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Abstract. In this work studies of MOVPE growth of InAlGaAs/AlGaAs/GaAs heterostructures are presented. The HRXRD and SIMS mea-
surements indicate the high structural and optical properties as well as high uniformity of thickness and composition of InAlGaAs quantum wells.
This work is the first step towards elaboration of the technology of the strained InAlGaAs/GaAs heterostructures for advanced optoelectronic
devices working in the visible part of the spectrum.

The investigations of Si (n-type), Zn (p-type) δ-doped GaAs epilayers and centre Si-δ-doped InxGa1-xAs single quantum well (SQW) are
presented. The δ-doping layer was formed by SiH4 or DEZn introduction during the growth interruption. The electrical and optical properties
of the obtained structures were examined using C–V measurement, EC–V electrochemical profiler, Raman spectroscopy (RS), photoreflectance
(PR) and photocurrent (PC) spectroscopies.

Technology of thick GaN layers grown on sapphire by HVPE is very promising as a part of freestanding GaN substrates manufacturing.
Further works will be focused on the optimisation of growth, separating layers from substrates and surface polishing.

The influence of the growth parameters on the properties of (Ga, Al)N/Al2O3 and Mg dopant incorporation was studied.
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1. Introduction

The development of very high speed electronic and opto-
electronic devices depends on advanced III-V semiconduc-
tor materials. Their multicomponent structures which are
obtained by metalorganic vapor phase epitaxy (MOVPE)
technique make possible modification of the bandgap
value. Additionally three-dimensional doping and delta-
doping in nanoscale enhance bandgap engineering capa-
bility. Elaboration of the technology of semiconductor
nanostructures requires clever and controlled manipula-
tion of both material composition and doping process.

Research conducted at the Faculty of Microsystem
Electronics and Photonics of Wroclaw University of Tech-
nology concentrate on the epitaxial growth of III-V semi-
conductor compounds as well as the design and fabrica-
tion of optoelectronic devices and monolithic microwave
integrated circuits (MMICs).

In this paper the results of investigations of AlGaInAs
multiquantum wells on GaAs substrates, delta-doping
techniques and epitaxial growth of p-type GaN layers on
sapphire substrates are presented. The technology of thick
GaN layers which can be used as pseudo-bulk substrates
is investigated.

2. MQW InAlGaAs technology

InGaAs/GaAs/InP heterostructures have been intensively
investigated for long-wave electronic and optoelectronic
applications such as: EDFA fiber amplifiers, light sources
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and photodetectors operating at 1300 nm and 1500
nm [1,2]. Recently strained InGaAs/AlGaAs/GaAs het-
erostructures have received considerable attention. The
addition of Al to InGaAs alloys shifts the band gapt
o higher energies, what makes them very attractive for
device application in the visible part of the spectrum.
Diode lasers working at 808 nm and in the range of
650 ÷ 730 nm have been widely used for Nd:YAG pump-
ing, drug activation and printing, respectively. In the work
the studies of MOVPE growth of InAlGaAs / AlGaAs /
GaAs heterostructures are presented. The composition of
InAlGaAs quaternary alloy and its structural properties
were investigated.

The following test structures were obtained:

I. semi-insulated GaAs (100) substrate — 500 nm
GaAs buffer layer — MQW region consisted of
3× InxAlyGa1−x−yAs / GaAs — 70 nm GaAs cap
layer,

II. semi-insulated GaAs (100) substrate — 500 nm
GaAs buffer layer — MQW region consisted of
3× InxAlyGa1−x−yAs / AlzGa1−zAs — 70 nm GaAs
capla yer,

III. semi-insulated GaAs (100) substrate — 500 nm
GaAs buffer layer — MQW region consisted of
3× InxAlyGa1−x−yAs / AlzGa1−zAs.

