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This paper investigates the quantum confined Stark effect in AlGaN multiple quantum well structures with a high Al content grown on single-
crystalline AIN substrates. The quantitative relationship between the quantum well structure parameters, photogenerated carrier density, built-in

electric field and ground-level emission is discussed. It is found that the electric field strength increases from 0.5 MV cm ™" to almost 3 MV cm

=

when the Al content in the quantum well barriers is increased from 65% to 100%, which is consistent with the theory of spontaneous and
piezoelectric polarization in Ill-nitrides. In addition, the built-in electric field increases significantly with increasing barrier thickness. Based on these

results, the electric field in an Algs5Gag 45N single quantum well with AIN cladding is predicted to be around 5 MV cm™".

© 2019 The Japan Society of Applied Physics

1. Introduction

AlGaN-based optoelectronic devices are predicted to have a
broad range of mid-ultraviolet (200-300 nm) applications,
such as water purification, bio-sensing, and covert non-line-
of-sight communications."™ To achieve sufficient device
performance, a high internal quantum efficiency (IQE) in the
active region is needed.*'%!'Y However, recent studies™®!>~'¥
showed that the quantum confined Stark effect (QCSE)
significantly affects the IQE. For AlGaN quantum wells
(QWs) grown along the c-direction, the QCSE cannot be
ignored due to a strong polarization-related built-in electric
field. In the presence of this electric field, electrons and holes
are pushed in the opposite directions, causing a reduction in
the overlap between the electron and hole wavefunctions and
a significant decrease in the IQE of QWs.*'*'> To mitigate
this effect, a very thin well width (2-3 nm) is typically used
in current AlIGaN multiple quantum well (MQW) designs.
This gives rise to better carrier confinement and effectively
improves the overlap of electron and hole wavefunctions.

The origin of the built-in electric field in III-nitrides has
been widely discussed over the years and is generally thought
to be a consequence of both spontaneous polarization (SP)
and piezoelectric polarization (PZ).">” SP originates from
the intrinsic asymmetry of the bonds in the equilibrium III-
nitride wurtzite crystal structure,'>'? leading to a polariza-
tion field along the c-axis. Strain due to lattice mismatch
leads to PZ, which adds to the total polarization vector. PZ is
negative for tensile strain and positive for compressive strain,
which makes analysis of the total polarization field even more
complex.lS’ZI) However, recent theoretical studies have
indicated that SP represents the main contribution to the
electric fields in AlGaN alloy systems.'”

So far, most of the work on IIl-nitrides has been done on
GaN or InGaN MQWs. 181921229 Ge|f consistent models
and analytical approaches are typically used to quantitatively
describe the QCSE and its influence on ground-level transi-
tion. Recently, Ref. 24 derived an analytical model based on
perturbation theory to address these QW transitions. It was
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shown that the ground-level transitions were dependent on
the electric field strength, carrier density and structural
parameters of the QW. Furthermore, they explained the
peak energy shift in InGaN MQW LEDs under the influence
of p—n junction and polarization fields. However, very few
studies have addressed this issue in Al-rich AlGaN MQWs.
Reference 14 found that the built-in electric field in c-plane
Alg gGag ,N/AIN (x nm/20 nm) QWs was 2.3 MV cm . By
contrast, Refs. 30 and 31 showed that the electric fields were
0.4-0.5MV cm™ ! in 10x Al 35Gag ¢sN/Alg 40Gag 51N (x nm/
11.5nm) MQWSs and 0.9 MV cm ™' in 11x Al ¢Gag,N/AIN
(x nm/6 nm) MQW structures, respectively. Therefore, a
comprehensive study needs to be carried out in order to
clarify this discrepancy and determine the actual electric field
present in AlGaN heterostructures.

In this work, we investigate the QCSE in AlGaN MQWs
with a high Al content grown on single-crystalline AIN
substrates. An analytical model is presented to evaluate the
built-in electric field strength in AIGaN MQWs. We discuss the
interplay between the QW structure parameters, photoinjected
carrier density, built-in electric field, and ground-level emission
and show that the electric field strength increases with
increasing Al content of the barriers. Additionally, we examine
the influence of barrier thickness on the electric field. Results
from this work provide a pathway to improve the under-
standing of built-in electric fields and their influence on the
performance of Ill-nitride optoelectronic devices.

