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Abstract

Vertical oriented GaN microrods were grown by metal-organic vapor phase epitaxy with four different
n-type carrier concentration sections above 10'* cm ™ along the c-axis. In cathodoluminescence
investigations carried out on each section of the microrod, whispering gallery modes can be observed
due to the hexagonal symmetry. Comparisons of the spectral positions of the modes from each section
show the presence of an energy dependent mode shift, which suggest a carrier-induced refractive
index change. The shift of the high energy edge of the near band edge emission points out that the
band gap parameter in the analytical expression of the refractive index has to be modified. A proper
adjustment of the band gap parameter explains the observed whispering gallery mode shift.

1. Introduction

The presence of whispering gallery modes (WGMs) with high quality (Q-)factors as well as lasing activity in GaN
microrods enable their use as optical microcavities in applications such as polariton and photon lasers and
ultrasensitive optical sensors [1-7]. Beside the size and shape of the microrods, the refractive index determines
the optical properties of microcavities such as spectral positions of the WGMs. Therefore, it is important to
know to identify processes, which influence the refractive index. The analysis of WGMs from microrod
structures have already been used to determine the refractive index of GaN [8]. In such microrods, high carrier
concentrations above 2 x 10*° cm ™ have been reported [9]. High carrier concentrations might modify the
refractive index as it has been proposed in [10]. The current-induced refractive index change for carriers injected
into a GaN based laser diode has already been reported [11]. In this letter, the influence of different high carrier
concentrations on the refractive index of GaN will be investigated. GaN microrods were grown with four
sections each having different doping concentrations. Cathodoluminescence (CL) measurements on each
section show WGMs and a spectral energy dependent WGM shift as well as a shift of the near band edge (NBE)
emission. The band gap parameter in the analytical expression of the refractive index can be modified to explain
the WGM shift.

2. Experimental

The GaN microrod samples were grown by a self-catalyzed vapor-liquid-solid (VLS) method on 2 inch ¢-plane
sapphire substrates utilizing an Aixtron 200RF horizontal flow metal-organic vapor phase epitaxy (MOVPE)
reactor [12]. Trimethylgallium (TMGa), silane, hydrogen, and ammonia were used as precursors. Silane is
needed for n-type doping and enhances the vertical growth due to the formation of surface SiN acting as a

© 2015 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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stabilization and antisurfactant layer [13]. The samples are grown at a pressure of 100 mbar and a susceptor
temperature of 1150 °C. A V/III ratio of 6-25 was adjusted. All further details concerning growth can be found
in [6, 12]. Scanning electron microscopy (SEM) and room temperature (RT) CL measurements were performed
utilizing a Hitachi S4800 in combination with a Gatan MonoCL setup. For the SEM images and CL
measurements an acceleration voltage of 5 keV and a sample tilt of 60° were used. Raman measurements were
performed at RT in backscattering configuration using a LabRam HR800 spectrometer from Horiba Scientific.
The linearly polarized laser emitting at 457 nm was focused by a 100 X objective (numerical aperture 0.9)
resulting in a diameter of the normally incident probing beam of 0.7 ym and in a laser power on the sample
surface of ~582 yW using a filter.

3. Theoretical background

WGMs in a hexagonal structure are based on reflections of light either at six or three sidewall facets, designated
as hexagonal or triangular WGMs, respectively [14]. In hexagonal cavities consisting of materials having a
refractive index n > 2 (withn = 1 outside the cavity), triangular WGMs are dominant because Q-factors by up
to two orders of magnitude higher compared to Q-factors from hexagonal WGMs are possible due to strong
coupling of superscar modes [15]. Coupling of triangular WGMs results in a suppressed field distribution at the
corners, thus reducing the scattering losses at the corners. Recalculations of the spectral positions of WGMs
from microrods presented in a previous work [ 1] show much better agreement if triangular WGM:s are used
instead of hexagonal WGM s together with a multiplication of the refractive index by a fairly uncommon factor
0f0.9103.