The growth temperature (Tg) was in the range of
650 ÷ 670◦C, the H2 flow rate through TMIn bubbler
(VH2/TMIn) was varied from 35 to 75 ml/min. The other
growth parameters were the same as for the InGaAs /
GaAs MQW structures [3, 4].
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Fig. 1. Diffraction profiles of MQW structures:
a) In0.29Al0.32Ga0.39As/GaAs, b) In0.20Al0.29Ga0.51As/GaAs,

c) In0.20Al0.25Ga0.55As/Al0.45Ga0.55As

The structural properties of the obtained structures
were examined using HRXRD. Figure 1 shows the diffrac-
tion profiles of the test structure type I (Fig. 1a, sample
AI-05), the test structure type II (Fig. 1b, sample AI-07)
and the test structure type III (Fig. 1c, sample AI-08).
The temperature of preparing sample AI-05 was 650◦C
and the InAs content was the highest (29%). In the sam-

ples fabricated at the temperature 670◦C InAs content
was 20% with the same H2 flow rate through the TMIn
bubbler. The thickness fringes observed in the measured
profile indicate a perfect quality of the MQW region
interfaces.

The composition profiles obtained for the test struc-
tures type I and type II by SIMS technique (Fig. 2),
indicate high quality of the MQW region (uniformity of
the thickness and composition), which confirms results
obtained by HRXRD.

Fig. 2. The composition profiles obtained by SIMS technique:

a) type I and b) type II test structure

Higher values of InAs content in the InAlGaAs quater-
nary alloy were achieved for lower growth temperatures.
Applied technology allowed us to obtain high quality
InGaAs/AlGaAs/GaAs MQW heterostructures.

3. Delta-doping of AIII-BV semiconductor
compounds

Elaboration of semiconductor nanostructures technol-
ogy requires clever and controlled manipulation of both
material composition and doping process. Delta-doping
(δ-doping, planar-doping) is a novel doping method of
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semiconductors, which allows one to limit a doping region
to a single or a few atomic layers. In this case dopant dis-
tribution can be described by Dirac-delta function [5, 6]:

n(z) = n2dδ(z − zd) (1)

where, n2d is the two-dimensional doping density, zd is
the location of the doping plane.

Delta-doping, especially important for application in
low dimensional structures (LDS), is mainly realised by
two epitaxial methods: molecular beam epitaxy (MBE)
and metalorganic vapour phase epitaxy (MOVPE). This
kind of doping technique modifies the electronic structure
of doped semiconductors by bending the conduction or
valence band edges to form V-shaped (n-type doping)
or inverted V-shaped (p-type doping) potential well. The
ground state wave function is considerably delocalised (z0

parameter) in the growth direction and can be calculated
from the following equation [5]:

z0 = 2

√
7
5

(
4
9

ε~2

e2n2dm∗

)1/3

(2)

where, ε is the semiconductor permittivity, e the elemen-
tary charge, m∗ the effective mass. Structures with n-type
and p-type delta doped layers are called “sawtooth super-
lattices”. Delta-doping is widely applied in advanced elec-
tronic and optoelectronic devices, such as: high electron
mobility transistor HEMT, heterojunction bipolar tran-
sistor HBT, resonant tunnelling diodes (RTDs), quantum
well infrared photodetectors (QWIP), modulators and
lasers.

The investigations of Si (n-type), Zn (p-type) δ-doped
GaAs epilayers and centre Si-δ-doped InxGa1−xAs single
quantum well (SQW) are presented. The δ-doping layer
was formed by SiH4 or DEZn introduction during the
growth interruption. A basic δ-doping procedure was
applied including pre-δ-doping purge, δ-doping, and post-
δ-doping purge steps [5-7]. The electrical and optical
properties of the obtained structures were examined using:
• C–V mercury probe with a HP 4192A impedance anal-
yser (5 Hz÷13 MHz), PN4300 Bio-Rad EC–V elec-
trochemical profiler and Raman spectroscopy (RS) —
dopant concentration and broadening,

• photoreflectance (PR) and photocurrent (PC) spectro-
scopies — optical transitions.
The C–V profiles of Si-δ-doped GaAs and Zn-δ-doped

GaAs epilayers are presented in Fig. 3 and Fig. 4.
Symmetric, Gaussian-function like doping C–V pro-

files were obtained for Si-δ-doped GaAs. The best C–V
profile has a width of 5.5 nm (comparable with the
spatial extent of the ground-state electron wave func-
tion z0) with corresponding sheet carrier concentration of
3 × 1012 cm−2. The EC–V profiles of Zn-δ-doped GaAs
exhibit symmetric and asymmetric Dirac δ-function like
distribution. To achieve high hole concentration the post-
δ-doping purge step was not applied. The best hole profile

has a peak density of 8.8 × 1018 cm−3 with a broaden-
ing of 8.2 nm and the corresponding sheet hole density
of 1.5 × 1013 cm−2. The best carrier confinement was
achieved by introducing δ-doping into InxGa1−xAs QW.
Dependence of the Si dopant concentration and its broad-
ening (FWHMC−−V ) in δ-doped region on In0.22Ga0.78As
quantum well widths is shown in Fig. 5a, b. The symmet-
ric C–V profile with a carrier confinement of 2.8 nm and
high sheet carrier density of 3.3×1012 cm−2 was obtained
for QW width Lw = 10 nm.

