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ABSTRACT

We have made a GaN-based single nanopillar with a diameter of 300nm using the focused ion beam (FIB)
technique. The micro-photoluminescence (pu-PL) from the embedded GaN/InGaN multi-quantum wells reveals
a blue shift of 68.3 meV in energy. In order to explain the spectrum shift, we have developed a valence force
field model to study the strain relaxation mechanism in a single GaN-based nanopillar structure. The strain
distribution and strain induced polarization effect inside the multiple quantum wells is added to our self-consistent
Poisson, drift-diffusion, and Schrodinger solver to study the spectrum shift of pu-PL.
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1. INTRODUTION

The III-nitrides have become very important materials for applications in optoelectronic'® and high power
electronics.®” The III-nitrides are direct bandgap materials which can directly emit light easily. The bandgap of
nitride alloys is from 6.2eV (AIN) to 0.7eV(InN) which covers from the UV light to the infrared. These properties
make it promising for many applications. The III-nitrides have now been widely applied in the quantum well
based light emitting diodes(LED) for UV and blue light sources. With the assistant of phosphors, it is possible
to convert the UV or blue light into green and red light so that making a white light source for LED becomes
feasible. However, it is difficult to directly make a green or a red quantum well LEDs with InGaN based materials.
As we know, there is a large lattice mismatch ~ 10% between InN and GaN. This large lattice mismatch leads
to a strong piezoelectric polarization field inside the quantum wells for the normally used c-axis growth. As
a result, the strong quantum confined Stark effect (QCSE) is observed in the quantum well structures. The
crystal quality also worsens due to stronger strain as we push the emission to longer wavelengths by increasing
the indium composition.

The strain related issues are difficult to be avoided since it always appears in during the epitaxial growth of
InGaN with an large area size. However, the development of nanotechnology has enabled the study of the optical
properties of the nanostructures. GaN-based nanostructures, such as nanorods, nanocones, or nanopillars, have
been fabricated via various methods.® 12 Several characterizations have been made on the properties of these
structures. However, few studies have clarified the emission mechanism from one single nanopillar. In our recent
work,'® we have made a GaN-based single nanopillar with a diameter of 300nm using the focused ion beam
(FIB) technique. The micro-photoluminescence (u-PL) from the embedded GaN/InGaN multi-quantum wells
(MQWs) reveals a blue shift of 68.3 meV in energy. The full width at half maximal (FWHM) is also broadened
due to the distribution of strain relaxation in the nanopillar.

In this paper, we have developed a valence force field model to to explain the u-PL spectrum in detail
and study the strain relaxation mechanism in a single GaN-based nanopillar structure. The strain distribution
and strain induced polarization effect inside the multiple quantum wells is added to our self-consistent Poisson,
drift-diffusion, and Schrodinger solver to study the spectrum shift and spectrum broadening effect of u-PL. The
emission spectrum under different strain and different carrier injection condition will be calculated and fitted
into the experimental results.
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Figure 1. (a) Schematic of the epitaxial structure and the deposited materials for nanopillar fabrication using a focused ion
beam. (b) The field-emission scanning-electron micrographic (FESEM) image of the fabricated free-standing nanopillar
with a diameter of 300 nm and a length of 2 pym.

