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Abstract

The fast development of Internet of Things (10T) has driven an increasing demand of low-power
consumption devices like self-powered gas sensors for real-time data collection and
autonomous response in applications of environmental monitoring, industrial safety, smart
cities and personal healthcare. Despite intensive research and rapid progress, most of reported
self-powered devices, in particular NOz sensors for air pollution monitoring, suffer from limited
sensitivity, selectivity and/or scalability issues. Here, a novel photovoltaic self-powered NO2
sensor is demonstrated based on axial p-i-n homojunction InP nanowire (NW) arrays, targeting
to break through these limitations. The optimized innovative InP NW array device is designed
by numerical simulation for insight into sensing mechanism and performance enhancement.
Without power source, this InP NW sensors achieve 84% sensing response to 1 ppm NO:2 and
record limit of detection down to sub-ppb level with little dependence of the light intensity even
under <5% of 1 sun illumination. Based on this great atmosphere light fidelity, the sensor is
integrated onto a commercial microchip interface for dynamic self-powered monitoring of on-
field motor vehicle exhaust. Our work indicates that compound semiconductor nanowires form
promising sensing platforms, achieving self-powered, high performance, miniaturized sensor

networks for future mega-scale 10T systems.

1. Introduction

The large-scale implementation of Internet of Things (IoT) technology over the recent decade
has driven great demand for reliable and accurate gas sensor networks aiming at real-time data
collection and autonomous response in applications such as air pollution monitoring, industrial
chemical hazard detection, smart cities and personal healthcare.[*-? Given the immense amount
of sensors required to feed into this network, it is ideal to attain sensor characteristics such as
micro/nano-size, superior sensitivity and detectivity, fast response, and orders of magnitude
less power consumption than current commercial devices.>#l Conventional battery-powered
sensors not only require continuously power supply during operation, but also are difficult to
miniaturize for highly integrated systems.[>¢! Self-powered sensing systems are one of the most
promising solutions to overcome power supply issue and achieve miniaturization.”-®) Such
systems can harvest energy from the environment such as sunlight, body motion, and heat, to
realize zero-power consumption.[ 1% Among these different types of self-powered gas sensors,
photovoltaic (PV) effect based sensors are under active research, as PV effect and gas sensing

function can be achieved simultaneously within the same junction or semiconductor active
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layer.™ This simplified structure enables low-cost and less complicated fabrication processes,
which are desirable for integration into next generation loT system.?]

Over the past decade, self-powered PV gas sensors have been demonstrated by forming p-n or
Schottky junctions based on a variety of bulk or low-dimensional materials, including 2D
materials (graphene, WSz, WSez),1*314 metal oxide,!*®! perovskite,!*! carbon nanotube,*” and
hyper-doped Sil*®°1, However, most of the reported self-powered gas sensors show issues such
as limited sensitivity and selectivity at room temperature,?% signal drifts and lack of stability
over time,??2 as well as challenges in integration with complementary metal-oxide-

semiconductor (CMOS) based technology.[*°]

I11-V compound semiconductors are the key materials for record-efficiency single- and multi-
junction solar cells,!> due to their direct tuneable bandgap, superior optical and electronic
properties. Specifically, I11-V nanowires (NWSs), as one of the most studied nanostructures, have
been demonstrated as a promising candidate for PV solar cell applications.?*2%1 Moreover, the
capacity to grow I11-V NWs on silicon substrates provides enormous potential for integration
with the existing silicon-based CMOS infrastructures.l?6-?"l Even though the PV effect is readily
available in 111-VV NWs which also have been applied in several gases and biomolecules sensing
studies,?82°] they have rarely been investigated for the self-power gas sensors. Recently, our
group has reported for the first time that ,a room-temperature indium phosphide (InP) NW array
sensor, which, by careful optimization of the nanowire array design and top-down fabrication,
has achieved parts-per-billion (ppb) level sensitivity and high selectivity towards Nitrogen

dioxide (NO2) with fast response (response time < 50 s).l%]

