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ABSTRACT

The influence of the growth parameters on the photoluminescence (PL) spectra has been investigated for samples with columnar morphology,

either with InN columns on original substrates or as free-standing nanowires. Valuable information about band gap and electron concentration

was obtained by line shape analysis. Optical band gaps between 730 and 750 meV and electron concentrations of 8 x 107 to 6 x 108 cm 3
were derived from the fit of the PL spectra of different samples. The crystalline quality of the wires was investigated by high-resolution
transmission electron microscopy.

Nanowires are intensively studied for future device applica- recently obtained by PA-MBE0:.13.14.2526 Kt also with
tions of low-dimensional systemdithin the nitride group, metal organic chemical vapor deposition (MOCVE3Y,and
InN is an interesting material because of its high electron InN layers with an apparently higher band gap of about 2
mobility, its surface accumulation layélpw band gap, and eV obtained with different deposition methods and reported
low toxicity.® INN nanowires were prepared from indium within earlier papers, as well as in more recent publica-
metal and ammonia using a vapaolid growth mechanism  tions4:5.7.8.19.28.29
with or without Au-nanoparticle catalysig or with the help Within this paper we have investigated photoluminescence
of a porous alumina templaté. (PL) properties of InN layers obtained by PA-MBE on
Plasma-assisted molecular beam epitaxy (PA-MBE) was gj(111) substrates. The studies are restricted to samples with
also successfully applied to produce InN nanocolufi®s.  colymnar growth, applicable for fabrication of FSNWs by
As for other nitride semiconductors, the growth parameters the removal of columns from their original substrates. For
are adjusted to nitrogen-rich conditions to obtain columnar he jnvestigation of optical properties, PL is an efficient tool,
structures, with well-separated and uniform-in-diameter gspecially for samples with relatively well-separated columns

columns and with a relatively good crystalline qualitfree-  ¢or \which normal transmission measurements are difficult.
standing nanowires (FSNWs) can easily be obtained by The aim of this paper is a detailed analysis of the PL spectra
removal of the columns from their original substrate. obtained under different measurement conditions to evaluate

Despite the assiduous scient_ific gffort, one of the basic jtrinsic properties of InN nanowires (band gap, electron
properties of InN, the band gap, is still under debate. It seemS;,ncentration), for different growth parameters. Studies of

that the optic_ql properties of InN are very muph dependent the column morphology and corresponding PL properties for
on the deposition method and the intrinsic doping concentra-growth optimization are published in ref 11.

tion. An improvement of the film quality has been obtained .
: Radio frequency PA-MBE was used for columnar growth
PA-MBE? | Il f 1 b oy
using and subsequently a smaller gap of about of INN on Si(111), at temperatures within the range 440

V t least less than 1 eV has b oftétiThis i
eV or at least fess than L SV has been rep s 1S 525°C. A N; flux of 4.0 sccm and a plasma cell forward

in disagreement with the earlier reported value of about 2
VA E?forts are made'® 20 to underistand the difference POWer of 500 W were applied. The In flux was varied by
between InN with an optical band gap lower than 1 eV, changing the beam equivalent pressure (BEP) within the
range (2.3-15.0) x 108 mbar. Growth parameters of the
*To whom correspondence should be addressed. E-mail: t.stoica@ INVestigated samples are shown in Table 1. More details
fZ-iTulenliCh-dE- o about the growth conditions can be found in ref 11. In Table
stitute of Thin Films and Interfaces (ISG1) and Center of Nanoelec- 1, results of the intrinsic properties found by a modeling of

tronic Systems for Information Technology (cni), Research CentiehJu .
* Center for Functional Nanomaterials, Brookhaven National Laboratory. the PL spectra (see below) are also included.
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Table 1. Growth Parameters and Intrinsic Properties of
Different INN Nanocolumnar Sampkes
Tebs In—BEP  tapy L Eg ne )
sample (°C) (x10"® mbar) (min) (um) (meV) (x10'8 cm™3) g
NC58 475 2.3 120 0.25 738 5.5 "%
NC56 475 2.8 120 0.75 734 6.0 %
NC57 475 3.9 120 0.55 737 4.2 T
NC44 475 7.0 120 0.75 738 2.4 3
NC45 475 10.0 120 0.86 742 1.7 o 1 ' —
NC46 475 15.0 120 1.10 738 1.2 \, 296 200nm
NC33 525 3.9 240 1.80 744 0.8
NC31 475 2.3 240 0.80 742 3.8
NC32 475 3.9 240 1.10 736 2.5
NC59 440 3.9 240 0.54 754 3.2
FSNW31 475 2.3 240 0.80 743 5.2
FSNW33 525 3.9 240 1.80 742 14

a Deposition temperatur@sups IN-BEP; deposition timetge; column
length L; band gapEg, and electron concentratiam obtained by a line
shape analysis of PL spectra.

