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A pulsed layer-by-layer deposition (PLLD) technique possessing triple growth rates compared to
conventional growth techniques is developed by metalorganic chemical vapor deposition to
realize high-quality high-aluminum content ordered AlXGa(1X)N (0.5 < X). X-ray diffraction,
photoluminescence, and transmission measurements are employed to demonstrate control over
aluminum content, structural uniformity, and optical quality in the ordered AlXGa(1X)N. To show
the feasibility of device applications, AlXGa(1X)N as barrier and GaN as well are employed in superlattices demonstrating intersubband transitions in the infrared regime. Effects of well width and barC 2012 American
rier aluminum content on the intersubband absorption characteristics are reported. V
Institute of Physics. [doi:10.1063/1.3675468]

I. INTRODUCTION

III-nitrides are composed of AlGaInN compounds and
offer direct bandgap along their entire composition. As such,
early III-nitride optoelectronics research has explored the
various compositions of this material system and resulted in
mainstream ultraviolet and visible spectral applications such
as water purification and solid state lighting.1 Recently,
ongoing studies point out the significance of gap-engineering
in addition to composition-engineering to enable terahertz
applications.2
Unique material characteristics of III-nitrides such as
large conduction-band offset (AlN/GaN  2.1 eV), electroneffective mass (m*  0.2  0.3  m0), and longitudinal optical phonon energy (90 meV) motivate for intersubband
(ISB) device applications. AlN and GaN have the lattice
mismatch of 2.4%, can be realized crack-free and be grown
pseudomorphically.3 However, III-nitrides are piezoelectric
materials. In conventional c-plane growth, these highly
strained layers generate multi-MV/cm electric fields.4 Thus,
interface or SL thickness fluctuations degrade the superlattice quality significantly.4 Another problem is AlN/GaN or
GaN/AlN interface stability, and their dependence on (GaN
or AlN) templates.5 Moreover, the embedded GaN layer gets
thinner during subsequent AlN growth.6 Because of these
growth challenges, only preliminary devices such as optical
modulators and tunnel diodes are realized to date.7
Much of these ISB device efforts have been realized by
molecular beam epitaxy (MBE)2,7— an ultra-low pressure
deposition system—mainly because of sharp interface
requirements for tens of periods of AlGaN/GaN structures
embedded in the ISB devices. On the other hand, metal–
organic chemical vapor deposition (MOCVD) is the most
economically-feasible technique for the mass-production of
such ISB devices and of critical importance for the potential
penetration of these emerging devices to our lives—yet ISB
devices grown by MOCVD remains almost unexplored.8 We
a)
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have recently shown that proper growth techniques can enable such high-quality III-Nitride intersubband devices9 and
further research and development by MOCVD is essential.10
In this work, we report on a pulsed layer-by-layer deposition (PLLD) technique possessing triple growth rates compared to conventional growth techniques for the realization
of high-quality high-aluminum-content ordered AlXGa(1X)N
(0.5 < X). Structural and optical characterizations are realized
to assess the effect of PLLD schemes on AlXGa(1X)N layers.
In addition, we show that the PLLD technique is suitable
for intersubband device applications via demonstrating ISB
absorption in the infrared wavelengths, and report on the
effects of aluminum-content in the barrier and well width on
ISB absorption characteristics.
II. EXPERIMENT

PLLD of AlGaN was realized in an AIXTRON 200/4HT horizontal flow low-pressure MOCVD reactor at a temperature of 1035  C under 50 mbar. Trimethlyaluminum
(TMAl) and trimethylgallium (TMGa) are used as the metalorganic precursors for Al and Ga, respectively; ammonia
(NH3) and hydrogen (H2) are used as the anion source
and carrier gas, respectively. Silane (SiH4) is used as
the n-type dopant source. All structures are grown on top
of high-quality 1-lm-thick AlN epilayer on double-side
polished (001) sapphire.
Figure 1(a) shows the growth scheme of PLLD. The
PLLD of ordered AlGaN is based on growing AlN and GaN
sublayers with controlled thicknesses. The AlN sublayer
(step I composed of Phase A and B) is grown by temporal
separation of TMAl and NH3 that prevents parasitic reactions11 leading to an increased material quality and growth
rate. This is followed by GaN sublayer growth (step II)
where TMGa and NH3 are supplied together. In between the
sublayers, a surface nitridization (step III) is optional but
employed in this work based on the need for interface quality. The flexibility of this approach is that each sublayer
(AlN and GaN) growth can be optimized in its own “growth
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XRD
by Gaussian fitting. The average aluminum content (XAl
)
from XRD was calculated from (002) omega/2theta
XRD