In this work, we report a novel InP NW array-based gas sensor architecture that combines PV
junction and active sensing region to achieve highly sensitive, selective, and reproducible self-
powered NO2 sensing at room-temperature. Prior to NW growth, the NW and device structure
were designed via numerical simulation that models PV NW sensing mechanism and optimizes
performance. Then p-i-n junction InP NW arrays were grown according to the simulation
optimized structure by selective-area metal-organic vapor-phase epitaxy (SA-MOVPE).BY The
NW crystal structure and optical property were characterised by transmission electron
microscopy (TEM), photoluminescence (PL) and time-resolved photoluminescence (TRPL).
The NW array sensor devices were designed and fabricated to enable robust contacts for signal
extraction, while maintaining a large exposed NW active area for gas sensing. Without an
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external power source, the device operates as photovoltaic gas sensor and responds to NO2 with
a highly sensitivity even under a much weaker light intensity than standard solar simulator,
selectivity, and a sub-ppb level limit of detection (LOD). Finally, we demonstrate that our NW
sensor can be readily integrated onto a microchip board for on-field dynamic NO2 concentration
measurement from vehicle exhaust pollutant. Our results and findings pave the way towards a

miniaturized, power source-free nanoscale sensor platform for future IoT system applications.
2. Results and Discussion

2.1 Device Design and Self-Powered Sensing Mechanism

When applied to gas sensing, the one-dimensional nanoscale NW geometry provides abundant
and engineerable surface area for adsorbing and interacting with gas molecules. For an InP NW
array, it is found that once the NO2 molecules are adsorbed onto the NW surface, the resultant
acceptor-like surface states capture electrons from the NW surface,®? turning it into a high
resistance state and leading to a measurable signal of the adsorbed NO2. Based on this
fundamental mechanism and PV effect attainable by formation of a p-n junction, we have
conceptualized an InP NW array PV sensor to achieve gas sensing and self-powered carrier
collection simultaneously. Under light illumination, a photocurrent is generated in the p-n
junction embedded NWs i.e., a short-circuit current (Isc) without externally supplied power.
NO:2 exposure effectively modulates the photocurrent flowing through the p-n junction due to
the charge (electrons) transfer from the NWSs to the adsorbed NO2 molecules, causing
significant change of the photocurrent. Therefore, the p-n junction-based sensing response (R)
can be defined as:

(To = Igas)

R =
I

x 100% (1)

where lo and lgas denote the initial Isc in air and the final Isc in response to gas adsorption,
respectively. lgas can be either greater or smaller than lo as will be discussed later, leading to

either a positive or negative value for the measured R.

To better understand the PV NW sensing mechanism, we investigated and compared two
common axial p-n junction structures, based on material growth which has been extensively
studied and optimized in our previous work!?> 31 #: NW array with i-(intrinsic) and n-doped
segments grown on a p-doped InP substrate, referred as p-i-n hereafter (Figure 1a), and NW

array with i-(intrinsic) and p-doped segments grown on a n-doped InP substrate, referred as n-
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i-p hereafter (Figure 1b). To allow effective gas sensing and NW top contact for signal
extraction, a light illumination window is created at the top of the NW for gas exposure (Figure
1a). Considering mechanical stability of the NW array, the size of exposure window cannot be
too large and is set to 700 nm in the simulation, which is a realistic size that can be achieved
reliably by device fabrication. By varying the top i-n or i-p junction depth of these two types of
NW structures shown in Figure 1a, b, we simulated Isc before and after gas exposure to
calculate sensing response by Equation 1 using COMSOL Multiphysics (see Figure S1, section

1 in Supporting Information (SI) for details of model setup).