2. Experimental methods

AlGaN MQW structures with a high Al content were grown
along the (0001) direction of AIN single-crystal substrates
with a dislocation density of <10*cm™ via low-pressure
metalorganic chemical vapor deposition (LP-MOCVD).
Trimethylaluminum (TMA), triethylgallium (TEG) and am-
monia (NH3) were used as sources for Al, Ga and N,
respectively. Details on the growth process and AIN substrate
preparation can be found elsewhere.”*>* Two sets of
MQW samples were prepared with various barrier heights
(Al content) and barrier thicknesses. The samples were grown
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following the same general structure: a 150-nm-thick
Al 65Gag3sN waveguide was grown on bulk AIN, followed
by the growth of five periods of AlyssGag4sN MQW, capped
with 4nm AIN. It is worth noting that although the AIN
capping layer will induce significant band bending in the
AlGaN MQW structure, we did not observe any significant
peak shift change between the AIN cap and Alj ¢sGag3sN cap
samples. In the first set of samples, the MQWs had a fixed well
width of 3 nm and 4nm thick barriers, while the Al
composition in the barriers was varied from 65%, 75%, 85%
to 100% Al In the second set, four AlyssGagssN/AIN
S5xMQW samples were grown with barrier thickness Ly
=0.5, 1, 2, 4nm. High-resolution cross-section transmission
electron microscopy imaging was conducted to confirm the
well width, and barrier thickness. The strain condition of the
MQWs was examined by asymmetric (105) reciprocal space
mapping (RSM) measurement via X-ray diffraction. The results
indicated that the AlGaN layers were pseudomorphically
grown on the AIN substrates. Thus, the whole structure was
compressively strained and retained the same in-plane lattice
constant as the bulk AIN.”**3>

Photoluminescence (PL) measurements were performed at
room temperature (297 K) using a pulsed ArF excimer laser
(A=193 nm) with a pulse duration of 10ns and repetition
rate of 100 Hz. The PL spectrum was recorded by a Princeton
Instruments Acton SP2750 0.75 m monochromator with a
150 grooves/mm grating, and a PIXIS: 2KBUV cooled
charge-coupled device camera via an optical fiber. Details
on the experimental setup can be found elsewhere.*®>®
Neutral gray filters with different thicknesses were used to
control the excitation power density.

3. Results and discussion

The QCSE is induced by the large built-in electric fields present
in AlIGaN QWs due to SP and PZ. Experimentally, PL provides
the opportunity to investigate the built-in electric fields in QW
structures because the emission wavelength will depend on the
field strength inducing the QCSE. Time-resolved PL measure-
ment shows that recombination lifetime in the AIGaN MQW is
~300 ps, which indicates that the equilibrium state is reached
during the laser pulse. Thus, we can assume that the carrier
density has a constant value during the pulse. Figure 1 shows
PL spectra of Al s5Gag4sN/AIN MQWs with 3 nm wide wells
and 4 nm wide AIN barriers as a function of the excitation
power density. It is found that an increase in the excitation
power density leads to a blue shift of the emission wavelength
(increase in energy). This blue shift in the peak position is due
to carrier screening. With increasing excitation power density, a
significant number of electron—hole pairs are generated, which
leads to the screening of the built-in electric field and a
reduction of the QCSE. Under a high excitation power density
95 chmfz, corresponds to n= 10 cm™2 in Fig. 2), the
built-in electric field was completely screened and QW
emission shifted to a higher energy compared with the low-
power case (8 kW cm™2).

The shift of the ground-level transition energy induced by
the electric field can be estimated using an analytical model
based on perturbation theory:**
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Fig. 1. (Color online) Power-dependent PL spectra for an

Al 55Gag 4sN/AIN MQW with 3 nm/4 nm well/barrier width at room
temperature (297 K). An increase in the excitation power density leads to a
blue shift of the emission wavelength (increase in energy).

where e is the elementary charge, F is the field strength, d is
the well width and m. and my, are, respectively, the electron
and hole carrier mass. The values of m. ~ 0.3m, and
my ~ 2.5mo(my = 9.11 x 10731 kg) for AlgssGagasN are
estimated based on a linear change in the effective mass
with Al content. x describes the electric field screening by the
carriers in the QW as given by x = 1 + n/ny,, where

_ 2Tmee0h?
80e2d3(m. + my)

is a screening coefficient in cm ™2 dependent only on the well
width, d. gy and ¢, are, respectively, the vacuum permittivity
and the relative permittivity of the Alys5sGag4sN well. From
this, n is the two-dimensional (2D) concentration of the
electron-hole pairs providing suppression of the Stark shift.
These two equations directly connect the electric field and the
emission energy shift, allowing for an estimation of the built-
in field. It should be noted that the perturbation theory is
valid under low electric field conditions. In general, III-
nitride heterostructures introduce a polarization field on the
order of MV cm™', making this analysis appropriate for
electrons but close to the applicability limit for holes due to
their large effective mass.

