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Defects are detrimental for optoelectronics devices, such as stacking faults can form carrier-
transportation barriers, and foreign impurities (Au) with deep-energy levels can form carrier traps
and non-radiative recombination centers. Here, we first developed self-catalyzed p-type GaAs
nanowires (NWs) with pure zinc blende (ZB) structure, and then fabricated photodetector made
by these NWs. Due to absence of stacking faults and suppression of large amount of defects with
deep energy levels, the photodetector exhibits room-temperature high photo responsivity of 1.45
x 10° A W and excellent specific detectivity (D*) up to 1.48 x 10* Jones for low-intensity light
signal of wavelength 632.8 nm, which outperforms previously reported NW-based photodetectors.
These results demonstrate that these self-catalyzed pure-ZB GaAs NWs to be promising candidates

for optoelectronics applications.
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In recent years, semiconductor nanowires (NWSs) have received tremendous attention because of
their enormous potential applications in nanoscale electronics and optoelectronics devices such as
photodetectors, single electron transistors, single photon detectors, tunneling diodes and nano
lasers.!*8] Reduced dimensionality, large surface to volume ratio and strong light matter interaction
make the NWs a solid candidate for optoelectronic applications.? ® 1% Photodetector is one of the
optoelectronic devices which has large range of applications in environmental monitoring,
industrial quality control and optical communications.[**-*3] Furthermore, high photo responsivity,
signal-to-noise ratio, specific detectivity and fast response time are the desired parameters for

photodetectors.*: 12

Photodetectors fabricated using semiconductor NWs have been a source of motivation for
researchers due to their high quantum efficiency and responsivity./**l Among all semiconducting
NWs, I11-V semiconductor NWs are promising candidates for photodetectors because of their high
absorption coefficient and wide tunable bandgaps.t®! Photodetectors based on I11-V semiconductor
NWs have been fabricated in different configurations such as core-shell nanostructurest® %,
alloys!*6-18 and hetero structures!*® 2. Among all 111-V NWs, gallium arsenide (GaAs) NWs have
gained immense attention for detection application over recent years because of their high light-
to-electricity conversion efficiency, moderate direct bandgap (1.42 eV) and high compatibility
with Si technology, which in turn make them suitable for various outstanding optoelectronic

applications like solar cells, photodetectors, p-n diodes and field effect transistors.[*% 21-30]

The performance of photodetectors depends largely on the growth techniques of NWs. To the best
of our knowledge, most of photodetectors are fabricated based on NWs which are synthesized by
foreign catalyst assisted techniques which compromises photodetection parameters.[*”23.31-33 The

foreign catalyzed metal (e.g. Au) significantly degrades the optoelectronic properties of NWs by



incorporating foreign catalyst impurities into NWs during growth process which generate deep
trap levels behaving as efficient recombination centers.[” 3 These NWs are also not well-matched
with the complementary metal-oxide-semiconductor (CMOS) engineering standards because of
the inclusion of defect states.[*® Therefore, self-induced growth (self-catalyzed growth) techniques
to synthesize the NWs have become intensively vital because they outmaneuver unintentional

incorporation of foreign impurities which enhances the optoelectronic features of NWs, [ 18 34-36]

However, self-catalyzed NWSs are commonly observed to have stacking faults, intermixing of zinc
blende (ZB) and wurtzite (WZ) structures, which are difficult to be eliminated due to small growth
window. This intermixing happens when NW is grown in (1 1 1) crystal direction of cubic cell or
(0 00 1) direction of hexagonal cell, because of small nucleation energy difference between them
(smaller than 25 meV per ortho pair).E7-3¥ They can significantly degrade the device performance,
such as acting as scattering centers for carriers, and form carrier-transportation barriers.[*?4 |t has
been observed that the increase in stacking fault density decreases carrier mobility of GaAs NWs
from ~2250 to 1200 cm? V1 s7L.[*1 Moreover, Wallentin et al reported that the ZB segments in
WZ InP NWSs can act as traps for carriers.*y For un-doped InP NWs, the trapped carrier

concentration can be as high as 4.6 X 10* cm™3, which leads to low conductivities and motilities.

Therefore, elimination of stacking faults is of great importance for improving the carrier

transportation and hence the device performance.