It is found that the relative position of i-n or i-p junction with respect to the exposure window
plays a critical role in sensing performance, as plotted in Figure 1c, d, respectively. For p-i-n
structure, large positive responses are obtained as shown in Figure 1c, whereas for n-i-p
structure, the response changes from positive to negative within a small range of values with
the junction depth increasing as shown in Figure 1d. The polarity of the sensing response for
different structures can be explained with the aid of a band diagram of the NW top junction
(Figure 1e, f), where the case of n-/p-doped top segment length is exemplarily set as 450 nm.
For the case of a p-i-n structure under illumination, NO2 gas molecules adsorbing on the top n-
doped segment and i-region of the NW (lightly n-doped due to background impurity doping
during SA-MOVPE growth based on experimental data?*!) will form surface states that act as
electron acceptors, giving rise to an upward surface band bending as shown in Figure 1e.[34-3]
As a result, the majority carrier (i.e. electron) concentration in both top n-doped segment and i-
region is reduced, leading to decreased photocurrent and hence a positive sensing response as
calculated by Equation 1. Since the top n-segment is highly doped to 3x10*® cm, the
corresponding band bending (and carrier depletion) is much less evident than that in the i-
segment subject to same amount of gas adsorption. Therefore, the sensing response of p-i-n
structure decreases sharply as the top n-segment length increases until longer than exposure
window where no i-segment is exposed for sensing, since most carrier depletion occurs within

the i-layer.

When a n-i-p NW sensor is exposed to NOz2, the resultant upward band bending (Figure. 1f) in
the top p-doped segment increases majority carrier (i.e. hole) concentration and thus
photocurrent shows an enhancement; whereas in i-region the band bending depletes majority
carriers (i.e. electron), leading to decreased photocurrent in contrast to the p-segment. For a
shallow i-p junction as Figure 1f, due to the large band bending in the i-segment, electron
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depletion plays a dominant role than the hole enhancement in the top p-doped segment. The net
effect leads to a decreased photocurrent and positive sensing response. As the junction depth
increases, hole concentration enhancement becomes increasingly larger, which eventually leads
to increased photocurrent and thus a negative sensing response. By comparing the response
curves for the two structures, it is clear that the p-i-n based device is a better candidate for high-
performance oxidative gas sensing. The length of top junction plays a critical role, which should
be kept as short as possible just for the electrical contact, so that i-region can be sufficiently
exposed for better sensing performance. For n-i-p structure, on the other hand, varying junction
depth plays limited role due to its bipolar sensing response in top p-segment and i-region. As a
result, the (absolute value) response is less than 5% with all junction depths considered.
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Figure 1. (a, b) Three-dimensional schematic of a unit cell of p-i-n and n-i-p NW based sensor,
respectively. (c, d) Simulated gas sensing response vs NW top segment length. (e, f) Band
diagram of the respective structures before (i.e. in air) and after gas exposure (i.e. in NO2). Due
to the background impurity doping, the unintentionally doped i-segment grown by SA-MOVPE

is normally n-type (n’).[**!

2.2 Experimental Results and Discussion
To confirm the simulation results, two types of axial homo-junction InP NW structures, p-i-n

and n-i-p, illustrated in Figure 2a, e, were grown by SA-MOVPE (see details in Figure S2, SI
6



section 2) under the same conditions reported previously™. The scanning electron microscope
(SEM) images shown in Figure 2b, c, f, and g, highlight the well-ordered InP NW arrays with
taper-free hexagonal-cylinder shape. The two structures display a similar configuration due to
the same growth time and substrate pattern design, with a diameter of around 110 nm, a length
of 3-4 pm, and the inter-spacing of 600 nm. The crystal structure is determined by transmission
electron microscopy (TEM) analysis, confirming a pure wurtzite crystalline structure (Figure
S3in SI).
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Figure 2. (a, b, ¢c) Schematic and SEM images of i-n InP NW on p-doped InP substrate (p-i-n).
(e, f, g) Schematic and SEM images of i-p InP NW on n-doped InP substrate (n-i-p). (d, h) SEM
and corresponding cathodoluminescence (CL) image with CL spectrum intensity profile of p-i-

n and n-i-p InP N'W, respectively.

The doping profiles of the two NW structures were characterized by cathodoluminescence (CL)
of single NWs,[?I transferred from NW arrays to a Si substrate, as shown in Figure 2d, h, clearly
indicating the two different doping segments within these two structures. The bright-and-dark
contrast of the CL panchromatic image!®®! arises from different doping type and level of NW
along the axial direction. Figure 2d shows that the n-segment has a much stronger luminescence
than the i-segment, due to higher electron concentration, which increases transition probability
of donor-valence band transition, in comparison to intrinsic-valence band transition. While for
the p-doped top segment (Figure 2f), the transition probability of acceptor-valence band