Spectral positions Awgm of triangular WGMs, which are observed for the investigated microrod, can be
calculated applying a simple plane wave model [14, 16]:

343 A 3 to—4
ENERRTCY] PNSRE RN P LNk I "
2 NGaN T 3

Nis the mode number, f3is 1,y for transversal electric (TE) and ng,y for transversal magnetic (TM)
polarization, respectively. The inner diameter d; can be measured by SEM. The refractive index ng,y of GaN in
the transparent region below the band gap can be determined from the real part of the dielectric function g
measured on strain free and undoped GaN by spectroscopic ellipsometry using né, = & [17, 18]. The
experimental data of the ordinary and extraordinary refractive index are shown in figure 1. The following
equation derived from the Kramers—Kronig relation can be used for analytical expression of the experimental
data[19]:

Ef — E?
2[ﬂln i 4 Ak ] )

néaN:sl:lJr; 2 El-E  E-PE
The E, parameter represents the effective band gap energy of GaN, Ay and A, are magnitude parameters and E; is
the contribution of all high-energy optical transitions [19]. Using the parameters summarized in table 1, good
agreement is achieved in a range between 1-3.37 eV for the ordinary and 1-3.36 eV for the extraordinary
refractive index.

It has already been shown that the NBE emission peak position is dependent on the carrier concentration
[20,21]. A shift towards higher (lower) energy is expected for increasing carrier concentrations above (below)
~8x10"® cm ™ due to the Burstein—Moss effect (band gap narrowing) [10, 20, 22, 23]. Therefore, it is necessary
to check the influence of the band gap parameter E; in the analytical expression of the refractive index. The
ordinary and extraordinary refractive index has been calculated with a band gap parameter modified by +25 and
+50 meV, respectively. It is shown in the upper graph of figure 1 that an increase of E, slighlty decreases the
refractive index. The lower graph in figure 1 displays the difference between the initial refractive index and the
modified one. In the lower energy range there is only a small deviation. However, in the energy range close to the
band gap there is a significant deviation of larger than 2%. Increasing E,, leads to a decreased differential change
of the refractive index.

4, Results and discussion

4.1. Growth of GaN microrods with four different doping sections

A GaN microrod sample was grown with four sections of different doping concentrations along the c-axis. A
sketch of the growth sequence is shown in figure 2. To initialize microrod growth, a high TMGa flow of 40 sccm
(180 umol min ") is applied for 20 s. To improve the optical properties, TMGa was then reduced to a flow of
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Figure 1. The upper plot shows the ordinary and extraordinary refractive index of GaN. The black symbols are experimental data
taken from [17, 18]. Each solid line is a best fit using equation (2) together with the parameters in table 1. Each dashed and dotted line
is calculated with a modified E, parameter plus 25 and 50 meV, respectively. The lower plot shows the corresponding energy
dependent deviation Ang,n,ord (difference between the dashed/dotted and solid lines).

Table 1. Best fit parameters for equation (2) of the experimental data
shown in figure 1 for the ordinary and extraordinary refractive index of
GaN, valid in a range between 1.00-3.37 eV and 1.00-3.36 eV,

respectively.

Refractive index Ay A, (eV) E, (eV) E, (eV)
Ordinary 1.52001 44.0405 3.40581 8.52205
Extraordinary 1.72242 43.4421 3.41977 8.08019
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Figure 2. Growth scheme (left) and definition of the four sections of the microrod (right) with different Si doping concentrations. The
basis of the microrod, grown with a higher TMGa flux, has different optical properties compared to the upper part and is therefore not
considered in this study.
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Figure 3. (a) shows an SEM image and (b) the corresponding panchromatic CL map of a microrod. The four sections of the microrod
with different silane flows can be separated by the transitions with different CL contrast and are highlighted by the white dashed
arrows. (c) CL spectra of the four sections each recorded with a fixed electron beam at the center of each section (shifted for clarity).
The black dashed and dotted lines are calculated TM and TE triangular WGMs with mode numbers 18—34 and 21-32, respectively. (d)
Graph shows the shift of the NBE emission and of four WGMs at different spectral positions (left axis). Furthermore, the FWHM of
the NBE emission is plotted (right axis).