In this work, we report on self-catalyzed phase-pure single GaAs NW based photodetector (PD)
and its photodetection characteristics. At room temperature, photodetector exhibits a high photo
responsivity (R) of 1.45 x 10° A W, photoconductive gain (G) of 2.85 x 107 % and significant

spectral detectivity (D*) up to 1.48 x 10'* Jones for light of wavelength 632.8 nm with weak



intensity of 0.03 mW/cm?, which outperforms previously reported photodetectors based on

NWs[t6-18. 231 without ferroelectric polymer layer.[*4]

The un-doped and beryllium-doped GaAs NWs were grown by self-catalyzed mode.[** %1 Both of
them have a diameter of 50-60 nm and are uniform along the length (Figure 1 (a) and (b)). However,
there are differences in crystal quality. The beryllium-doped NWs have pure-ZB crystal structure
up to the top most bilayer (Figure 1 (c-f)), while the un-doped NWs have high density of planar
defects along the length (Figure 1(g-j)). The suppression of WZ nucleation during growth can be
explained in term of the lowering of droplet supersaturation and/or surface energy by the formation
of Be-Ga alloy droplets.[*6-8] As can be seen in Figure 1 (b) and (g), Ga droplets from un-doped
NWs are round and at the exact top of the tip, while those from Be-doped NWs are displaced from
the nanowire center (Figure 1(a) and (c)), indicating the change of vapor-liquid and liquid-solid

interface energies and hence confirming the formation of Be-Ga alloy droplets by doping.

The photoluminescence spectra of p-doped GaAs NWs reveal only single peak emission with peak
intensity located at wavelength around 833 nm (1.49 eV) which is due to the conduction band to
acceptor recombination (green line in Figure 2 (a)).[*> 5% The asymmetric line shape indicates that
distribution of free carriers can be described by Boltzmann statistics because of the minimal
inhomogeneity at the band edge energy.®™ There is no other defect related emission at longer
wavelength. This is in stark contrast to un-doped GaAs NWs which have very weak band-to-band
emission but very strong emission at longer wavelength, indicating the existence of a large amount
of defects with deep energy levels (blue line in Figure 2(a)). These phenomena can be explained
by doping-induced change in band bending. The NWs have a large surface-to-volume ratio and
strongly influenced by high-density surface states. For un-doped GaAs NWs, surface states can

act as traps for electrons and fully deplete the NWs, leading to the upward bending of conduction



band (CB) and valence band (VB) as illustrated in left part of Figure 2 (b).5? %31 The photon
generated holes are diffused efficiently and accumulated at the NW surface because the surface is
a low-energy well for holes. On the other hand, electrons move to surface by tunneling through
and climbing over the barrier due to high mobility and small effective mass. As a result, photon
generated electrons and holes are recombined at the surface, leading to weak band-to-band
emission but showing emission at longer wavelength. For p-type NWSs, the surface states are
donor-like and can trap holes, leading to a negatively charged surface depletion region and causing
downward bending of CB and VB bands as illustrated in right part Figure 2 (b).®¥ This can
effectively confine the photo-generated holes in the NW center, because holes with large effective
mass and low mobility are difficult to tunnel through or climb over the barrier like-electrons. As a
result, doped NWs have larger band-to-acceptor emission and lower surface-state emission.
Therefore, p-doping can reduce the influence of NW surface states and carrier loss.

Due to the advantages of p-type doping mentioned above, photodetector has been fabricated using
p-GaAs single NW. The SEM image of single NW PD has been shown in the inset of Figure 3.1
(a). Prior to the photodetection measurement, the electrical transport characteristics of the device
were studied in field effect transistor configuration (schematic is shown in the inset of Figure 3.2
(b) to confirm the nature of nanowire and to explore the contact behavior between nanowire and
metal electrode. Figure 3 (a) shows the output characteristics curves as a function of back gate bias
at room temperature. The gate bias Vg has been varied from -10 V to 10 V with interval of 5 V.
The non-linear behavior of output characteristics depicts the presence of schottky junction between
metal contacts and NW. The slight non-symmetric trend of output curves shows the presence of
schottky junction with minor difference in barrier height between GaAs NW and metal electrodes

at both ends of NW. The schottky junction between metal electrodes and NW is advantageous to



achieve better photo-detection characteristics as compared to ohmic contacts.'! The output
characteristics curves of NW FET confirm p-type semiconductor properties in which drain current
decreases (increases) with an increase in positive (negative) gate bias. Under negative gate bias,
the accumulation of holes into NW channel increases, which thus increases the drain current. In
case of positive gate bias, the accumulation of electrons occurs in channel which reduces the drain
current. The drain current dependence on back gate voltage (transfer characteristics curves) for
different drain voltages, at room temperature has also been shown in Figure 3 (b). The transfer
characteristics curves show the decrease in drain current with back gate bias which also confirms

the p-type conductivity of NW.

