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Measurement and effects of polarization fields on one-monolayer-thick InN/GaN
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Polarization fields associated with one-monolayer-thick InN/GaN multiple quantum wells (MQWSs) cause
shifts of the photoluminescence peak that depend on the GaN barrier layer thickness. Diffraction contrast and
aberration-corrected scanning transmission electron microscopy show that the InN QWs are well defined and
coherently strained. Mapping of electrostatic potential using off-axis electron holography shows that the electric
fields inside the GaN barriers decrease from ~0.7 to ~0.2 MV /cm as the barrier layer thickness increases from 5
to 20 nm. Atomistic tight-binding calculations agree closely with experiment, and confirm that changes in optical
emission of these III-nitride quantum wells result from changes in the spontaneous and piezoelectric polarization
fields in the InN quantum wells and the GaN barrier layers. Overall, this QW system provides the basis for

InN-based light-emitting devices operating across a useful band of wavelengths at room temperature.
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I. INTRODUCTION

Indium nitride (InN) is the end member of the isomorphous
(In, Ga, ADN series of wurtzite semiconductors which have
attracted much attention due to their many different electri-
cal and optoelectronic applications, such as high-electron-
mobility transistors (HEMTs) and light-emitting diodes
(LEDs). These latter opportunities result from the wide
and continuous range of operating wavelengths spanning
from ultraviolet to infrared.! Moreover, theoretical calcula-
tions indicate that ultrathin GaN/InN/GaN quantum wells
(QWs) can undergo an inverted band transition and become
topological insulators.” Insertion of InN multiple quantum
wells (MQWs) into LEDs, instead of the more common
InGaN ternary or InAlGaN quaternary alloys, could avoid
the undesirable effects of phase separation and/or atomic
ordering, which occur as the In concentration is increased.>*
Recently, an InN/GaN heterostructure consisting of one-
monolayer-thick InN wells inserted into a GaN matrix was
proposed, and successful growth was reported.>® The growth
of near-ultraviolet (384 nm) LEDs based on monolayer-thick
InN/GaN MQWs grown by molecular beam epitaxy (MBE)
has also been demonstrated.” The growth temperature of these
monolayer-thick InN/GaN MQWs was 685 °C, significantly
higher than normally used for the growth of thick In-polar InN
films (400-450°C).8 This paper investigates the dependence
of optical response of these InN/GaN heterostructures on GaN
barrier thickness, which is attributable to the polarization fields
in these materials.

III-V nitride semiconductors with the wurtzite structure
have large polarization fields along the (0001) direction, which
have a significant impact on the optical properties of nitride
devices,! and affect their potential applications as topological
insulators.” It has also been recognized that the optical
emission of III-nitride quantum wells results from the complex
interplay of spontaneous and piezoelectric polarization in the
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well and barrier layers.” Thus, measuring and calculating the
electrostatic profiles of one-monolayer-thick InN/GaN MQW
structures caused by polarization fields could be important in
optimizing device design and operation.

II. EXPERIMENTAL DETAILS

The InN/GaN MQWs were grown by MBE under In-rich
conditions at a substrate temperature of 685 °C, keeping the
same growth temperature for deposition of InN wells and GaN
barriers. Using GaN/sapphire substrates, the growth rate of InN
was 0.4 monolayer/s and the nominal deposition thickness of
each InN well was slightly greater (~20%) than 1 monolayer
in order to ensure continuous layers. Three specific InN/GaN
MQW structures, labeled here as A, B, and C, were targeted
for investigation. The widths of the barriers (L g,n) for samples
A, B, and C were 5, 10, and 20 nm, respectively.

Cross-sectional samples suitable for TEM and holography
observation were prepared by mechanical wedge polishing
followed by Ar ion milling at 3 keV using a liquid-nitrogen
cold stage. The samples were briefly chemically etched with
KOH solution to remove amorphous surface layers created
during sample preparation. Diffraction-contrast TEM images
were recorded with a JEM-4000EX high-resolution electron
microscope operated at 400 keV, while aberration-corrected
high-resolution STEM images were recorded with a JEM-
ARM?200F operated at 200 keV.

