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ABSTRACT

We report an original and straightforward method for both optical and electrical

characterization of vertical GaN nanowire arrays epitaxially grown on silicon through

visible-infrared spectroscopic ellipsometry methods. For the initial purpose of adding new

inputs to the ellipsometry model, focused ion-beam tomography experiments were

conducted to extract porosity/depth profiles of these systems. To reproduce the optical

free-carrier behaviour in the infrared, the ellipsometric data acquired were fitted to an

anisotropic Bruggeman model including Tauc-Lorentz and Drude oscillators, which
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enabled the determination of carrier density and in-grain mobility. The nice agreement of

these results with those obtained by combining Hall effect measurements, X-ray

oNOYTULT D WN =

11 diffraction and transmission electron microscopy studies supported the validity of the

14 proposed method, opening new horizons in the characterization of nanowire-based

18 semiconducting layers.
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INTRODUCTION

Gallium nitride (GaN) nanowire (NW) arrays grown by plasma-assisted molecular beam epitaxy
(PAMBE) have recently attracted the attention of the scientific community due to their high
crystalline quality and low defect density'* and their unique electrical and optical properties .
By tuning the growth conditions, the size and arrangement of the nanowires, and thus the porosity,
can be controlled so as to modulate the optical and electrical properties of the system>#-11. Thanks
to its high surface-to-volume ratio, tuneable refractive index and bandgap, high light extraction
efficiency and quantum efficiency, GaN arrays have been erected as a promising material not only
for the development of optoelectronic and optical devices such as field-effect transistors
(FETs)!'213, light-emitting diodes (LEDs)%!4, laser diodes'> and detectors'®, but also for photo-

electrochemical water splitting!”!3 and energy storage!® applications.

While the optical characterization of GaN nanowire and nanorod arrays through spectroscopic
ellipsometry (SE)*10, polarized-goniometry?° or reflectivity spectroscopy!! is well reported in the
literature, the characterization of electrical properties related to conductivity, like carrier
concentration and mobility, presents some difficulties associated to the geometry of this kind of
structures*?!. Up to now, the majority of the studies are focused on Hall effect and field effect
measurements performed on single nanowires after fabricating multiple contacts?>>3. However,
given the challenges aforementioned, very few studies based on the electrical characterization of
complete nanowire films have been reported at the time of the submission of this work?¢-28, Hence,
the development of novel and alternative methodologies for the electrical characterization of

nanowire layers, such as noncontact THz spectroscopic measurements?, is crucial.
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In this work, we report an alternative and straightforward way for both optical and electrical
characterization of high-quality single crystalline GaN self-assembled NW films by means of
visible-IR spectroscopic ellipsometry (SE), which is a cheap, fast, and non-destructive technique
that can be used as a systematic characterization tool even for industrial processes. These porosity-
controlled layers of GaN nanostructures were grown in a compact fashion by PAMBE. The
porosity profiles along the layer thickness, which are not constant due to the presence of different
nanostructures shapes from solid (SNW) to c-shape (CNW) and hollow (HNW) nanowires, were
extracted through focused ion-beam (FIB) tomography reconstructions (slice and view). In order
to reproduce the SE measurements, these porosity profiles were incorporated into an optical model
through an effective-medium approximation in the framework of an anisotropic Bruggeman
model, in which the optical constants of GaN are modelled by a combination of a Tauc-Lorentz
oscillator and a Drude oscillator. This approach not only allows to determine porosity, thickness
and optical constants of GaN NW films but also carrier densities and optical mobilities. The
validity of the defined model is supported by combining Hall effect measurements, X-ray
diffraction (XRD) and transmission electron microscopy (TEM) techniques including high-

resolution (HRTEM) and energy-dispersive X-ray spectroscopy (EDX).