2. EXPERIMENTS

In our previous work,'® we have made a nano-pillar structures as shown in Fig. 1(a). The epitaxial structure
of the device consists of a 2-um-thick GaN nucleation layer, a 2-pym-thick Si doped n-GaN cladding layer, ten
periods of Ing.2Gag.sN MQWs of 2.5nm thickness separated by a GaN barrier of 10nm thickness, a 100-nm-thick
AlGaN cladding layer, and a 100-nm-thick Mg-doped p-GaN layer. To prepare for the FIB milling, a 100-nm-
thick SiN, was deposited by plasma enhanced chemical vapor deposition (PECVD), followed by a 200-nm-thick
Al layer using electron-beam evaporation. Then a platinum (Pt) mask with a thickness of 500 nm was formed
by the FIB deposition mode in an area of 500 nm x 500 nm on the Al layer to provide localized protection from
the ion beam sputtering. Finally, a 30-keV Ga ion beam with a current of 100 pA was applied to remove the
material around the Pt mask in a four-step milling process. Fig. 1(b) shows the field-emission scanning-electron
micrograph (FESEM) of the fabricated single nanopillar. The fabricated well area was approximately 5 x 5 ym?,
while the dimensions of the fabricated nanopillar were 300 nm in diameter and ~ 2 pm in height. The p-PL
characteristics were investigated for the fabricated device with and without the Pt mask at room temperature.
The device was first put on a piezoelectric translator stage with a resolution of 2 nm, where the He-Cd laser
beam with a wavelength of 325 nm was focused on to a spot size of ~ 3 um by a 40x objective lens with a
numerical aperture (NA) of 0.5. The emission was then collected by the same objective lens, transmitted to a
charge-coupled device (CCD) and a 0.32 m spectrometer, and measured at a spectral resolution of 0.1 nm. After
collecting the pu-PL spectrum and the scanning image of the nanopillar with the Pt mask, the mask was removed
by the metal etcher and the same structure was scanned again. The emission from the nano-pillar was collected
by the same objective lens, and transmitted to a 0.32 m spectrometer with a spectral resolution of 0.1 nm and
a charge-coupled device (CCD). The emission image is shown in Fig. 2.

3. THEORETICAL MODEL

In order to study the strain inside the nano-pillar, we apply our previously developed simulation program based
on a valence force field(VFF) model.'* The VFF model is a microscopic model where the interaction between
each atom and its nearby atoms is considered. The total strain energy is expressed as function of atomic positions,
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Figure 2. (a) The measured micro-photoluminescence (u-PL) spectrum from the free-standing nanopillar with the Pt mask
and (b) without the Pt mask. The insets show the respective scanning CCD images of the device. Lorentzian analyses
of the measured spectra reveals additional photoluminescence, denoted as Lorentzian 3, in the shorter wavelength region,
which originates from the free-standing nanopillar.
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where d% denotes the unstrained bond length between atoms i and j, and 6y is the unstrained bond angle, and
cosfly = —1/3. The bond stretching a and bond bending 3 force constants are listed in Mattila et. al.'* The
strain energy of each atom is minimized by an iterative method to find the most stable configuration. Once the
system reaches the lowest energy, the strain distribution inside the structure can be obtained.

After obtained the strain distribution of the quantum well inside the nano-pillar structure, we can obtain the
piezoelectric polarization induced by strain by

Pez(mvyuz) = €31 (Eww(‘fayvz) +6yy($7y72)) +€336zz($7y,2), (2)

where e3; and ess are the piezoelectric coefficient and can be found in Ambacher, et. al.'® After obtaining
the piezoelectric polarization, the fixed polar charge can be obtained from the difference of piezoelectric and
spontaneous polarization field.

Since the P, is a distribution function of x, y, and z, we can calculate the piezoelectric polarization induced
charges of each unit cell by

Pp=(2,y,2) = (Pez(,y, 2 + d2) — Pe.(z,y,2))/d2. (3)

The calculated distribution of the polar charges inside the multiple quantum well is then used in the self-consistent
Poisson, drift-diffusion, and Schrodinger solver developed in our lab'® to study the band diagram, the emission
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Figure 3. The color maps show the calculated strain variations in a free-standing, rhombus-shaped Ing.2GagsN/GaN
nanopillar with a height of Z = 210 nm and an edge width of X = 320 nm for (a) in-plane strain tensor, 4z, (b) the 2d
plot of strain tensor, £, along z-direction at X = 1.92nm and X = 159.4nm (center), (c) vertical strain tensor, €., and
(d) the 2d plot of strain tensor, ¢, along z-direction at X = 1.92nm and X = 159.4nm (center).

spectrum and the changes of the full width half maximum(FWHM). The emission rate of multiple quantum wells
inside the nanopillar can be expressed as

e*n, hw
spon /d Z/ dkla’ plv.]|

m 5003712
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where F; ; is the average energy separation between electron state i and hole state j, n, is the refractive index,
and o is the inhomogeneous broadening factor. f¢ and f" are the occupancy of electrons and holes. |a - pi’j|2 is
the momentum matrix element between electronic state, ¢, and hole state, j. With the electronic band structures
and the energy states obtained from the self-consistent solver, we can apply Eqn. (4) to study the strength of
emission spectrum, wave length shift, as well as the screen effects of carrier injection ,and the band filling effects.
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4. RESULTS AND DISCUSSION

