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DISTINGUISHING CAP AND CORE CONTRIBUTIONS TO
THE PHOTOCONDUCTIVE TERAHERTZ RESPONSE OF SINGLE
GaAs BASED CORE-SHELL-CAP NANOWIRE DETECTORS
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GaAs nanowires are promising candidates for advanced optoelectronic devices, despite their high surface re-
combination velocity and large surface-area-to-volume ratio, which renders them problematic for applications that
require efficient charge collection and long charge-carrier lifetimes. Overcoating a bare GaAs nanowire core with
an optimized larger-bandgap AlGaAs shell, followed by a capping layer of GaAs to prevent oxidation, has proven
an effective way to passivate the nanowire surface and thereby improve electrical properties for enhanced device
performance. However, it is difficult to quantify and distinguish the contributions between the nanowire core and cap
layer when measuring the optoelectronic properties of a nanowire device. Here, we investigated the photoconductive
terahertz (THz) response characteristics of single GaAs/AlGaAs/GaAs core-shell-cap nanowire detectors designed
for THz time-domain spectroscopy. We present a detailed study of the contributions of the GaAs cap layer and GaAs
core on the ultrafast optoelectronic performance of the detector. We show that both the GaAs cap and core contribute
to the photoconductive signal in proportion to their relative volume in the nanowire. By increasing the cap volume
ratio to above 90% of the total GaAs volume, a quasi-direct-sampling type photoconductive nanowire detector can be
achieved that is highly desirable for low-noise and fast data acquisition detection.
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1. Introduction

Spectroscopy and imaging with pulsed terahertz
(THz) radiation have been demonstrated as pow-
erful tools for materials characterization and iden-
tification [], non-destructive inspection [H],
safety scans for security [H] and medical examina-
tion [E, ﬂ]. THz photoconductive antennas (based
on Auston switches [E]) have been developed over

the last 30 years and have now established them-
selves as reliable and effective detection elements
used in many commercial pulsed THz systems,
including THz time-domain spectroscopy (THz-
TDS) systems [E]. Optimized photoconductive
materials are essential for developing photocon-
ductive antennas with high sensitivity and broad-
band performance. Thus materials for photocon-
ductive antennas have been thoroughly studied
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over the years, from the first demonstration of Ar-
ion irradiated crystalline Si epitaxially grown on
sapphire [E, @] to semi-insulating GaAs [@], low
temperature-grown (In)GaAs [[12, ] and ion-
implanted InP [[14]. However, the main challenge
of synthesizing and selecting photoconductive
materials still persists. For good device perfor-
mance, these materials require specific optoelec-
tronic properties: a very low carrier lifetime (to
lower the noise and produce a direct or integrat-
ing detector sampling mode); reasonable carrier
mobility (to ensure a high or measurable signal);
appropriate bandgap (for device to be operation-
al); and high material dark resistivity (to mini-
mize the noise current).

It is well known that the carrier lifetimes
in core-only GaAs nanowires are extremely
short [], of the order of picoseconds, owin
to their high surface recombination velocity [ﬁ
@]. These short lifetimes lead to large surface
scattering and poor charge collection, resulting
in poor performance for optoelectronic applica-
tions. Some studies have shown that the minor-
ity carrier lifetime in GaAs based nanowires can
be tuned over the range of around 1 to 1600
thro h careful control of the crystal quality [lé

|, doping [P ] and surface passivation
V1a AlGaAs shell growth [@]. These advances
have allowed the design and growth of GaAs
based nanowires with tailored properties for op-
timal photoconductive THz detection. In 2014,
we successfully demonstrated the single GaAs/
AlGaAs/GaAs core-shell-cap nanowire photo-
conductive detectors [@, @f, incorporated into
a standard THz-TDS system as a microscopic
sensor. The single nanowire detectors showed
a good signal-to-noise ratio when compared with
traditional detectors including ion-implanted
photoconductive antennas and electro-optic crys-
tals. Due to the nanoscale size and fabrication
on an insulating substrate, the nanowire detec-
tors exhibited a largely reduced dark current and
low-noise nature. This relaxed the requirement on
the carrier lifetime of its photoconductive mate-
rial from the previously required picosecond to
nanosecond (for integrating the sampling mode),
widely extending the availability of nanowire ma-
terial systems for THz photoconductive detection.

