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ABSTRACT

In the present paper, studies on the state of strain in single and ensembles of nanocolumns investigated by photoluminescence spectroscopy

will be presented. The GaN nanocolumns were either grown in a bottom-up approach or prepared in a top-down approach by etching compact

GaN layers grown on Si(111) and sapphire (0001) substrates. Experimental evidence for strain relaxation of the nanocolumns was found. The
difference and development of the strain value for different nanocolumns could be verified by spatially resolved micro-photoluminescence on

single nanocolumns separated from their substrate. A common D 9X spectral position at 3.473 eV was found for all separated single GaN
nanocolumns independent of the substrate or processing technique used, as expected for a relaxed system.

Introduction and Experimental Setup. Besides carbon  fore do not grow with crystallographic perfection in extended
nanotubes, semiconductor nanocolumns or whiskers arelayer structures. Indeed, due to the lack of commercially
possible candidates for upcoming nanoelectronics which will available free-standing GaN substrates, heteroepitaxial growth
complement or, in niches, replace Si ultrahigh integration has to be carried out on alternative substrates which provide,
CMOS technology when this technique will reach its physical beside the inherent lattice mismatch, additionally, different
limits within the next 15 years. Semiconductor nanocolumns thermal expansion coefficients, the latter inducing stress in
with diameters of several tens of nanometers can be grownthe GaN during the postepitaxial cooling down of the sample.
epitaxially in a self-organized bottom-up way without the Even if several hundreds of micrometers of GaN are
use of cost consuming nanolithography. So far, there aredeposited on sapphire, so that strain is expected to approach
several reports on the fabrication of GaN nanowires and zero with increasing thickness, a strong strain-inducing
nanorod§™ and on the optically pumped lasing of such bowing is observed While during layer growth the poorly
structure$:>* Furthermore, in contrast to the case of carbon lattice matched systems are not able to relax into perfect
nanotubes, the whole semiconductor heterostructure technolerystals, the nanocolumn’s dimension should allow for local
ogy can easily be transferred to the growth of nanocolumns relaxation even for not well adapted material combinations
such that complex quasi-one-dimensional heterostructuresuch as GaN/AlGaN, GaAs/InAs, etc. This crystallographic
device architectures with incorporated barriers, quantum relaxation of semiconductor nanocolumns has been expected,
wells, and dots can be realized. Thus, quantum electronicand some experimental results support this ide&. The
networks and, eventually, the realization of quantum com- observation of a strain convergence by realizing nanocolumns
puters come one step further toward realization. An essentialon different lattice-mismatched substrates would open the
ingredient to these ideas is the possibility to realize hetero- possibility to determine physical data for fully relaxed GaN.
structure nanocolumns with barriers and wells of material In the present paper experimental evidence for strain
combinations which are not well-lattice-matched and there- relaxation effects is demonstrated for GaN nanocolumns by
* To whom correspondence may be addressed. E-mail: h.hardtdegen@the ana.lySIS of the. donor-bound exciton trangﬂor?)())
fz-juelich.de. energy in photoluminescence (PL) spectra of single column
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‘I}Il_]aliggfalectromc Systems for Information Technology), Research Center cence peak energy being a measure for the band gap energy
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N > Figure 2. SEM of GaN/Si(111) nanocolumns etched (a), as grown

Tieseared ECR etching (b), and of GaN/sapphire etched (c).

Figure 1. Bottom-up (a) and top-down (b) approach for the the conicity is much less than that for the previously
preparation of nanocolumns. described GaN/Si(111) etched nanocolumns.