The room-temperature photo response performance of GaAs NW FET photodetector has been
investigated in terms of its output characteristics for different light intensities. Figure 4 (a)
represents the output characteristics of GaAs NW photodetector in dark and under light
illumination at zero gate bias. The dark current at zero gate bias under forward and reverse biased
is 8 nA and 4 nA, respectively. The difference is caused by different Schottky barrier heights at
two ends of NW. The photo-current increases with light illumination because of the increased
density of photo generated carriers. The charge carrier’s photo generation efficiency is proportional
to the absorbed photon flux. These carriers contribute in conductivity, results an increase in drain
current. The net photocurrent is defined by the expression, Iph = liight-ldark, Where lqark is the current
before illumination and liignt is the current under illumination. The value of photocurrent obtained

at Vg =0V and Vs = -5 V is 15 nA for light intensity of 87.9 mW/cm?.

Figure 4 (b) shows the dependence of photocurrent on light intensity for different drain bias and it
follows power law, I, o P* where exponent y describes the response of photocurrent with light

intensity. The low intensity light would be absorbed in depletion region creating electron hole



pairs. These generated electron hole pairs then move under built-in electric field increasing the
photocurrent linearly. At low intensities, strong built-in electric field suppresses the rate of
recombination. The accumulation of electrons in depletion region shortens the width of depletion
region and weakens built-in electric field. With higher light intensity, the rate of absorption of
photons in schottky barrier regime reduces because of the reduced width of depletion region,
whereas rate of recombination increases because of lower built-in electric field in schottky barrier
regime. Therefore, with further increase in light intensity, no further increase in photocurrent is
observed and saturation is achieved.[* % The more clear explanation of this mechanism has been
illustrated later with help of band structure of metal-semiconductor junction. The values of
exponent y have been extracted by non-linear curve fitting for different drain voltages and it yields
y=0.34, 0.43, 0.59 and 0.73 for Vsg 0f 1.2 V, 2.4 V, 3.6 V and 4.8 V respectively. The non-unity
values of y suggest the complex processes such as electron-hole pair generation, recombination
and trapping of charge carriers in GaAs NWs.[2 %]

Figure 4 (c) represents the ratio of photocurrent to dark current i.e. photo response ratio (Ipn/lgark)
of photodetector against drain bias. The photo response ratio increases with increase in light
intensity because of the contribution of more photo generated carriers at higher light intensities.
The ratio Ipn/lgark is approximately 4.5 at drain bias of -5 V for light intensity of 87.9 mW/cm?. The
low value of photo response ratio might be attributed to large dark current but the value in our case
is better than previously reported NW photodetectors due to the absence of stacking faults and the
suppression of a large amount of defects with deep energy levels.1** 3 The time dependence photo
response of GaAs single NW photodetector has been measured by periodically switching on and
off 632.8 nm light with intensity of 87.9 mW/cm? at Vgs =5 V and Vg = -15 V. As depicted from

Figure 4 (d), the device current rises up abruptly and reaches a steady state of 19 nA under incident



light and then drops down to its initial current value of 9 nA in absence of illumination. The stable

and reproducible characteristics have been achieved in GaAs NW photodetector.

Spectral responsivity (R), defined as the photocurrent generated when unit power of light intensity

shines on effective area of NW and can be expressed as, 4l
R = Ipn/PA 1)

Where P is the incident light intensity and A is the effective area of NW. The optical gain (G) is
the vital parameter which is related to the number of electron-hole pairs excited by absorption of
one photon. It also explains the efficiency of the carrier transport. The optical gain can be expressed

by the following equation,? 141
G = R*hc/he )

Where h is the plank constant, e is the electronic charge, c is the speed of light and A is the
wavelength of irradiated light. Another figure-of-merit of photodetector is its detectivity (D*)

which portrays the proficiency to the smallest detectable signal and can be defined as,® 4
D* = (A4f) V2] (NEP) (3)

Where Afis the electrical bandwidth in Hz and NEP is the noise equivalent power. In case of small

noise from dark current, the specific detectivity can also be written as
D* =R (A/2elgark)"? 4)

Where lgark is the current before illumination. For incident light intensity of 0.03 mW/cm? at Vg
equals -5 V, the value of spectral responsivity has been found to be 1.45 x 10° A/W. The high
value of photo responsivity is attributed to the strong built-in electric field at GaAs NW/metal

electrode schottky junction. The corresponding values of optical gain and spectral detectivity are



2.85 x 107 % and 1.48 x 10** Jones respectively which are superior to the previous NW detectors
with bare NW surface.[*62%1 The outstanding performance is due to: (1) the absence of foreign
metal contamination that can reduce the carrier traps and non-radiative recombination centers
inside NWs; (2) downward band bending that can reduce the influence of surface state and hence
the loss of carriers; (3) single-phase crystal quality of NWs that reduces scattering centers, improve

carrier mobility and hence more efficient carrier collection at the contact region.