We also noted an additional signal at the ear-
liest time (a very fast decay at the first 25 ps af-

ter photoexcitation) when measuring photocon-
ductivity lifetimes for these GaAs/AlGaAs/GaAs
core-shell-cap nanowires [@, @], which can-
not be observed for bare GaAs nanowires []
or GaAs/AlGaAs core-shell nanowires [@]. This
result suggests that the GaAs cap has a signifi-
cant influence on the photoconductivity proper-
ties of the nanowires, rather than solely prevent-
ing the AlGaAs shell from oxidation [R3]. After
a further study [@], we confirmed that the early
rapid decay signal is related to the fast electron
trapping at the GaAs cap surface for the carriers
photogenerated in the GaAs cap. Furthermore, we
found that the GaAs/AlGaAs/GaAs core-shell-
cap nanowires exhibit higher electron mobilities
than the core-shell nanowires because the GaAs
cap layer also plays a role in spatially separating
the carriers in the core from the nanowire surface
leading to improved mobility (in the same way
as the AlGaAs shell does). Therefore, it is neces-
sary to isolate the cap and core contributions in
the GaAs/AlGaAs/GaAs core-shell-cap nano-
wire photoconductive detector for a complete
understanding of how it works. In this work, we
designed the GaAs cap and the GaAs core to be
comparable in their volume but with a huge differ-
ence in photoconductivity lifetimes. The photo-
conductivity lifetime determines the device sam-
pling mode [@] and hence the analytic approach
required in data analysis. Given the considerable
difference in the photoconductivity lifetime of
the GaAs cap and the GaAs core, two sampling
modes occurred in the single GaAs/AlGaAs/GaAs
core-shell-cap nanowire detector simultane-
ously, which are distinguishable via analysis of its
THz response characteristics. This work provides
a useful guide for the future design of ultrafast op-
toelectronic devices with GaAs based core-shell-
cap nanowires.

2. Experiment

The GaAs/AlGaAs/GaAs core-shell-cap nano-
wires were grown on semi-insulating GaAs (111) B
substrates by the metalorganic chemical vapour
deposition (MOCVD) technique via the vapour-
liquid-solid (VLS) mechanism [@]. The growth
was realized in a temperature-controlled reac-
tor at a pressure of 100 mbar and a total gas
flow rate of 15 1/min. Trimethylgallium (TMG),
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trimethylaluminium (TMAI) and arsine (AsH,)
were used as the Ga, Al and As source materials,
respectively. Au nanoparticles of 150 nm in dia-
meter were used as catalysts and dispersed onto
the GaAs substrates prior to growth. The sub-
strates with Au nanoparticles were annealed at
600°C for 10 min under AsH, ambient to desorb
surface contaminants prior to nanowire growth.
After cooling to the desired temperature, TMG
flow was switched on to initiate nanowire growth.
The GaAs core was grown by a two-temperature
procedure [], which has significant advantages
in minimizing undesirable tapering and eliminat-
ing twin defects to provide a high-quality uniform-
diameter GaAs core, resulting in enhanced carrier
mobility and lifetime of the nanowire. The growth
was initiated at 450°C with a 1 min “nucleation”
step followed by a prolonged (120 min) growth
at 375°C. Source flows of TMG and AsH, were
1.2x107° and 5.4x10™* mol/min, respectively. Af-
ter the GaAs core growth, TMG was switched off
and the growth temperature was ramped to 750°C
in AsH, ambience. An AlGaAs shell was then
grown for 3 min 45 s at this temperature accord-
ing to the optimized procedure previously devel-
oped [@]. Finally, the nanowires were terminated
by GaAs cap layer growth using a fast one-temper-
ature growth technique [@] for 1 min at the same
temperature, to produce a thin defective cap layer
with a very short charge-carrier lifetime in it and
a high carrier recombination velocity at the cap

surface. The morphologies of the GaAs/AlGaAs/
GaAs nanowires were characterized using scan-
ning electron microscopy (SEM), and their core-
shell-cap structure was studied by transmission
electron microscopy (TEM). Figure (a) shows
that the GaAs/AlGaAs/GaAs nanowires have
a core—shell-cap structure with a 150-nm diame-
ter GaAs core, an AlGaAs shell of ~28 nm and
a thin GaAs cap layer of ~35 nm, with an average
length of around 13 ym.

