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Type-II band alignment structure is coveted in the design of photovoltaic devices and detectors, since it is
beneficial for the transport of photogenerated carriers. Regrettably, for group-III-nitride wide bandgap
semiconductors, all existing devices are limited to type-I heterostructures, owing to the unavailable of
type-1I ones. This seriously restricts the designing flexibility for optoelectronic devices and consequently the
relevant performance of this material system. Here we show a brandnew type-II band alignment of the
lattice-matched Ing ;;Alj s3N/GaN heterostructure from the perspective of both experimental observations
and first-principle theoretical calculations. The band discontinuity is dominated by the conduction band

offset AE, with a small contribution from the valence band offset AEy which equals 0.1 eV (with E““,gl'\',,N

being aboveES2Y ). Our work may open up new prospects to realize high-performance III-Nitrides

optoelectronic devices based on type-II energy band engineering.

and alignment at heterojunctions plays a vital role in semiconductor physics and devices, as the spatial

distribution of carriers determines the physical characteristics, e.g. the light emission intensity and recom-

bination lifetime. For light emitting devices, carrier confinement of both holes and electrons in the same
region is beneficial-*; while for photovoltaic devices and detectors, spatial separation of photogenerated carriers is
favourable®. It is noticed that in group-III-nitride semiconductors, type-II band alignment heterostructures have
never been reported thus far, implying that all the devices are designed based on type-I band structures. Taking
the two well-studied systems, i.e. the Al,Ga, ,N/GaN and In,Ga,; ,N/GaN heterostructures as examples, both of
them have type-I band alignment and therefore their applications on photovoltaic devices are quite unfavorable.
On the other hand, the In,Al; \N/GaN system, which has been less studied, does have the potential to make type-
IT heterostructures, considering the relative band alignment of InN, AIN and GaN.

As a matter of fact, In,Al, N has drawn much attention owing to its attractive characteristics, such as large
refractive index contrast and polarization mismatch with respect to GaN. More importantly, this ternary com-
pound can be in-plane lattice matched to GaN with In composition of 0.17-0.18", making it a promising
candidate for high reflectivity crack-free distributed Bragg reflectors (DBRs)® and high electron mobility tran-
sistors®. Besides, it also shows great potentials in near-infrared intersubband transition devices, ultraviolet optical
confinement laser diodes (LDs)°.

In spite of its potential to be type-II heterostructure as mentioned, and the fundamental importance in
optoelectronic devices, an accurate measurement on the band alignment of the In,Al; \N/GaN heterostructure
is, however, still lacking. As far as the standard X-ray photoelectron spectroscopy (XPS) measurements are
concerned, corrections on the direct experimental results must be made, owing to the existence of large polar-
ization effects”®. Since one needs to acknowledge the uncertainty existed in such a numerical treatment of this
correction, additional verifications are therefore necessary. In this work, we systematically study the band
alignment of lattice-matched Ing ;7Aly g3N/GaN by combining XPS and delicate optical studies, i.e. photolumi-
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Table | | Structural parameters of the samples for XPS and PL measurements
No. Sample structure In composition x (%) InAIN thickness (nm) GaN thickness (nm)

Series | A In,Aly N epilayer 17.3 1 2000

B In,Al1 N epilayer 17.3 20 2000

C GaN / / 2000
Series Il D In,Al; L N/GaN MQWs 17.3 1.5 4

E In, Al ,N/GaN MQWs 17.3 2.2 4

F In,Al; L N/GaN MQWs 17.3 3 4

nescence (PL) and time-resolved PL (TRPL). In addition, theoretical
investigation on this issue is also carried out using the first-principle
calculations. From the perspective of both experimental observations
and theoretical results, a brandnew type-II band alignment is con-
firmed in this kind of heterostructure.

Two series of epitaxial samples were prepared, whose structures
are summarized in Table I. Series I were studied to investigate the
valence band offset (VBO) by XPS measurements, while Series II
including multiple quantum wells (MQWs) with different structural
parameters were used to provide evidence for type-II alignment from
spatially indirect PL transition.