Fig. 3. The C–V profiles of Si-δ-doped GaAs obtained for

different delta doping time tδ

Fig. 4. The EC–V profiles of Zn-δ-doped GaAs obtained for different

delta doping time tδ

The results of C–V and EC–V measurements obtained
for different δ-doped structures are listed in Table 1.
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Table 1
The results of C–V and EC–V measurements

zd n(p)C−V (EC−V ) n(p)2d FWHMC−V (EC−V )structurem
[nm] [cm−3] [cm−2] [nm]

Si-δ-doped GaAs 152 2.1 × 1018 3.0 × 1012 5.5

Zn-δ-doped GaAs 81 8.8 × 1018 1.5 × 1013 8.2

Si-δ-doped InxGa1−xAs QW
(x = 0.08)

146 6.2 × 1018 3.7 × 1012 4.3

Si-δ-doped InxGa1−xAs QW
(x = 0.22)

143 1.0 × 1019 3.3 × 1012 2.8

Fig. 5. Influence of Si-δ-doped In0.22Ga0.78As quantum well width
on: a) C–V doping profiles, b) sheet carrier density and value of

FWHMC−V

Optical properties Si-δ-doped structures were exam-
ined using PR and PC spectroscopy. The PR spectra of
Si-δ-doped GaAs and Si-δ-doped InxGa1−xAs QW are
presented in Fig. 6a, b and Fig. 7a, b, c. The undoped
structures were used as the reference samples (Fig. 6a,
7a). In the case of Si-δ-doped GaAs (Fig. 6b) a lot of dis-
tinguished Franz-Keldysh oscillations (FKOs) above the
band gapen ergy are seen, demonstrating the existence
of a strong uniform electric field (∼ 44 kV/cm) intro-
duced by Si-δ-layer. For undoped InxGa1−xAs QW a lot
of optical transitions inside QW are visible in PR spec-
trum (Fig. 7a), indicating high quality of the obtained
structure.

Fig. 6. The PR spectra of: a) undoped GaAs, b) Si-δ-doped GaAs

In the case of Si-δ-doped InxGa1−xAs QW, due to the
filling of the first electron subband, a transition involving
this level is impossible. The 11H transition between the
first heavy hole and first electron subband disappears,
and only transitions involving higher electron subbands
are observed in PR spectrum (Fig. 7b). For higher dopant
concentrations (Fig. 7c), the optical transitions inside
QW are not visible due to the occupation of all electron
subbands by carriers. Calculated value of the internal
electric field (∼ 40 kV/cm), estimated from FKOs, is
nearly the same as for Si-δ-doped GaAs.

Photocurrent (PC) measurements were realized on Au-
Schottky photodiodes using standard lock-in technique
and halogen source. The PC spectra of undoped and
Si-δ-doped InxGa1−xAs QW are presented in Fig. 8a, b.
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Fig. 7. The PR spectra of: a) undoped In0.22Ga0.78As QW, b) Si-δ-doped In0.22Ga0.78As QW (Lw = 10 nm, n2d = 1.9 × 1012 cm−2),

c) Si-δ-doped In0.22Ga0.78As QW (Lw = 10 nm, n2d = 3.3 × 1012 cm−2)

Obtained spectra are influenced by an electrical field
introduced by δ-doped layer (FKOs oscillation above the
band gap energy of GaAs). The PC spectrum of undoped
InxGa1−xAs QW shows two peaks below GaAs absorption
edge, corresponding to 11 H and 11 LH absorption in
InxGa1−xAs QW (Fig. 8a).

