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Mixed-dimensional optoelectronic devices bring new challenges and opportunities over the design of
conventional low-dimensional devices. In this work, we develop unreported mixed-dimensional GaAs
photodetectors by utilizing 1D GaAs nanowires (NWs) and 2D GaAs non-layered sheets (2DNLSs) as active
device materials. The fabricated photodetector exhibits a responsivity of 677 A W™ and a detectivity of
8.69 x 10*2 cm Hz®® W™t under 532 nm irradiation, which are already much better than those of state-of-
the-art low-dimensional GaAs photodetectors. It is found that this unique device structure is capable of
converting the notoriously harmful surface states of NWs and 2DNLSs into their constructive interface
states, which contribute to the formation of quasi-type-Il band structures and electron wells in the device
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channel for the substantial performance enhancement. More importantly, these interface states are
demonstrated to be insensitive to ambient environments, indicating the superior stability of the device. All
these results evidently illustrate a simple but effective way to utilize the surface states of nanomaterials to
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Introduction

In recent years, the development of 2D semiconductor
materials has given birth to a new area of mixed-dimensional
optoelectronic materials, including 3D-2D,' all-2D,>” 1D-
2D% and 0D-2D'? heterostructures, which present new chal-
lenges and opportunities over conventional optoelectronics.
Particularly, there have been many all-2D heterostructures
developed by stacking different distinct 2D material layers on
top of each other, providing various unique properties as sum-
marized in several reviews.''™ Meanwhile, when traditional
semiconductor materials are shrunk to the thickness of several
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achieve the high-performance photodetectors.

atom layers, also known as 2D non-layered materials, they also
exhibit many exceptional properties, such as strong electron
confinement."*'® However, nanoscale materials (e.g. nano-
wires and 2D non-layered materials) have large surface-to-
volume ratio with substantial amounts of surface dangling
bonds and surface states that greatly hinder the optoelectronic
performance of these materials."”” Many efforts have then been
devoted to eliminate these surface states for improving the
material properties.'””'® Surface passivation is one of the most
common ways to minimize the surface states by removing the
native oxide layers and saturating the dangling bonds on the
material surface.'®'® In fact, this surface state elimination may
not necessarily be the best way to deal with the issues, because
the surface after treatment would still be unstable, slowly
reverting back to reform the surface states. Instead, it is of
great significance to seek for a simple and reliable method to
utilize these surface states in the material design for enhanced
device performance.

Generally, as there are large amounts of surface states exist-
ing on the semiconductors, Fermi level pining would take
place to lead to surface band bending.'” This band bending
promotes the spatial separation of holes and electrons there,
which significantly enhances the separation efficiency of
photo-generated carriers. Unfortunately, these photo-generated
electrons are also largely trapped by these surface states, yield-

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/nanoscale
http://orcid.org/0000-0002-2926-8065
http://orcid.org/0000-0002-3055-3170
http://orcid.org/0000-0003-1325-2410
http://orcid.org/0000-0003-3000-8794
http://orcid.org/0000-0002-0492-9365
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nr06788a&domain=pdf&date_stamp=2021-01-18
https://doi.org/10.1039/d0nr06788a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013002

Published on 11 December 2020. Downloaded by City University of Hong Kong Library on 1/25/2021 6:01:39 AM.

Nanoscale

ing the poor responsivity and slower response speed of the
subsequently fabricated devices.?® Therefore, the surface states
are widely considered as the adverse factors to deteriorate the
device performance. On the other hand, there are several
kinds of interface states associated with the semiconductor
heterojunctions that can contribute to the device performance
enhancement.”’>* For instance, Tian et al. obtained a high
gain in hybrid GaAs/graphene photodetectors by utilizing
interface states, which act as hole-trapping centers to trap
photo-excited holes.”® In this regard, if the notoriously
harmful surface states can be magically transformed into the
constructive interface states, the optoelectronic properties of
devices based on nanowires or 2D non-layered materials can
be significantly improved.