Figure 1 shows the schematic energy band alignment for the
Ing 17Aly 33N/GaN interface labeled with binding energy determined
by XPS from Series I samples. The valence band offset AEy can be
estimated from Equation 1:

BBy = A+ (EI — B -GEL Bl ()

where AEc; =(EgZZ, —Eﬁg;N ) is the binding energy difference for
the measured Al 2p and Ga 2p core levels of Ing;,Alyg3N/GaN
heterostructure (sample A). The two terms in the form of
(EMaterial _ pMaterialy " are the separations in binding energies
between the core level and valence band maximum (VBM) of
In,Al; 4N or GaN as bulk materials, which can be obtained from
the samples of the 20-nm-thick Ing;;Alyg3N (sample B) and 2-
pm-thick GaN (sample C) epilayers, respectively. The obtained
XPS binding energy levels for InAIN and GaN are presented in the
figure corresponding to the left and right Y axes alternately. For
convenience, the values of (EM@rial _ pMaterialy are Jabeled in place.
It is worth noting that the polarization-induced internal fields in the

Ing,7Aly 83N layer result in the bending of the energy band. As a

consequence, the apparent EX'Z?;N spectrum is actually given by integ-

rating the spectra (the dot lines) from the points of each depth along
the bent core level, as schematically illustrated in the inset. That
makes it deviated from the actual level at the interface. Hence careful
numerical treatments® were performed to correct the deviation, and
the corrected results are displayed as the red lines in the figure. The
value of AEy is then calculated to be 0.1 eV (with EZ1"N being above
E‘G,gﬁ\’d). Since the energy bandgap of Ing ;;Alj g3N has been measured
to be 3.9 eV in our previous report’, and the bandgap of GaN is well
known to be 3.4 eV, the conduction band offset AE is estimated to
be 0.6 eV, therefore suggesting a type-II band alignment for the
Ing 17Aly g3N/GaN heterostructure, and the large part of the band
discontinuity is taken by AEc.

To verify the type of the band alignment, the effect of the spatial
distribution of carriers in Ing ;7Al) s3N/GaN MQWs structures has
been investigated. As shown in the inset of Fig. 2, the schematic band
diagram for type-II MQWs is depicted taking into account of the
polarization field and the band offset obtained above. Electrons and
holes are separately located in the GaN and InAlIN layers. There are
thus two electron-hole recombination channels, labeled as Channel 1
and 2, and their relative intensity depends on the width of the well
and barrier. For a wide GaN well and a comparatively narrower
In,Al, (N barrier, the PL recombination via Channel 1 should be
the predominant process. Moreover, when the GaN width is kept
constant, the emission peak via Channel 1 should exhibit energy
redshift with increasing width of the In,Al; (N barrier, which is
entirely different from the case in type-I MQWs; while the peak
via Channel 2 remains unchanged. It is noticed that in type-I struc-
tures, such as AlGaN/GaN MQWs, the energy of the MQWSs emis-
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Figure 1 | Schematic energy band alignment for the Ing ;;Aly g3N/GaN interface. The black lines represent the measured XPS binding energy for core
levels and VBM from Series I samples, while the red lines show the corrected results by numerical treatments for Ing ;7Al g3N. The inset illustrates the

deviation of the apparent EZI‘;;N

polarization-induced internal field in Ing ;7Aly g3N layer.

InAIN

spectrum (the blue line) from the actual level (the red line labeled as corrected E Al2p ) at the interface caused by the
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sion peak is independent of the barrier width within a small variation
as reported in literatures'®, due to the fact that the polarization elec-
trical field in the wells should not be significantly affected by the
barrier width.

