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Abstract
In this work, the first observation of the space charge limited conduction mechanism (SCLC) in
GaAsSb nanowires (NWs) grown by Ga-assisted molecular beam epitaxial technique, and the
effect of ultra-high vacuum in situ annealing have been investigated. The low onset voltage of
the SCLC in the NW configuration has been advantageously exploited to extract trap density and
trap distribution in the bandgap of this material system, using simple temperature dependent
current—voltage measurements in both the ensemble and single nanowires. In sifu annealing in
ultra-high vacuum revealed significant reduction in the trap density from 10'® cm™ in as-grown
NWs to a low level of 7 x 10'* cm ™ and confining wider trap distribution to a single trap depth
at 0.12eV. A comparison of current conduction mechanism in the respective single nanowires
using conductive atomic force microscopy (C-AFM) further confirms the SCLC mechanism
identified in GaAsSb ensemble device to be intrinsic. Higher current observed in current
mapping by C-AFM, increased 4 K photoluminescence (PL) intensity along with reduced full-
width half maxima and more symmetric PL spectra, and reduced asymmetrical broadening with
increased TO/LO mode in room temperature Raman spectra for in sifu annealed NWs again
attest to effective annihilation of traps leading to the improved optical quality of NWs compared
to as-grown NWs. Hence, the I-V-T analysis of the SCLC mechanism has been demonstrated as
a simple approach to obtain information on growth induced traps in the NWs.

Keywords: GaAsSb, III-V material, conductive atomic force microscopy (C-AFM), space
charge limited current (SCLC), temperature dependent current—voltage (/-V-T), Nanowire
(NW), annealing

(Some figures may appear in colour only in the online journal)

Introduction sub-wavelength optical phenomenon, and quantum size

effects [1, 2]. Further, the flexibility of integrating different
Semiconductor nanowires have generated great interest due to  material systems in NW configuration and a wider choice of
their one-dimensional architecture with high surface to substrates that is not conceivable in thin films broadens the
volume ratio enabling enhanced light absorption, elastic scope of potential opportunities by using this as a building
relaxation of the lattice mismatch-induced strain at edges, block for fabricating wide range of high-performance NW
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optoelectronic devices at a lower cost as in photovoltaic
devices [3], UV nanolasers [4] and FETs [5]. Among the ITI-
V material system, GaAsSb bandgap energy covers the
important telecommunication wavelength in the electro-
magnetic spectrum for near-infrared telecommunication,
computing, and optical interconnects [6].

It is well known that in ternary III-V NW material alloy
systems, inhomogeneous composition and phase separation
[7], atomic ordering [8], and miscibility gap [9] phenomena
can have deleterious effects on electrical and optical proper-
ties for NW devices operating at room temperature (RT). In
the GaAsSb material system, in particular in the NW con-
figuration, the electronic and the optoelectronic properties are
strongly dependent on Sb concentration due to its inhomo-
geneous distribution in NWs both axially and radially [10],
and also on the presence of point defects such as intrinsic
Gagy, antisite defects and Ga vacancies [11, 12].

Further, the NW configuration provides an additional
source of defects compared to their thin film counterparts due
to the presence of planar defects namely, stacking faults or
twins during NW growth [13] particularly when grown in
core—shell configuration. The foreign catalyst used in the NW
growth may act as a deep trap [14] or as a shallow donor in
NWs [15], while the surface roughness and step edges on the
NW surface [16] can contribute as a source of electrical defect
and degrade the performance of the NW device.

The one-dimensional architecture of NWs commonly
leads to the presence of more than one conduction mechanism
in the NWs [17, 18]. The dominance of a specific mechanism
for a given growth technique depends on numerous para-
meters, namely the composition of the NW, the physical
dimension, the bias range, the NW architecture, and so forth.
One of the common conduction mechanisms that have been
observed in different types of NWs is the space charge limited
current (SCLC) [18-22]. This arises when the injected charge
carriers dominate over the thermally generated carriers [23]
and are generally the case in intrinsic NWs. The one-
dimensional geometry, along with the small footprint of the
NWs enables the onset of the SCLC mechanism to occur at a
much lower voltage than in the bulk material. The analysis of
SCLC mechanism therefore offers a pathway to gain more
insight in the nature and density of the traps present in NWs.