Fig. 8. Photocurrent response of: a) undoped InxGa1−xAs QW,
b) Si-δ-doped InxGa1−xAs QW (Lw = 10 nm, x = 0.08), at different

reverse bias voltage

The PC signal related to the 11H transition decreases
and shifts the position (about — 1.5 meV/V) by chang-
ing the reverse bias voltage due to the lowering of the
probability of these optical transitions and Quantum Con-
fined Stark Effect (QCSE). In the case of PC spectrum
of Si-δ-doped InxGa1−xAs QW only one maximum below
GaAs absorption edge is observed, corresponding proba-
bly to 12LH or 22H absorption in the QW, because of
“band filling effect” (Fig. 8b). In contrast to the undoped
QW, this maximum increases and considerably shifts po-
sition (about — 4 meV/V) under reverse bias voltage in
effect of increased escape of photogenerated carriers and
enhanced QCSE [8, 9].

Introducing delta-doping into QW gives a better car-
rier confining. In addition, the results of PR and PC
measurements showed significant modification of optical
transitions of Si-δ-doped InGaAs/GaAs SQW structures.

4. AIII-N structures

Possibility of application of AIII-N heterostructures de-
pends both on fabrication of high quality substrates GaN
and possibility of precise control of growth and Mg-doping
processes.

4.1. From thick GaN layers to freestanding sub-
strates. In the nature there are no native crystals of the
gallium nitride, their synthesis is very difficult and single
crystals with good properties are hardly available. Crys-
tallisation of freestanding GaN substrates can be carried
out by either high-pressure synthesis [10], by sublimation
method [11] or ammonothermal method [12]. However,
the size of GaN crystals obtained in these methods is still
too small for practical use. Currently, the largest free-
standing GaN substrates are obtained by growing a thick
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GaN layer on a sapphire substrates using Hydride Vapour
Phase Epitaxy (HVPE) and separating the grown layers
from the sapphire. It is the reason of the use of alternative
substrates in AIII-N technology.

The use of the alternative substrates for nitrides epi-
taxy causes generation of numerous misfit dislocations
because mismatch of lattice parameters and coefficients
of thermal expansion are high (Fig. 9) [13]. The funda-
mental problem is the choice of the alternative substrate,
nucleation layer and method to separate deposited GaN
epilayers from the substrate. However, at present, this is
the only practical way to obtain thick GaN layers with a
good quality that can be applied to manufacturing free-
standing substrates for epitaxial growth of the device
structures.

Fig. 9. Mismatch oflat tice parameters and thermal expansion

coefficients: alternative substrates — GaN

In our experiments thick GaN layers were grown in
conventional, open HVPE system: three-temperature zone
furnace and horizontal quartz reactor, described in detail
elsewhere [14, 15]. Nitrogen (6N) was used as the carrier
gas. GaCl was formed by the reaction of gaseous HCl
(6N) and liquid Ga (6N) at 920◦C. HCl was diluted by
nitrogen. NH3 (7N) was used as the source gas. Total gas
flow rate was about 4500 ml/min. The temperature in the
growth zone was kept at 1054◦C.

The samples were grown directly on the sapphire sub-
strates by the three-steps technique. The Al2O3substrate
was preheated in ambient nitrogen and ammonia at
1054◦C, and then nucleation layer was deposited at 600◦C
with a small amount of GaCl. Then, the sample was trans-
ferred to the high temperature zone to enable migration
and collapse of GaN islands — GaN crystal nuclei. Then,
the growth was continued — (a) low rate growth step —
about 6 µm/h and (b) high rate growth part — more
than 25 µm/h.

In our investigations we made thick GaN layers up
to 100 microns and the sizes of crystalline blocks are to
2000 nm [14]. Images of the sample, cross-section of thick
GaN layer and topvi ew of GaN substrate are presented
in Fig. 10.

Fig. 10. Images of sample G3: (a) grown surface from SEM,

(b) cross-section from SEM, (c) view from digital camera

Technology of thick GaN layers grown on sapphire
by HVPE is very promising as a part of freestanding
GaN substrates manufacturing. Further works will be
focused on optimisation of growth, separating layers from
substrates and surface polishing.