transition is lower than that of intrinsic-valence band transition, leading to a lower luminescence
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in the p-segment than that in the i-segment. The SEM-CL characterization indicates that both

n-i-p and p-i-n structures grown by SA-MOVPE method present well-defined junctions. The

optical property of NWs was also assessed by PL and TRPL measurements (Figure S4 in SI),

confirming good material quality.
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Figure 3. (a) Schematic of as-fabricated InP NW array sensor. (b) SEM image from the top of

device, with a cross-sectional view highlighting the window at the top junction region opened

for gas sensing (right panel). (c, f) Dark/light [-V characteristics of the p-i-n and n-i-p InP NW

arrays (light source: solar simulator @AM1.5, 42.3 mW-cm™). (d, g) Time-dependent short-

circuit current (Zsc) of p-i-n and n-i-p InP NW device, respectively; ‘on’ and ‘off” correspond to

states with and without illumination. (e, h) Time-dependent open-circuit voltage (Voc) of p-i-n

and n-i-p InP NW device, respectively.

For photovoltaic and sensing characterization, the as-grown NW arrays were then fabricated

into an innovative NW PV sensor structure as illustrated in Figure 3a, by planarization (with

polymer SU8-5), tilt-angle metal contact deposition% and gas exposure window opening steps
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(detailed in Sl section 2.3 and Figure S5). It is worth noting that based on the insight from our
simulation, the length of the window structure is critical for high sensing performance. A long
exposed i-region will maximise the NW surface interaction with the target gas molecules and
thus the sensing response. Figure 3b presents the SEM images of a fabricated sensor, showing
that this novel design has been successfully achieved with the top NW side wall partially
covered with metal for electrical contact and exposed the other part in air for gas sensing. The
electrical property of two NW device structures (p-i-n and n-i-p) was characterized by standard
dark/light current-voltage (I-V) measurement as shown in Figure 3c, f. The dark I-V curves of
both devices show typical diode characteristic. When illuminated under solar simulator
@AML.5 at a power of 42.3 mW €m, both devices show PV behaviour, indicating successful
device fabrication. The p-i-n and n-i-p structures have a Isc density of 0.19 and 0.13 mA ¢m
(device area of 200 < 200 pm?), and an open-circuit voltage (Voc) of 0.16 and 0.25 V,
respectively. The time-dependent photo-responses are shown in Figure 3d, g and Figure 3e, h
for Isc and Voc, where distinct ‘ON’ and ‘OFF’ PV states can be well manipulated to fit into

the subsequent self-powered gas sensing measurements.

2.3 Laboratory Self-Powered Gas Sensing Performance

Sensing performance was characterized by detecting NOz in a gas sensing setup schematically
illustrated in Figure 4a. The gas sensing chamber was configured to be illuminated by a solar
simulator (with conditions equivalent to where the light I-V characteristics were measured) at
zero bias, in order to characterize self-powered sensing performance. Prior to gas injection, the
device was placed in the gas sensing chamber with illumination and constant air flow to
generate steady-state Isc. As NO2 gas injection started, Isc either decreased or increased,
depending on the device structure as discussed earlier, and reached a saturation state in ~ 200 s
(Figure S6a, 7a, SI). When NO2 gas was switched off and air flow was resumed, Isc recovered
back to initial base level. Utilizing the variation of Isc as a sensing signal, the NO2 sensing R is
then calculated according to Equation 1.

To find out the threshold light intensity for our self-powered NW sensor operation and the
capacity of the device working under various illumination conditions, the p-i-n device was
measured under a series of attenuated light intensity tuned by a neutral density filter. Figure 4b
shows that with 100 ppb NOz, the R value is consistent within the standard deviation range of
R (22 4.9 %) under a series of decreased light intensity from original level 42.3 mW ¢m™

(shaded area), even when the light intensity was decreased to 10% of its original level (or <5%