From the SEM images it becomes obvious that for the
is strongly sensitive to the state of strain within the samiple. investigated nanocolumns quantum-confinement effects do
Thus we compare PL spectra of GaN nanocolumns which not play any role for the optical characteristics of the
have been grown on a Si(111) substrate under tensile straimanocolumns since their typical diameter%0 nm is at
with those which were prepared by etching from GaN layers |east five times the exciton Bohr radius in GaN.
grown on Si(111) and sapphire substrates under tensile and The GaN bulk samples on Si(111) and sapphire were
compressive strain, respectively. investigated using a standard (non-spatially-resolved) PL

GaN growth on Si(111) substrates was carried out by setup. For ensembles of nanocolumns and single nanocol-
plasma-assisted molecular beam epitaxy usipgs\hitrogen umns, the samples were studied by micro-photoluminescence
source. For compact bulk GaN samples, growth was per- (4-PL) measurements. They were mounted in a He flow
formed under Ga-rich conditions at a substrate temperaturecryostat allowing temperatures between 4 and 300 K.
of 770°C. The GaN nanocolumns which were prepared in Measurements presented here were carried olit=a4 K.

a bottom-up approaehas shown in Figure-tneeded N-rich The samples were excited with the 325 nm line of a HeCd
conditions and a growth temperature of 800.:¢%” GaN laser. The laser beam was focused by a microscope objective
growth on sapphire substrates was carried out by metalor-with a numerical aperture of 0.5 to a spot size of about 1.5
ganic vapor phase epitaxy at 1190 with trimethylgallium um on the sample. The PL was collected by the same
and NH; as precursors. Only GaN bulk growth was per- objective and dispersed/ta 1 mmonochromator. The-PL
formed by this method. The top-down type of nanocolumns signal was detected by a liquid-nitrogen-cooled CCD camera.
was prepared by first cleaning the respective bulk GaN layer The spectral resolution of the experimental setup was in the
surfaces with an ©plasma and standard wet etching before order of 0.17 meV. To measurePL on single hanocolumns,
evaporating 300 nm of Ti. Finally, the titanium metal mask a few nanocolumns were separated mechanically from their
was etched by using the electron-cyclotron-resonance reac-original substrate and deposited on another substrate. Since
tive-ion-etching (ECR-RIE) method for 17 min with a,Cl  the energy separation between the heavy, light, and crystal-
and Ar gas mixture at 280 W microwave power and with field split-off valence band is related to the strain in GAN,

55 W radio frequency power. Under these conditions the photoluminescence excitonic line positions sucBms
nonuniform etching of the Ti layer is observed. Where the give direct insight into the lattice-strain state of the GaN
titanium was removed also, the underlying GaN was etched sample. This is especially useful as it allows relaxation
leading to nanocolumns underneath the metal, as presentegrocesses observed in nanocolumns to be monitored.
schematically in Figure 1. Finally, by further etching, the = Experimental Results and Discussion. (A) Etched
metal on top of the nanocolumns was completely removed. Nanocolumns on Si(111).In Figure 3 the comparison
Scanning electron microscopy (SEM) images taken from the between the PL spectrum of the GaN/Si(111) bulk (dotted
nanocolumn samples are shown in Figure 2. The etchedline) and theu-PL measurements of the corresponding
nanocolumns on Si substrates are inhomogeneously distrib-ensemble of etched nanocolumns (blue line) and a single
uted over the wafer. Furthermore they get thinner with nanocolumn (black line) is displayed on a logarithmic scale.
increasing height (base-to-tip ratio 10), reaching diameters For the single nanocolumn a representative emission spec-
in the order of 50 nm for the thinnest ones (Figure 2a). The trum is shown; for some nanocolumns defect-related emission
bottom-up grown nanocolumns on Si substrates are isolatedpeaks can be observed as well. Because of the different
and possess a hexagonal shape with typical diameters, heightsxcitation conditions of the compact layer and the nanocol-
and densities of 5680 nm, 0.1-0.5um, and (3-4) x 1¢° umn ensemble, two different scales for the measured intensity
cn, respectively (Figure 2b). For nanocolumns prepared by signals had to be used. Nevertheless, it is possible to compare
etching GaN/sapphire samples, the column density is aboutthe relative signal intensities of the bulk material to the
(1-2) x 10° c? with a homogeneous length of ap- nanocolumn ensemble because standard PL measurements
proximately 1um and a width in the order of 5670 nm. have been performed as a reference on both samples under
The base-to-tip ratio is in the order of-3 (Figure 2c); thus,  the same excitation conditions. A considerable increase of
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Figure 3. Bulk GaN/Si(111) (dotted). Spatially resolvesPL at Figure 4. Bulk GaN/Si(111) (do_tted). Spatially resolvedPL at
4 K of nanocolumns etched from the GaN layer on Si(111), 4 K of nanocolumns grown on Si(111), ensemble (blue) and single
ensemble (blue) and single column (black) structures (intensities column (black) structures (intensities are normalized). The shoulder