The photoluminescence was measured using a Fourier |
transform spectrometer (BIORAD FTS40) equipped with a
cooled Ge detector and an argon ion laser emitting 50 mwW
at 488 nm wavelength. The laser-beam power was varied
between 2 orders of magnitude by changing the laser current
and/or using neutral filters. The measurements were per-
formed in the temperature range 6300 K in a He cryostat.

As deposited samples (hamed XKL as well as FSNW
samples (named FSN¥X) have been investigated. FSNWs
were obtained by removing the wires from the original silicon gigyre 1. (a) Temperature dependence of PL spectra of sample

substrate and inserting them in a silicon grease on sapphireNC44, excitation power 50 mW. The inset shows a side view SEM
substrates. It was checked that no PL signal is measured orimage. (b) AFM image of a single FSNW. (c and d) Low- and

sapphire covered with the used type of grease, but without high-magnification TEM images of nanowires of sample NC44.
INN nanowires.

Transmission electron microscopy (TEM) experiments and d of Figure 1. Bottom parts of a few wires are shown in
were carried out in a JEOL JEM 3000F field emission Figure 1c (see also Figure 1b and the inset of Figure 1a),
transmission electron microscope on samples obtained bywhile the high-resolution TEM image in Figure 1d shows
dispersing the InN nanowires on a thin amorphous carbon the crystalline structure of the wire. The bottom and top parts
film on a TEM grid. The experiments were carried out at of the nanowires have been recognized with the help of a
very low beam intensity in order to prevent any uncontrolled broadening present on the sample top. In general the
structural modifications. nanowires are nicely crystalline but have some point defects

INN nanowires were obtained by PA-MBE undes-fich and stacking faults more frequently at the base of the wires
conditiond! using different growth parameters (see Table than at the tip. A general conclusion of TEM investigations
1). In Figure 1a, PL spectra measured at different temper-is that the wires grow witle-axis parallel to the wire. More
atures for samples with well-defined nanocolumns are shown.detailed analysis of the TEM investigation will be published
A SEM lateral-side view of the columns is shown in the in a forthcoming publication.
inset of the figure. Both phenomena of increasing and The PL efficiency increases with column length and
decreasing of the wire diameter from bottom to the top are deposition temperature and reaches a maximum for an In
observed. An atomic force microscopy (AFM) image of a flux of 10~7 mbar*! Within this paper, the dependences of
single FSNW with an increase of the diameter is shown in PL spectra on laser excitation intensity and measurement
Figure 1b. The intense PL peak at 780 meV decreases intemperature were analyzed for as-grown columnar and
intensity with increasing the measurement temperature. FSNW samples obtained under different growth conditions
Similar sets of spectra for different excitation powers are to gather information about the recombination process and
obtained for each sample and results of spectra analysis aréntrinsic properties of the InN nanowires.
listed in Table 1. PL spectra measured within the visible A change of the laser intensity has a weak influence on
range show no detectable emission close to 2 eV (see alsdhe peak position and the shape of the PL spectra. In Figure
discussions in ref 11). 2a, spectra of a sample with high PL efficiency FSNW33

