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Abstract

10-period Al s7Gag 43N/Alg 38Gags2N multi-quantum wells (MQWSs) were grown on a relaxed
AlyssGag 42N buffer on AIN templates on sapphire. The threading dislocations and V-pits were
characterized and their origin is discussed. The influence of V-pits on the structural quality of
the MQWs and on optical emission at 280 nm was analyzed. It was observed that near-surface
V-pits were always associated with grain boundaries consisting of edge threading dislocations
originating from the AIN/AI,O3 interface. Although the high density of V-pits disrupted
MQWs growth, it did not affect the internal quantum efficiency which was measured to be
~1% at room temperature even when V-pit density was increased from 7x10° cm™ to 2x10°
cm™. The results help to understand the origin, propagation and influences of the typical defects
in AlGaN MQWs grown on AIN/AI,O3 templates which may lead to further improvement of
the performance of DUV devices.
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1 Introduction

Semiconductor light sources emitting in the deep ultra-violet (DUV) region have numerous
applications such as sterilization, water/air purification, optical imaging systems, spectroscopy,
and high density storage systems. Ill-nitrides are excellent candidates because of their
interesting properties which include tunable band gap that covers the UV spectral range, and
also include thermal and chemical stability. However, compared with InGaN-based visible
laser diodes or light emitting diodes (LEDS), the efficiency of DUV light sources based on the
AlGaN materials is much lower. One of the biggest issues is the rapid degradation of structural
quality for Al(Ga)N epitaxial layers with increased Al content. Bulk AIN substrates could be
good candidates to achieve low-threshold optically pumped DUV lasers due to small lattice
mismatch with the epitaxial layers and low dislocation density below 5x10® cm™ [1-3], but
they suffer from high impurity absorption, high cost and limited availability. LED and laser
devices were also obtained on AIN templates grown on sapphire [4,5], but threading
dislocation density is still above 10° cm™ limiting performance. Besides threading
dislocations (TDs), the impurity (such as oxygen) effect is greater in AIN epitaxial layers than
in GaN due to low diffusion length of Al atoms (high sticking coefficient) and increased
affinity of Al to oxidize, which cause rather high density of defects in AlGaN layers with Al
content larger than 50% [6,7]. Unlike the defects in InGaN/GaN MQWs which have been
widely studied (even though the influence of defects on emission efficiency is still
controversial) [8-13], only a few reports have focused on the study of the typical defects in
metal organic vapor phase epitaxy (MOVPE) grown AlGaN MQWs on AIN templates for
DUV devices and especially their influences on the optical emission [14-17].

In this work, the threading dislocations and V-shape pits in AlIGaN MQWSs grown on
AlGaN buffer on AIN templates were characterized by different methods that allow a
discussion of the potential origin of dislocations and V-pits. MQWs samples with different
defect densities were prepared in order to study the optical influences of the defects on DUV
emission at 280 nm.

2 Experiments

The growth was performed in an MOVPE T-shape reactor [18] at 1000 “C under 100 Torr.
Hydrogen was used as carrier gas. Trimethyl-aluminum (TMAI), thrimethyl-gallium (TMGa)
and NH3 were used as precursors for aluminum, gallium and nitrogen, respectively. Two types
of AIN templates grown on c-axis sapphire [20] were used as substrates, one with high
dislocation density (template #1) and the other with low dislocation density (template #2).
10-period Alg57Gag43N/Alp3sGagsN MQWSs were grown on relaxed AlyssGag42N buffer on
these two types of AIN templates [19]. The samples grown on the same type of template in
different runs have comparable defect density, which confirmed reproducibility. Identical or
similar structures grown on different types of templates (template #1 and template #2) have
significant difference in V-pit density and they were chosen in order to study the influences of



defects on optical properties of MQWSs emitting in the deep UV region.

The structural characterizations of the MQWSs were carried out using high-resolution
X-ray diffraction (XRD) measurements in a Panalytical X’pert Pro MRD system with Cu Ko
radiation. Cross-sections and plan-views of the samples were investigated by high-angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) and high
resolution transmission electron microscopy (HRTEM), and the TEM lamellas were prepared
using focused ion beam (FIB) etching. Surface morphology was characterized by scanning
electron microscopy (SEM). The optical properties were investigated by transmission,
temperature-dependent photoluminescence (PL) and depth-resolved cathodoluminescence
(CL). The PL measurements were done from 5 K to 275 K with a cw laser (266 nm) and a
weak excitation power of ~ 1W/cm? in order to maintain the thermal equilibrium condition
and to avoid saturation of emission intensity. The spot diameter of PL is around 100 pum at
maximum. For transmission measurements, the size of probed area is around 0.02 mm?.