1sun condition). Under the reduced light intensity, the baseline Isc (i.e., lo) and the gas
adsorption induced lIsc (i.e., lgas) decreases simultaneously, such that the R calculated by
Equation 1 remains at a similar value. Such light-intensity independent performance is highly

desirable for sensing in realistic environment, since atmosphere solar irradiation usually varies
drastically during a day.
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Figure 4. (a) Schematic of self-powered sensing measurement setup under illumination of solar
simulator @AML.5. (b) Time-dependent response measured from a p-i-n device under different
illumination intensities. The averaged time-dependent sensing response and standard deviation
range under light intensity 42.3 mW €m is shown as the shaded area. () Summarized NO
concentration vs. calculated response for p-i-n (upper panel) and n-i-p (lower panel) NW
structures. The inset shows an enlarged graph of p-i-n sensing responses to 1-10 ppb NOa.
Sensing response measured from (d, e) p-i-n, and (g, h) n-i-p NW structures for different range
of NO2 concentrations. (f, i) Target gas selectivity measurement of p-i-n (f) and n-i-p (i) NW
structures, respectively, with gas concentration of 1 ppm for methanol, methyl nitrides, acetone,
ethanol, propane, CO2, NO2.
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Figure 4d, e shows the time-dependent response of the p-i-n based device in concentration range
1 - 1000 ppb, and the n-i-p sample result is illustrated in Figure 4g, h, with concentration 20 -
1000 ppb. Figure 4c summarizes the corresponding concentration-dependent sensing response
for both p-i-n and n-i-p sample with their linear-fitting slope (L) which is defined as device
sensitivity, marking the sensor output signal changes with unit analytes input. It is noticeable
that the absolute value of response at 1000 ppb and the device sensitivity for n-i-p structure
(15.9 %, 0.014 %/ppb) is much smaller than p-i-n structure (84.1 %, 0.62 %/ppb), essentially
verifying the results of numerical simulation that the NW with unipolar junction structure is
superior to the bipolar one. According to aforementioned sensing mechanism in section 2.1, Isc
of n-i-p structure increases with NO2 injected, thus giving negative sensing response, in contrast
to the decreasing Isc and positive sensing response from p-i-n structure (Figure S7a).3%-4% The
responses from top p- and i-segment of the bipolar n-i-p junction structure offset each other,
leading to a much-weakened sensing response. While, the combined sensing response from top
n- and i-segment in p-i-n structure is additive, resulting in superior performance. For the more
sensitive p-i-n structure, a linear correlation of response versus concentration can be clearly
observed at two concentration regimes separately, with a smaller slope at the high concentration
range (>100 ppb). This phenomenon also exists previously reported work, indicating that the
sensor tended to saturate gradually due to the limitation of surface adsorption sites.[?> 31 On the
other hand, the superior sensitivity performance of p-i-n structure is also indicated from the
measurement of extremely low NO2 concentration (1 ppb), where a distinguishable sensing
response of 2% can still be obtained as shown in Figure 4e. Based on the classification of
International Union of Pure and Applied Chemistry,8 LOD is defined as three times of the
standard deviation of sensing noise (S?noise), i.e. LOD = 3>(S%noise/L). The calculated theoretical
LOD obtained in this work is exceedingly small, ~ 0.49 ppb, with L = 0.62%/ppb, which is the
lowest record achieved by self-powered gas sensor to the best of our knowledge.

To investigate the device reproducibility, the better performing p-i-n device was repeatedly
exposed to NO2 (at same concentration) and observed persistent sensing response for extended
period of time (Figure S6c, d in Sl). Furthermore, both of the n-i-p and p-i-n structure devices
demonstrated a high selectivity to NO2 as shown in Figure 4f, i. At 1 ppm level, the sensing
response of these two devices to other organic vapours and common atmosphere gases
(methanol (CH3OH), ethanol (C2HsOH), methyl nitrite (CH3NO3), carbon dioxide (CO2) and
propane (CsHs)) are negligible comparing to NO2. Besides Isc, the time-dependent Voc can be
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also measured as an alternative readout signal that can be useful for integration with digital
microchip circuit board, as demonstrated in Figure S6, S7 in SI.** The Voc sensing response
measured from both p-i-n and n-i-p NW sensors presents similar characteristics to what was
observed with Isc, i.e. the magnitude of sensing response is concentration dependent, and Voc

decreases (increases) similarly when exposed to NO2 for p-i-n (n-i-p) structure.