XRD
¼ CAlGaN C0GaN = C0AlN C0GaN
measurements via XAl
where C0GaN and C0AlN are the free-standing lattice parameters
of GaN and AlN, and CAlGaN is the average lattice constant
of the superlattice (SL) determined from x-ray analysis.12
PL
The aluminum content from PL (XAl
) and bandgap energy
XRD
from XRD (Eg ) were calculated via Vegard’s law.13

III. RESULTS AND ANALYSIS
A. Ordering in PLLD-grown AlGaN

FIG. 1. (Color online) (a) Optimized pulsed layer-by-layer deposition
sequence of ordered AlGaN. The technique consists of two main deposition
steps: (I) AlN deposition, which is realized via pulsing TMAl and NH3 to
enhance aluminum adatom mobility and growth rate, and (II) conventional
GaN deposition, which is realized by supplying TMGa and NH3 simultaneously. Step III is optional but added as necessary for nitridizing the surface
for better interface sharpness in the demonstration of ISB transitions.
(b) The ordering of AlN and GaN epilayers in ordered AlGaN as a result of
optimized pulsed layer-by-layer deposition sequence is illustrated.

Table I shows that EXRD
is observed to be larger than
g
for all AlGaN samples (sample G is an exception
because of the high doping amount and will be discussed
later). The tens of meV difference between bandgaps calculated from PL and XRD measurements can be explained
through ordering in AlGaN as follows. The Fig. 3 inset
shows a representative (002) omega/2theta XRD of an ordered sample C. The ordering within the AlGaN sample C is
identified with the first-order fine satellite peaks. This ordering in AlGaN is expected from PLLD as discussed earlier.
Because of the ordering, AlGaN peak PL wavelength is
observed to redshift with respect to the disordered alloy of
the same composition. The bandgap reduction is caused by
localization of the band-edge wave functions in the GaN
layer. Ordered AlXGa(1X)N thus can be seen as a natural
quantum well structure where electrons and holes are localized and confined in the monolayer GaN quantum wells.14
Thus, the significant difference between bandgaps calculated
from PL and XRD measurements is a result of the ordering
in AlGaN.
Room temperature PL and transmission studies are realized to further investigate the behavior of ordered AlGaN.
Figure 2 shows the room temperature photoluminescence
of samples A (Al0.94Ga0.06 N), C (Al0.74Ga0.26 N), and G
(Al0.54Ga0.46 N). Only one dominant AlGaN PL peak is
observed showing the high material quality and uniform
ordering in the samples. The Fig. 2 inset shows the room
temperature transmission of select samples: AlN template,
B, C, D, G, and GaN (grown on AlN template). All samples
EPL
g

time window” (I for AlN and II for GaN); thus, no significant
trade-offs in the reactor conditioning during the AlGaN
growth are necessary. This approach increased the material
quality as well as tripled the growth rate with respect to
conventional growth scheme in which all metal-organics
(TMAl, TMGa) and hydrides (NH3) are supplied together.
Ordered AlGaN structure is sketched in Fig. 1(b). To study
the effect of the PLLD scheme on structural and optical quality of ordered AlGaN, various timing sequences are studied
as listed in Table I.
Table I (samples A through G) summarizes the effect of
PLLD growth scheme and of silicon (n-type dopant) on the
optical quality, structural integrity, and aluminum content of
ordered AlGaN. These samples are characterized via photoluminescence (summarized in Table I and seen in Fig. 2),
transmission (seen in Fig. 2 inset), and x-ray diffraction
(XRD) (summarized in Table I and seen in Fig. 3 inset)
measurements. To understand the effect of ordering on
AlGaN, bandgap energy (Eg), and aluminum content (XAl)
are determined separately from photoluminescence (PL) and
XRD measurements and compared. The bandgap energy
from PL (EPL
g ) was extracted from the spectral measurements

TABLE I. Optical and structural characterization summary of the AlXGa(1X)N samples labeled from A to G, grown by pulsed-layer-by-layer deposition
scheme. Bandgap energy (Eg) and aluminum content (XAl) are determined from both photoluminescence (PL) and x-ray diffraction (XRD) measurements for
comparison and superscripted as necessary. XRD FWHM belongs to the 0th-order (002) AlXGa(1X)N peak.
PLLD Scheme

ID

Si (sccpm)

IA (sec)

IB (sec)

II (sec)

III (sec)