are normalized). The dashed region from 3.466 to 3.476 eV at 3.477 eV is assigned to the free A exciton. The dashed region
indicates literature values presumed for fully relaxed GaN. from 3.466 to 3.476 eV indicates literature values presumed for

fully relaxed GaN.
the intensity of theéepex excitonic emission peak by a factor
of 10° with respect to the unetched bulk sample was observedexcitation laser spot size of 1:m the spatial distribution
just after etching the bulk sample into nanocolumns. How- of the strain within a single nanocolumn cannot be analyzed.
ever, one has to keep in mind that two physical origins for ~ The poor strain homogeneity of the unstructured GaN
the difference exist, (1) a larger surface in the nanocolumn grown on Si(111) is confirmed by the large full width at
case and (2) a different crystalline quality of the layers and half-maximum of the BX being in the order of 50 meV.
the columns. We now focus on the PL transition energies of The etched nanocolumn ensemble exhibits an already re-
the donor-bound excitorEpox observed for the different  duced line width of 14 meV measured pyPL. The line
samples as they are related to the corresponding strain statesvidth of the single nanocolumn®® (black line) shows an

The bulk GaN on Si(111) shows an emission endegy even more reduced value of 4 meV. This observation is
of 3.440 eV. For the nanocolumns etched from the bulk GaN indeed consistent with the fact that measuring PL from a
on Si(111), a quite different emission energyegfy = 3.471 limited excited GaN volume (this is the case foPL mea-

eV is found. Concerning the nanocolumn detached from the surements on nanocolumns) reduces the spectral broadening
substrate material, a further shift E»ox = 3.473 eV was caused by structural inhomogeneities of the sample.
measured. For totally relaxed GaN, there is still a large uncer- (B) Grown Nanocolumns on Si(111)The experimental
tainty concerning the corresponding emission energies of thefindings for the nanocolumns grown in a self-assembled
Epox so that supposed literature values are found betweenmode on Si are comparable to the observations on the etched
3.466 and 3.476 eV£ 22 This large spectral range for pre- nanocolumns. From the reference standard PL measurement,
sumed fully relaxed GaN is represented as a dashed regioran even larger increase of the PL intensity of thgx

in the following graphs. BX energy values on the lower emission of the grown nanocolumns is observed when
energy side of the dashed region are characteristic for GaNcompared to the bulk layer, being on the order of.1a
being under tensile strain and, therefore, having a smallerFigure 4, theEpex emission peak of the ensemble spectrum
band gap compared to relaxed GHENn the case of bulk s likewise shifted to higher energies when compared to the
GaN/Si(111) the valugpex = 3.440 eV indicates that tensile  bulk layer on Si (compare section A), and for the single
strain is induced by the Si(111) substrate. The observed in-nanocolumn the emission energy of 3.473 eV fully corre-
crease of thépex emission energy for the nanocolumn en- sponds to that of the previously reported single column
semble sample and the single nanocolumn indicates stressletached from the top-down etched sample. Further, a
relaxation. The separation of the nanocolumns from their shoulder at 3.477 eV can be recognized and assigned to the
strain-inducing substrate could explain the additioBgd A-exciton transition. The contribution of both transition peaks
emission energy shift of 2 meV. The valuekdox = 3.473 results in an emission band being broader than the PL peak
eV for a single and detached nanocolumn is expected toof the single nanocolumn shown in Figures 3 and 5.
nearly correspond to fully relaxed GaN. Note that the mea- Nevertheless, the observation of the free A exciton for the
surements on the single nanocolumns were generally per-grown single nanocolumns indicates a higher crystal quality
formed by exciting at half their height-PL measurements  with fewer defects. In contrast to the case of the etched
carried out at the base of the single nanocolumn showed innanocolumn ensemble the line width of the as-grown
some cases a remaining strain indicated by a smeler ensemble has already decreased to 8 meV which can be
emission energy. However, due to the relatively large attributed to a better homogeneity within the ensemble of
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therefore of the same origin as those measured before
etching. They can be assigned to the same donor-bound
exciton (3.485 eV) and A exciton (3.491 eV), respectively.
The emission centered at 3.472 eV with a larger spectral
width may be due to the superposition of different transitions,
as it shows at least two maxima. The transition at 3.473 eV
can be assigned to the’®, as it is matching with thé&pex
line being dominant for the single detached nanocolumn
(black line with a peak line width of 2.6 meV). The doublet
at lower energies (3.4715 and 3.4721 eV) possibly corre-
sponds to excitons at\and Sg,, respectively?® The fourth
main transition at 3.465 eV is no longer present in the spectra
of the single detached nanocolumn, so that it may be
attributed to an ensemble-related defect transition. Finally,
in a similar manner as described in sections A and B, the
Energy (eV) shift of the Epox (but in this case toward lower energies)