Hence, in this work, we have investigated the /-V char-
acteristics of GaAsSb NWs grown by Ga-assisted molecular
beam epitaxy (MBE), with emphasis on the region exhibiting
the SCLC mechanism. Ga-assisted growth eliminated the
effect of foreign catalyst. Room temperature -V character-
ization has been carried out on single and ensemble NWs. The
temperature dependent /-V characteristics on ensemble NW
devices have been used to extract the trap level and trap
density distribution throughout the NW. We show that ultra-
high vacuum in sifu annealing of the NWs is an effective tool
in lowering the trap density as well as its distribution in the
NW leading to enhanced PL intensity and suppressed LO
mode in the Raman spectra. This is also consistent with the
observed improvement in the device performance after in situ
annealing of GaAsSb P-I NW ensemble devices reported by
Sharma et al [24]. Therefore, simple current—voltage (I-V)

GaAsSh NW

Si substrate

Figure 1. Schematic of the GaAsSb ensemble NW device.

measurements and its temperature dependence can be used as
a powerful diagnostic tool for quantitative analysis of the
electrical transport parameters and defect-related behavior of
the NW, as extracting the values of the transport parameters
by conventional Hall measurements commonly used in thin
films or bulk materials is more tedious due to the nanoscale
nature of the contact formation on NWs.

Experimental details

The GaAsSb NWs used in this work are synthesized via a
self-catalyzed VLS growth approach using solid source EPI
930 MBE system on Si (111) substrates. GaAsSb core and
GaAlAs shell were grown at 590 °C and 465 °C, respectively.
For this study, two sets of samples were grown. One was as-
grown and the other with in situ annealing in ultra-high
vacuum at 465 °C for 10 min before the growth of the
GaAlAs shell. More details of the growth are provided else-
where [24, 25]. The surface morphology of the NWs was
examined using a Carl Zeiss Auriga-BU field emission
scanning electron microscope (FESEM) at an operating
voltage of 5 KV.

For the electrical characterization, the NW ensemble was
spin-coated with polymethyl methacrylate (PMMA) layer,
and the NW tips were exposed by chemical etching. Circular
contact pads of Au/Ti (150/20 nm) and Au/Ni (150/20 nm)
were made as top and bottom contacts, respectively, using
electron beam deposition for the two-probe /-V measurement.
The device schematic is displayed in figure 1.

Temperature-dependent current—voltage (I-V-T) curves
of the NW ensembles were obtained using a Keithley 4200
semiconductor parameter analyzer system used in conjunction
with a Lake Shore TTPX probe station equipped with radia-
tion shield in an N, purged environment for two-probe
measurements.

Also, conductive atomic force microscopy (CAFM
Asylum MFP-3D Origin) operating in contact mode was used
for single NW for RT I-V characteristics. A Pt coated Si
cantilever of radius ~20nm and a spring constant of
18N m ™' was used. I~V measurements were carried out by
positioning AFM probe on the NW tip and providing
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Figure 2. FESEM images: (a) GaAsSb NWs on Si (111) substrate, (b) top view of GaAsSb NW ensemble spin-coated with PMMA, (c) tilted
view of NW ensemble embedded in PMMA at the edge of the substrate and (d) an NW tip exposed above PMMA.
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Figure 3. I-V characteristics of different NW ensemble: (a) as-grown and (b) in situ annealed.

secondary contact on the top side of the substrate with voltage
bias varying from —1 to 1V [26].

Micro-photoluminescence (u-PL) system was also used
for the assessment of the optical properties of as-grown and
in situ annealed NWs, which employs 633 nm He—Ne laser as
the source of excitation, 0.32m double grating mono-
chromator for the wavelength dispersion and InGaAs detector
with conventional lock-in techniques. A closed cycle optical
cryostat from the Montana cryostation with the sample
chamber interfaced with a fiber-coupled confocal microscope
was used to study the variation of PL spectra of the sample
between RT and 4 K.

Finally, the vibrational characteristics of the NWs were
determined by Raman spectroscopy at RT, which used a He—
Ne laser with 633 nm as the excitation source.

Results and discussions

Vertically aligned GaAsSb ensemble NWs of an average
length of ~2.5 um with a diameter of ~125 nm were grown
on Si (111) substrate. Figures 2(a)—(d) show the FESEM
images of these NWs, with top, tilted view and a single NW
embedded in PMMA, respectively.

The RT I-V characteristics of as-grown and in situ
annealed ensemble GaAsSb NWs are shown in figures 3(a)
and (b), respectively. The in situ annealed NW ensembles
exhibit two orders of magnitude higher current in the forward
bias compared to the as-grown NW ensemble.

However, both the -V curves under forward bias follow
a power-law relationship I oc V", with m = 3.8 for the device
before annealing (figure 4(a)), and m = 2.38 after annealing
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Figure 4. (a) Log—log I-V plot for the as-grown, and (b) annealed NW ensemble devices at RT exhibiting linear and power dependence.

(figure 4(b)). In the low bias region, the /-V characteristics are
almost linear in both types of NWs.