A time-domain optical-pump THz-probe
(OPTP) spectroscopy system [@, é, @] was used
to measure the photoconductivity lifetime of an
ensemble of GaAs/AlGaAs/GaAs nanowires. This
photoconductivity lifetime determines the de-
tector operation type (direct or integrating sam-
pling) [@] and the signal processing technique
required to recover the THz electric field from
the current measured in the photoconductive de-
tector. More details of this measurement can be
found in Refs. [@, @]. Ultrafast photoexcitation at
800 nm (1.55 eV) was employed to selectively ex-
cite only the GaAs in the nanowires. It was shown
that the carrier decay was not single-exponential
for the GaAs/AlGaAs/GaAs nanowires, including
an initial rapid decay (7, ~ a few ps) due to fast
electron trapping at the un-passivated GaAs cap
layer surface, and then slower decay (7, = 4600 ps)
due to recombination in the GaAs core [@]. It is
worth noting that the fast decay is only present in
the GaAs nanowire sample with the GaAs cap [@,

(b) Core-shell-cap GaAs nanowires
Fit: 7= 4600 ps

1073

Ao

Early fast decay 7,

10
Slow decay 7,

0 400 800
Pump-probe delay (ps)

Fig. 1. (a) SEM images of the single GaAs/AlGaAs/GaAs core-shell-cap nanowire used in this study (inset
images also include a SEM image of nanowires grown on wafer, a schematic cross-section, a cross-sectional
TEM image of the nanowire). (b) OPTP photoconductivity decay of the ensemble of core-shell-cap GaAs na-
nowires in (a) (solid black lines are two-exponential fit to the data. The 7 shows the dominant carrier lifetime
for the sample).
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@] which is a clear indication that the origin of
the fast decay is the cap.

To fabricate the single nanowire detectors,
the as-grown nanowire substrate was cleaved
into small pieces and placed in an isopropyl al-
cohol solution for a 30-second ultra-sonication to
transfer the nanowires into the solution. The so-
lution was dropped onto z-cut quartz substrates
(which are THz transparent) and allowed to dry
in air at room-temperature. The substrates were
spin-coated with photoresist and patterned using

(a)

(c)

conventional ultraviolet (UV) photolithography.
An oxygen plasma descum process was used for
further removal of the photoresist residue on
the nanowire, followed by 4% HCI chemical etch-
ing to remove the native oxide layer from the na-
nowire surface (the GaAs cap surface). The de-
tector structures were achieved by using electron
beam evaporation to deposit Ti/Au (10/300 nm)
on the electrode patterns. The geometry for bow-
tie single GaAs/AlGaAs/GaAs nanowire THz de-
tectors used in this study is shown in Fig. @(a).

(b)

Fig. 2. (a) SEM images of the contacted GaAs/AlGaAs/GaAs core-shell-cap nanowire under low (upper) and
high (lower) magnifications. (b) A schematic diagram of a photoconductive single nanowire detector in opera-
tion. (c) A schematic diagram of the THz-TDS system used for this work.
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Detailed dimensions of the bow-tie electrode ge-
ometry can be found in Ref. [@]. The electrode
gap was designed to be 5 ym on the photomask but
was measured as ~8 ym after fabrication based on
the adopted UV photolithography condition [@].

The fabricated single GaAs/AlGaAs/GaAs na-
nowire detectors were finally characterized using
a standard THz-TDS system [@, @] to investi-
gate their THz response properties. Figure (b)
shows a schematic of the THz detection mecha-
nism using a single nanowire photoconductive
THz detector in THz-TDS. Details of the system
are shown in Fig. @(c), where a femtosecond la-
ser with a pulse duration of ~80 fs and a repeti-
tion rate of 84.5 MHz at a central wavelength of
800 nm was split into two beams. One beam was
used to excite a 400-ym gap semi-insulating-
GaAs photoconductive THz emitter (which was
biased with a square wave of +400 V amplitude
at 17 kHz). The other beam was directly used to
excite the detector sample with a fluence of 1.9 nJ/
cm?*/pulse. In the sampling process, both the THz
pulse and the optical pulse were collinearly fo-
cused at the center of the detector. As the photon
energy is larger than the band gap of the detec-
tion material, electron-hole pairs are generated
in the gap region of the nanowire under photoex-
citation. The alternating electric field of the THz
pulse then separates these electron-hole pairs
forming a transient photocurrent across the two
electrodes. Since the intensity of the transient
photocurrent formed in the detector is related to
the strength of the incident THz electric field, by
changing the time delay between the THz pulse
and optical pulse at the detector, the temporal
profile of the THz-induced photocurrent can be
recorded which relates to the temporal waveform
profile of the incident THz electric field. The THz-
induced photocurrent between the two electrodes
of a photoconductive detector with respect to
the THz pulse—optical pulse time delay (7) can be

expressed by [@]