Figure 2 shows the measured u-PL spectra. The excitation power is 10 mW. Figure. 2 (a) and (b) are for
the device with and without Pt mask, respectively. The respective CCD images with a scanning area of 5x5
pm? are inserted as the insets. As shown in the inset of Fig. 2(a), the photoluminescence from the free-
standing nanopillar is weak, since the Pt mask blocks a significant amount of the excitation on to the nanopillar.
Moreover, since the measured spectrum is very similar to that of the as-grown planar structure, we believe that
the photoluminescence is mainly contributed by the emission from the periphery of the well. After the mask is
removed, the photoluminescence from the nanopillar becomes comparable to that from the well region, as shown
in the inset of Fig. 2(b). However, the spectrum without the Pt mask shows additional photoluminescence in the
shorter wavelength region, which is likely to originate from the free-standing nanopillar. The measured spectra
are then analyzed by the Lorentzian curve fitting. As shown in Fig. 2, two and three dominant Lorentzians
are found for the device with and without the mask, respectively, denoted as Lorentzian 1, 2, and 3. The
peak wavelengths and the FWHMs of the Lorentzian 1 and 2 in Fig. 2(a) are nearly identical to those in 2(b),
confirming that both of them are photoluminescence from the well region. Therefore, it is concluded that the
Lorentzian 3 is the PL originating from the free-standing nanopillar. Since the nanopillar experiences different
strain distribution from that of the as-grown planar structure, we hereafter refer to Lorentzian 3 as the PL from
the strain-relaxed region of the nanopillar and Lorentzian 1 as that from the strained region. Lorentzian 2 is not
discussed here due to its relatively small PL intensity. The peak wavelength and the FWHM of Lorentzian 3
are 435.3 nm and 30 nm, while those of the Lorentzian 1 are 446 nm and 22 nm, respectively. The PL from the
strain-relaxed region of the nanopillar shows a blue shift of ~68 meV in energy and a FWHM slightly broadened
by ~72meV, compared to those from the strained region.

There are several possible reasons for the blue shift and spectra broadening effect. One may be due to the
quantum confined effect in the nanopillar. However, the diameter of the nano-pillar is around 300nm, which is
too large to induce the quantum confined effect. The other may be due to the strain-related issues. As we know,
for the InGaN/GaN quantum well structures grown along c-axis, there exists a strong strain induced piezoelectric
polarization field inside the device. This will contribute to the band bending and red shift of spectrum, which is
well known as quantum confined Stark effects. The strain in the quantum well might be relaxed at the surface of
the nanopillar, which might reduce the polarization field and contribute to the blue shift of the spectrum as well
as the emission properties. It is therefore of great interest to investigate the strain variation in the nanopillar.
In order to study the strain distribution of the multiple quantum well inside the nanopillar structure, we apply
the valence force field model as shown by Eqn. (1). Once the atoms’ positions are known, calculating the strain
tensor distribution is straightforward with this model. To maintain the symmetry in a wurtzite structure, free-
standing, rhombus-shaped GaN pillars consisting of 10-pair Ing 2GaggN MQWs are defined with various edge
widths ranging from 60 nm to 320 nm. The pillars have a fixed boundary condition at the bottom and free
boundary conditions on other sides. Figure 3 shows the calculated strain-distribution. Figure 3(a) and 3(c) show
the strain tensor, €., and .., of the cross section of x-z plane at the center of y axis, respectively. Figure 3(b)
and 3(d) show the line plot at X = 1.92nm and X = 159.4nm (center) of strain tensor, ;. and €., respectively.
Both strain tensors show considerable relaxations on the outer shell of the nanopillar, and as-grown-like strain
distributions in the center of the nanopillar. The other in-plane strain tensor, €,, has a similar distribution to
that of €,,. As shown in Fig. 3(a), the strain relaxation of ., occurs at a distance of 40nm from the edge
of the nanopillar. At X = 1.92 nm, where the change of strain from the pillar center is most significant, there
exist substantial strain variations on the QW /barrier interfaces and a slight tensile strain of ¢, in the barriers.
We also observe a vertical distribution of €., in the Z direction, mainly arising from the stacking of MQWs.
Both in-plane and vertical strain tensors contribute to the polarization field and can be calculated by Eqn. (2).
Based on the calculated strain shown in Fig. 3 and the induced polarization charge calculated by Eqn. (3), we
can put this information into the self-consistent Poisson, drift-diffusion, and Schrodinger solver to calculate the
band structures of the multiple quantum wells. The parameters we will need for the calculation can be found in
Ambacher et. al.'