296 Bull. Pol. Ac.: Tech. 52(4) 2004



Advanced technology of AIII-BV and AIII-N structures

4.2. The growth of p-type GaN layers. The growth
of highly conductive p-type GaN is an essential part of
the fabrication of optoelectronic devices. To date, Mg
is the only known acceptor in GaN that reliably gener-
ates a hole conduction. Typical values of the free hole
concentration at room temperature (RT) are in the 1017–
1018 cm−3 range. The high Mg acceptor binding energy
and compensation effects, observed in the highly doped
layers, are the main reasons why higher values for the
free hole concentration is difficult to achieve. In the case
of GaN:Mg layers grown by metalorganic vapour phase
epitaxy (MOVPE), the additional effect of hydrogen has
to be considered because the formation of electrically in-
active acceptor-hydrogen complexes was observed when
ammonia (NH3) was used as the nitrogen source. These
Mg-H complexes are responsible for high resistivity of
as-grown layers [16]. The high temperature thermal an-
nealing of GaN:Mg layers must be performed to dissociate
these complexes and thus electrically activate the accep-
tor dopant. It was shown that the kinetics of activation
process depends on the temperature and atmosphere in
the annealing environment but electrical characteristics
of GaN:Mg layers are, still not well understood [17].

The ∼ 1.5 µm thick Mg-doped GaN layers (sample
1 ÷ 4) used in this study were grown in a horizontal
MOVPE reactor, on (0001) sapphire substrates, using
trimethyl gallium (TMGa), bis-cyclopentadienyl magne-
sium (Cp2Mg) and ammonia. The GaN (sample 1, 2, 3)
or AlN (sample 4) low temperature layers were applied as
a nucleation layer (Fig. 11). In this study all layers were
prepared under exactly the same growth conditions ex-
cept the dopant concentration in the reactor and the
temperature during the growth. If we assume that the
flow of Cp2Mg during the growth of sample 1 and sam-

ple 4 was unity, then the respective flow during the
growth of sample 2 was twice as high and three times
higher for sample 3. The GaN:Mg layers were grown
at 1050◦C (sample 1,2,3) while sample 4 was grown at
1200◦C. The incorporation of Mg was verified by SIMS
(Table 2). The as grown GaN:Mg layers resistivity were
as follows: ∼ 0.83Ω· cm (sample 1), ∼ 0.4Ω· cm (sample
2), ∼ 3.0Ω· cm (sample 3), ∼ 7.8Ω· cm (sample 4). Then,
each sample was cut into pieces and furnace annealed
in pure N2 (800 ÷ 850◦C, 30 min.) or O2 (500 ÷ 550◦C,
30 min.). Such conditions were suggested, in the liter-
ature, as the optimal condition of the acceptor dopant
activation in GaN:Mg layers.

Non destructive method was used to sample charac-
terisation. To clarify the influence of activation process
parameters on the GaN:Mg layer properties we applied
low temperature photoluminescence (PL) measurements
and impedance spectroscopy method.

The PL spectra of as grown and annealed layers were
studied. Mg-related emission at ∼ 3.2 eV was observed.
The relative intensity between bandgap- and Mg-related
emissions changes with the increase in Mg concentration
in favuor of Mg-related emission. The annealing process
enhances PL intensity without significant change in the
shape of PL spectrum. It was observed that all annealed
samples showed much stronger blue emission and weaker
deep-level emission compared to as grown samples. The
samples 1 ÷ 3 annealed in pure O2 have shown a stronger
blue emission and weaker deep-level emission compared to
samples annealed in pure N2, while sample 4 annealed in
pure N2 showed stronger blue emission than the sample
annealed in pure O2 (Table 2). It confirms that some
non-radiative centers, which probably are related to Mg
atoms, can be removed by the post-growth annealing.

Table 2
Optical and electrical characteristic of the samples S1 ÷ S4 (YB — yellow band, BB — blue band)

Mg (SIMS) Na–Nd PL Intensity [a.u.]
Sample Annealing ρ [Ω · cm] τ [µsec]