EXPERIMENTAL SECTION

Waurtzite GaN nanowire layers were grown on chemically cleaned p-type Si(111) or (100)
substrates by PAMBE along the [0001] direction, and epitaxially aligned with the underlying Si
substrate, following the same procedure as the one described in a previous study!'®. For 3D
reconstructions, two different systems were used to acquire FIB-SEM tomography datasets: a
Scios 2 DualBeam microscope from Thermo Scientific and a CrossBeam 350 microscope from

ZEISS. Those datasets consist of stacks of SEM images recorded using backscattered electrons
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and an acceleration voltage of 1.4 kV. The optical and electrical properties of each sample were
evaluated by standard vis-IR spectroscopic ellipsometry at incident angles of 65°, 75° and 85°.
These measurements were performed with a J. A. Woollam M2000XI (from 400 to 1700 nm) J.
A. Woollam IR-VASE Mark II (from 1700 to 24000 nm), respectively. In order to confirm the
veracity of the electrical properties obtained through vis-IR SE experiments, room temperature
Hall Effect measurements were conducted using a Van der Pauw Ecopia AMP-55 Hall
measurement system in the presence of a magnetic field. The crystallographic structure was
investigated by X-ray diffraction (XRD) experiments which were performed using a Seifert XRD
3000 diffractometer fitted with a copper source and a I mm beam collimator. To obtain additional
insights into the nanostructure, high-resolution transmission electron microscopy (TEM)
experiments were conducted in a FEI Talos F200S analytical microscope operated at 200 kV and
equipped with a Super-X energy-dispersive X-ray spectrometry (EDX) system that includes two
silicon drift detectors. Local compositional analyses were performed by combining high-angle
annular dark-field imaging (HAADF) and EDX acquisitions using the scanning (STEM) mode.
Electron-transparent cross-sectional FIB lamellae were prepared for TEM observations by using

the aforementioned FIB systems.

RESULTS AND DISCUSSION

With the additional purpose of examining the effect of substrate orientation on optical and
electrical properties, the samples selected for this study were T2 and T2’ (following the
nomenclature of Ref. 10), i.e., the same growth conditions but different substrate orientations:

Si(111) and Si(100), respectively.
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These two samples are composed by a mixture of three different kind of NWs: SNWs filled and
with hexagonal facets, HNWs, with solid bases which evolve into hollow structures when reaching
a critical thickness, and CNWs, similar to HNWs but partially opened longitudinally. More in-
depth studies of the structure and morphology of these three types of nanowires as well as the
effect that growth conditions have on both the overall porosity and the optical properties of such
systems can be found in Ref. 10. Due to the presence of this variety of nanostructures, the porosity
profile along the Z direction turns uncertain and non-linear, hindering the optical characterization
of these systems®’. In order to overcome this difficulty, representative areas of T2 and T2’ samples
were explored with the aim of extracting their porosity profiles by performing FIB tomography
experiments. In this regard, two different FIB systems (Thermo Scientific Scios 2 DualBeam and
ZEISS CrossBeam 350) were employed to carry out 3D reconstructions and analyses of T2 and
T2’ volumes, respectively (see Supporting Information Section I for a detailed description of the

experimental data acquisition, segmentation, 3D reconstruction and porosity profile extraction).
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Figure 1. 3D reconstructions of the NW arrays in (a) T2 and (b) T2’ samples through FIB

tomography. Volume sizes are 5440 x 3222 x 1230 nm3 and 1744 x 1602 x 834 nm?,

respectively. Porosity profiles of (c) T2 and (d) T2’ samples extracted along the surface

normal together with some planar views obtained by data segmentation at different

depths (GaN material and voids are shown in blue and white colors, respectively). Note

that these images were cut to show the same field of view in both samples, for

comparison.
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Figures 1(a) and (b) display volume visualizations of T2 and T2’ samples respectively together
with their porosity profiles along the surface normal (Fig. 1(c-d)). Note that the planar views
obtained by data segmentation at depths close to the surface reveal the characteristic morphologies
of GaN NWs (SNW, HNW and CNW). As a first approach, it can be appreciated a significant
difference between the porosity profiles of both specimens. Whereas one of them (T2) experiences
a first stage in which the porosity remains constant with the depth, followed by a progressive
increase in porosity; the other (T2”) firstly experiments a slight decrease in porosity up to reaching
a critical thickness from which it increases sharply. Furthermore, there are also differences in the
total thickness of both samples (around 550 nm and 750 nm for T2 and T2’, respectively). In this
way, the shapes of these two profiles only can be explained by considering that nanowires are
composed by solid (filled) bases that evolve (or not) into hollow structures (HNW or CNW),
justifying the initial step of constant porosity (first 300 nm of thickness) in sample T2. These
results are consistent with the assumptions made in previous works!?. On the other hand, the
preliminary drop in porosity in sample T2’ could be associated with the broadening of solid bases

that occurs after attaining 100-150 nm thickness.