A
B

0
0

4
4

2
2

4a
4

2
2

C
D
E
F
G

0
2
20
20
20

4
4
4
2
2

2
2
2
2
2

2
2
2
1
2

2
2
2
2
2

PL
(%))
(XAl
EPL
g (eV)

(90.0)
(50.1)
(13.5)
(68.0)
(71.4)
(68.6)
(75.1)
(53.7)

5.80
4.48
3.64
5.02
5.13
5.04
5.26
4.58

XRD
(%)
XAl
(EXRD
(eV))
g

93.8
61.6
18.5
74.4
78.2
80.0
79.8
53.7

(5.91)
(4.82)
(3.73)
(5.24)
(5.37)
(5.43)
(5.42)
(4.58)

a

Refers to the step where no NH3 was supplied. Underscore refers to where silicon dopant (Si) was introduced.
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XRD FWHM
(arcsec)
62.1
381.0
500<
117.0
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FIG. 2. (Color online) Room temperature photoluminescence of ordered
AlGaN samples (A, C, and G) showing the aluminum content tunability.
Inset shows the room temperature transmission of AlN, ordered AlGaN
samples (B, C, D, and G), and GaN.

except B have clear absorption band-edges showing highquality ordering. The bandgap energies obtained from transmittance of AlN template, C, D, G, and GaN are determined
to be 6.17, 5.20, 5.32, 4.87, and 3.40 eV, respectively.
Sample B possesses two AlGaN-related peaks in XRD spectra, as summarized in Table I, and displays non-uniformity
in the ordering of AlGaN agreeing with the two absorption
features in transmittance. This non-uniformity in sample B
will be discussed in the next paragraph.
Density of screw dislocations (DB) in III-nitrides can be
estimated from12 DB ¼ b2 =9  b2 where b is FWHM of
(0002) peak, and b is the length of the burger vector of screw
dislocations. Thus, density of dislocations is proportional
with the square of the FWHM. Decreasing FWHM values
indicate a lower dislocation density in the material. From Table I, by comparing samples A and B, it is seen that to
achieve ordering, the GaN thickness should be thin (1 nm)
otherwise phase separation occurs in AlGaN (as seen in sample B) leading to multiple aluminum content sublayers (for
sample B, two aluminum contents are identified as 61.6%
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and 18.5%). This is because when GaN is grown under compressive strain (as grown on AlN templates) and is thicker
than the critical thickness, the growth mode will change to
3D growth during the nitridization (step 4 of the growth
scheme in Table I) and will form GaN quantum dots via the
Stranski-Krastanov mode.15 This is why sample B, which
has a thick GaN sublayer ( > 2 nm), possesses two absorption features in transmittance.
The effect of silicon on ordered AlGaN is deduced by
examining the samples C, D, and E, as summarized in Table
I. The small addition of silicon improved the ordering (C to
D) and decreased the XRD FWHM; however, further silicon
flow increase degraded the material quality. This is attributed
to the anti-surfactant effects of silicon, which at higher concentrations degrade layer-by-layer growth,15 hindering the
ordering of AlN and GaN by surface roughening.
The effect of GaN and AlN thicknesses on ordered
AlGaN is identified by examining the samples E and F.
When the growth time for both AlN and GaN layers are
halved (decreased from 4 to 2 and 2 to 1 s, respectively), the
average aluminum content in AlGaN stayed the same
(79.9 6 0.1%) whereas XRD FWHM doubled suggesting
decrease in the ordering quality (reduced AlN and GaN interface sharpness). These findings suggest that both AlN (tAlN)
and GaN (tGaN) thicknesses are crucial in achieving
high-quality ordered AlGaN, and under given growth conditions, our results identify the ideal thickness ranges as
5.4 Å < tAlN, tGaN < 10.8 Å to tune the aluminum content (X)
of 53.7% < X < 93.8% in ordered AlXGa(1X)N.
In summary, XRD, PL, and transmission studies confirm
that by proper adjustment of the MOCVD growth scheme,
high-quality ordering in AlGaN can be achieved by PLLD,
and high-quality ordered AlGaN demonstrates a single and
narrow PL peak, XRD 0th order AlGaN peak (along with
higher order satellite peaks), and a clear absorption bandedge. To show that these ordered AlGaN layers are indeed
suitable for device applications, we demonstrate intersubband transitions, which are highly sensitive to interfaces and
material quality, by employing ordered AlGaN structures in
the next section.
B. High-quality AlGaN/GaN superlattices
for intersubband transitions

FIG. 3. (Color online) (002) omega/2theta XRD of AlGaN/GaN SLs composed of 2.0-nm-thick ordered Al0.74Ga0.26 N (sample ID: C in Table I)
and 1.1-nm-thick GaN. The inset shows (002) omega/2theta XRD of
ordered Al0.74Ga0.26 N (sample ID: C in Table I). The ordering of AlGaN is
identified via fine-defined XRD satellite peaks in the inset.