To illustrate the crystalline quality of the InN wires, TEM are shown for different laser powers, normalized for com-
images of FSNWs of sample NC44 are given in panels c parison of the low energy tails. The evolution of the spectra
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Figure 2. Laser power dependence of PL spectra of a high T (K)

efficiency sample FSNW33: (a) Normalized spectra for different

excitation power, at 20 K. The inset shows the laser power pigyre 3. (a) Normalized PL spectra at different measurement
dependence of the peak intensity for two measurement temp_eraturesmmperatureS for sample NC44 using a laser power of 50 mW.
(b) Laser power dependence of the peak position for different The jnset with the spectrum at 20 K on a logarithmic scale shows
temperatures. the exponential dependence of the tail at the high photon energy
side of the main peak, wit_h_ the specific enefgy (b) Temperature
shows a weak band filling effect due to photocarriers, i.e., a ?heeng?aerf‘gre S‘gr:]g?enggggsﬁgg??’;%‘i?:;eh“;;%mg'ﬁes l(iﬂgg/r
small broadening and blue shift of the peak Wlth excitation ¢ o Tis included for comparison.
power. For InN as a degenerate n-type semiconductor, the
band filling effect should be attributed mostly to the minority excited from localized states to the valence band upon
band of holes. The PL intensity varies almost linearly with increasing the temperature. As a result, the PL peak shifts
the excitation power (inset, Figure 2a). The area of the PL to higher energy. The width of the tail of states should be of
peak depends on the excitation powrapproximately as  the order of a few millielectronvolts, which corresponds to
~ @™ with m values in the range 0-9L.0 for different  the observed blue shift at low temperatures.

samples and temperatures. PL spectra normalized for comparison of the low energy
For InN layers, generally, a high equilibrium free electron tails are shown for different measurement temperatures
density due to unintentional doping is obser¢&dherefore, in Figure 3a for sample NC44. As we can see, the high-

the linear dependence of the PL intensity vs excitation power energy tail is more extended for higher temperatures. This
is easily explained by the weak excitation conditions in our tail has an exponential dependence on photon energy
experiments, corresponding to a low photocarrier concentra-~exp(—Eyw/Eo) with a specific energy, andEg, as photon

tion relative to the background doping. The weak band filling energy (inset of Figure 3a). The temperature dependence of
effect shows up as a small change of the PL peak position Eg is shown in Figure 3b for different samples grown at 475
with laser power. For the sample in Figure 2b, the peak °C. Because the photocarriers excited into bands are rapidly
energy varies less than 6 meV for a change of the laser powerthermalized, the high-energy tail of the PL spectra reflects
by more than 2 orders of magnitude (maximum shift is the thermal distribution of the carriers above the Fermi level
obtained at 75 K). One reason for the weak laser-power and E, should correlate with the thermal enerky of the
dependence of the shape of the PL spectra is a largeBoltzmann factor (in Figure 3b the functitT is shown for
broadening of the PL peak due to fluctuations along the wires comparison). Th&T dependence is approximately found only
and between wires, which might hide the local band filling for higher measurement temperatures. Up to 100 K, the
effect. The logarithmic dependence on laser power and theenergyEy has almost constant values within the range-10
small blue shift with temperature observed up to 75 K (Figure 100 meV, varying from sample to sample. THgvalue at

2b) are in agreement with a distribution of holes in an low temperatures reflects the fluctuations in nanocolumn
exponential tail of localized states (Urbach tail) at the edge properties. A smaller value corresponds to a higher quality
of the valence ban#f. At low temperatures, the holes are of the columns. We can see in Figure 3b that smefigr
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Figure 4. Temperature dependence of PL for samples deposited at 475 aff€528) peak energy; (b) peak intensity; (c) ratio of peak
intensity at RT and 20 K vs intensity at 20 K. The inset shows the correlation of peak energy and peak intensity at 20 K. The excitation
power was 50 mW. In part d a schematic band diagram illustrates the carrier recombination by thermal activation and tunneling into the
accumulation layer of the wire surfacEqandEy are conduction and valence edgEg,is the Fermi level in the conduction band).

values are obtained for samples NC45 and NC44. Thesecompensate a normal red shift due to the thermal dependence
samples exhibit the optimal wire morphology at a growth of the band gap. We discuss in the following the origin of
temperature of 475C.1! Beside fluctuations, Landsberg this correlation of PL intensity and its thermal dependence.
broadening® may add a component tB, which is more An unusual temperature dependence of the PL peak energy
important for higher doping as discussed below. was also reported for InN in ref 30.