Herein, we design and fabricate high-performance mixed-
dimensional GaAs photodetectors by utilizing 1D GaAs nano-
wires (NWs) and 2D GaAs non-layered sheets (NLSs) as active
materials. It is observed that the fabricated devices exhibit sub-
stantially enhanced performance due to the transformation of
abundant detrimental surface states into constructive interface
states. To be specific, the mixed-dimensional 1D-2D GaAs
photodetectors can deliver a remarkable responsivity of 677 A
W' at 25 V, which is several fold better than that of a GaAs
NW photodetector and a GaAs thin film photodetector. Based
on the detailed characterization, the notable enhancement of
device photoresponsivity is predominantly attributed to the
formation of a quasi-type II band structure, originating from
the band bending caused by the surface states of 1D GaAs
NWs and 2D GaAs NLSs. Moreover, the photo-generated elec-
trons are found to accumulate at the interface among 1D trans-
mission channels established by the interface states, in which
the response speed of the fabricated photodetectors can be
greatly improved. All these results can evidently indicate the
utilization of surface states of 1D NWs and 2D NLSs to con-
struct the favourable interface states as an effective strategy for
the further performance enhancement of optoelectronic
materials and devices.

Methods

Preparation of GaAs NWs

The GaAs NWs were grown on Si (111) substrates by a Ga-
assisted self-catalyzed method using molecular beam epitaxy.
Before the growth, the substrates were first etched by hydro-
fluoric acid to partially remove the native oxide, followed by
ultrasonication cleaning with ethanol and deionized water for
5 min each successively. After surface treatment, the GaAs
NWs were grown with a duration of 150 min. During the NW
synthesis, the substrate temperature was kept at 620 °C. The
Ga beam equivalent pressure (BEP) was set as 6.2 x 10~° Torr,
while the V/III ratio was kept at 25.>*

Preparation of GaAs 2DNLSs

The GaAs 2DNLSs were fabricated by using a chemical exfolia-
tion method, as reported everywhere.>>?® Firstly, GaAs
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(18 nm)/AlAs (50 nm) multiple quantum wells (MQWs) were
grown on GaAs (111) substrates using molecular beam epitaxy.
Then, the obtained MQWs were immersed in hydrofluoric acid
to etch away the AlAs layers. In this case, the GaAs 2DNLSs
would be dispersed in the solution. Lastly, the GaAs 2DNLSs
were pulled out of the solution and transferred onto the p'-Si
substrate pre-grown with the 100 nm thick thermal oxide.

Fabrication of photodetectors

To start with the device fabrication, the GaAs NWs were
mechanically exfoliated from the grown substrate and trans-
ferred onto the substrate pre-deposited with the GaAs 2DNLSs.
After that, the Cr (15 nm)/Au (50 nm) electrodes were prepared
onto the individual GaAs NW and GaAs sheet, respectively, by
the standard procedures of electron beam lithography, metal
evaporation and lift-off processes.

Characterization of materials and devices

The morphology of GaAs NWs was characterized by employing
field-emission scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The thickness of the GaAs
2DNLS was measured by using an atomic force microscope
(AFM, Bruker Multimode 8). Raman spectroscopy of GaAs
2DNLSs was performed on a confocal microscope-based
Raman spectrometer (WITec alpha 300) with a 532 nm laser.
The current-voltage curves of the fabricated devices were
measured with a standard probe station together with an
Agilent 4155C semiconductor parameter analyzer. The corres-
ponding time-dependent response curves were measured by
coupling a pre-amplifier with an oscilloscope.