First, we investigate the influence of barrier height on the
built-in electric field at a constant well and barrier width.
Figure 2 shows the relative peak energy shift for MQW
structures with different Al contents in the barriers (65%—
100%) as a function of the sheet carrier concentration. The
sheet carrier concentration is determined with the power-
dependent PL using the ABC model. Details on the calcula-
tion of the 2D carrier concentration can be found
elsewhere.*'*3" As shown in Fig. 2, all PL peaks blue shift
with increasing power density. However, the structures with a
higher Al content in the barriers show a significantly larger
shift than those with a lower Al content. This suggests a
stronger Stark shift for the samples with Al-rich barriers due
to a higher electric field. Samples with a lower Al content in
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AE = (1) the barriers have a lower field and, thus, the effect of
243m°%y? increasing excitation power density upon the energy shift is
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Fig. 2. (Color online) Relative energy shift of MQW emission for structures for fixed well and barrier widths but different Al contents in the barriers.
Symbols correspond to the experimental data and dashed curves correspond to the energy shift calculated based on the analytical model in Eq. (1). For higher
Al contents a stronger shift is observed, which is due to a stronger QCSE.

Table I. Electric field in MQW structures determined experimentally from power-dependent PL measurements. The error corresponds to the fit error and
estimated well width variation.

Barrier composition Alg 65Gag 75N Aly75Gag 5N Aly g5Gag 1sN AIN
Electric field (MV cm™ ") 0504 1.2+0.3 1.8+0.3 2.8+0.6
less pronounced. The fit of the experimental data using Figure 3 compares the theoretical and experimental results of

Eq. (1) and a screening coefficient of 5x 10'" cm 2 is the electric field strength in AlIGaN MQWs as a function of the

displayed as dashed lines in Fig. 2. The fit is generally in Al content in the barriers. As expected, and in agreement with
good agreement between the analytical model and the the experimental results, the electric field strength is on the
experimental values and allows for extraction of the built-in  order of MV ¢cm™ and increases with increasing Al content in
electric field, which is summarized in Table I. the barriers. The solid line is calculated by assuming the zinc-
In order to analyze these results, we consider the origin of  blende (ZB) reference structure and proper PZ,'> while the
the built-in electric field in the AIGaN QW structures. The  dashed line represents the hexagonal (H) reference structure
electric field is induced by the accumulation of polarization  with improper PZ.*” The experimental values from Table I are
charges at the interface between the wells and barriers, taking  also plotted in the graph. The experimentally determined fields
into account both SP and PZ; since all AlGaN-based MQWs  show a similar dependence. However, considering the error
grown on AIN substrates are under compression, both SP and  bars, which arise mainly from well and barrier width variation
PZ have the same sign.'>'®'®2D In this case, the electric field  and fitting, it is not possible to assign the experimental values
for a single QW (SQW) can be written as the difference of the  to a specific model calculation.
polarization in the barriers and wells, given by: The electric field for MQWs with AIN barriers is estimated
to be as high as 2.8 MV cm ™' (Table I, Fig. 3). Since high

_ (pb b _ pw _ pw
Fy =Py + By, w — Fpr) /€0tw ) electric fields lead to a strong QCSE, which reduces the IQE
where Fj , (Pstr)).pz) is the SP and PZ of the well (barrier). In  of MQWs, this result implies that AlGaN/AlGaN MQWs