. ) . when starting from the compressively strained GaN buffer
Zngu rgfshaiglgoﬁ?:]\lr{:agt%m% (?r%trf ci)HeS%a;slI?/a;eesrolc\)fd;;;ghire: (3.485 eV), and then looking for the ensemble and the single
ensemble (blue) and single column (black) structures (intensities detached nanocolumn (3.473 eV), is an indication for the
are normalized). The dashed region from 3.466 to 3.476 eV relaxation of the compressive strain.
indicates literature values presumed for fully relaxed GaN. The (D°X) energy of the detached single nanocolumn is

i o in any case found at 3.473 eV. Evidently and independent
bottom-up grown nanocolumns. Indeed, this value is in the of the substrate or processing technique, th&XjRenergy

same order as the one found previously for the single etched-, single detached nanocolumns fully corresponds to the
down nanocolumn (4 meV). This fits the expectation that a | 5,e expected for a relaxed system.

bottom-up epitaxial growth technique for nanocolumns Summary and Conclusions.GaN nanocolumns were

should m@uce much Ies§ mhomog_eneny than column forma- prepared on sapphire and on Si(111) substrates either in a
tion making use of etching techniques. , top-down approach by etching bulk GaN or in a bottom-up
(C) Etched Nanocolumns on Sapphireln F|gpre 5 the approach by growth. For all types of nanocolumn samples,
standard PL spectrum of bulk GaN on sqpph|re,ﬂkEL single nanocolumns detached from the whisker lawn show
spectrum of the ensemble and that of a single nanocolumna strong luminescence peak %0 at one and the same
on sapphire are displayed. From the reference standard PLphoton energy of 3.473 eV independent of the preparation

measu[)elment (I)n_thedbulk matefnz:}l@z;d the lnanocliumntechnique or the substrate used. This spectral position
ensemble, a relative decrease of t anocoiumn coincides with literature values which are expected for

inte_nsity was observed with respect to the bulk sample. This relaxed GaN. These findings demonstrate almost perfect
finding is in tc):ogltrajt to ther]res;_l;fs of Wangh_et Jélwhg.h. strain relaxation of GaN nanocolumns if they are separated
IS hmqst Ipro ably hue_tolt f? : e.r(ra]nt etc 'n? con ||t|ons from their strain-inducing substrate. All in all it has been

(physical versus chemical effect with more or less plasma- demonstrated that nanostructured material can be used to

!nduced .sur'face damage).. Sapphirg substrates Commonlyobtain physical data of fully relaxed GaN, which is otherwise
induce biaxially compressive strain in bulk GaN samples. difficult to have access to.

The consequence is an increase of the band gap and,

therefore, an increase of the donor-bound exciton transition =~ Acknowledgment. The authors thank G. Crecelius for
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