Results and discussion

As shown in the SEM image in Fig. S1,7 the morphology of
GaAs NWs is carefully investigated. It is observed that the
typical NW has a diameter of ~250 nm and a length of
~10 pm. According to the TEM and selected area electron diffr-
action (SAED) image in Fig. 1(a), the GaAs NW has excellent
crystallinity grown in the cubic zinc blende crystal structure,
with a lattice spacing of 0.327 nm along the (111) planes. At
the same time, the Raman spectrum of GaAs 2DNLSs is
recorded and depicted in Fig. 1(c). Obviously, there is only one
sharp peak located at 290.2 cm™', which is ascribed to the
A;(LO) mode vibration of GaAs layers, indicating that the AlAs
layers are fully removed with no impurity materials and phases
here. The thickness of a representative GaAs 2DNLS is deter-
mined to be ~18 nm by AFM as shown in the inset of Fig. 1(c),
being consistent with the thickness of GaAs layers designed in
the MQW structures. Combined with the clean surface
obtained as evidenced in AFM, there is not any adverse effect
induced by the material fabrication process for the synthesis
of GaAs 2DNLS layers. After that, back-gate field-effect transis-
tors (FETs) based on individual GaAs NWs and GaAs 2DNLSs
are configured to evaluate their electrical properties accord-
ingly. It is evident that both types of devices exhibit clear
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Fig. 1 (a) The high-resolution TEM image of the single GaAs NW. The
inset is the SAED patterns of the GaAs NW taken along the [1 1 —2] zone
axis. (b) Transfer characteristics (Iq4s—Vys) of a GaAs NW FET at Vg = 1 V.
(c) Raman spectrum of GaAs 2DNLSs. Inset shows the AFM image of a
GaAs 2DNLS layer. (d) /gs—Vgs curves of a GaAs 2DNLS FET at Vg = 1 V.

p-type semiconducting characteristics. As presented in the
device transfer curves in Fig. 1(b) and (d), the source-drain
currents (I4s) decrease with an increase in gate voltages (V).
All these results agree perfectly with the typical GaAs NWs and
GaAs 2DNLSs obtained in the literature,'””*® providing high-
quality active materials for the subsequent device studies.

To shed light on the characteristics of surface states, the
degrees of surface band bending of GaAs NWs and GaAs
2DNLSs are separately evaluated. The detailed output charac-
teristics (Igs—Vas curves) of both types of devices are also given
in ESI Fig. S2.1 Along with the thermionic emission theory of
the Schottky junction, the barrier height (¢g) of the active
device material can be calculated by using the following

equations.'”*7?®
14
J=Js <exp (:]TT) - 1) (1)

kT A*T?
= 2
q¢s q n< 7. ) (2)

where £ is the Boltzmann constant, T is the temperature, V is
the applied bias voltage, g is the electron charge, J; is the satur-
ation current density, A* is the effective Richardson coefficient
and n is the ideality factor. The value of A* is known to be 74 A
em > K2 for p-type GaAs.*® The barrier heights of GaAs NWs
and GaAs 2DNLSs can then be calculated from eqn (1) and (2).
Notably, for GaAs, the band gap is 1.42 eV and the electron
affinity energy is 4.07 eV, while the work function of Cr is 4.5
eV.>*?! In this case, the degrees of band bending, presumably
caused by the presence of surface states, are determined to be
~0.187 eV for GaAs NWs and ~0.201 eV for GaAs 2DNLSs (the
detailed calculation process is shown in the ESIf). Although
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the nanowire has a higher surface-to-volume ratio, the NW
exhibits less band bending. It is attributed to the large surface
states of 2DNLSs caused by chemical exfoliation. These band
bending are quite significant compared with the band gap of
the material.

Once the mixed-dimensional 1D-2D GaAs photodetector
(i.e. GaAs NW/GaAs 2DNLS photodiode) is fabricated, the
corresponding device schematic and optical image are illus-
trated in Fig. 2(a). It is clear that the junction length (i.e. the
overlap length between the NW and the 2DNLS) of the device
is ~700 nm. The energy band structure of the device is also cal-
culated and depicted in Fig. 2(b). As expected, the GaAs NW
and GaAs 2DNLS to have the same band gap and electron
affinity except the different band bending, this would lead to a
band offset at the interface (i.e. the overlap region). Owing to
the bending down of the band gap for both NW and 2DNLS, a
special band structure with an electron well and a hole barrier,
being similar to a quasi-type-II structure, is resulted at the
interface. In principle, the type-II structure is usually designed
and implemented in the device design to further improve the
separation efficiency of photo-generated carriers in the photo-
detector community.>*”* Simultaneously, the electron well
also provides a fast transport channel for electrons, which was
established by accumulating electrons at the one-dimensional
interface between the nanowire and 2D non-layer sheet. As a
result, this special band structure is anticipated to contribute
significant performance enhancement for optoelectronic
devices.