The temperature dependence of the peak energy yields For most samples, there is an initial increase of the peak
information about the temperature dependence of the bandenergy at low temperatures up to 75 K, followed by a slow
gap. But, there are also other effects, which might have andecrease at higher temperatures as can be seen in Figures
influence on this dependence, as for example the carrier2b and 4a. The influence of a tail of states of the valence
redistribution on electronic states and/or to different sites of band can explain this increase of the peak energy at low
a nonuniform sample. Therefore, for relatively large fluctua- temperatures.
tions within a sample with many InN nanocolumns, the peak  The temperature dependence of the peak intensity is shown
energy vs temperature dependence shows a different behavin Figure 4b for different samples. The intensity decreases
ior: the peak energy is almost constant, increasing or with an activation energl, between 10 and 25 meV. Higher
decreasing with temperature, as can be seen in Figure 4aE,values are obtained for samples with higher PL efficiency.

A superposition of the PL emission of higher and lower This can be described by the ratio of the PL intensity at room
doping regions can essentially influence the temperaturetemperature (Piy) and its value at 20 K (Pl) as a function
dependence of the peak position. We can see from parts bof PLyok. This ratio decreases ag(PLyok) ™ with m ~ 0.9
and c of Figure 4 that a higher emission (lower electron (Figure 4c). The smallest value of 0.02 is obtained for sample
concentration, lower peak energy) corresponds to a moreNC33 with higher PL efficiency. The thermal quenching of
rapid decreasing of the intensity with the temperature than the PL signal is due to the activation of photocarriers to sites
for lower emission cases (higher electron concentration, or electronic states where nonradiative recombination is
higher energy peak). So, at higher temperatures the contribuincreased.
tion of the emission with a higher energy peak becomes more The observed correlation of thermal quenching with PL
important and may induce an apparent blue shift which can efficiency can be understood by means of a model based on
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accumulation layers at the column surface. Accumulation energies relative to band edges, dpgE,) is the spectral
layers due to pinning of the Fermi level above the conduction emission intensity. For modeling of the spectra, a band-edge
band edge?! are usually found on surfaces of narrow band emission was supposed (see the discussion in the introductory
gap semiconductors such as InAs and InSh. Photoholes argoart and in the previous paper, ref 11). The carrier distribu-
thermally activated over the potential barrier of the downward tions are obtained by the product of a parabolic band state
bend valance band at the surface and recombine mostlydensity distributionDcyv(e) ~ €2 and Fermi occupation
nonradiatively with the high-density electrons of this surface function pcv(enpernry) = Dev(€)/[1 + exp((€np — €rnrp!
accumulation layer. Due to different background doping, kT)]. To simplify the integration we can suppose for the
there are different potential barriers for holes in different minority carrier density distribution a delta-like function at
samples and, as a consequence, different activation energiegnergies close to the valence band edge. So, the integration
A schematic band diagram to illustrate the recombination is reduced to

of holes by thermal activation and tunneling into the surface
accumulation layer is shown in Figure 4d. The thickness of
this accumulationlayer is estimated to be of the order of a

few nanometers. We can expect that this surface recombina- ) ) )
tion process increases the nonradiative recombination due! N€ broadening of PL peaks is caused by different phenom-

to Auger recombination and also contributes to the low €& (i) local potential fluctuations, which cause fluctuations

energy tail of PL spectra. In the opposite case of a surfacel the band edges Witﬁ(EphyfaéngFn)zl” O(Eph — €eg — )
depletionlayer, the tunneling effect is negligible and the total O(€Fn + €eg — Fn) @Xp(—(eeq — Eg)*wg?); (ii) fluctuations of
recombination within wires is reduced due to the surface the Fermi level along the wire, relative to the conduction
barrier, as shown for GaN nanowires in ref 32. band edge W'thP(Ephvf,szngn)_ ~ O(Epn — €eg — €

An interesting correlation was found between the peak Oeeg — Eg) €xp(~(ern — Fo)*/we?); (iif) Landsberg broaden-
energetic positiorExx and the Phoy intensity (inset of ing® due to the finite time of the final state of the electron
Figure 4c, measurement temperature 20 K). An exponential 10/€ "ecombination ;N'trP(EP“’E’EEg'EF“)ZN 0(0(ern — Fr)
dependence Bk« ~ exp(—Ex/AE) with AE = 7.1 meV O(eeg — Bg) D(e)/(T'(€)* + (€ — Epn+ Eg)?). Hered(e) is the
is a good fit to the experimental data. This correlation can ldeltell :cunctllon, while=, 3n(:]Eg§reg1ean values of the Fer.mll
give information about recombination processes. The peak evel for e eCtFO“S and the band gap energy, respecuve.y.
energy increases with electron concentration for n-type Landsberg pomted.out that afFer recombination, a hole in
degenerate semiconductors, because of the Fermi level shiffhe Fermi sea continues to exist for a very short time and