Once known the evolution of the porosity along the NW layer, vis-IR SE experiments were
performed in areas close to 3D reconstructions with the purpose of conducting a full, accurate and
comparable characterization of these systems. To do so, visible and infrared spectroscopic
ellipsometry measurements were performed at incidence angles of 65°, 75° and 85°. Both spectra
were acquired separately and then were spliced and treated with the WV ASE software from J.A.
Woollam. In a first stage of the study, the data acquired were fitted to an Anisotropic Bruggeman

Effective Medium Approximation (ABEMA) model composed by a mixture of wurtzite GaN,
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whose optical constants are modelled by the ones obtained for high-quality single-crystalline o.-
GaN layers®!, and void. A 2-nm-thick layer of silicon nitride (SizN4) located between the Si
substrate and the nanowire layer was also included in the optical model. With the aim of reflecting
the columnar geometry of the film with NWs growing perpendicular to the substrate, the
depolarization factor in the extraordinary (out-of-plane) direction (g,) was fixed to 0, whereas the
ordinary or in-plane ones (¢, and g,) were fixed at 1/2 (uniaxial anisotropy)*>33. Moreover, the
porosity profiles extracted by FIB tomography 3D reconstructions were incorporated into the
model in order to reproduce the variation in the refractive index (n) along the Z direction (as a
function based graded-index layer). On the other side, the anisotropy associated to the wurtzite
GaN structure was considered negligible compared to the anisotropy associated to the columnar
structure. Indeed, wurtzite GaN has a uniaxial structure, and its intrinsic birefringence, which is
the difference 4n = n. - n,, between extraordinary optical index n. and ordinary one 7., is of the
order of 0.02 (in absolute terms) in the visible range according to Ref. 31 (see Supporting
Information Figure S8). On the other hand, by modelling GaN as an isotropic material and
implementing it into the ABEMA model above mentioned, the birefringence in the visible range
is around 0.1 in the visible range as one can see on Figure 2(c) and 2(d), that is, 5 times higher
than the intrinsic birefringence of wurtzite GaN. We may therefore neglect the intrinsic uniaxial
structure of GaN, and conclude that the observed anisotropy is mainly due to the elongated shape

of the NWs.

Despite this model provides a fine agreement to the experimental data in the visible range, it fails
to reproduce the absorption in the IR range, as can be seen on Figure 2(a) and 2(b). Indeed, the
presence of a weak but non-negligible level of doping in the GaN results in free carrier absorption

in the IR range. In order to model correctly this absorption, we replace the tabulated optical
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constants from Ref. 31 for wurtzite GaN by a combination of two oscillators: (i) a Tauc-Lorentz
Oscillator (TLO) modelling the direct band gap (E,) absorption of GaN**; and (ii) a Drude
Oscillator (DO) modelling the free-carrier behaviour in the IR range?® (a scheme of the optical
model is presented in Supporting Information Figure S2). From 1.5 to 3 eV, that is, in the visible
range, the parameters of the TLO were adjusted onto the values of the dielectric constants for
wurtzite GaN from the Ref. 31. The advantage of using a Tauc-Lorentz oscillator over, e.g., a
simple Lorentz oscillator is to impose a more realistic value of zero for €, below the gap. Also, a
TLO permits the combination with another oscillator, here a Drude oscillator, unlike, e.g., a simple
Cauchy model. In this way, a DO was incorporated to represent free-carrier absorption by fitting
the ellipsometry data in the lower energy region, considering an effective mass (m*) of 0.20 for
wurtzite GaN3¢ , while the free carrier density N, and optical mobility s, are the parameters
to be fitted. Indeed, the Drude model is appropriate to characterize samples with carrier

concentrations down to 10'® cm when infrared spectroscopic ellipsometry is used?’.