Low-temperature (8 K) PL measurements are conducted under
the same conditions for Series II samples D-F (MQWs with 4 nm-
thick GaN well but various barrier widths), which are elaborately
designed to enhance the recombination probability from Channel
1, as shown in Fig. 2. The dominant emission peak, whose intensity
linearly increases with the excitation density (not shown here), corre-
sponds to excitonic transition from the MQWs of samples. The full
width at half maximum (FWHM) of the peaks is 30-50 meV, pre-
senting excellent optical quality. Meanwhile, a peak with a lower
emission intensity at around 3.47 eV appears, resulting from the
underneath GaN template'®. The most notable feature in the figure
is the energy redshift (~0.13 eV) of the MQWSs emission peaks as the
barrier width increases from 1.5 to 3.0 nm, which is in line with the
characteristic of the recombination via Channel 1, as discussed
above. Taking the values of the polarization-induced internal fields
in In,Al; (N/GaN MQWs measured by Zhou et al'!, the variation of
the energy band diagram is plotted for two different barrier widths
(1.5 and 3 nm, respectively) in the inset of Fig. 2. It can be found that
the effective recombination emission energy lowers down as the
barrier width increases, and the estimated shift of 0.09 eV (assuming
that the polarization-induced internal field in the barrier is 0.6 MV/
cm'') is close to the measured PL redshift amount. In addition, with
increasing the barrier width, the intensity of the MQWs emission
peaks drastically decreases. The reason is that as the Ing;,Alyg3N
barrier is thickened, the spatial separation of electron and hole wave
functions becomes greater, resulting in smaller overlap that reduces
the oscillator strength, and consequently the radiative recombina-
tion'*. That is also a typical character of type-II MQWs.

We further investigate the dynamics of the radiative recombina-
tion in samples D-F by TRPL’. Fig. 3 shows the PL decay process for
emission peaks of the three different MQWSs. The measurements
were carried out at 8 K to avoid non-radiative recombination which
is generally frozen at that temperature, and thus to ensure that the
decay curves mainly reveal the characteristics of the radiative one.

Biexponential function is used to fit the normalized decay curves, and
the obtained lifetime values of 7; and 1, are shown in the figure. The
longer one, 7,, which dominates the process, corresponds to the
radiative recombination lifetime of the lowest excited states in the
quantum wells, while the shorter 7, is thought to involve some energy
relaxation processes for hot carriers to the first excited state. When
the Ing 1,Aly g3N barrier width is increased from 1.5 to 3.0 nm, there
is an increase of the characteristic time 7, from 1.72 to 22.1 ns. This
indicates a reduction of the radiative recombination probability
which is reciprocal of the radiative lifetime. That again indicates
the reduced overlap of electron and hole wave functions with increas-
ing the barrier width. More importantly, it is worth noting that the
value of 7, is much greater than the typical ones in other III-nitride
quantum wells, such as in type-I Al,Ga; ;N/GaN MQWs with an
approximate well width of 4 nm, whose radiative recombination
lifetimes at around 8 K are generally a few hundred picoseconds'>",
one or two magnitudes of order less than what we obtained for the
Ing 17Aly g3N/GaN MQWs. The long life time strongly verifies the
greater spatial separation of electrons and holes in the latter, which is
consistent with the expectations for type-II MQWs.

To better understand this band alignment of the Ing ;7Alyg3N/
GaN heterostructures, we further performed first-principle calcula-
tions using the density functional theory for this structure with a
series of indium compositions'®. The band offset is obtained by com-
paring the ionization potential, which is determined by the energy
difference between two exact band positions, i.e. the VBM and the
vacuum level. Taking GaN as the reference, the relative VBM posi-
tion of In,Al; N with different indium composition (x varying from
0 to 0.6) is shown in Fig. 4. Further larger compositions are out of
interest in the present work. From this figure, it is clear that the VBM
of the In,Al; (N alloy moves up in a monotonous yet non-linear
manner with x in the indium compositions studied. There is an
intersection with the GaN line at around x = 0.1, which indicates
a transition from type-I band alignment for the heterostructure when
x is less than 0.1 to type-II band alignment when x is greater than 0.1.
For the special interested case of Iny ;,Al g3N alloy, its VBM is about
0.1 eV above the GaN one, indicating a type-II band alignment,
which is consistent with the above experimental results. We also note
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Figure 2 | Low-temperature PL spectra for samples D-E. The inset shows the schematic band diagram for type-1I Ing ;7Aly g3N/GaN MQWs with
different barrier width (black lines for 1.5 nm and red dots for 3 nm). For convenience, the quantum well labeled with electron wave function is manually

aligned.
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Figure 3 | PL decay process for emission peaks of the MQWs with
different barrier thickness (samples D-F) at 8 K. The obtained lifetimes
7,and 7, are shown in place. It can be found 7, dominates the process.

that an earlier theoretical calculation from Wang et al for
Ing34Aly 66N presents a VBM at 0.11 eV above that of the GaN's,
which fits well to our curve in Fig. 4.