3 Results and discussions

10-period Alps7GagssN (10 nm)/Alp3sGageN (1.5 nm) MQWSs grown on a relaxed
AlgssGag 42N buffer (~ 630 nm) were designed to preserve E-field L ¢ polarized emission
(which will be referred to as TE polarization) at 280 nm and work around the problem related
to switching of the valence band state symmetry for high aluminum compositions, and more
details can be found in Ref. [19]. The sample grown on template #1 is labeled as sample #1
and the other grown on template #2 is labeled as sample #2. Figure 1 shows (0 0 0 2)
2theta-omega scans of both samples. Satellite diffraction peaks (SL) can be observed which
indicate good periodicity of MQWs. Based on (1 1 -2 4) reciprocal space mapping, the buffer
containing 0.58 (+ 0.01) Al has 70% relaxation. According to the fittings, the wells of sample
#1 contain 0.38 (+ 0.015) Al with thickness of 1.5 nm (+ 0.2 nm), while the barriers contain
0.58 (£ 0.015) Al with thickness of 10.3 nm (+ 0.2 nm). For the sample #2, the wells contain
0.38 (+ 0.015) Al with thickness of 1.3 nm (+ 0.2 nm), while the barriers contain 0.58 (+
0.015) Al with thickness of 9.3 nm (+ 0.2 nm). The slight difference of thicknesses may be
due to unintentional drift between the runs.

In order to estimate threading dislocation (TD) densities in the samples, a series of skew
symmetric ® scans were done to separate tilt angle (screw threading dislocations) and twist
angle (edge threading dislocations), as expressed in Eqg. (1), which is particularly useful for
layers with high defect densities such as AIN [21,22]:

/82 = (ﬂt\zivist _/Btizlt)Sinz Z"':Btizlt 1)

where B is the full width at half maximum (FWHM) angle and y is the inclination angle
between the reciprocal lattice vector and the (0 0 0 1) surface normal.

Then the screw threading dislocation and edge threading dislocation densities may be
estimated by Eq. (2):
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where By and Prist are the tilt and twist spreads (FWHMSs). The Burgers vector of c-type TD
(be) 1s 0.4982 nm for AIN and 0.5067 nm for AlyssGap.42N, and the Burgers vector of a-type
TD (by) is 0.3112 nm for AIN and 0.3144 nm for AlgsgGagp.42N.

The FWHM angles measured for AIN templates and AlGaN layers (buffer + MQWSs) of
two samples are shown in figure 2. The screw and edge TD densities calculated by the method
above are summarized in table 1. For both samples, extra TDs were not generated within the
relaxed AlGaN buffer layers. The AIN template used for sample #1 exhibits 3 times higher
screw and edge TD densities than that used for sample #2, and the density of pits on the
surface is around 30 times higher as seen in SEM images. These holes have hexagonal shape,
and the ultra-high density of the holes in sample #1 leads to the surface inhomogeneities. On
the contrary, sample #2 with much lower pit density has a flat surface (apart from holes) with
root-mean square roughness (RMS) as small as 0.5 nm by atomic force microscope
measurements.

In order to study the origin of these holes and their influences on the MQWs growth,
cross-section HAADF-STEM was performed and images of sample #1 are shown in figure 3.
In the flat area of figure 3(a), the 10-period MQWSs have good uniformity and periodicity. The
thickness of barriers and wells agrees with XRD simulation results. In figure 3(b), it is clearly
observed that the threading dislocations originate from the nucleation layer at the interface of
AIN and sapphire. After a certain thickness, the dislocations are mostly aligned along the [0 0
0 1] axis. These dislocations can form low angle grain boundaries and lead to a twist of the
lattice. The V-pits near the surface are always associated to these grain boundaries. Figure 3(c)
is the plan-view HRTEM image of the AIN template in which some grains with size from 50
to several hundred nanometers can be identified. The atomic resolution STEM image with
higher magnification is shown in Fig. 3(d) to get rid of the Moiré fringes. These grains are
separated by low-angle boundaries with small misorientation of 1 - 2 degrees. During
regrowth of AlGaN layers and MQWs, the threading dislocations and grain boundaries
propagate into the following layers and penetrate the whole structure.

By looking into the V-shape defects in figure 3(e) with higher magnification, it is seen
that the apex of the holes is connected to extended defects which are c-axis oriented and
inherited from the AIN layer. These lines should be edge threading dislocations or mixed
threading dislocations since the image is taken along the [1 1 -2 0] zone axis. The possible
cause of V-defects could be that impurities tend to segregate into dislocations, which may
locally impede growth resulting in a small indentation. Once the facets of slow growth planes
are formed due to these indentations, a V-pit can be generated [23,24]. Compared with the
sample #2, the sample #1 has higher edge threading dislocation density which increases the
probability for forming pits.