into the conduction band. If we assume that the change fromtr:e{efofreththere IS ip u?certa|nty n t_?ﬁ energﬁt/ .Of the final
sample to sample is due to variations of the electron state of the recombination process. 1he result s an uncer-

concentration (n-doping) and that the concentration of tbamg/ O(fi the er[r:mted_ Fhotlon ef_‘t_ergy' t(c);o. Fordf_lutc fcga;[_lons of
nonradiative centers is constant, then the PL intensity is and edge or Fermi level position, a auss distribution was

nearly constant for a SchottkyRead-Hall recombination used. The Landsberg broadening is described by a Lorentz

and decreases with the electron density, in the case of afunctlon with a widthI” depending on enerdy.Of course,

dominant Auger recombination (see below). in the general case a superposition of these phenomena

. - . should be taken into account. In Figure 5a, fit results are
The movement of the Fermi level within the conduction . . ; :
. . . illustrated for three different broadening functions for a PL
band for a degenerate semiconductor like InN results in .
i . L spectrum at 20 K for sample FSNW31. All considered
changes of the PL peak position. A first-approximation model broadening tvpes describe auite well the lona eneray tail of
for describing the shape of PL spectra is based on a formula gyp N 9 oy

Lo ._the spectrum. Our main interest in modeling the spectral
for recombination of photogenerated holes and electrons in__ . . . .
. : region close to the Fermi level aims at a shape analysis for
the Fermi sea of the conduction band. However, such a

. ; . : finding the position of the Fermi level and the related electron
simple model does not fit well with the experimental spectra. ; o
: concentration. For sample characterization, we chose the
At low temperatures, the PL spectra show a longer tail at

. . simplest model: that of Fermi level fluctuations. This model
the high energy side than expected solely from the thermal . . o
T : ; . : cannot describe the low energy tail, but it is more adequate
distribution of carriers (see Figure 3c and related discussions).

Therefore, additional broadening effects should be included fpr the broadening effect close to the Eerml Ievel.. From the
. . " fit, the mean value of the energy g&j is also estimated.
in the model to evaluate the Fermi level position.

. . However, due to fluctuations which are present in wires and
The spectra can be modeled using the convolution of the

ier distribution in th qucti 4 val included in modeling, relatively large errors in estimation
carrier distribution in the con L_lctlorp&) and valencedy) of model parameters can be expected. These values are rather
bands with a broadening functidn

scattered as can be seen in Figure 5c, for example.
The Fermi energy relative to the band edge gives the
on(Egp) ~ f pelenern) pulEpery) glectron.concgntraﬁon. In Figure 5b, a correlation of the .PL
integral intensity with the calculated electron concentration
is shown. The measurements are performed at 20 K with a
laser power of 50 mW. The inset illustrates the difference
whereEg, is the photon energyg, andeg, are quasi-Fermi  between spectra normalized for comparison of the low energy
levels for electrons and holes,ande, are electron and hole  tail, for two extreme cases of wires FSNW31 and FSNW33

Iph(Eph) ~ f pC(Evan) P(Eph’eveEg’an) de dng deFn (2)