To assess the device characteristics, I4—Vgs curves of the
fabricated photodiode are measured in the dark and under
illumination with a 532 nm laser as demonstrated in Fig. 2(c).
The results are also presented in the semi-log plot of I versus
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Fig. 2 (a) Schematic illustration of the mixed-dimensional GaAs NW/
GaAs 2DNLS photodetector. The inset shows the optical image of the
fabricated device. (b) Equilibrium band structure of the mixed-dimen-
sional GaAs NW/GaAs 2DNLS photodetector. (c) /4s—Vqys curves of the
device measured in the dark and under illumination with a 532 nm laser.
(d) The same results of panel c presented in the semi-log plot of Iy
versus Vg at forward bias.
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Vas in Fig. 2(d). It is observed that the device shows a junction
characteristic with a threshold voltage of ~5 V. Interestingly,
when the voltage increases to ~10 V, the photocurrent
increases slowly and starts to approach saturation. Once the
voltage increases higher than 15 V, the dark current increases
dramatically. This phenomenon is attributed to the special
band structure caused by the interface states. If a 5 V bias is
applied to the device, the conduction band of the GaAs NW is
flattened. Then, the electrons in both GaAs NW and 2DNLS are
able to transport on the conduction band. Therefore, the
forward conduction of the photodiode is resulted. However,
there is a valence band barrier existing at the interface, leading
to the accumulation of holes on the GaAs NW side. In this
case, even though the voltage increases further, the current
would approach saturation. When the voltage hits to a value of
15 V, the holes in the GaAs NW start to overpass the barrier
and transport to the GaAs 2DNLS. For this reason, the dark
current increases substantially to yield the above-mentioned
phenomenon. The corresponding band diagrams of the
mixed-dimensional GaAs photodetector operated at various
voltages are illustrated in Fig. S4.7