1(T) o J'E(THZ) (1ot —7)dt, (1)

—00

where E(THz)(t) is the effective electric field of
the THz pulse at the photoconductive detector
and o(7) is the time dependent photoconductiv-
ity of the detection material. When the detection

material in the photoconductive detector has
a charge-carrier lifetime shorter than the dura-
tion of the incident THz pulse (typically ~1-2 ps),
the conductivity o(7) of the detection material in
Eq. (1) may be approximated as a ¢ function and
its measured photocurrent intensity will be di-
rectly proportional to the strength of the incident
THz electric field,

I(1) < E,__(t=1). (2)

(THz)(

Such detector is categorized as a “direct sam-
pling” photoconductive detector. When the detec-
tion material has a much longer charge-carrier life-
time (>100 ps) than the duration of the THz pulse,
the conductivity o(7) of the detection material will
be approximated as a unit step function and the de-
tector will be categorized as an “integrating” photo-
conductive detector, where

+00

1(7) o IE(THZ)(Z) dr. (3)

It is noted that the THz electric field E (THZ)(t) can
be recovered from the I(7) data by differentiation
with respect to time.

3. Results and discussion

For THz-TDS measurements, an 800 nm (1.55¢eV)
optical pulse was used to photoexcite the nanowire
detectors at a normal angle of incidence. The po-
larizations of both the optical pulse and the THz
pulse were aligned parallel to the nanowire axis
(that is the electrode gap direction in the detec-
tor). Since the alloy content of aluminium in
the AlGaAs shell is nominally 42%, higher ener-
gy (>1.94 eV) is required to photoexcite AlGaAs
compared to GaAs. Therefore, it is reasonable to
assume that the measured THz-induced photo-
current in the nanowire detector is only generated
in the GaAs core and the outer GaAs cap layer.
The passivated GaAs core is, no doubt, an inte-
grating detector due to its long photoconductivity
lifetime (~4 ns, see Fig. (b)); whereas the highly
defective and un-passivated GaAs cap layer is an-
ticipated to be a direct sampling detector due to its
ultrashort photoconductivity lifetime (a few ps).
Because the Au electrodes are electrically con-
tacted to both the core and cap of the nanowire
in the detector, it is expected that two sampling
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modes will be simultaneously observed in the op-
eration of the GaAs/AlGaAs/GaAs single nanow-
ire detector. Moreover, the bow-tie antenna elec-
trode [@] used in this work has been proven not
only to strengthen the incident THz photocur-
rent signal significantly, but also to cause distor-
tions in the measured waveform which are differ-
ent under direct and integrating sampling modes
(see Fig. H(a)). It is anticipated that, by analysis of
the proportions of the two sampling modes oc-
curring in the single GaAs/AlGaAs/GaAs nanow-
ire detector, contributions in device performance
from the core and the cap can be differentiated. Fig-
ure H(b, c) shows THz responses obtained from two
respective single GaAs/AlGaAs/GaAs nanowire de-
tectors studied in this work. In contrast to the THz
response from a single core-only InP nanowire de-
tector [@], which exhibits a pure integrating sam-
pling behaviour as shown in Fig. H(d), the response
profiles of the single GaAs/AlGaAs/GaAs nanowire
detectors do not resemble either of the two mode
responses (see Fig. E(a)), but appear as a combina-
tion of both. This strongly suggests that direct and

integrating sampling modes occur simultaneously
in the GaAs/AlGaAs/GaAs nanowire detector.

We note that the proportions of the two mode
responses in a GaAs/AlGaAs/GaAs nanowire are
comparable to the ratio of the GaAs cap volume
to the total GaAs volume of the nanowire (which
are 40-90% in this study according to the statis-
tical analysis of our TEM cross-sectional data).
The non-uniformity in responses for each core-
shell-cap nanowire detector (see Fig. H(d, e)) can
be attributed to the nanowire-to-nanowire varia-
tion in their core and cap volumes in growth. It
is worth noting that although the amplitude of
the fast decaying component is 61% of the total
photoconductivity signal in the OPTP photocon-
ductivity measurement for the GaAs/AlGaAs/
GaAs nanowires (see Fig. (b)) comparable to
the ratio of the GaAs cap volume to the total GaAs
volume of the nanowire, the OPTP measure-
ment [@] is based on measuring the ensemble of
nanowires and thus shows an average value (rath-
er than a case-by-case value obtained in the THz-
TDS measurement of a single nanowire detector).