In summary, the band alignment of lattice-matched Ing ;;Alj g3N/
GaN heterointerface has been studied by means of XPS, PL measure-
ments and theoretical calculation. Type-II band alignment is con-
firmed in this kind of heterostructures. The band discontinuity is
dominated by the conduction band offset AE, with a small contri-
bution from the valence band offset AEy, which equals 0.1 eV (with

EQInN above EGAN). We expect that this work opens up new pro-

spects to realize high-performance III-nitride applications in optoe-
lectronic devices, such as photodiodes, solar cells, and electron
blocking layers in blue and green light-emitting diodes.

Methods

Samples Preparation. The samples studied here (listed in Table I) were Ing ;7Aly g3N
epilayers and 8 periods Ing ;7Alg g3N/GaN MQW:s grown on 2-in. (0001) sapphire
substrates by means of metal organic chemical vapor deposition (MOCVD), using a
Thomas Swan close coupled showerhead system. After the growth of a 2-pm-thick
unintentionally doped GaN template at 1040°C, the wafer was cooled down to 790°C
for growing Ing 1Al g3N epilayers and MQWs under N, ambient. The structural and
compositional information for the samples is acquired by high resolution x-ray
diffraction, as reported elsewhere'”.

X-ray Photoelectron Spectroscopy. The precise XPS measurements were performed
by Imaging Photoelectron Spectrometer system (Kratos Analycital Axis Ultra), using
a monochromatic Al-Ko x-ray source (1486.6 V). The binding energy of relevant
levels was obtained by adjusting the C 1s core-level peak position to 284.8 eV for each
sample surface.

Optical Measurements. PL were excited by a 325 nm He-Cd laser (KIMMON IK
3301R-G), and related spectra were recorded using a monochromator/spectrograph
system (Zolix Omni-A 500). For TRPL measurements, a frequency-tripled mode-
locked Ti: sapphire fs laser (COHERENT Mira HP-F Laser) with an excitation
wavelength of 267 nm and a streak camera (OPTRONIS SC101) was used. The
repetition rate and excitation density of the laser were 76 MHz and approximately
40 Wcem ™2, meanwhile the overall time resolution of the spectroscopic system is less
than 16 ps. The decay curves are fitted by biexponential function

t t
() =Arexp(— —)+ A exp(——) @
T T2
where the processes corresponding to 7;and 7, were analyzed in this work.

First-principle Calculations. The calculations were performed using the density

functional theory as implemented in CASTEP. For computational convenience, cubic
zinc-blende (ZB) structures are applied instead of the wurzite (WZ) ones as the band
structures at the I" point are similar', that means the position of VBM and CBM are
accurate in direct bandgap III-nitride semiconductors. The slab model is used'®", in
which the supercells containing 12 atomic layers and more than 15 A-thick vacuum
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Figure 4 | The relative VBM position of In,Al, N with different indium
composition x. The VBM of GaN (the black horizontal line) is taken as the
reference (0 eV). The red star shows the result of In ;7Aly 3N, while the
blue dot represents the data of Ing 34Alg 6N from Ref. 17.

are obtained by cleaving the bulk materials on the (001) surface. As the supercell
shape and volume fixed, the position of internal atoms are optimized with a force
tolerance 0.01 eV/A. An energy cutoffof 350 eV anda5 X 5 X 1k-point sampling for
the Brillouin zone are used in both the geometry optimization and band structure
calculations. For the In,Al, (N binary compound, the virtual crystal approximation
(VCA) is used and the valence d electrons are suppressed in the indium pseudo-
potential to guarantee a stable iteration of convergence®. It is worth noting that the
error introduced by these approximations is investigated by comparing AIN and
Ing 01Alp 99N, where a 0.1 eV hopping is observed on their ionization potentials. This
value of 0.1 eV is then used as a scissor operator to shift the ionization potentials
calculated by VCA and this pseudo-potential in In,Al; 1N for other compositions.
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