The spectral responsivity R as a function of incident light intensity for different drain bias has been
shown in Figure 5 (a). Itis revealed from figure that spectral responsivity decreases with increasing
light intensity for both positive and negative bias voltages. It can be explained as follows: when
light irradiates on semiconducting NW, three different processes namely, electron-hole pair
generation, electron-hole pair recombination and motion of generated carriers under strong built-
in electric field take place.[? 14 33 Photo generated carriers are proportional to light intensity and
its absorption into the material. At low light intensity, strong built-in electric field reduces the rate
of recombination resulting in high spectral responsivity. However at higher light intensities, the
increased rate of recombination because of reduced built-in-potential lowers the responsivity.[**
33,561 |t is also obvious from the Figure 5 (a) that the photo responsivity is higher for Vsg = -5 V
than for Vsg =5 V. It is because of different schottky barrier heights between metal and GaAs NW
during forward and reverse bias. The behavior of schottky junction between GaAs NW and metal
electrode under illumination of light, and under different biasing conditions has also been
elaborated with the help of band diagram as shown in Figure 6. The work function of metal contact
gold (pau) is 5.1 eV which is smaller than the work function of p-type GaAs ¢caas (5.2 €V). Upon
contact between metal electrode and GaAs NW, the negative work function difference (QAu- @caas)

results in a downward band-bending at the interface under thermal equilibrium as shown in Figure



6 (a). It thus builds a layer of negative charges in semiconductor region and positive charges in
metal electrode near the interface, results in the formation of schottky barrier at the interface.[* 5
%1 The device current through schottky contacts is extremely sensitive to the schottky barrier
height and its width.[81 The height of schottky barrier in p-type semiconductors is defined as g =

Eq — (pau— ) where y is the electron affinity of GaAs NW and its value is 4.07 ¢V.[> 2062

When the junction is reverse biased as shown in Figure 6 (b), the movement of holes from
semiconductor to metal electrode decreases, also the applied field and built-in electric field are
parallel to each other. These factors contribute in increasing the barrier width and strengthening
the built-in electric field which separates the photo generated electron hole pairs resulting in high
photocurrent and photo responsivity. Under forward bias, holes, the dominant carriers in p-type
GaAs NWs tend to transport from GaAs NWs to the metal electrode reducing the schottky barrier
(not shown). Under light illumination and forward biasing of schottky junction, the applied electric
field is antiparallel to the built-in electric field of schottky barrier, which lowers the built-in electric
field, increases electron hole recombination process which in turns reduces photocurrent and photo

responsivity.

The inset of Figure 5 (a) shows the variation of spectral responsivity of GaAs NW PD with applied
bias at light intensity of 0.03mW/cm?. The spectral responsivity increases with increase in bias
voltage. Specific detectivity of PD with incident light intensity has been shown Figure 5 (b) for
different bias voltages. The detectivity also decreases as light intensity increases but at low
intensities, we achieved high value of detectivity. A comprehensive comparison of these critical
parameters of photodetectors using single 111-V NWs has been performed and shown in Table 1.
The high parameters achieved in our GaAs single NW photodetector make it suitable for detecting

weak signals which has broad applications.*l

10



Table 1: Comparison of responsivity, optical gain and detectivity of GaAs NW PD with previous reported

work.
Material Dark Current Responsivity ~ Optical Gain Detectivity Reference
(A/W) (%) (Jones)

InAs NW ~5pAatl0V 8.4 x 10* 1.96 x 10° [2]
GaAsSbh NW ~200 nAat 1V 1.7 x 103 1.62 x 10° [16]
GaAsSb NW ~320nA at 0.5V 2.37 1.08 x 10° [17]

InAs NW ~2nAat-2V 5.3x10° [4]
GaAsSb NW ~90 nA at -3V 15x 103 [18]

GaAs NW ~ 80 nAat -5V 2x 108 [23]

InAs NW 40 2 x 10%? [57]

GaAs NW ~-4nAat-5V 1.45x10° 2.85x 107 1.48 x 101 Our work

In conclusion, we have successfully grown self-catalyzed p-type GaAs NWs with pure ZB

structure, which has been confirmed with high-resolution TEM and photoluminescence

spectroscopy. By using these phase-pure p-type GaAs NWs, we have demonstrated GaAs single

NW based photodetector which has extraordinary characteristics compared with other

conventional foreign-catalyzed assisted grown NWs based PDs. GaAs NW based PD reveals

ultrahigh photo responsivity of 1.45 x 10° A W, remarkable photoconductive gain of 2.85 x 10’

