a priori should 
be inferior to those of diamond, the possibility to dope 
AIGaN over a wide compositional range both n- and 
p-type is an additional plus for this material system. It 
can be reasonably expected that further progress will 
occur in the near future, mainly linked to a better 
control of the heteroepitaxial growth of AlGaN on 
substrates such as sapphire and SiC. 
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