Compared with different types of recently reported PV self-powered gas-sensing devices as
summarized in Table 1, our p-i-n InP NW-based sensor shows an overall outstanding
performance with high response (84% to 1 ppm NOz), the lowest LOD (1 ppb), dual measurable
signal (Isc and Voc) and ability to work stably under natural light source with different intensity

other than certain wavelength or intensity. !l

Table 1. Comparison of typical sensing performance parameters from self-powered gas sensors

reported in the literature (room temperature operation).

Response 100% Response/

) ) Measured Target gas
Device structure Light source ) (gas recovery Ref
signal (LOD) ) .
concentration) time (s)
) Solar simulator Isc (NA) This
p-i-n InP NW NO; (1 ppb) 84% (1 ppm) 200/ 400
(AM 1.5) Voc (MV) work
p-Si/n-ZnO (amine- ) Amine: 7.5%
) Solar simulator )
/thiol- (AM 1.5) Voc (MV) NO, (170 ppb) Thiol: 9.8% (250 ~1000 125]
functionalization) ' ppb)
CNT-SINW Solar simulator Voc (V) NO; (10 ) 46% (10 ) 4-6 {7l
-Si m () m -
(AM 1.5) oc 2 pp! pp
A=600nm, P =
SWNTSs/Si Voc (MV) NO, (100 ppb) 2.23% (400 ppb) ~50 1“2l
1.8 mwW cm™
Solar simulator
NiO/ZnO/ITO 100 mW cm™ Voc (V) CO; 0.1% 150/100 3]
AM1.5
CsPbB Solar simulator Isc (nA) Acet 1 ) 3% (1 ) 10/5 18]
S| r n cetone m () m
3 (AM 1.5) sc pp pp!
CsPbBr,l Solar simulator Isc (nA) Acet 1 ) 16% (1 ) 150 1441
s r n cetone m () m
2 (AM 1.5) sc pp pp
White light | A) or NO, (5ppm), NO,: 70% (5ppm),
GIWS,/Gr g sc (HA) 2 (5ppm) 2 (5ppm) 500 14
P =100 mW cm™ Voc (MV) H, (50ppm) H,: 17% (50ppm)
Red LED
SiNWSs/ITO A=576 nm, P = Isc (UA) NO, (5ppb) 90% (1 ppm) 80/850 1]
20 mW cm™
UV LED
Au@rGO/GaN
A=382nm,P= Isc (MA) CO (5 ppm) 38% (20 ppm) 400/1000 5]
nanorods
1.71 mW cm™
FMCPIB Solar simulator Isc (NA) NO; (1 ) 8% (8 ) 17/126 146]
n m () m
(AM 1.5) sc 2 (1 pp pp!
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2.4 On-Field Gas Sensing

Based on the laboratory sensing measurement results, the p-i-n NW sensor was chosen to
confirm its applicability in a realistic environment. A real-time on-field measurement was
enabled by connecting our NW device to a portable microprocessor with USB interface (JLM
Innovation with supplementary software JLMIogSP), where electrical signal generated by the
NW sensor is transmitted and processed. A prototype workflow from on-field sensing
measurement to data analysis and output result is illustrated in Figure 5. Prior to on-field
operation, a sensor calibration in self-powering mode was demonstrated, as shown in Figure 5a,
which correlates sensing response value with NO:2 concentration. This calibration was
performed in a laboratory gas sensing setup where the injected gas concentration was known
and can be precisely controlled (detailed in Sl, section 2.4 and Figure S8). However, when the
NW sensor was connected to portable USB microprocessor, it could no longer be fitted into the
same sensing setup. In this case, the calibration was then performed in a home-made 3D-
printing enclosure (with an LED light source) that can accommodate the NW sensor integrated
on the USB system (Figure S8). In this case, the enclosure was not as completely sealed and
isolated from ambient atmosphere as in the standard gas sensing chamber. Hence, the measured
sensing response tends to overestimate the injected gas concentration (i.e. considering certain
amount of gas leakage). The calibration performed with the portable USB microprocessor
locates the boundary of such overestimation. Therefore, it is expected that a real measurement
result from vehicle exhaust should fall in between the two calibration lines as indicated by the

pink shaded area.
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Figure 5. A prototype workflow for practical on-field gas sensing measurement. (a) The NW
sensor concentration calibration in laboratory environment (portable USB microprocessor
system and laboratory gas sensing system). (b) The schematic and on-site photos of on-field
vehicle exhaust measurement based on the NW sensor integrated with the USB interface and
an example of acquired data. (c) Data measured by this USB interface and the corresponding
post-processed fitting result by user-specified data filters to remove noise and extract sensing
response values; (d) By correlating with the laboratory calibration, the NO2 concentration can

dynamically monitored.