P(Epn€ n€ pr€eg€rm€rp) de, de, degg epqer, (1)
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1.0 g Gauss - E are obtained in a narrow range 73246 meV, in good
05 y F agreement with the value reported recently in the liter-
ER BF N ature®
L 101 G e The estimated values of band gap energy and electron
-‘g 0s] auss5q concentration are also given in Table 1 for samples obtained
g 0.0 e with different growth parameters. One can see in this table
= 1.0 that, with In flux, the energy gap increases slightly, while
o Lorentz . S
05{ . the electron concentration decreases, for the same deposition
0.0 e ) a) temperature and time of 47% and 2 h, respectively. The
700 800 900 1000 1100 smaller electron concentration ofs8 1017 cm~3 was found
photon energy (meV) for higher deposition temperature (sample NC33 deposited
_ a———— e S at 525°C). Higher values of-+6 x 10 cm™2 were found
5 10" S 3 Wk for shorter deposition times and low In fluxes.
© s, ; .
> N33 . }-gw PL spectra of FSNWs and of as grown samples are in
= - 0. . . . .
a .'vhfcsf s 0;00 oS general different because light emissions of the substrate and
2 10°4 ~(ng)29 NG4S\ Bsa energy (meV) a substrate influence on InN emission are avoided in FSNWs.
® " @57 FSNW31 More specific this means intrinsic and defect-induced emis-
o ., NC59m - sions in the Si substrate or emissions from the free surface
£ 10%3 NC46 NC31"-, o
£ = NCES. of the substrate exposed to the deposition atmosphere,
3 NC48 CR0-. b) o L s
a NC5s radiative recombinations at InN/Si interface and a substrate
1615 1(')19 influence on INN nanocolumn emission due to strain, which
electron density ne(cm'?’) affects the band gap at the column bottom. These spectra
750 can also be different because of a random orientation of wires
S . in FSNW samples. As a consequence bottom parts of the
2 7451 NG48 columns are illuminated with equal probability as top parts.
Lu;,’ N e Np4S N1 If we compare the fit results for the FSNW samples and their
> 740] Fsfwas . FSNW31 corresponding as-deposited samples, we can see that the
5 L NG5S significant differences concern the electron density. This is
® { SN W attributed to an increased contribution of FSNWs in the PL
Q 735 NC56° - ; ;
o} | el spectra of the bottom part of the columns, which has higher
c) doping. We have shown in ref 11, that the PL efficiency
730 o T0® increases with the column length, because of a higher quality

of the upper part of the columns. A higher “intrinsic” doping
due to misfit induced defects and Si segregation can be
Figure 5. (a) Examples of fit results using different broadening expected at the bottom part of the columns, similar to the
phenomena (continuous lines are for experimental curves, dotted-gse of GaN grown on Si(11#)35 A larger number of
lines are for computed curves). (b and c) Correlation of the : . . .
computed electron concentratiopwith the PL integral intensity structural dEfeCFS qbserved in TEM Images can explain this
and band gap enerdy, respectively. The inset in part b shows an  esult. The relative influence of the strain effect on the band
example of two normalized PL spectra of samples with different gap within the base region seems to be less important for
electron concentrations (samples FSNW31 and FSNW33). the observed blue shift in PL spectra of FSNWs compared

to as-deposited samples.

with high and low carrier concentration, respectively. The  To conclude, the shape analysis of the PL spectra gives
electron concentration was computed for a parabolic bandvaluable information about the intrinsic properties of InN
with an electron effective mass of @d.® We can see that  nanowires, the band gap, and the electron concentration. For
the PL integral intensity decreases with carrier concentration different growth conditions, major variations of InN nanowire
as a power function-n~26, This is a stronger dependence properties are due to changes in the equilibrium carrier
than for a dominant Auger recombination, for which a concentration. The optical band gap and the electron
dependence afi~! is expected. We are forced to conclude concentration of unintentionally doped samples were found
that the PL efficiency decreases not only due to the increasein the range 736750 meV and 8« 1017 to 6 x 108 cm 3,
of the electron concentration but also because of otherrespectively. Differences between samples are mainly due
nonradiative recombination processes, as for example re-to variations of the electron concentration (intrinsic doping).
combination at the wire surface. The calculated correlation A decrease of the doping level with In flux and growth
in Figure 5b might also be influenced by errors in the temperature was observed. An increase of the growth time
concentration evaluation due to the nonparabolicity of the also reduces the intrinsic doping. The results on free-standing
conduction band? nanowires are in agreement with this explanation. This is

The dependence of the band gap energy on carrierunderstood in terms of a higher doped region at the bottom
concentration shows a tendency of a normal narrowing of the columns than at the top. HRTEM shows that despite
with electron density (Figure 5c). The band gap values a good crystallinity and-axis orientation parallel to the wires

electron density ng (cm'3)
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growth direction, some point defects are observed within the (18) Shubina, T. V.; Ivanov, S. V.; Jmerik, V. N.; Solnyshkov, D. D.;

bottom part of the columns.
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