III. RESULTS AND DISCUSSION

The emission properties of these InN/GaN MQW structures
were investigated by photoluminescence (PL) spectroscopy
using the 325-nm line of a He-Cd laser, for optical excitation.
Room temperature PL spectra from the MQW structures are
shown in Fig. 1. Each spectrum shows two emission peaks,
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FIG. 1. (Color online) PL spectra of samples A, B, and C recorded
at room temperature. The position of E™ shifts to longer wavelength
as the barrier thickness is increased. Inset: Quantitative illustration
of the band diagram of monolayer-thick InN/GaN QWs and the
relevant optical transitions. Blue and green segments correspond to
GaN barrier and InN QW layers, respectively.

labeled as E” and E™. The former at 363 nm is attributed
to radiative recombination of the photoexcited carriers inside
the GaN barriers and/or substrate, while the latter is due
to radiative recombination inside the InN QWs. The inset
schematic illustrates the corresponding optical transitions.
That E™ is always stronger than E” reflects the efficient
diffusion and radiative recombination of the photoexcited
carriers inside the QWs. E™ shifts to longer wavelengths
with increasing Lg,N, implying the importance of internal
polarization fields, and the resulting quantum-confined Stark
effect, in the optical transition energy. Finally, note the width
of the E¥ emission increases with increasing Lg,n. This
is possibly due to surface roughening of the thicker GaN
barrier layers under nonideal growth conditions (relatively
low temperature), which may introduce local InN thickness
variations.

Figure 2(a) shows an aberration-corrected STEM image
of sample A, oriented in the [110] zone-axis projection.
The individual Ga (In) atomic columns are clearly visible as
white dots. The average intensity profile along the rectangular
region outlined in Fig. 2(a) is plotted in Fig. 2(b). The [In]
monolayers are clearly visible and well resolved. No misfit
dislocations are observed at the InN/GaN interfaces confirming
that the InN QWs are coherently strained with the GaN
barriers. Diffraction-contrast image analysis (not shown here)
reveals that most of the threading dislocations originating
from the GaN template penetrate through the MQWs. Similar
microstructure is observed for samples B and C, indicating
that all InN layers are coherently strained to the GaN barriers.

Off-axis electron holography is an interferometric electron-
microscope technique that provides quantitative access to
phase shifts experienced by the incident electron wave
front due to interactions with the electrostatic and magnetic
potentials of the sample.'” With its high spatial resolution
and sensitivity to variations in electrostatic potential, electron
holography has been used to measure the potential profile
and charge distribution across nitride heterostructures.'*!!
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FIG. 2. (Color online) (a) Aberration-corrected high-angle-
annular-dark-field STEM image of sample A taken at [110] zone
axis. (b) Corresponding intensity line profile from the boxed region
of (a). Highest peak (arrowed) corresponds to In atom columns.

In this current study, the electrostatic potential variations of
one-monolayer-thick InN/GaN MQWs were measured.

When a (nonmagnetic) TEM sample is not in a strongly
diffracting condition and has uniform potential through its
projected thickness, then the relationship between electron
holography phase shift (¢) and local electrostatic potential
(V) is given by

O(r) = CeV(r)e(r), (1)

where Cg is an energy-dependent constant (0.007 28 rad/V nm
for 200 keV electrons) and #(r) is sample thickness.'® For
the GaN barrier layers studied here, the electrostatic potential
consists of the mean inner potential of GaN (V,%N), and the
potential profile due to any electric field in the GaN barrier
[VZ3N(r)]. Thus, the overall phase change in the GaN barriers
can be written:

O(r) = Cg[Ve™ + Vi (n)]r. )

Since V9N is constant, the electric field within the GaN
barrier (E9N) can be calculated by measuring the slope of
the potential profile, as extracted from the phase image of a
hologram:

EON = _q[VEN 4+ VNG Jdr = —aVENG)/dr,  (3)
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FIG. 3. (Color online) (a) Phase and (b) amplitude images from
the reconstructed hologram of sample A. (c) Line profile from the
boxed regions of the phase image (red) and calculated thickness
profile (blue) from the boxed regions of the amplitude image.

where r is the position along the potential profile, which is
taken to be along the growth direction.