Figure 3 displays the (002) omega/2theta XRD of a 50period SL composed of 2.0-nm-thick ordered Al0.74Ga0.26 N
(sample C in Table I) and 10.7-nm-thick GaN. Layer thicknesses are calibrated via independent SL growths. AlGaN 0th
order peak and angular separation between satellite peaks are
used to extract constituent layer thicknesses. As seen in Fig. 3,
ordered AlGaN/GaN SL possesses satellite peaks up to fifth
order, which demonstrates the high-quality interface.12
To study the effect of aluminum content on ISB measurements, AlGaN/GaN SLs composed of 2.7-nm-thick GaN
wells and 3.0-nm-thick AlXGa(1X)N barriers with X ¼ 1.00,
0.74, and 0.20 were grown. Because of the low aluminum
content, Al0.20Ga0.80 N barrier was grown conventionally
(via simultaneous supply of TMAl, TMGa, and NH3 into the
growth chamber). In addition, another set of SLs composed
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the barrier and controlling the well widths, we have demonstrated ISB absorption in the infrared spectrum.
IV. CONCLUSION

FIG. 4. (Color online) ISB absorption peaks of AlXGa(1X)N/GaN superlattices as a function of barrier aluminum content and well width. (a) Dependency of ISB absorption peaks on barrier aluminum content. The GaN well
width is fixed at 2.7 nm. (b) Dependency of ISB absorption peaks on GaN
well thickness. Transmission is plotted as a function of wavelength for three
well widths of 2.9, 4.0, and 6.0 nm. For all cases, the barrier is 3.0-nm-thick
ordered Al0.74Ga0.26 N.

of 3.0-nm-thick ordered Al0.74Ga0.26 N barriers and variousthickness (2.9, 4.0, and 6.0 nm) GaN wells were grown to
study the effect of well width on ISB absorption peak
wavelength.
After the MOCVD growths, samples were prepared for
ISB absorption measurement via dicing (into 4-mm-long
bars) and polishing (45 angle facets are polished on both
sides to form a multipass waveguide). The infrared transmission was measured at room temperature using a Fourier
transform infrared spectrometer. A wire-grid polarizer was
inserted into the beam-path just before the sample to select
either p- or s-polarization for the incident light. The difference between the absorption of p- and s-polarized light was
used to identify ISB absorption.
Figure 4 plots ISB absorption peaks of AlXGa(1X)N/
GaN superlattices as a function of barrier aluminum content.
For the same GaN well width of 2.7 nm, decreasing the barrier aluminum content from 100 to 74, and down to 20%
shifts the ISB absorption feature up from 1.56 to 1.89, and
up to 4.5 lm. This is because decreasing aluminum content
in the barrier leads to decreasing conduction band-offset,
which decreases the energy separation of the first two confined states of the well. The Fig. 4 inset displays the (p-polarized) transmission of AlXGa(1X)N/GaN superlattices as a
function of GaN well width for the 3.0-nm-thick ordered
Al0.74Ga0.26 N barrier. The absorption feature (attributed to
transition from first to second electronic state) redshifts with
increasing well width. Increasing the well width (from 2.9 to
6.0 nm) redshifts the ISB absorption peak (from 1.89 to
2.32 lm). This is because the two first confined states of the
well become closer in energy with increasing well width.
In summary, PLLD by MOCVD is a suitable technique
for achieving high-quality ordered AlGaN and can be
employed in ISB devices. By tuning the aluminum content in

In summary, we introduced PLLD as a reliable MOCVD
technique to achieve fast growth rates, high material quality,and
uniform ordering in high aluminum content AlXGa(1X)N
(0.5 < X). PLDD-grown AlGaN is ordered as determined
from XRD measurements and possesses a single PL peak and
absorption edge like a conventional AlGaN. Ordering in AlGaN
is shown to lower the bandgap because of quantum confinement effects. The study of ISB absorption samples employing
AlN, ordered Al0.74Ga0.26N, and Al0.20Ga0.80N as barrier
showed that lowering the aluminum content in the barrier
or increasing the GaN well width redshift the ISB peak
absorption wavelength. High material quality and acute thickness control are shown to be crucial in controlling infrared ISB
transitions.
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