The portable NW sensor system was then brought to the realistic environment for on-field
measurement with the exposure of a 4-cylinder gasoline car exhaust (Figure 5b). An example
time-dependent response curve shows that the value and shape of response pulse vary in
different accelerator pedal pressing duration and revolutions per minute (RPM) of the engine,
as NOz2 concentration in exhaust gas depending on these parameters. The measured response
curve, together with the calibration results, was transmitted to a data evaluation unit (e.g., a
laptop, or an embedded system with USB or Bluetooth interface) for processing. Here we
demonstrate a simple pipeline of data acquisition and processing (Figure 5c¢) for a vehicle

exhaust at 2500 RPM where the gas pedal was pressed four times, each of which lasted
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approximately 25 s. The raw data from the measurement was then evaluated with a logistic
filter to remove noise (e.g. a double-logistic filter in this demonstration) to extract sensing
response value. The NO2 concentration was then calculated based on the calibration curves.
The whole pipeline can be easily integrated in a Python script to interact with this portable USB
interface. The calculated NO2 average concentration is ~15.46 ppm, in good agreement with
previously reported gasoline-powered motor vehicle NO2 emission study,“’-*1 indicating the

practical functionality and accuracy of our NW sensor system.

To improve the device performance and functionalities, the p-i-n structure can be further
optimized by reducing n-segment length and increasing i-segment length to further improve the
sensitivity. Apart from the axial p-n junction, it may be worth investigating a radial-junction p-
n NW structure, which could not only provide a larger junction region but also simplify the
device fabrication process. Furthermore, multiple NW arrays with varied pitch sizes and
diameters can be grown during the same epitaxial growth sequence to provide multi-channel

detection, which could enhance the dynamic range of the NO2 detection.

3. Conclusion

In this work, a novel self-powered sensor architecture is successfully designed and
demonstrated based on bottom-up grown p-n homojunction InP NW arrays. We designed the
p-n junction-based NW sensor structure and explored the sensing mechanism via numerical
simulation. The fabricated sensors based on this p-n junction InP NW array show excellent
sensitivity with a limit of detection down to sub-ppb level and high selectivity to NO2 in self-
powered operation mode. These results promise a new family of self-powered sensing platform
to achieve high-performance gas sensor with a strong enviroment fidelity enabled by
photovoltaic effect. The integration of the NW sensor with a portable USB interface for
practical dynamic on-field measurement is further demonstrated, precisely quantifying NO2
concentration from a motor vehicle exhaust. Our prototype InP NW sensor design paves a way
towards battery-free, highly integrable and compatible sensing platform for applications such
as environmental monitoring, industrial safety and hazard alarming. It is a promising step

forward to the next-generation sensing network for Internet of Things.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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1. Numerical simulation

The gas sensing simulation was performed using the semiconductor module of COMSOL
Multiphysics. To ensure timely convergence of simulated processes, only a 2D equivalent unit
cell of nanowire (NW) array device, consisting of a single NW, was constructed in simulation.
The 3D view, together with 2D simulation geometry of the unit cell is illustrated in Figure S1.
The exposure window is fixed at 700 nm measured from the top of NWs, while the junction
depth is varied from 350 nm to 1800 nm. The left surface within this window is subject to gas
exposure, for which a negative surface charge boundary condition is applied to model oxidative
NO:2 adsorption. The light generation is only enabled within the window, below which is
considered negligible since light is largely blocked by metal contact (see Figure 1). The top
horizontal boundary, together with right side boundary (300 nm from the top), is set as Ohmic
contact to replicate realistic device structure. All simulation related parameters are summarized
in Table S1.