Off-axis electron holography was performed using a FEI
CM200 FEG TEM equipped with an electrostatic biprism
and a CCD camera for quantitative image recording. A
biprism voltage of ~125 V was used for hologram recording.
Figures 3(a) and 3(b) show the corresponding phase and
amplitude images, respectively, from a reconstructed hologram
of sample A. The line profile across several MQWs from
the rectangular area indicated within Fig. 3(a) is shown in
Fig. 3(c). A line profile from the thickness image of the same
area, also shown in Fig. 3(c), confirms that the sample has
uniform thickness in the region analyzed. A sample thickness
of ~60 nm, extracted from the amplitude of the hologram and
using the inelastic mean-free path for GaN of 61 nm, was used
for calculation of the potential profile.

Figure 4 shows the potential profile of sample A calculated
using Eq. (2). The linear slope in potential within the GaN
barrier region confirms the presence of the polarization
field. Linear fitting of the calculated potential profiles in
the three different GaN barrier regions of sample A yielded
an average electric field of ~0.71 £0.06 MV /cm. Similar
holography experiments were performed for samples B and
C, using the same operating conditions. The electric fields
measured for samples B and C were ~0.38+£0.06 and
~0.20 +0.06 MV /cm, respectively.
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FIG. 4. (Color online) (a) Calculated potential profile across
MQW region of sample A. The average GaN electrostatic field (E5N)
obtained by fitting the slope of the potential is ~0.7 £0.06 MV /cm.

The dependence of EYN on Lg,y can be explained
theoretically using relatively simple electrostatic arguments.
For a periodic superlattice, ES®N and E™ can be calculated
using

EGN = —4nL1nN(Ptf,iaN - Ptg:N)/(LGaNglnN + LinNEGaN)s
4)

Eunn = _47TLGaN(Ptg:N - PtgtaN)/(LInNEGaN + LGaNEmN),
Q)

where ™ (£92N) ig the InN (GaN) dielectric constant, and
PIN (pSaN) s the sum of the spontaneous and piezoelectric
polarization fields in the InN (GaN) layer.”!> Based on
the high-resolution TEM observations, all InN QWs can
be considered as being strained to bulk GaN, so that the
piezoelectric polarization in the GaN barrier P[gaN would be
zero. The piezoelectric polarization in the InN QW (P™) can

then be calculated using'?

InN InN
PInN _ 2astrained — %relaxed Ci3 6
e =27 N |\ Teng ), 6
relaxed 33

where alfr:]llixed and ai?rlzjined are the relaxed and strained (co-
herently strained to GaN) lattice constants of InN QW. The
relevant parameters’'>!# and the calculated polarization field
are shown in Table L.

The experimental values of ES®N for samples A, B, and C
and the corresponding analytical values are shown plotted in
Fig. 5, demonstrating reasonably close consistency for all three
barriers. One should be cautious with this theoretical treatment
of nontrivial quantum structures, such as these monolayer-
thick MQW structures. Nevertheless, it is remarkable that a
simple electrostatic model could closely simulate the internal
polarization fields in these monolayer-thick InN/GaN MQW
structures.

TABLE I. Polarization fields, elastic, piezoelectric constants, and
dielectric constants used for InN/GaN MQW simulations.'"!?

Py, (C/m?) P,, (C/m?) e13 (C/m?) e33 (C/m?) 2C)3/C3; € (g0)

GaN —0.029 0 0.73 10.5
InN  —0.032 0.152 —0.57 0.97 043 1352
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FIG. 5. (Color online) Analytical (inverted triangles), tight-
binding (triangles), and experimental (circles) values of electrostatic
field E9N. The measured ES™N values are consistent with the
theoretical calculations, confirming that ES®N varies inversely with
the barrier thickness.

The electrostatic field within the InN layers, E™N, was also
calculated using Eq. (5), and increased slightly with barrier
thickness from ~—12.5 MV/cm for the 5-nm-thick barriers,
to ~—14.0 MV /cm for the 20-nm-thick barriers. Thus, from
the simple model described by Egs. (4) and (5), a stronger
quantum-confined Stark effect would be expected for InN
QW:s that are separated by thicker GaN barriers, which could
then result in a redshift of the PL emission, in accordance
with the observations. Experimentally, it was not possible
from electron holography to determine the corresponding field
associated with the InN QWs. Observations with higher spatial
resolution could perhaps enable the expected accumulation of
sheet charge at the barrier/well interface to be quantified.

