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1. Introduction

In this paper, luminescent properties of InGaN/GaN single quantum well (QW) light
emitting diode structures grown on the facets of GaN nano-pyramid arrays were studied by
spatially and spectrally resolved room temperature cathodoluminescence (CL). Quantitative
interpretation of CL measurements has been performed using Monte Carlo (MC) method. For
these studies, MC simulator programmed in MATLAB has been developed, which allows
modeling of an interaction of accelerated primary electrons with the solid matter using
mathematical algorithms based on random change of direction and magnitude of scattering,

previously studied by [1-4] and others.

2. Experimental

Room temperature CL measurements were performed in FEG SEM LEO-1550 using
optical collection system with spectral range 200-2000 nm, consisting of elliptical mirror in
the microscope chamber which directs emitted light from the sample towards an external
collimator. Photomultiplier with narrow-band optical filter has been used for measurement of

spectrally-resolved CL maps and optical fibre spectrophotometer for CL spectra.

3. Results and discussion

Fig. 1a) shows the ordered array of GaN nano-pyramids with InGaN/GaN QWs
grown on the GaN facets. Height of nano-pyramids is ~300 nm and typical period of the
array is 460 nm. Corresponding Integral cathodoluminescence (ICL) map obtained at
acceleration voltage of U,.= 3 kV is shown in Fig. 1b). Collected map reveals very low ICL
signal from the top of pyramids, whilst the rest of the surface of nano-pyramids shows

relatively high luminescence.
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Fig.1: a) SEM image of GaN nano-pyramids with InGaN/GaN QWs on the facets, b) corresponding
ICL distribution at Uy, = 3 kV, ¢) CL spectra taken at various acceleration voltages [5],[6]

Fig. 1c) shows the CL spectra of the sample recorded at U, = 3, 5 and 10 kV from the facet
of the pyramids. Three typical peaks can be observed — a sharp emission peak at ~365 nm
associated with GaN, middle peak centered at ~415 nm associated with InGaN QWs and a
broad band with the maxima at ~550 nm

corresponding to deep levels in GaN. It is evident, , GaN (30nm)

Upe " InGaN (5 nm)

that the total signal from the sample increases with <7

increasing acceleration voltage, although this
increase is not uniform for whole spectral range.
For example, near band edge GaN peak strongly
increases with acceleration voltage, whilst the
signal from InGaN QWs increases very slightly.

Qualitative in-depth study of the phenomena

has already been published in [5] and [6], but
quantitative study is still missing. MC simulation
has been used for quantitative assessment of the
contribution of individual parts of the nano-
pyramid QW structure to CL signal. The cross-
section of a single nano-pyramid used in

b) 50 nm
simulations is schematically illustrated in Fig. 2a).

Fig.2: a) Cross section of single nano-
Simulated trajectories of the first 200 electrons of  pyramid used in MC simulations, b) 200
electron beam at U,, =3 kV in the facet of nano- simulated electron trajectories at 3kV
pyramid are shown in Fig. 2b). Simulation was executed for 10* primary electrons using

models described in detail in [7] and [8]. At the same time, random diffusion of generated
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charge carriers from each point of interaction between primary electrons and the sample was
simulated. It was assumed, that each carrier randomly crosses & times a constant distance ds.
After passing the distance k-ds, the carriers were considered to be recombined. These
parameters were estimated during simulations to approach the simulated data to the real value
of diffusion length in such nanostructures. Finally, the simulations were performed for
diffusion length of ~100 nm, with corresponding parameters £ = 500 and ds = 5 nm. During
the simulations, all recombinations were assumed as radiative, where contribution of non-

radiative recombinations to the CL spectra has been neglected.
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Fig.3: a) Simulated dependence of number of recombinations on U, in different parts of InGaN/GaN
OW nano-pyramid structure for L = 100 nm, and b)simulated dependence of the ratio of CL signal
Sfrom InGaN QW to GaN surrounding layers on U, for L = 100 and 360 nm

The dependencies of number of recombinations on acceleration voltage U,. for
different parts of the nano-pyramid structure are compared in Fig. 3a). At the first glance, the
lowest signal arises from 30 nm thick top GaN layer with the maxima at~3 kV. The
luminescence from QW increases with increasing of U, reaches the maxima at ~6 kV and
then very slowly decreases, because of longest mean free path of primary electrons at higher
energies. On the other hand, the measurements in Fig. 1c) show a slight increase of InGaN
peak with increasing of U,,.. It can be also seen, that CL signal from surrounding GaN regions
is smaller than from InGaN at the voltages below ~7 kV, where at least half of all generated
carriers is trapped by 5 nm thick InGaN QW during their random diffusion. Measurements
and simulations for U,. above ~7 kV show stronger signal from GaN than from InGaN due to
increasing of penetration depth of primary electrons. At U, = U, = ~7kV, signal from
InGaN is equal to the signal from GaN. Fig. 3b) shows simulated dependence of InGaN/GaN

recombination ratio on the U,,, i.e. the ratio of CL signal from InGaN to CL signal from GaN
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for diffusion lengths 100 and 360 nm. For larger diffusion lengths, more generated carriers
reach the QW region what leads to increase in CL signal from InGaN. This causes also the
shift of U towards higher acceleration voltages. This knowledge is of practical importance,
when the diffusion length in such heterostructure is unknown. The estimation of its real value
can be provided from the comparison of Uj obtained from measurements and MC simulations
of InGaN/GaN recombination ratio for various diffusion lengths. When comparing the
simulations with measurements of CL spectra, slight deviations can be observed. These can

originate from considering of defect-free material, from inaccuracies in used models etc.

4. Conclusion

In this work, CL from periodic GaN nano-pyramid array with InGaN/GaN QWs on
the facets has been quantitatively studied by MC simulations. CL spectra measured at various
acceleration voltages are compared with simulations, and good quantitative agreement has
been achieved. The possibility to determine the diffusion length of generated carriers in the
structures like InGaN/GaN QWs using developed MC simulator in combination with CL

measurements has been demonstrated.
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