% and exceptional spectral detectivity (D*) up to 1.48 x 104 Jones at 632.8 nm with low excitation

laser intensity of 0.03 mW/cm?. These outstanding features of PD based on self-catalyzed grown

GaAs NW make the NWs striking constituent for plenteous electronics and optoelectronics

devices.
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Experimental Section:

NW growth: The self-catalyzed GaAs NWs were grown directly on p-type Si (111) substrates
by means of solid-source III-V molecular beam epitaxy (MBE). GaAs NWs were grown with a
Ga beam equivalent pressure, V/111 flux ratio, substrate temperature, growth duration and nominal
doping concentration (characterized in thin film growth) of 8.41x1078 Torr, 50, ~630°C, 1 hour

and 1.6~6.4x10'%/cm?, respectively. The substrate temperature was measured by pyrometer.

Photoluminescence measurement: The photoluminescence spectrum of single NWs has
been measured using conventional confocal micro-PL system under vacuum at 20 K with a 532

nm green laser with a spot size having a diameter of about 1-2 um.

Detector fabrication: For the fabrication of GaAs single NW based FET, an n-type Si wafer
coated with thermally grown 300 nm SiO2 has been used as a substrate. As grown GaAs NWs
were suspended in isopropyl alcohol (IPA), sonicated and drop casted on SiO2/Si substrate. After
mapping single GaAs NW by SEM, electrical contacts on both ends of NW were patterned by
using electron beam lithography. Contact metals electrodes (Cr/Au 20/80nm) were deposited using
thermal evaporation followed by lift off process in hot acetone. The highly-doped Si substrate has

been used as a back-gate electrode.

Characterization: The electrical performance of individual NW FET device has been
characterized at room temperature using home-made dipstick connected with semiconductor
device parameter analyzer. The measurements for GaAs single NW based photodetector were also

carried out at room temperature using semiconductor characterization system. He-Ne laser having

12



wavelength of 632.8 nm was used with different intensities ranging from 0.03 mW/cm? to 87.9

mW/cm? to observe the photo response of detector.
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Figure 1: 30 degree tilted SEM image of self-catalyzed (a) p-doped and (b) un-doped GaAs NWs. (c)-(f)
TEM images of p-NWs. (c) Low magnification TEM image of a whole p-NW that does not show any
defect-related contrast difference. (d) Higher magnification TEM image shows only a segment of NW.
Atomic resolution ADF-STEM image of (¢) NW body and (f) tip of the NW. The insets in (¢) and (f) are
the electron diffraction patterns which confirm the pure-ZB crystal structure. (g)-(j) TEM images of un-
doped NWs. (g) Low magnification TEM image of two NWs that show high-density defect-related contrast
difference. (h) Higher magnification TEM image of a segment that show high-density of defects. The inset
is the electron diffraction pattern which confirms the poly-type crystal structure. Atomic resolution ADF-
STEM image of (i) mixture of zinc blende and wurtzite crystal structure and (j) single twin planes.
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Figure 2: (a) Single NW PL spectra of doped and un-doped GaAs NWs at 20 K. (b) Schematic depicting
band-bending effects across the nanowire cross section for (left) un-doped and (right) p-doped
GaAs NWs.
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Figure 3: (a) Output characteristics of GaAs FET for different gate bias at room temperature. Inset shoes
SEM image of GaAs NW Photodetector. (b) The transfer characteristics of GaAs NW FET for different
drain voltages under forward sweep at room temperature. Inset shows the schematic diagram of GaAs single
NW field effect transistor, doped Si is used as back gate electrode.
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Figure 4: (a) The output characteristics curves of GaAs single NW photodetector under light
illumination wavelength of 632.8 nm for different intensities, at gate bias of zero volt. (b) The
photocurrent variation with light intensity for various bias voltages following the power law. (c)
The ratio of photocurrent to dark current with bias voltage for several light intensities. (d) The
switiching on and off response of GaAs NW PD for laser intensity of 87.9 mW/cm? revealing
stablilty and repeatibility of photodetector.
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Figure 5: (a) Variation of spectral responsivity of GaAs NW PD with light intensity under different bias
voltages; Inset shows the variation of responsivity of PD with applied bias under constant light intensity of
0.03 mW/cm?. (b) The dependence of specific detectivity of GaAs NW PD on light intensity on double
logarithmic scale.
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Figure 6: (a) Band diagram of metal-semiconductor schottky junction at thermal equilibrium. (b) Schottky
junction under reverse biased with enhance width of depletion region, increasing photocurrent.
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