The presence of two slopes in the log—log -V char-
acteristics is indicative of the presence of two different con-
duction mechanisms, each one dominating over different bias
range [18]. The linear -V dependence at lower voltage bias
range suggests the dominance of background-free carriers
over the injected carriers. At higher bias range, the power-law
dependence of the observed [-V signature of the SCLC
conduction mechanism is attributed to the dominance of
injected carriers over the free carriers. The value of the
exponent is indicative of the absence or the presence of traps,
with 2 being representative of trap free SCLC mechanism,
while exponents exceeding 2 is representative of a trap-
associated SCLC conduction mechanism [27]. The suppres-
sion of free charge carriers and the observation of SCLC
mechanism in the NWs are often attributed to arise from the
high density of surface states associated with one-dimensional
geometry, which is responsible for poor electrostatic shielding
of injected charge carriers as well as for large depletion
widths at contacts that hinder punch-through of the carriers
[28]. Similar reports of observation of SCLC mechanism in
other NWs include NWs of GaAs [18, 29], GaSb [19], InN
[21], Si [20] and ZnO [22].

To gain a deeper insight into the competitive behavior of
injected and free carrier density, temperature dependent -V
measurements were carried out on in situ annealed ensemble
NW device in the temperature region from 200 to 400 K, as
illustrated in figure 5. At low and intermediate temperatures
ranging from 200 to 325 K, the transition from linear behavior
to I-V power-law dependency with increasing bias is pro-
nounced, which gradually vanishes with an increase in
temperature. At 400 K, the -V exhibits only linear char-
acteristic in the entire bias region investigated. This change in
behavior with temperature can be explained based on the
injected carriers dominating the conduction mechanism at
lower temperatures due to a partial freeze of free carriers in
the traps, while at higher temperatures de-trapping of these
carriers takes place. This behavior also provides further sup-
port to our earlier assignment of the conduction mechanism at
a higher bias to the SCLC mechanism. It is to be noted that
the combination of the SCLC mechanism and the high density
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Figure 5. Temperature dependence of /-V characteristics of in situ
annealed NW ensemble device.

of NWs led to the observed high current. Hence, the inves-
tigations were limited to a bias voltage of 1 V to prevent any
deterioration of the NW characteristics.

These temperature dependent /-V characteristics can be
used for an estimation of the trap energy level and its density,
assuming an exponential trap distribution below the band
edge [30]. In such a case, the distribution function for trap
density, N, (E) can be written as:

N(E) = %exp(_E—E\J, )]

t t

where E is the relative energy measured from the bottom of
the conduction band, E, is the characteristic trap energy dis-
tribution and is often written in terms of characteristic trap
temperature 7. as E; = K,T., K, being the Boltzmann
constant.

This trap distribution gives a power-law dependence of
current density on the applied voltage, which is given as [31]:

1+1 Lyt

J:ql_luch 20+ 1 l e \% ’
I+1 I+ 1H,) ¥+

where H, is the density of traps, ¢ is the dielectric constant of

the material, &) is the permittivity of free space, p, is the
carrier mobility, N, is the density of states in the conduction

2
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Figure 6. (a) / + 1 as a function of inverse temperature, and (b) log J versus (1/7) plot at different voltages, which shows temperature

invariance characteristics at V, = 0.4 V.

band, / = T,/T, T is the measurement temperature and ‘L’ is
the NW length.

Using the plot of the variation of parameter / + 1 with
the inverse of temperature (figure 6 (a)), where [ + 1 repre-
sents the slope of the log J-log V curve in the SCLC regime,
the characteristic energy E; (which is the slope) was computed
to be ~0.12 eV. This characteristic trap energy level is in the
energy range normally assigned to the defect combination of
Gag, antisite and a complex defect associated with Ga
vacancies [12].

The trap density was then determined from the cross-over
voltage V., which signifies temperature independent current
density, using the following equation [30, 31]:

_ thL2

V. .
¢ 2e4€0

3)
The cross-over voltage is determined to be 0.4V from the
extrapolation of log I-log V plot in the SCLC region for
different temperatures, where all plots intersect (figure 5).
Alternately, V. can also be viewed as the voltage corresp-
onding to zero activation energy. The invariant nature of
temperature dependence of current density at 0.4V, as illu-
strated in figure 6(b), further confirms the V. to be 0.4 V.

The trap density H, for the NW’s was determined to be
~7 x 10 cm™ using simple substitution of values in
equation (3). This value of trap density for NW device is
lower to those reported in other III-V NW’s [19, 29, 32, 33].

Similar I-V measurements were carried out on as-grown
GaAsSb NW ensemble. The I-V-T plot of as-grown NWs in
figure 7, in contrast to the in sifu annealed NWs, revealed a
distribution of cross-over voltages ranging from 0.2to 7 V.
This is a clear signature of the presence of traps at different
energy levels with trap density distribution from
3 x 10em™ at 02V to 10'°cm™> at 7V in the as-
grown NWs.