10 sccm within 50 s [6, 12, 24]. Afterwards, four microrod sections each with a growth time of 5 min and with
different Si doping concentrations were deposited.

4.2. CLinvestigations of a single GaN microrod
Amongan ensemble of differently sized microrods, a long GaN microrod is chosen for further investigations
with a height and inner diameter 0£9.21 + 0.04 and 1.75 £ 0.01 um, respectively. The diameter along the
microrod axis is constant within the error range, i.e., no tapering such as in previous reported GaN wires is
present [25] (for the details of the diameter measurements see the supplementary material). The SEM image of
the microrod and the corresponding panchromatic CL image are shown in figures 3(a), (b). The basis grown
with a high TMGa flux has poor optical properties (strong yellow defect luminescence and weak GaN NBE
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Table 2. Summary of the carrier concentrations N obtained from FWHM of NBE emission (see figures 3(c),
(d)) and from the LOPPCM-position in the Raman spectra (see figure 4). The LOPPCM-measured at
515 cm™! corresponds to contributions from sections 1, 2 and 4.

Silane flow FWHMyge NrwHM LOPPCM- Nroppem-
Section (x0.045 ymol min™") (meV) (em™) (em™) (cm™)
1 1 106.0 3.1 x 10%° ~515 ~5.4 % 10"
2 4 141.0 7.6 x 10" ~515 ~5.4 % 10"
3 7 163.7 1.2 x 1020 528 2.7 % 10%°
4 0 102.9 2.8 x 10%° ~515 ~5.4x 10"

emission) and is not considered for the following investigations. Details on the optical properties can be found in
[6]. The upper part of the microrod grown with alow TMGa flux having improved optical properties can be
separated into four sections defined in figure 2: between each section there is a thin layer of different contrast
visible in the panchromatic CL map in figure 3(b). From each section a CL spectra was recorded while fixing the
focused electron beam at the center of each section (see figure 3(c)). Dominating NBE emission as well as weak
yellow luminescence centered at 2.2 eV and surface related emission at 2.7 eV are visible [26].

4.3. Observation of WGMs in each section of the microrod

Independent of the respective section of the microrod, WGMs are observed in the energy range from the NBE
emission to the yellow defect luminescence. The spectral positions of the WGMs in the blue spectrum obtained
from section 1 have been calculated using equation (1). The inner diameter used for the calculation was set to
1779.8 nm, which is in good agreement with the measured inner diameter of 1.75 = 0.01 ym. The band gap
parameter Ey was modified in order to get the best agreement between experimental and calculated data. For the
ordinary and extraordinary refractive index, E, was set to 3.386 and 3.429 eV to fit with the TE and TM WGMs,
respectively. The calculated spectral positions of the WGMs are also in agreement with the black spectrum from
section 4, but not in good agreement with the green and red spectra from sections 2 and 3, respectively, especially
in the high energy range.

Figure 3(d) displays the energy shift of four selected WGMs at different energetical positions. Thereis a
WGM shift towards higher energy with increasing silane flow and the shift is more pronounced at higher
energies. The TM ;o WGM at ~2.15 eV shows only a small shift of up to 6 meV whereas the TM3;, WGM at
~3.34 eV is shifted by 30 meV with respect to the spectrum from section 1.

Due to the superposition of the NBE emission with WGMs, the NBE emission peak position can not
unambiguously be determined. Compared to section 1, a NBE emission peak shift of ~10 and ~20 meV for
sections 2 and 3, respectively, can roughly be estimated. However, these values are not very reliable due to the
presence of WGMs at the peak and low energy edge of the NBE emission. A more precise estimation is possible
when only considering the high energy edge of the NBE emission at half maximum which is not in superposition
with WGMs. The shift is displayed in figure 3(d) (black line). With increasing the silane flow a shift up to 34 meV
towards higher energy is observed, which can be explained by the Burstein—Moss effect.