Figure 4 shows the calculated band structure of 10 pair MQW structure. The strain induced polarization
charge as a function of depth is fully considered in the simulation. As shown in Fig. 4, the band bending at the
center of the nanopillar is the strongest while the band bending at the edge is weakest at X = 1.92nm, where
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Figure 4. The calculated conduction and valence band profile of the multiple quantum well structures along z-direction
at x = 1.92,159.4nm, respectively.

the strain relaxation reaches the maximum. In order to compare the strength of the emission and compare the
energy shift of emission peak at different regions, we use the eigen function and eigen levels obtained from Eqn.
(4) to calculate the emission strength and energy shift. The results are shown in Fig. 5.

Figure 5(a) shows the calculated emission spectra of the quantum well at different regions when the total
injected electron density at 10'3cm~2. As shown in Fig. 5(a), the emission strength near the edge is the strongest.
For X > 30nm, the emission strength does not change too much. And this can be explained from Fig. 3 that
strain difference for X > 30nm is small compared to the center. The second is to compare the energy shift at
different location. Figure 5(b) shows the emission peak shift for the total injected electron density at 10'3cm~2.
The maximum emission peak shift is occurred at X = 1.92nm where there is 189 meV blue shift compared to
the center of the nanopillar. At X = 0.32nm, the strain relaxation is not the maximum at the surface so that
the energy shift maximum is not occurred here. Figure 5 (¢) shows the emission spectra peak versus different
location, X. The emission strength reaches the maximum at edge and decrease rapidly from X = Onm to
X = 30nm. The emission strength is almost constant after X > 30nm, where the electron-hole overlap does not
change to much here. Since the center of MQWs still suffers from strain with its magnitude comparable to that
of the as-grown planar structure, the photoluminescence from the center of the pillar contributes to the red-edge
emission, which is also partially overlapped with the PL from the strained region. Therefore, we believe that
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Figure 5. (a)The calculated spontaneous emission rates as a function of emission energy at different position of nano-pillar
with the same injected electron density at 10**cm™2; (b) The calculated spectrum peak shift from the center X = 159.4nm
to the edge. The maximum strain relaxation region is at X = 1.92nm, where we obtain the maximum energy shift; and
(c) the calculated emission peak strength from the center X = 159.4nm to the edge.
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the majority of the nanopillar photoluminescence blue shift originates from the strain-relaxed region, within a
distance of ~30 nm near the edge of the nanopillar as shown in Fig.5 (b). Moreover, the variation of strain
tensors in the relaxation region results in a spatially-varied polarization field, leading to the broadened emission
spectrum.

The final emission spectrum can be calculated by summation of the emission spectra at different area of each
region as shown in Fig 6(a). Therefore, the total emission strength R totq1(hw) can be obtained by

d
Rsp’toml:/ Rsp(hw, r)2mrdr (eVﬁlsfl), (5)
0

where d is the radius of the nanopillar and r is the distance to the center of the nanopillar, which is equal to
159.4 — X. The Ryp(hw,r) can be expressed by a Gaussian approximation where

—(hw — r))?
Rsp(hw, 1) = Resp peak (') €Xp ( (h Qijgeak( ) ) (cm~2eV s, (6)

Rgp peak (1) and Epeqr () are the emission peak strength and the peak energy, respectively, which can be obtained
by interpolating the data as shown in Fig. 5(b) and Fig. 5(c). Figure 6(b) and 6(c) show the summation of the
emission spectrum in Energy (eV) and in wavelength A (nm) by following Eqn. (5), respectively. The fitting
parameter o is set to be 84 meV in order to fit the experimental spectrum width as shown in Fig. 2. The red
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Figure 7. (a) The measured power-dependent u-PL spectra of the device without the Pt mask with excitation powers
ranging from 0.88 to 15.83 mW. Lorentzian analyses of the measured spectra are conducted and plotted for (b) the peak
intensity, (c) the emission wavelength, and (d) the FWHM of the PL from the strained and strain-relaxed regions.'?