This suggests that in sifu annealing in an ultra-high
vacuum is effective in the annihilation of the traps leading to a
significant reduction in the trap density and its distribution.

Conductive atomic force microscopy (C-AFM) was used
for current mapping images, of the ensemble NWs and I-V
characteristics on single NW, to reaffirm the results obtained
above in the NW ensemble devices. This technique has the
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Figure 7. Log I-log V plot for as-grown NW ensemble device.

advantage to minimize the effect of processing during the
ensemble contact fabrication at the NW tip, along with sim-
plicity and rapid turn-around time for characterization.
Figures 8(a) and (b) show current mapping images of as-
grown and in sifu annealed NWs by C-AFM. Observation of
increased density of circular conductive spots in in situ
annealed NWs compared to as-grown NWs is clearly indi-
cative of higher number of conducting NWs in the former
case. Room temperature log I versus log V plots under for-
ward bias for both these type of SNWs (figures 8(c) and (d))
reveal a linear characteristic at lower bias range and power-
law dependence with increasing bias. The exponent of the
power-law in as-grown is higher compared to in situ annealed
NWs. All these data are consistent with the ensemble NW
devices, further confirming the presence of the SCLC as the
dominant transport mechanism in GaAsSb SNWs with
improved conductivity in in situ annealed NWs due to the
lower trap density. Also, the processing and metallization
process for achieving ohmic contacts in the ensemble NWs as
well as any contact resistance appear to have negligible effect
on the intrinsic SCLC charge transport mechanism in
the NWs.

Next, the effects of in sifu annealing using the PL char-
acteristics were examined (figure 9). In situ annealed GaAsSb
NWs show a significant increase in PL intensity and reduced
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Figure 9. Superimposed PL emission for as-grown intrinsic GaAsSb
and in situ annealed NWs at 4 K.

full-width half maxima (FWHM) compared to as-grown
NWs. In situ annealing is speculated to provide the thermal
energy to annihilate the defects introduced during the growth
while also improving the compositional homogeneity, leading
to a reduction in the overall density of traps and their dis-
tribution in the NWs. Thus, the non-radiative recombination
channels are suppressed, yielding enhanced PL intensity in
in situ annealed NWs compared to as-grown.
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~
= 0.8
[~
'
. 0.6 -
=
Z 041
=P]
= 0.2
)
0.0+

200 220 240 260 280 300 320 340 360
Wavenumber (cm-1)

Figure 10. Normalized RT Raman spectra comparison of as-grown
and in situ annealed GaAsSb NWs.

Room temperature Raman spectra of as-grown and in situ
annealed GaAsSb ensemble NWs are compared in figure 10.
LO mode intensity is reduced for in situ annealed NWs with a
concomitant increase in TO/LO ratio compared to as-grown
NWs. This difference is attributed to the occurrence of the
depletion region at the surface primarily due to the presence
of surface state density on the NWs, creating a surface-
induced electric field. The suppression of LO intensity sug-
gests the narrowing of the depletion region after in situ
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annealing, indicative of annihilation of surface trap states
[24]. Increased asymmetric broadening in as-grown NWs as
compared to in situ annealed NWs is indicative of composi-
tional inhomogeneity, and increased disorder in NWs [34].
Thus, in situ annealing very likely impacts the trap states both
in the core of the NW and at the surface, leading to improved
optical and electrical properties of the NWs.

Our findings are consistent with the earlier reports of
Sharma et al [24] on P-I NW ensemble where a significant
improvement in spectral response was observed on devices,
which were in situ annealed. Thus, the temperature dependence
of I-V characteristics provides direct evidence of annihilation
of the traps on in situ annealing and explains the improved
optoelectronics properties observed in GaAsSb NWs.

Conclusion

The first observation of the SCLC conduction mechanism in
intrinsic GaAsSb SNW (using C-AFM) and ensemble NW
device (two-probe measurement) has been discussed. This
effect has been exploited to extract trap density and trap level
positioning near the band edge using temperature dependent
I-V measurements. In situ annealing in an ultra-high vacuum
revealed significant reduction in the trap density from
10'® cm ™ in as-grown NWs to a low level of 7 x 10" cm ™
and suppressed wider trap distribution to a single trap depth at
0.12eV. Increased PL intensity with narrower FWHM in
in situ annealed NWs and lower LO mode intensity in the
corresponding Raman spectra further attest to the annealing-
induced annihilation of the traps. Thus, the I-V-T measure-
ment in SCLC regime has been successfully shown to identify
growth related induced traps.
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