4.4. Determination of the carrier-concentration by analysis of the FWHM of the GaN NBE emission

The FWHM of the NBE emission of each spectra was determined and is shown in figure 3(d) (right axis). Values
in arange between 100—160 meV are present. The carrier concentration of each section was estimated from the
FWHM of the NBE emission according to [27] and are summarized in table 2. High n-type carrier
concentrations up to 1.2 X 102° cm ™~ were found. The estimated carrier concentrations reveal that not all the
supplied Siatoms are incorporated into GaN as dopants. An increase of silane supply by a factor of 4 and 7
enhances the carrier concentration only by a factor of ~2 and ~3, respectively. This is attributed to the self-
catalytic VLS growth of the microrods and the low solubility of Si atoms into the Ga droplet on top of rod leading
to enhanced formation of SiN on the sapphire surface and on the sidewalls of the rods acting as a sink for Si

[12, 13, 28]. The high carrier concentrations above 1x 10'° cm™ in all four sections of the microrod are in
agreement with the trend showing a shift of the high energy edge of the NBE emission towards higher

energies [21].

4.5. Determination of the carrier-concentration by analysis of the Raman spectra

Micro-Raman measurements were used as an additional method to determine the carrier concentration in the
microrod [29, 30]. The micro-Raman spectra in figure 4 recorded on a single microrod show the A;(TO),
E,(TO)and EZH (TO) modes at 531.3,558.2 and 567.2 cm™ !, respectively. The values are comparable to Raman
measurements on high-quality nonpolar and strain-free GaN substrates grown by hydride phase epitaxy [31].
The spectral position of the longitudinal optical phonon plasmon coupled mode (LOPPCM) provides
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Figure 4. Micro-Raman spectra measured on a single microrod in top and side configurations shown in the inset. The dashed lines at
o7 =531.3 cm ' and w; =734 cm™ " indicate the positions of the TO and LO phonon frequency in the uncoupled mode, respectively.

information about the carrier concentration. A LOPPCM-and a LOPPCM+ peak show up below the transversal
optical (TO) phonon frequency in the uncoupled mode @y (=531.3 cm™') and above the LO phonon frequency
in the uncoupled mode w; (= 734 cm™") for high and low carrier concentrations, respectively. The following
equation, derived from the dielectric function, reproduces the N dependent LOPPCM = frequency w,. [32]:

o = 3 (01 + o) 2 [ (0f + i) - wjot g

with the plasmon frequency w, = /47zNe?/(e,,m*), eas the elementary charge, £, = 5.3 as the optical
dielectric constant of GaN and m* = 0.216 as the effective mass of an electron in GaN valid for high doping
concentrations [33].

Two measurement configurations have been used for the micro-Raman investigations as illustrated in the
inset of figure 4 [34]. In the x (z, —) % configuration, i.e., laser excitation and detection is perpendicular to the
microrod side-wall facet, the intense A;(TO) mode at ~531.3 cm ™' covers the LOPPCM-peak. The latter is
expected to be located between 500-531.4 cm ™ for high carrier concentrations above 3 x 10"* cm ™, as for the
microrod in the present study. Therefore, each section of the microrod can not be analyzed by micro-Raman
with respect to the LOPPCM-peak. The A;(TO) mode is not allowed in the z (x, —)Z configuration, i.e., laser
excitation and detection is perpendicular to the microrod top facet, however, all sections are probed at once.
Two LOPPCM-peaks are visible at 515 and 528 cm ' corresponding to 5.4 X 10*° and 2.7 x 102 cm ™,
respectively, using equation (3). The LOPPCM-at 528 cm ™ originates from section 3 of the microrods, while
the LOPPCM-at 515 cm ™" is a superposition of all other sections. The carrier concentrations obtained from
micro-Raman measurements and from the FWHM of the NBE emission are in good agreement as can be seen in
table 2. Finally, there is a peak at 735.5 cm ™' referred to a A;(LO)/LOPPCM+, which is expected to stem from
unintentional doped GaN located at the base of the microrod formed during the initial microrod growth. Such a
peakat 735.5 cm ' (corresponds to a carrier concentration of 6 x 10'® cm ™ using equation (3)) can also be
observed in unintentional doped GaN layers grown in the used MOVPE system (not shown here).