The fittings obtained for T2 and T2’ samples after incorporating TLO and DO models are shown
in Fig. 2(a) and (b) respectively, together with the fitting obtained by using either a TLO alone
(TLO) or the data from Ref. 31 (Adachi) for GaN. As one can see, a TLO alone or Adachi data
provide a quite good description of the measured ¥ and A SE values in the visible range. However,
while approaching the IR range, a shift in energy between the modelled and measured oscillations
of ¥ and A is noticeable. Moreover, they predict oscillations below 0.4 eV that are not observed.
The addition of a Drude oscillator to the model resolves these issues: the modelled oscillations of
Y and A remain in phase with the measured ones even in the IR range, and their cut-off at 0.4 eV
is correctly predicted. We emphasize here that this cut-off provides a very robust criterion to fit

the carrier density: the Mean Square Error (MSE) increases by 10% when a relative change of 10%
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of Newpy 1s applied to the model (see Supporting Information Figure S6). With this criterion, the
relative uncertainty on the fitted value of N, is + 10%, for values of N, as low as 1 x 10'8

e/cm?. That is, + 0.1 x 10?° e/cm? for a fitted value of N,y = 1.3 x 10?° e/cm? for sample T2.

80
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Figure 2. Measured spectroscopic ellipsometry angles ¥ (red) and A (green) for (a) T2 and (b)
T2’ samples at an incident angle of 65°. Thick solid lines represent the experimental
measurements. Thin solid black lines represent the best-fit achieved using the SE model (ABEMA
including TLO + DO). For comparison, dashed lines represent the best-fit obtained with an
ABEMA model with only a TLO (light blue) or using Adachi et al. (Ref. 31) data (dark blue) for

GaN. In-plane (blue solid lines) and out-of-plane (red solid lines) refractive indices and
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birefringence (dashed green lines) of (c) T2 and (d) T2’ samples obtained from simulations using

the SE model.

The evolutions of the in-plane and out-of-plane refractive indices along with the birefringence of
T2 and T2’ NW layers, obtained from the enhanced ellipsometry model over the vis-IR range, are
displayed in Fig. 2(c) and (d), respectively. As expected, the refractive indices of both samples in
the visible spectrum are smaller than that of bulk GaN due to the presence of voids. Nevertheless,
both layers start to experience a metallic behaviour at energies around 0.4 eV which corresponds
to the onsets of free-carrier absorption, leading to an increase in refractive indices. Also note that,
from visible to near infrared, the refractive indices in the Z direction are greater than that
corresponding to the in-plane one. Likewise, the values of birefringence obtained in this spectral

range let us evidence that the optical anisotropy in T2’ is stronger than in T2.

Additionally, the DO parameters (N, and 4,,) provided by the SE model are N, (T2) = (1.3
+£0.1) x 102 e/cm? and 4, (T2) =45+ 5 cm?/V-s; Negopy (T27) = (1.1 £ 0.1) x 10%° e/cm? and z4,,,
(T2”) =34+ 5 cm?/V-s. Note that the doping level of both samples is surprisingly high, taking into
account that they were not intentionally doped. Regarding the optical mobility, the values extracted
from the SE model are in good agreement with the electrical mobility obtained in the literature by
four-point measurement for single GaN NWs*33, Besides, these results are also consistent with the
values of mobility obtained from the Hilsum equation®® adapted for the case of GaN NWs#0, that
is, 32.2 ecm?/V-s for T2 and 33.2 cm?/Vs for T2’ considering the doping level predicted by the SE
model. This is because the optical measurements performed supply intra-granular information,

which is equivalent to the mean of a set of measurements carried out on different single NWs.
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In order to confirm the values of carrier density and mobility predicted by SE as well as to validate

the defined model, room temperature Hall Effect measurements were conducted. For this purpose,

four contacts were placed at the corners of squared-shaped samples which were cut in such way

that the same areas as in previous experiments were studied.

Sample T2

Sample T2’

Hall voltage, V4 (V)

(-4.4 +0.2)-10°

(-4.4 +0.9)-10

Sheet Resistance, R; (QQ)

111.5+ 0.1

1881.2 +6.0

Hall carrier density, Nz (€-/cm?3)

(1.6 + 0.1)-1020

(1.2 + 0.3)-1020

Hall mobility, zzs (cm?3/V-s)

6.8+0.3

0.4 +0.1

Optical carrier density, ANgopy (€-

/cm?)