As shown in figures 3(e) and 3(f), the facets of the holes are inclined about 62° to the ¢
plane, which corresponds to {1 0 -1 1} facets. The growth rate on these planes is much slower
than on the ¢ plane [23,24], so a V-shape hollow hole is formed. Figure 3(f) is an example of



4-period MQWs grown for investigating the sidewall growth in a V-pit. On the V-pit sidewall
which is near c-plane surface, the weak contrast of QWSs can be observed. Both the thickness
of wells and barriers here are almost one third of the ones grown on the c plane. This small
area of QWs growth on the sidewall may lead to some additional emission wavelengths with
weak intensity giving rise to main peak broadness. In the area closer to the center of the hole,
the wells are merged into the barriers and cannot be identified. The V-pits interrupt the
superlattice growth and may lead to non-uniformity of 2D MQWSs properties.

The optical properties of sample #1 and sample #2 were investigated. Figure 4(a) shows
the PL at 80 K and transmission spectrum at 77 K. Sample #1 shows a well-defined emission
at 282 nm. The absorption edge of the wells is at 281 nm and absorption edge of barriers is at
260 nm, which is in a good agreement with the design and with the compositions determined
by XRD. For the sample #2, the PL emission is at 278 nm while absorption edge is 275 nm
for the wells and 260 nm for the barriers. The absorption edge of sample #2 is 6 nm
blue-shifted which can be due to the thinner wells according to XRD fitting. The emission of
sample #1 has full width at half maximum (FWHM) of 12.5 nm, while sample #2 has FWHM
of 7.2 nm indicating a lower inhomogeneous broadening, which is consistent with
transmission measurements. The broadening of emission peak in sample #1 can be caused by
the local variations of thickness or composition in MQWSs which occurred in the high density
of V-pit sidewalls near the c-plane surface, as shown in figure 3(f).

Figure 5 shows the PL integrated intensity as function of the inverse of temperature as
well as Arrhenius fitting curves. The fitting equation is-as follows [25]:

I
1,,(T)= A g B : (3)
1+ Aexp(- —4L)+ Bexp(- —£
p( kT) p( kT)

where 1 is the integrated intensity with arbitrary unit, and Iy is a fitting parameter which can
be seen as the integrated intensity when T is close to 0 K. A and B are fitting constants for two
nonradiative recombination channels: the first mechanism (channel A) is for detrapping of
localized excitons which dominates in the low temperature range, and the second (channel B)
is for escaping out of the wells which dominates in the high temperature range. Ea and Eg are
corresponding activation energies for those two paths of carrier escape from localized states
into the non-radiative recombination centers. The internal quantum efficiency (IQE) can be
compared by defining IQE=I(T)/lo[26,27]. In this case, the efficiency is assumed to be 100%
at 5 K, which is reasonable since the intensity was almost constant (defined as lp) in the
temperature range of 5 to 50 K indicating almost no influence of nonradiative process in this
range.

Based on Arrhenius equation fitting, sample #1 has 29 meV for Ex and 96 meV for Eg.
Sample #2 has 49 meV for Eo and 150 meV for Eg. There is a larger energy barrier of
nonradiative processes for sample #2. Figure 5(c) shows the IQE variation with the
temperature for the two samples based on Arrhenius equation. At 77 K, the IQE of sample #1
decreased to 80% while sample #2 still has an IQE of 94%. This can be explained by the
increased concentration of nonradiative centers caused by higher dislocation density in sample



#1 [28,29]. In the high temperature range, the IQE of both samples drops dramatically due to
the high level of dislocation densities. Near room temperature, the error bar becomes large
because emission intensity is weak and the residual laser contribution to the luminescence is
not negligible. Both samples have IQE of 0.5 - 1% near room temperature, which is in
agreement with simulated value for this level of dislocation densities [30]. To increase the
IQE at room temperature, the quality of AIN templates should be further improved [31] to
reduce threading dislocation densities. The 30 times higher density of V-defects in sample #1
doesn’t seem to affect the PL behavior. It could be explained by the fact that the QWs are
almost absent in the V-pits according to figure 3(f), in other words, the contribution of this
part to the intensity (I) of main emission peak is negligible. But it should be noted that these
pits may lead to current leakage as has been observed in InGaN MQWs [10] and to lower
external emission efficiency of current-injected LEDs or lasers [15].