4.6. Adjusting the refractive index band gap parameter towards fitting of the spectral energy dependent
WGM shift

Concerning the WGM shift, the NBE emission shift, and the FWHM, there is no significant difference between
the spectra from sections 1 and 4, i.e., there is still some Si incorporation taking place after switching off silane
supply during growth of section 4. High temperature decomposition of the surface SiN might act as a source
leading to a background doping effect.
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Figure 5. Graph shows a detailed view of three WGMs TM ¢ (left graph), TM,, (center graph), and TM3, (right graph) from the four
spectra obtained from each section of the microrod. The blue dashed, green dashed—dotted, and red dotted lines are calculated spectral
positions of each WGM with Eg ¢,y = 3.429 €V, Eg ey = 3.458 eV, and Eg e = 3.480 eV, respectively.

Figure 5 is showing a detailed view of three selected modes at different spectral positions with a small and
large WGM shift at low and high energies, respectively, as already shown in figure 3(d). The blue dashed lines are
the calculated TM;g 5434 WGMs similar to figure 3(c). The new spectral positions of the WGM:s for the green and
red spectra obtained from sections 2 and 3, respectively, were also calculated. For that purpose, the band gap
parameter Ey was set to 3.457 eV for the green spectra and to 3.480 eV for the red spectra, i.e., the initial Ey used
for the blue spectra was modified by +28 and +51 meV. The trend of these values is in agreement with the high
energy edge shift of the NBE emission. The green dashed—dotted and red dotted lines in figure 5 are in good
agreement with the new spectral positions of the WGMs in the green and red spectra. The same modification of
the ordinary refractive index is also in good agreement with the observed shift of the TE WGM:s (not
shown here).

It was already stated that the diameter along the microrod is constant, however, a small variation of a few nm
might not be measureable via SEM. Using equations (1) and (2) it can be calculated that a diameter reduction of
10 nm for the microrod having a diameter of 1780 nm would lead to a blue shift of 11, 13, 13 and 7 meV for the
TM9, TM,4, TM30, and TM 34 WGM, respectively (for the details of the diameter dependent WGM shift see the
supplementary material). Comparing these values with the observed WGM shift in figure 3(d), which shows an
increasing WGM shift with increasing N, it is clear that a diameter variation can not be responsible for the
observed WGM shift.

Siis known to induce tensile strain in a GaN layer leading to a reduction of the band gap [35-37]. Thisisin
contrast with the data presented in figure 3(d) showing a blue shift with increasing the Si doping concentration
and can therefore not be considered as a reason for the observed WGM shift.

Itis clear that the carrier concentration effects the refractive index change, which leads to a WGM shift. The
high carrier concentration induces a Burnstein—Moss shift, i.e., an increase of the band gap. A modification of
the band gap parameter E, in the refractive index equation (2) is therefore a proper tool to explain the WGM
shift caused by different carrier concentrations.

The present study is not only limited to the GaN material system, but can also be applied to other material
systems such as ZnO [38].

5. Conclusion

In conclusion, GaN microrods with four different doping concentration sections were grown by MOVPE. The
carrier concentration in the range between 10'°~10*° cm ™ was determined by the FWHM of the NBE emission
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and confirmed by an analysis of the micro-Raman spectrum. Spatially and spectrally resolved CL investigations
have been performed on the microrods. The four sections of the microrod can clearly be identified in the
panchromatic CL map and from each section a CL spectrum was recorded. Independent of the respective section
of the microrod, WGMs are observed and there is a spectral energy dependent shift observed for the sections
with increasing carrier concentrations. The new positions of the WGM:s can be calculated by modification of the
band gap parameter of the analytical expression of the refractive index, which accompanies with the observed
NBE emission high energy edge shift.

Acknowledgments

The research leading to these results has received funding from the European Union Seventh Framework
Programme [FP7/2007-2013] under grant agreement n° 280566, project UnivSEM and from the DFG (German
Research Society) research group ‘Dynamics and Interactions of Semiconductor Nanowires for Optoelectronics’
(project number FOR 1616).