(1.3 + 0.1)-1020

(1.1 £ 0.1)-1020

Optical mobility, s, (cm?/V-s)

45+5

34+5

Table 1. Summary of the electrical characterization of T2 and T2’ samples through Hall

Effect measurements and vis-IR SE. Hall effect experiments were conducted by supplying

a current of 100 pA and inducing a magnetic field of 0.58 T. The thicknesses considered

for these calculations were the obtained from 3D reconstructions (Fig. 1).
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An overview of the results obtained from the Hall effect measurements for T2 and T2’ samples
can be found in Table.1. The negative sign of the Hall voltage indicates that the majority of the
carriers were electrons for both samples (n-type semiconductor). Moreover, the values of carrier
densities measured are in accordance with those predicted by SE, which confirms the high n-
doping level. However, great differences between the electrical behaviour of T2 and T2’ samples
are observed. As can be seen, sample T2’ exhibits a greater opposition to the flow of electric
current than T2 (just over one order of magnitude). It should be also noted that the mobility
measured by Hall effect, in addition to be surprisingly low, does not correspond with the one
predicted by the SE model. The latter is expectable since SE provides information related to the
free-carrier mobility within grains (,,,) while Hall effect give us information about the total
mobility of the layer (uy,;), including the effects of grain boundaries as well as the porosity of the
structure. Conversely, N, values are not affected by the porosity*!, so it is relevant to compare
them directly with those resulting from SE (N, ). Thus, 4, values suggest that the mobility in

GaN NW arrays is dominated by inter-grain barriers.

(a) —T2 (b) T2

FWHM = 0.20° FWHM = 6.6°

FWHM = 0.20°

Normalized Intensity (a.u.)
Normalized Intensity (a.u.)

06 -04 02 00 02 04 06 -8 -6 -4 20 2 4 6 8
o ©) i)
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Figure 3. XRD rocking curves: (a) o-scans and (b) x-scans of the GaN 0002 reflection for

T2 (blue lines) and T2’ (red lines) samples.

This assumption is also supported by the shape analyses of XRD rocking curves (® and y-scans)
of 0002 GaN diffraction peaks. As can be appreciated in Fig. 3(a), the full width at half maximum
(FWHM) values of the m-scans are rather small for T2 and T2’ samples (0.20° in both cases) which
not only indicates the good crystal quality of nanowires (low density of dislocations) but also a
good epitaxial alignment between the GaN nanostructure and the single-crystalline Si substrate
(the out-of-plane epitaxial relationship is GaN(0001)||Si(111) for T2 and GaN(0001)||Si(001) for
T2’). In addition, y-scans (Fig. 3(b)) reveal that the slight misorientation of the (0002) planes along

the growth direction (tilt) is more significant in T2’ than in T2.

Once come to this point, it is time to account for the unintentional high doping concentration of
the GaN N'W layers. With the aim of elucidating the origin of the doping, EDX chemical analyses
were carried out in both samples. The Thermo Scientific Velox ™ user interface was used for data
acquisition and processing. Quantification of the EDX data was performed using the standardless
method. In order to minimize errors during this step, intensities of the different peaks were
extracted with a great care after background subtraction with a multi-polynomial approach. Since
this approach can lead to inaccuracy in the quantitative composition determination, especially for
low Z elements like O and N, qualitative analyses were conducted. STEM high-angle annular dark
field imaging (HAADF) and EDX elemental maps (see Fig. 4(a-b)) reveal a remarkable presence

of oxygen distributed throughout both films. Note that the oxygen signal becomes greater on the
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edges of the nanowires, where projections only bring contributions of the surrounding material,

suggesting that oxygen is mainly accumulated at NW surfaces (see elemental profiles obtained for

oNOYTULT D WN =

both samples in Figure 5(a-b)). Likewise, EDX normalized spectra (Fig. 4(c)) of both samples
10 reveal that the amount of oxygen in T2’ is larger than the one detected in T2. In this context, it is
well known that high concentrations of oxygen in GaN can cause high levels of electron
15 concentration**3. Therefore, in consideration of these results, it could be assumed that the

17 observed GaN NWs doping is linked to oxygen impurities.

0.8 "

0.6+

Intensity (a.u.)

0.4

46 0.2 A0 ¥

47 0.0 P} oo N, . ‘ 5

48 0.0 0.5 1.0 15 8.0 8.5 9.0 9.5 100
Energy (keV)

52 Figure 4. STEM-HAADF and EDX elemental maps of (a) T2 and (b) T2’ samples obtained

3> for Ga, N, O and Si atoms. (c) EDX spectra, normalized at Ga-L, peak (1098 eV), for T2
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(magenta dashed line) and T2’ (blue dashed line) samples. The inset corresponds to the

feature of the O-K,, peak (525 eV).