The CL spectra shown in figure 6 were collected by scanning over an area ~ 8 pumx 11
um at room temperature, giving the average information of the sample (including flat areas
and rough areas with pits). The measurements were done under excitation from 3 keV to 7
keV. Figures 6(a) and 6(b) show the spectra under 7 keV which corresponds to a penetration
depth of the electron beam of typically 90 nm. Emission from wells is located at 286 nm with
FWHM of 16 nm for sample #1 and at 276 nm with FWHM of 13 nm for sample #2. Besides
the emission from MQWs, both samples show weak defect band emission at 333 nm. By
comparing the emission intensity from the wells and the defect band, the ratio of Imqws/ldefects
is 4.5 for sample #1 and 24 for sample #2 which may be attributed to lower dislocation
density and the existence of more flat surface area with good quality QWs which can interact
with the electron beam. The comparison of FWHM between the two samples in figure 6 (c)
confirms again the higher emission uniformity of sample #2 with fewer V-pits.

4 Conclusions

The threading dislocations and V-shape pits in an AlGaN MQWs structure grown on AIN
templates for emission at 280 nm were characterized by different methods. Near surface pits
were associated with grain boundaries in the AIN template consisting of edge threading
dislocations from the AIN/AI,Oj3 interface. The density of V-pits didn’t play an important role
in IQE of MQWSs by PL measurements, but the pits disrupted MQWs growth and may have an
effect on the homogeneity of emission. The results help to understand the origin and
propagation of typical defects in AIGaN MQWs grown on AIN templates and their influences
on structural quality and optical properties of MQWs for DUV emission, as an indispensable
step for further improving the efficiency of the DUV devices.
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Figure 1. (0 0 0 2) 26-w scans for (a) sample #1 and (b) sample #2 along with fitting.
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Figure 2. (a) Skew symmetric o scans and (b) SEM images of sample #1 grown on template
#1; (c) skew symmetric o scans and (d) SEM images of sample #2 grown on template #2.

Table 1. Estimated defect densities (FWHM determination and linear fitting lead to an

estimated error of 2=8% for threading dislocations) for sample #1 and sample #2.

Screw TDs Edge TDs V-pits by SEM
(cm™) (cm™) (cm?)
Sample #1 | AIN template ~ 7.3x10° ~1.7x10% ~ 2x10°
AlGaN buffer ~ 6.7x10° ~ 1.5x10"
Sample #2 | AIN template ~ 2.0x10° ~ 4.9x10% ~ 7x10’
AlGaN buffer ~ 2.1x10° ~3.5x10%
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Figure 3. (a) Cross-section HAADF-STEM image of sample #1 showing 10-period MQWSs;
(b) low-magnification bright field (BF) STEM image showing origin of defects; (c) plan-view
HRTEM image of AIN template on sapphire showing grains; (d) plane-view high
magnification image of grain boundaries; (e) high-magnification BF image on V-shape pits; (f)
high-magnification HAADF-STEM image of 4-period MQWs showing the sidewall of a
V-pit.



Wavelength (nm)
380 360 340 320 300 280 260

1.0 —
— Transmission at 77 K : i
081 — PLat80K , i
Laser
excitation [
S 0.6 | L 2
2 ! )
g 04 : £
§ | Sample#l . 3
= 1 re
0.2- : 3
. L
0.0 . : —
3500 4000 4500 5000
Energy (meV)
(a)
Wavelength (nm)
1.0 380 360 340 320 300 280 260
Transmission at 77 K : |
0.8{ —— PLat80K ,
Laser 3
S 0.6- élxcitation i 3
2 } 0
€ .
é 0.4 ! S
= Sample #2 . L
0.2- !
1 L
1
0.0 T T —!
3500 4000 4500 5000
Energy (meV)

(b)

Figure 4. Transmission spectra at 77 K and PL at 80 K for (a) sample #1 and (b) sample #2.
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Figure 5. PL integrated intensity as function of temperature (with a cw laser and a weak
excitation of ~ 1W/cm?) and Arrhenius fitting for (a) sample #1 and (b) sample #2; (c) is the
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curve of IQE versus temperature based on Arrhenius equation fitting.
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Figure 6. CL spectra under 7 keV at room temperature for (a) sample #1 and (b) sample #2; (c)
FWHM of QW emission peaks under different electron beam energies at room temperature.
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® The origin of dislocations and V-defects is discussed.
® V/-defects are associated with grain boundaries (edge threading dislocations).
® V/-defects disrupt MQW growth and lead to unhomogeneity of emission.

® \/-defect density does not affect the internal quantum efficiency.