References

1] Tessarek C, Sarau G, Kiometzis M and Christiansen S 2013 Opt. Express 21 2733
2] Tessarek C, Heilmann M and Christiansen S 2014 Phys. Status Solidi C 11 794
3] VahalaKJ 2003 Nature 424 839
4] Christopoulos S et al 2007 Phys. Rev. Lett. 98 126405
[5] Trichet A, Médard F, Zuaiiga-Pérez J, Alloing B and Richard M 2012 New J. Phys. 14 073004
[6] Tessarek Cetal2014 ACS Photonics 1990
[7] Vollmer F and Arnold S 2008 Nat. Methods 5 591
[8] Coulon P M, Hugues M, Alloing B, Beraudo E, Leroux M and Zuiniga-Pérez ] 2012 Opt. Express 20 18707
[9] Tchoulfian P, Donatini F, Levy F, Amstatt B, Dussaigne A, Ferret P, Bustarret E and Pernot ] 2013 Appl. Phys. Lett. 103 202101
[10] Bulutay C, Turgut C M and Zakhleniuk N A 2010 Phys. Rev. B 81 155206
[11] Schwarz UT, Sturm E, Wegscheider W, Kiimmler V, Lell A and Hirle V 2004 Appl. Phys. Lett. 85 1475
[12] Tessarek C, Bashouti M, Heilmann M, Dieker C, Knoke I, Spiecker E and Christiansen S 2013 J. Appl. Phys. 114 144304
[13] Tessarek C, Heilmann M, Butzen E, Haab A, Hardtdegen H, Dieker C, Spiecker E and Christiansen S 2014 Cryst. Growth Des. 14 1486
[14] Grundmann M and Dietrich CP 2012 Phys. Status Solidi B 249 871
[15] SongQ, Ge L, Wiersig ] and Cao H2013 Phys. Rev. A 88 023834
[16] Wiersig] 2003 Phys. Rev. A 67 023807
[17] Feneberg M, Romero M F, Roppischer M, Cobet C, Esser N, Neuschl B, Thonke K, Bickermann M and Goldhahn R 2013 Phys. Rev. B
87 235209
[18] Buchheim C, Goldhahn R, Rakel M, Cobet C, Esser N, Rossow U, Fuhrmann D and Hangleiter A 2005 Phys. Status Solidi B 242 2610
[19] Shokhovets S, Goldhahn R, Gobsch G, Piekh S, Lantier R, Rizzi A, Lebedev V and Richter W 2003 J. Appl. Phys. 94307
[20] Yoshikawa M, Kunzer M, Wagner J, Obloh H, Schlotter P, Schmidt R, Herres N and Kaufmann U 1999 J. Appl. Phys. 86 4400
[21] Prystawko P, Leszczynski M, Beaumont B, Gibart P, Frayssinet E, Knap W, Wisniewski P, Bockowski M, Suski T and Porowski S 1998
Phys. Status Solidi B 210 437
[22] Schenk HP D, Borenstain SI, Berezin A, Schon A, Cheifetz E, Khatsevich S and Rich D H 2008 J. Appl. Phys. 103 103502
[23] Feneberg M etal2014 Phys. Rev. B90 075203
[24] Tessarek C, Figge S, Gust A, Heilmann M, Dieker C, Spiecker E and Christiansen S 2014 J. Phys. D: Appl. Phys. 47 394008
[25] Tessarek C, Dieker C, Spiecker E and Christiansen S 2013 Japan. J. Appl. Phys. 52 08]E09
[26] ReshchikovM A and Morkoc H 2005 J. Appl. Phys. 97 061301
[27] Schubert E F, Goepfert I D, Grieshaber W and Redwing ] M 1997 Appl. Phys. Lett. 71 921
[28] Schmidt V, Wittemann JV and Gésele U 2010 Chem. Rev. 110 361
[29] Richter E, Stoica T, Zeimer U, Netzel C, Weyers M and Trinkle G 2013 J. Electron. Mater. 42 820
[30] Harima H, Sakashita H and Nakashima S 1998 Mater. Sci. Forum 264 1363
[31] Fujito K, Kiyomi K, Mochizuki T, Oota H, Namita H, Nagao S and Fujimura I 2008 Phys. Status Solidi A 205 1056
[32] Harima H 2002 J. Phys.: Condens. Matter 14 R967
[33] FenebergM, Lange K, Lidig C, Wieneke M, Witte H, Blasing J, Dadgar A, Krost A and Goldhahn R 2013 Appl. Phys. Lett. 103 232104
[34] Sarau G, Heilmann M, Latzel M and Christiansen S 2014 Nanoscale 6 11953
[35] CallejaE, Sanchez-Garcia M A, Sanchez FJ, Calle F, Naranjo F B, Mufioz E, Molina S I, Sinchez A M, Pacheco F ] and Garcia R 1999
J. Cryst. Growth 201/202 296
[36] Romano LT, de Walle CGV, Ager IIIJ W, Gétz W and Kern R $ 2000 J. Appl. Phys. 87 7745
[37] Stringfellow G B2010 J. Cryst. Growth 312735
[38] Nobis T, Kaidashev E M, Rahm A, Lorenz M and Grundmann M 2004 Phys. Rev. Lett. 93 103903