By contrast, the explanation for the low total mobility of such GaN nanostructures is more
complex. In addition to the effect of porosity, which acts by reducing the volume in which the
current flows*®, two additional reasons could contribute to this phenomenon: (i) surface state
trapping; and (i1) the formation of native oxide on the surface. Generally, electrical properties of
nanowire-structured semiconductors are sensitive to the status of their surfaces. One of the main
problems of nanostructured systems is the decrease in the carrier mobility due to the scattering
from the surface states. Furthermore, this effect becomes even more significant for the case of
NWs because of their high surface-to-volume ratio, which leads to free carriers within the wire
being trapped at surface traps'®*’. Nonetheless, this phenomenon would only affect the mobility
inside nanowires which was proved not to be the responsible for the low total mobility of the

studied systems.
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Figure 5. STEM-HAADF and Ga, N and O EDX elemental profiles for (a) T2 and (b) T2’ samples.
Note that such profiles were integrated across the NWs following the direction indicated by the

arrows.

Another consequence of the great surface-to-volume ratio is the formation of amorphous layers of
native oxide surrounding the nanowires when they are exposed to air. This issue has been
previously reported by other authors?'*® resulting in a detrimental effect on electrical properties
since this oxide shell acts as a barrier for the motion of electrons among nanowires. According to
similar studies*>-%°, this fact might also provide an explanation for the high levels of electron
concentration in these GaN nanostructures: part of the oxygen atoms could diffuse from the oxide
layer into the GaN nanowire at room temperature, originating oxygen impurities. HRTEM
micrographs and fast Fourier transform (FFT) diffractions of isolated wurtzite GaN nanowires of

T2 (Fig. 6(a)) and T2’ (Fig. 6(b)) samples evidence this formation of amorphous layers of native
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oxide on the surface. Note that the amount of oxide generated on the surface of the nanowire
belonging to T2' is considerably larger than that observed in the NW of T2. The latter, in addition
to supporting the results obtained through EDX analyses, could be associated to a major
susceptibility to oxidation of T2’ compared to T2 sample, leading to a minor mobility of the T2’
sample as Hall effect measurements revealed. Thus, we propose that both the native oxide layer
formed on cylinder-like surfaces and porosity are the limiting factors on the global mobility of

GaN nanowire arrays films.
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Figure 6. High-resolution TEM micrographs and corresponding FFT diffractions of single

nanowires of (a) T2 and (b) T2 samples. Note that these TEM observations were

conducted on two FIB lamellae prepared by using the same SEM-FIB systems as for FIB

tomography experiments.
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After reaching these conclusions, it is clear that surface-to-volume ratio plays a vital role in both
optical and electrical properties of GaN NW arrays. The insertion of porosity allows to cut down
the effective refractive index of the layer. However, increasing the porosity implies greater surface-
to-volume ratios, which has been proved to have a detrimental effect on the electron mobility
because the formation of native oxide shells within the semiconducting layers is favoured when
the surface exposed to air is greater’'. Hence, by tuning the growth conditions, the porosity of the
nanostructures can be controlled, making these systems more appropriate for optical or electrical

applications.

CONCLUSIONS

In summary, optical and electrical properties of GaN nanowire arrays grown on Si (111) and Si
(100) by PAMBE were simultaneously explored by means of an innovative methodology based
on vis-IR spectroscopic ellipsometry. For a better description of these nanostructures, porosity
profiles extracted by FIB tomography reconstructions were implemented into an ABEMA model
where the optical constants of GaN were modelled by a multioscillator approach (TLO and DO)
which enabled us to determine the carrier density and intra-grain mobility of such nanostructures.
These results evidenced electron concentrations of about 10?° ¢cm= and optical mobilities
comparable to the one reported for individual GaN nanowires (30-50 c¢cm?/V-s). Hall effect
measurements, XRD and transmission electron microscopy (STEM-EDX and HRTEM) studies
not only provided a confirmation of the results predicted by the SE model but also let us elucidate

that the oxygen impurity was the responsible for the high doping level and that the total mobility
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of such GaN arrays was mainly limited by the combined effect of porosity and surface oxidation

of individual nanowires.
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