In order to better understand the experimental emission
spectrum and its dependence on barrier thickness, nearest
neighbor sp3 empirical tight binding (TB) calculations of
the heterostructures were performed. The effects of strain and
polarization fields were also considered. The band structures
of wurtzite materials, specifically GaN, InN, and their alloys,
calculated using the TB method, have been shown to be
in agreement with experimental data.'>~'7 More importantly,
transferable TB parameters, which can account for the effects
of structural changes on band structure, have been accurately
calculated.'®!” Such a set of parameters is needed to take into
account the effects of a coherently strained InN monolayer. The
TB parameter set used here was taken from Ref. 19. However,
the band gap of InN in Ref. 19 was fitted to an incorrect
experimental value of 2 eV. Thus, the onsite energy of the s
orbital of In was modified to produce the correct band gap of
0.7 eV, and E(s,In) was changed from —1.373 to —2.985.
All other parameters were kept the same.
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TABLEII. Calculated (tight binding) and experimental band gaps
for different GaN thicknesses.

GaN barrier Calculated
thickness (actual ~ band gap
thicknesses) (nm) V)

Calculated Experimental
emission emission
wavelength (nm) wavelength (nm)

5(4.92) 3.205 387.5 377
7.5(7.51) 3.191 389.2 -
10 (10.11) 3.181 390.5 389
15 (14.77) 3.168 392 -
20 (19.96) 3.16 393 394
Bulk (GaN) 3.39 366 364

Due to the InN monolayer, the unit cell of the heterostruc-
ture is a supercell comprising many GaN wurtzite unit cells
with a distorted GaN-InN wurtzite unit cell. The coherent
strain on InN changes the lattice constant of InN in the basal
plane to that of GaN (3.189 A), and to 5.948 A along the
¢ axis, as calculated using the bulk modulus constants of
InN. For a given GaN barrier thickness, and assuming n
wurtzite unit cells one on top of another, including the upper
most distorted unit cell, the lengths of GaN and InN are
calculated using [(n — 1)c + ¢/2], and ¢'/2, respectively, where
c is the lattice constant along the z direction of unstrained
GaN and ¢’ is the strained lattice constant of InN along the z
direction.

The electric fields due to the piezoelectric and spontaneous
polarization in GaN and InN are calculated using Eq. (4), and
the potential on the atoms of the supercell due to these fields is
then incorporated into the TB Hamiltonian. The values for the
polarization field for Lg,N values of 5, 7.5, 10, 15, and 20 nm
are calculated using Eq. (7) and are shown plotted in Fig. 5:

Vo) <xEGaN for 0 <x < Lgan )
x)= ,
LeaNEgan + (X — Lean)Emn for Lgan <x < L

(M

where L is the total length of the supercell which is Lgun +
L~ and x is the distance along the ¢ axis.

The TB calculations exhibit close agreement with the
experimental results both for emission wavelength as well as
electric field in the GaN buffer layer, as shown in Table II and
by comparison with the experimentally derived electric fields
in Fig. 5. The closeness of the TB calculations is due to the
consideration of strain as well as polarization effects into the
TB Hamiltonian. The accuracy of the TB method is greater for
larger GaN thicknesses since the effect of the distortion due to
the InN monolayer is reduced. For smaller GaN thicknesses,
other effects such as excitons, not considered here, could be
important.

IV. CONCLUSIONS

In conclusion, one-monolayer-thick InN/GaN MQW struc-
tures with different GaN barrier thicknesses were grown at
685°C by plasma-assisted MBE. Measurement of electro-
static potential profiles using off-axis electron holography
showed that the magnitude of the electrostatic field across
the GaN barrier layers increased substantially as the thick-
ness of the barrier layer was decreased, in agreement with
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theoretical modeling and simulations. Thus, the blue shift
of the PL emission peak of these MQW structures with
decreasing GaN barrier layer thickness can be understood
in terms of changes in strength of the polarization field.
These InN/GaN MQW structures would thus be highly
promising as the basis for light-emitting devices operating
over a range of optical wavelengths, as well as enabling
investigation of topological insulator transitions that depend
on control of strain due to specific changes in layer and barrier
thickness.”
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