http://dx.doi.org/10.1364/OE.21.002733
http://dx.doi.org/10.1002/pssc.201300421
http://dx.doi.org/10.1038/nature01939
http://dx.doi.org/10.1103/PhysRevLett.98.126405
http://dx.doi.org/10.1088/1367-2630/14/7/073004
http://dx.doi.org/10.1021/ph500220v
http://dx.doi.org/10.1038/nmeth.1221
http://dx.doi.org/10.1364/OE.20.018707
http://dx.doi.org/10.1063/1.4829857
http://dx.doi.org/10.1103/PhysRevB.81.155206
http://dx.doi.org/10.1063/1.1789243
http://dx.doi.org/10.1063/1.4824290
http://dx.doi.org/10.1021/cg500054w
http://dx.doi.org/10.1002/pssb.201100159
http://dx.doi.org/10.1103/PhysRevA.88.023834
http://dx.doi.org/10.1103/PhysRevA.67.023807
http://dx.doi.org/10.1103/PhysRevB.87.235209
http://dx.doi.org/10.1002/pssb.200541265
http://dx.doi.org/10.1063/1.1582369
http://dx.doi.org/10.1063/1.371377
http://dx.doi.org/10.1002/(SICI)1521-3951(199812)210:2<437::AID-PSSB437>3.0.CO;2-L
http://dx.doi.org/10.1063/1.2919775
http://dx.doi.org/10.1103/PhysRevB.90.075203
http://dx.doi.org/10.1088/0022-3727/47/39/394008
http://dx.doi.org/10.7567/JJAP.52.08JE09
http://dx.doi.org/10.1063/1.1868059
http://dx.doi.org/10.1063/1.119689
http://dx.doi.org/10.1021/cr900141g
http://dx.doi.org/10.1007/s11664-012-2373-2
http://dx.doi.org/10.4028/www.scientific.net/MSF.264-268.1363
http://dx.doi.org/10.1002/pssa.200778709
http://dx.doi.org/10.1088/0953-8984/14/38/201
http://dx.doi.org/10.1063/1.4840055
http://dx.doi.org/10.1039/C4NR02939A
http://dx.doi.org/10.1016/S0022-0248(98)01346-3
http://dx.doi.org/10.1063/1.373529
http://dx.doi.org/10.1016/j.jcrysgro.2009.12.018
http://dx.doi.org/10.1103/PhysRevLett.93.103903

	1. Introduction
	2. Experimental
	3. Theoretical background
	4. Results and discussion
	4.1. Growth of GaN microrods with four different doping sections
	4.2. CL investigations of a single GaN microrod
	4.3. Observation of WGMs in each section of the microrod
	4.4. Determination of the carrier-concentration by analysis of the FWHM of the GaN NBE emission
	4.5. Determination of the carrier-concentration by analysis of the Raman spectra
	4.6. Adjusting the refractive index band gap parameter towards fitting of the spectral energy dependent WGM shift

	5. Conclusion
	Acknowledgments
	References