In addition, the I4—Vy4s curves of the photodetector are also
investigated with different illumination power density as
shown in Fig. 3(a). Evidently, the photocurrent is observed to
increase with the increasing power density. It is also noted
that all the curves exhibit the double-threshold characteristics.
Furthermore, responsivity (R) and detectivity (D*), the two key
figure-of-merits of photodetectors, are employed to evaluate
the device performance here. These two parameters can be cal-
culated by using the following equations.*”
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Fig. 3 (a) l4s—Vygs curves of the mixed-dimensional GaAs NW/GaAs
2DNLS photodetector with different laser power densities. (b)
Dependences of R and D* of the photodetector with different laser
power intensities. (c and d) The ratio of photocurrent to dark current
with the bias voltage range of 0-13 V and 16-25 V at various laser
power intensities, respectively.
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where Ijjgn, is the photocurrent, Igqa is the dark current, P is
the laser power density, S is the effective area of the photosen-
sitive region and ¢ is the electron charge. This way, the values
of responsivity and detectivity can be determined at various
power densities at 25 V and compiled in Fig. 3(b). The
maximum responsivity and detectivity are found to be 667 A
W' and 8.69 x 10" ecm Hz®® W™, respectively. In fact, the
responsivity and detectivity values would decrease with the
increasing laser power density, which can be explained by the
competition between photo-generated electron-hole pair
recombination and separation. At low power density, the
enhanced carrier separation rate results in higher responsivity,
while at high power density, responsivity is reduced due to the
increased carrier recombination rate.”* At the same time, to
reveal the physical mechanism taking place at the NW/2DNLS
interface, individual GaAs NW photodetectors and GaAs
2DNLS photodetectors are fabricated and studied to serve as
the control references. It is seen that the R value of the single
GaAs NW photodetector is found to be 2.15 A W' at a bias
voltage of 5 V and a laser power density of 19.52 mW cm ™2,
whereas the R value of the GaAs 2DNLS photodetector is deter-
mined to be 15.76 mAW ™" at the same bias voltage and a laser
power density of 20.16 mW cm™> (ESI Fig. S51). These respon-
sivity results are a lot smaller than that (8.75 A W) of the
mixed-dimensional GaAs NW/GaAs 2DNLS photodetector at
the similar conditions. As compared with the state-of-the-art
low-dimensional GaAs based photodetectors, our developed
mixed-dimensional GaAs device has already delivered the sub-
stantial enhancement in all of the performance parameters
(Table 1). It is believed that this performance improvement is
attributed to the formation of a quasi-type-II band structure
and electron well as discussed above. The quasi-type-1I band
structure promotes the photo-generated carrier separation and
reduces the carrier recombination efficiency. The electron well
provides a high-speed channel for photo-generated electrons,
where their carrier separation speed can be accelerated.
Hence, the responsivity of the mixed-dimensional photo-
detector is greatly enhanced. The ratios of photocurrent to
dark current (Ljighe/Iaar) before and after the second threshold
are also measured and presented in Fig. 3(c) and (d). It is
clearly observed that the Ijgh/Igarc ratio increases with the
increasing laser power density, which is ascribed to the higher
laser power density providing more photo-generated carriers.
Moreover, the lijghy/Iqark ratio also increases with the increasing
bias voltage in the range from 0 to 13 V since more carriers
can be extracted from the interface states at higher bias
voltage. Nevertheless, the Fjgp/Iqark Tatio remains pretty steady
in the higher bias voltage range from 16 to 25 V. At high bias
voltage, the band bending at the interface is reduced and the
barriers are more or less eliminated. In this case, the carriers
trapped at the interface region would get depleted and hence
the photo-generated carriers become fully separated. As a
result, the Ljign¢/Iqark ratios do not exhibit any changes with the
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Table 1 Comparison of the performance parameters of our mixed-dimensional GaAs devices with other state-of-the-art low-dimensional GaAs

based photodetectors

Device structure Wavelength (nm) Responsivity (mA W) Detectivity (cm Hz’® W) Ref.
GaAs/AlGaAs core-shell NW 855 570 (2 V) 7.2 x10" 34

GaAs NW/graphene 532 351.2 (0V) 7.2 x10° 35

GaAs NW/graphene 532 231 (0V) 1.6 x 10° 36

GaAs nanocone/graphene 850 1.73 (0 V) 1.83 x 10" 37
UCNPs/GaAs NW/graphene” 980 5.97 (0 V) 1.1 x 10" 38

GaAs NW 532 2.5%x10* (1 V) 9.04 x 10" 17

GaAs NW 532 1.175 x 10° (1 V) 9.52 x 10™ 27

GaAs NW 300-1500 1.2 (2V) — 39

GaAs NW/GaAs 2DNLS 532 6.77 X 10° (25 V) 8.69 x 10" This work

“UCNPs, up-conversion nanoparticles.

increasing bias voltage (i.e. from 16 to 25 V). All these results
demonstrate the photoresponse improvement of the mixed-
dimensional GaAs device as contrasted with the conventional
photodetectors.