[cm−3] [cm−3] BB YB

S1 (on LT-GaN) 2 ∗ 1018 as-grown 0.83 2700 ? 2435 6000

N2, 800◦C, 30 min 0.49 20.4 1 · 1018 2201 421

O2, 500◦C, 30 min 0.41 ? ? 4808 1000

S2 (on LT-GaN) 4 ∗ 1018 as-grown 0.4 49.4 5.5 · 1017 3972 300

N2, 800◦C, 30 min 0.36 5.1 6.5 · 1018 6980 60

O2, 500◦C, 30 min 0.38 36.7 5.5 · 1018 9852 300

S3 (on LT-GaN) 1 ∗ 1019 as-grown 3.0 45.5 1 · 1018 11092 350

N2, 800◦C, 30 min 1.1 3.7 1.3 · 1019 4401 50

O2, 500◦C, 30 min 2.6 41.1 9 · 1017 13475 200

S4 (on LT-AlN) 2 ∗ 1018 as-grown 7.8 29.6 7 · 1017 4194 50

N2, 800◦C, 30 min 3.5 2.5 2.5 · 1018 7792 50

O2, 500◦C, 30 min 7.2 24.2 7 · 1017 4906 50
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The electrical properties of the epitaxial layers were
determined by the C–V measurements performed in
a range of frequencies (80 Hz ÷ 10 MHz), using HP
4192A Impedance Meter equipped with a two column
mercury probe. The details of the measurement proce-
dure were discussed previously [18] (Table 2). The C and
G versus frequency characteristics of GaN:Mg layers were
measured in the range of dc biases and the results were
fitted to the worked-out model. The example of capaci-
tance and conductance spectra, obtained for sample S3,
are shown in Fig. 11. Spectra from the other samples
have a similar shape. The layers parameters variation
with the annealing process condition was evaluated. The
strong dependence of capacitance spectra vs. frequency
was observed. The values of capacitance at low and high
frequencies differ significantly from each other. It means
that almost all acceptors in GaN:Mg layers were trapped
at room temperature. The net (Na-Nd) carrier concentra-
tion as a function of the distance from the top surface
was calculated from the changes of capacitance versus
bias characteristics, obtained at low frequency. The ob-
tained concentration was the sum of free and trapped
holes.

The impedance spectroscopy method allowed us also
to determine GaN:Mg layers resistivity [19]. It was ob-
served that Mg activation depends not only on the Mg
concentration in the as-grown GaN:Mg layers but is also
affected by their structure. Samples S1 and S4, which dif-
fer from each other only by the nucleation layers and the
growth temperature, had the same magnesium concentra-
tion, determined by SIMS. After N2 annealing at 800◦C
for 30 min. the net carrier concentrations in both sam-
ples were the same while the resistivity of sample S4 was
almost ten times grater than that of sample S1.

The intensity of the blue band of the PL spectra was
not correlated with electrical parameters of the layers.
It was stated that the high magnesium concentration in
as-grown layers (sample S3) led to high intensity of the
blue band of PL spectra.

There was an optimal concentration of magnesium in
as-grown GaN:Mg layer (sample S2). It allowed us to
obtain the lowest value of layer resistivity. This value did
not depend on the annealing process. Formally, it means
that in non annealed samples (S2) the higher mobility
was observed (∼ 15 cm2/V·s). For all remaining samples
this value was not higher than about 1 cm2/V·s.

Fig. 11. The capacitance and conductance vs. frequency for mercury contact to S3 sample (dots denote measured results, solid line represents

simulation result). From left to right: as-grown, N2 annealed and O2 annealed
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It was stated that the annealing process affected
mainly the net carrier concentration of the samples and
relaxation time of the traps (their activation energy).
The O2 annealing at 500◦C for 30 min., did not affect
the relaxation time of the traps although that parameter
decreased significantly after N2 annealing at 800◦C for
30 min. For the optimal doping condition (sample S2) the
net carrier concentration approached its almost maximum
value just after O2 annealing at 500◦C. The effect was
not observed for samples S3 and S4 which must have been
annealed at N2 800◦C to obtain maximum value of the
net carrier concentration. The net carrier concentration
of all samples depended not only on the magnesium
concentration in as-grown GaN:Mg layer.

It was observed that for samples S3 and S4 the
change in net carrier concentration vs. annealing process
parameters was similar in spite of the fact that the
magnesium content in as-grown layer (verify by SIMS)
was different.

Good correlation was observed between the relaxation
time of the trapa nd the intensity of yellow band of the
PL spectra (Table 2). It was not affected by the annealing
process. For Sample S4 the yellow band wasn’t observed.

The PL spectra of sample S4, without YB, may
suggest that it has improved crystalline structure. This
sample has also the highest resistivity. The high resistivity
with the similar value of net carrier concentration may
be interpreted as the low mobility of the holes. This
unexpected behaviour needs further studies.

5. Conclusion

Elaborated technology of AIII-BV and AIII-N semicon-
ductor compounds allowed us to obtain high quality
epitaxial heterostructures with precise control of com-
position and doping for application in advanced device
structures.
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