@) Direct Sampling
THz
IR Output
Integrating Sampling

<
= 4 (b) GaAs NanowireA 5 (©) GaAs Nanowire B 60 (d) InP Nanowire
g 40

E 0 0 20

Q
= 4 - 0 |

] 80% cap + 20% core 60% cap + 40% core core only
é 2 0 2 4 6 8 -2 0 2 4 6 8 -2 0 2 4 6 8
E Time (ps) Time (ps) Time (ps)
=

Fig. 3. (a) Simulated time-domain THz responses of bow-tie photoconductive antennas in a THz-TDS system.
Simulation details can be found in Ref. [29]. (b-d) Time-domain THz responses measured from two respec-
tive bow-tie single GaAs/AlGaAs/AlGaAs core-shell-cap nanowire detectors (red online) and a bow-tie single
InP core-only nanowire detector (green online) in our THz-TDS system.



21 K. Peng et al. / Lith. ]. Phys. 58, 15-23 (2018)

Most interestingly, we found a single GaAs/
AlGaAs/GaAs nanowire detector which had pre-
dominantly operated under a direct sampling
mode [@] as shown in Fig. @(a) (a red solid line,
cap volume >90% in total). Most importantly, this
suggests that by accurate control of the volume
ratio between the GaAs cap layer and GaAs core
we can control the dominant sampling mode in
the single GaAs/AlGaAs/GaAs core-shell-cap
nanowire detector. It is difficult to achieve di-
rect sampling detectors using bare GaAs nanow-
ires, due to the large surface scattering that lim-
its the carrier mobility in bare GaAs nanowires;
therefore, tuning the GaAs capping volume pro-
vides a perfect way to produce a direct sampling

= 100
<
a filter (a)
§ without filter
5 50
O > 90% cap
s
3
S
R
N
oy
H
-50

Time (ps)

290 GHz (cut-off)
101 (b)

Amplitude

10712

0.0 0.5 1.0 1.5

Frequency (THz)

Fig. 4. Performance of a single GaAs/AlGaAs/GaAs
core-shell-cap nanowire detector (quasi-direct type).
(a) Raw time-domain THz responses obtained from
the nanowire detector without (red online) and with
a low-pass filter (green online) in the THz-TDS sys-
tem. (b) Amplitude spectrum of THz responses in (a).
Black dashed line: cut-off frequency at 290 GHz for
the low-pass filter.

mode. In fact, this direct sampling is the preferred
mechanism for THz photoconductive detection, as
it can greatly simplify the analysis technique []
reducing any random errors introduced by data
processing leading to an improved signal-to-noise
ratio [@]. To assess the performance of this qua-
si-direct single GaAs/AlGaAs/GaAs nanowire de-
tector, a 290 GHz low-pass filter was inserted into
the THz path. Figure ¢ shows the THz responses
from the quasi-direct single GaAs/AlGaAs/GaAs
nanowire detector without (red) and with (dark
green) the presence of the low-pass filter. The data
was processed by approximating the response as
direct sampling. It can be seen that the cut-off edge
is observed at 290 GHz as expected and the trans-
mitted signal amplitude is around 70% which is in
a good agreement with literature [@, @]. This in-
dicates that a quasi-direct single nanowire photo-
conductive THz detector was successfully realized
through the use of single GaAs based core-shell-
cap nanowires.

Conclusions

Two sampling modes (direct and integrating sam-
pling) occur simultaneously in the operation of
bow-tie single core-shell-cap nanowire photocon-
ductive THz detectors. These modes can be attrib-
uted to the contributions from the GaAs cap and
the GaAs core, respectively, leading to a complex
THz response. By calculating the proportions of
the two sampling mode responses in these detec-
tors, the ratio of the GaAs cap volume to the GaAs
core volume can be evaluated quantitively. When
the contribution of the outer GaAs cap exceeds
90% of the response, it is reasonable to approximate
this response as direct sampling. Such a direct-type
photoconductive nanowire detector is highly de-
sired, as it requires simpler data processing.
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