Apart from the steady-state photoresponse, the time-depen-
dent characteristics of the mixed-dimensional GaAs photo-
diode are examined under illumination with a 532 nm laser at
Vas = 8 V and 15 V, respectively. The normalized time-depen-
dent current curves are then shown in Fig. 4(a) and (b), corre-
spondingly. It is clear that the device exhibits the stable and
reproducible on-off switching response. At 8 V, when the laser
turns on and off, the photocurrent rises up and drops down
abruptly. The rise time is referred to the time interval required
for the photocurrent to increase from 10 to 90% of its peak
value, while the decay time is from 90 to 10% of the peak
value. The rise time and decay time are found to be 8 ms and
6 ms, respectively. At the same time, the rise time and decay
time of the single GaAs NW photodetector are found to be
70 ms and 52 ms, whereas these values of the GaAs 2DNLS
photodetector are determined to be 300 ms and 270 ms (ESI
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Fig. 4 Time-dependent photoresponses of the mixed-dimensional
GaAs NW/GaAs 2DNLS photodetector operated at a bias of (a) 8 V and
(b) 15 V. The corresponding band structures of the mixed-dimensional
GaAs photodetector operated at (c) 8 V and (d) 15 V.
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Fig. S6t), which are much higher than the GaAs NW/GaAs
2DNLS photodetector. However, when the bias is increased to
15 V, the photocurrent would show a “double-rise” feature,
with a first slow rise time of 8 ms followed by a second fast
rise time of 90 ms, under illumination (the high-resolution
current versus time curves to illustrate the rise and decay times
are shown in ESI Fig. S7t). This unique feature can be attribu-
ted to the difference of band bending existing at the NW/
2DNLS interface. The band structures of the NW/2DNLS region
at 8 V and 15 V are shown in Fig. 4(c) and (d), respectively.
When a bias of 8 V is applied, the device current mainly comes
from the electron transport along the conduction band of
GaAs NW together with the hole transport along the valence
band of GaAs 2DNLS. Once a bias of 15 V is applied, the hole
current does not only originate from the GaAs 2DNLS but also
comes from the GaAs NW. Owing to the interface barrier, there
would be an accumulation of holes, which leads to the double-
rise feature observed in the on-off switching photoresponse.
In any case, the reversible photoswitching characteristics
clearly indicate the excellent stability and photosensing capa-
bility of mixed-dimensional GaAs devices.

Besides, it is well known that the surface states of semi-
conductors can be strongly affected by ambient conditions,*®
but the interface states are insensitive to the changes of
ambient environments. In order to evaluate the effect of
different ambient environments on the photoresponse pro-
perties of the mixed-dimensional GaAs device, the Iys—Vgs
curves at various power density and time-dependent photo-
response measurements under different ambient conditions
are carried out. As depicted in Fig. 5a and b, it is observed that
the Ig—Vgs curves of the devices exhibit a similar behavior
between Ar and O,. The curves illustrate the double-threshold
characteristics, which agree well with the results discussed in
Fig. 3a. Also, the high-resolution current-time curves demon-
strate the on-off switching photoresponse at a bias of 8 V and
the “double-rise” phenomenon at a bias of 15 V as given in
Fig. 3c and d, respectively, being perfectly consistent with the
observation in Fig. 4. More importantly, the rise time and
decay time of the device are found to be the same with the
measurement performed under Ar, O, and vacuum conditions
at different respective bias voltages. All these results evidently
reveal that the interface states established with NW and

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Ig4s—Vgs curves of the mixed-dimensional GaAs NW/GaAs 2DNLS
photodetector measured with different laser power densities in (a)
argon and (b) oxygen. High-resolution time-dependent photoresponse
of the mixed-dimensional photodetector in different ambient environ-
ments operated at a bias of (c) 8 Vand (d) 15 V.

2DNLS are independent of ambient environments, pointing
out the stable performance of the device.

Conclusions

In summary, we design and fabricate the high-performance
mixed-dimensional GaAs NW/GaAs 2DNLS photodetectors. In
this device structure, there is a unique utilization of the con-
structive interface states established by the harmful surface
states of the GaAs NW and the GaAs 2DNLS. Detailed experi-
mental studies are put forward to investigate the effects of
these surface states and interface states on the photoresponse
characteristics of fabricated devices. It is impressive that the
mixed-dimensional GaAs photodetector exhibits a responsivity
of 677 AW and a detectivity of 8.69 x 10'> cm Hz*® W,
which are already much higher than those of state-of-the-art
low-dimensional GaAs photodetectors. These results do not
only pave an effective way to utilize the surface states by
putting up constructive interface states of the device materials,
but also demonstrate the superior advantages of these inter-
face states for the further performance enhancement of mixed-
dimensional GaAs photodetectors.
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