dot line is the summation of the emission spectrum from X = Onm to X = 30nm and the green dash line is the
summation of the emission spectrum from X = 30nm to X = 159.4nm The two peak difference is around 74
meV, which is close to experimental fitting of 68 meV. Therefore, we think that the Lorentz 3 curve as fitted
in Fig. 2 is mainly from the emission within the 30 nm from the edge. Note that if we compare Fig. 2 (b) to
Fig.6 (c), there is a 20nm difference of total emission peak from experimental one to the theoretical result. We
think this may due to estimated errors of the indium composition, which might be slightly larger than 20 % of
indium in the quantum well. It might also be from the estimation error of InGaN bandgap in the simulation,
where a linear interpolation is used to calculate the bandgap. However, the overall trend is matched with the
experimental result.

Figure 7(a) shows the measured power-dependent u-PL spectra of the device without the Pt mask with
excitation powers varying from 0.88 to 15.83 mW. The emission peak shows a slightly blue shift as expected due
to the carrier screening of QCSE. The peak intensities, emission wavelengths, and FWHMSs of the PL from the
strained and the strain-relaxed regions are derived from the Lorentzian fitting of the measured spectra, as plotted
in Fig. 7(b) to 7(d) respectively. As seen in Fig. 7(b), the PL intensity of the strained region first increases with
excitation power, and then gradually saturates for excitations larger than 6.05mW. The saturation can also be
observed in the wavelength shift and the FWHM, as shown in Fig. 7(c) and 7(d), respectively. On the other
hand, the peak intensity and the FWHM of the PL from the strain-relaxed region are monotonically increasing
with the excitation. The wavelength blue shift is also more significant than that of the strained region. As the
carrier density in InGaN MQWs increases with the incident power, the emission wavelength shifts towards smaller
wavelengths and the spectrum becomes broader due to band filling and the screening effect of the piezoelectric
field.! However, the radiative recombination process can reduce the band filling effect in MQWs. As shown in
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Fig.5 (a), the estimated emission strength due to the strain relaxation is around 5 times larger than the emission
at the center of the nano-pillar. Therefore, to saturate the emission at the strain relaxation region, we will need
much higher power (i.e. > 6.05 mW in this cases). Figure 7(b) to 7(d) suggest that the transition bands are
nearly filled in the strained region, where the peak intensity, wavelength shift, and the FWHM vary slowly under
high excitation powers. Since the PL from the strain-relaxed region still exhibits the band filling effect under
the same excitation condition as the strained region, it is concluded that the radiative recombination rate of the
strain-relaxed region is faster than that of the strained region. This is also observed in the simulation results.

Although the strain-relaxed region only occurs at a thin outer shell of the nanopillar — making the direct
measurement of the spontaneous emission rate difficult -we believe that fully strain-relaxed nanopillars with a
diameter less than 80nm have great potential for highly efficient UV /blue light sources. Many studies have
also been made on the power-dependent PL characteristics of an ensemble of nanorods with embedded InGaN
MQWs, 117 where the screening effect, band-filling, and the activation energy of localized indium clusters have
been discussed. However, since the power density of a p-PL measurement is approximately four orders of
magnitude larger than that of a conventional PL measurement, only the dominant band-filling effect is taken
into account.

5. CONCLUSION

In conclusion, we have built a model to analyze the strain distribution and band profile of the MQWs inside the
nanopillar structures. Our calculation shows that the energy shift and spectrum broadening could be strongly
related to the strain relaxation at nanopillar edge (~ 30 to 40nm from the edge). Our calculation also sug-
gests that the emission strength is much stronger at the edge compared to the center, which is also observed in
the experimental results. It is also possible that other processes including photon extraction and non-radiative
recombination may also be involved and further studies are necessary to completely clarify the emission mech-
anism. Nonetheless, we believe that strain-relaxed InGaN-based nanopillars can be a promising candidate for
highly efficient UV /blue light sources.
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