this case, the electric field does not depend on the well width,  should be superior to AIGaN/AIN MQWs. However, for the
rather it is determined only by the polarization. In contrast,  design of the active region one needs to consider that a thin
for MQWs, the width of the barriers and wells needs to be QW can also significantly reduce the spatial separation
considered. In this case, the electric field can be evaluated between the electrons and holes and improve the IQE.
from the periodic boundary condition: Referelréce ll3reported a high IQE of 95% at a carrier density
b b W W of 10°°cm ™~ in 3x A10.55Ga().45N/A1N MQWS (2.5 nm/
Fo = Lo(Ry + By = Bp = B /Teo(Lwso + Losw)] - () 2.5 nm). In addition, the QCSE can be significantly reduced
where Ly, are the widths of the barriers and wells. The or even eliminated under high excitation powers, as shown in
value of the spontaneous polarization charge in AlGaN can  Fig. 2. The estimated carrier density under a pumping power
be interpolated using Vegard’s law considering GaN and AIN  of 95 kW em 2 is ~10"”cem™ (sheet carrier density of
as end members. Bowing, though discussed in the ~10'? cm_z), which is found to be a typical threshold carrier
literature,'> does not make a significant contribution and is  density for Ill-nitride laser diodes.'"*>="
not considered. The value for the piezoelectric polarization Since the built-in electric field also depends on the barrier
charge is calculated using the elastic and piezoelectric  thickness in the MQW structures (Eq. 4), Fig. 4 shows the PL
tensors. All the material parameters used in these estimations  spectra of four AljssGag4sN/AIN MQW samples with
are taken from the literature.'>2? various barrier thicknesses of 0.5, 1, 2 and 4 nm; the black

SCCC10-3 © 2019 The Japan Society of Applied Physics
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(Color online) Built-in electric field strength in AIGaN MQW structures with an Al content of 55% in the wells as a function of the Al content in the

barriers. Red squares are values deduced from the fitting of the PL data. The solid line is calculated by assuming the zinc-blende (ZB) reference structure and
proper PZ, while the dashed line is representing the hexagonal reference (H) structure with improper PZ.
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Fig. 4. (Color online) High (180 kW cm?) and low (1.5 kW cm?)
excitation power PL data for AIGaN/AIN MQWs with barrier thicknesses of
0.5, 1, 2 or 4 nm at room temperature (297 K). Significant carrier screening is
observed for high excitation power as indicated by a relatively constant PL.
peak position.

lines represent the PL spectra under a high excitation power
density (180 kW cmfz), while the red lines show PL spectra
taken under a low excitation power density (1.5 kW cm™?).
For a high excitation power density, the peak position is
around 270 nm and does not change with barrier thickness.
This observation follows the previously described carrier

SCCC10-4

screening hypothesis. In contrast, when the excitation power
density is sufficiently low, carrier screening is negligible.
Based on Eq. 4, the electric field increases significantly for
thicker AIN barriers, resulting in the observed red shift of the
emission wavelength with increasing barrier thickness. These
results, along with the aforementioned barrier composition
study, show that the built-in electric field is a function of
barrier strength, i.e. thickness and the Al composition of the
barrier, which explains the discrepancy for polarization fields
in AlGaN QWs in the literature.'*3%3D

Figure 5 shows the functional relationship between the
barrier thickness and built-in electric field for AIN barriers.
The red squares represent the experimentally determined
electric fields for different barrier thicknesses using the same
fitting procedure as in Table I. The electric field increases
from 0.4 to 2.6 MV cm™' when the barrier thickness in-
creases from 0.5 nm to 4 nm. The theoretical curve based on
Eq. (4) is plotted as a solid line and is in good agreement with
the experimental values. It is worth noting that when the
barrier thickness approaches infinity, this limit will be
described by the SQW condition and Eq. (3). The electric
field in our Aljs5Gag4sN/AIN SQW is predicted to be
around 5MVcm™'. This value is consistent with the
theoretical calculation based on Eq. (3). These results show
that, in combination with a thin well, the implementation of a
thin AlGaN barrier can further reduce the impact of the
QCSE. In addition, our previous results have found that a thin
AlGaN barrier can significantly improve carrier injection in a
UV laser diode.'” T hus, in addition to thin wells, the use of
thin AlGaN barriers is preferred in UV laser design, which is
consistent with the underlying physics described above.

4. Conclusion

In summary, an analytical model was used to evaluate the
electric field strength in AlIGaN MQWs. The results showed

© 2019 The Japan Society of Applied Physics
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(Color online) The dependence of the built-in electric field on AIN barrier width. The red squares are experimental results fitted to Eq. (1), while the

black line corresponds to the electric field calculated from Eq. (4). Error bars correspond to the fitting error and possible variation of well width.

that a strong QCSE can be induced by greater barrier
strength, i.e. a thicker barrier and/or more Al in the barrier.
Electric fields as high as 3MVem ™' were observed in
Alys55Gag 4sN/AIN MQWs; an extrapolation of the barrier
width to large values enabled us to estimate the electric field
for an Alys5Gag4sN SQW as ~5 MV cm ™', These results
provide crucial guidelines for design and optimization of
AlGaN MQW:s for UV emitters.
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