Table S1 Material and Model Parameters in the Numerical Simulations

Material/Model Parameters Value Comments

Electron mobility 120 cm? (V1s?) 2
Hole mobility 100 cm? (V1s?) @

SRH recombination lifetime 190 ps Based on TRPL measurement; see Figure S4
Doping concentration top P- 1% 10" em?® .

doped NW

Doping concentration i-region 1x 10 cm @
Doping concentration top N- 3% 1018 cm® @

doped NW
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Doping concentration P-/N-

1x 108 cm?3 @
doped substrate
Top N-/P-doped NW segment ) )
. Adjustable parameter Varied from 350 nm to 1800 nm
thickness
o ) ) Total thickness of top NW segment plus i-region is 3 pm; i-
i-region thickness Adjustable parameter . . _
region thickness changes correspondingly.
InP nanowire radius 100 nm

Ohmic contact
boundary condition

Window open
for sensing
Surface charge

boundary condition

Q
+—
o
-
(%]
0
3
T
=
5
o

(a)

Figure S1. (a) Device schematics of p-i-n and n-i-p based NW array sensor. (b) Two-

dimensional simulation domain deployed in COMSOL Multiphysics.

2. Experimental Section

2.1 p-i-n junction InP NW growth

1) Substrate processing

Figure S2 illustrates the processes of preparing InP (111)A substrate (both p-doped and n-doped
with a concentration of (0.8-8) x<10'®) NW growth. Firstly, a 30 nm SiO2 layer was deposited
on (111)A InP substrate by plasma enhanced chemical vapor deposition (PECVD) at 300 C,
and the thickness was measured by ellipsometry. A negative photoresist AR6200.09 was spin-
coated (step 1: 500 rpm 5 s; step 2: 2000 rpm for 60 s) on SiO2 layer and baked at 150<C for 1
min on hotplate. Then, the resist was exposed by a Raith 150 electron beam lithography (EBL)
system based on a designed pattern consisting of 200 %200 m? hexagonal dot array with a
size of 80 nm and pitch of 600 nm. The exposed pattern area in photoresist layer was removed

by the corresponding resist developer. After the development of resist, oxygen plasma (RF
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power: 300 W; 300 sccm O:2 flow; 2 min,) was used to remove the footage residues in the
patterned area. The exposed pattern was then etched by RIE to remove the SiO2 layer on InP
substrate (RF power: 20W; 20 sccm CHF3 flow; 4.5 min). To remove the possible damage on
the exposed InP surface during SiO2 deposition, 10% H202 was first used to oxidize the InP
layer for 2 min followed by etching off the oxide layer with 10 % H3POa solution for 2 min.
These steps were repeated sequentially for 5 times and then, the sample was immediately

transferred into the metal-organic vapor-phase epitaxy (MOVPE) reactor for NW growth.

2) p-i-n InP NW growth

The InP NW arrays were grown with an ALIXTRON 200/4 MOVPE reactor, operating at a base
pressure of 100 mbar, using Hz as a carrier gas with a total flow of 14.5 I/min. Trimethylindium
(TMIn) and phosphine (PH3) were used as precursors for the group 111 (In) and group V (P)
elements, respectively. Molar fractions of TMIn and PH3 were set at 9.38>10° and 7.59%<10*,
respectively, corresponding to a V/I1I ratio of 80. All samples were hot baked at 750 <C for 10
min under the PHs flow and grown for 4 min at 730 <C for undoped segment (i-InP). Then,
Silane (SiH4) and diethylzinc (DEZn) were introduced during the growth of n-doped segment
and p-doped segment for 2 min with all the other parameters kept the same as those used for
the growth of undoped InP segment. With this two-step growth process, the i-n and i-p InP NW
were grown on p-doped and n-doped substrate respectively, to form n-i-p and p-i-n junctions.

MOCVD growth InP NW

e ’Qw

InP wafer EBL patterned and etch
SiO, in pattern area

Figure S2. Schematic of NW growth process by selective-area metal-organic vapor-phase
epitaxy (SA-MOVPE).

2.2 InP NW characterization

The morphology of the as-grown InP NW arrays were characterised by scanning electron
microscopy (FEI VERIOS 460 SEM) with electron beam voltage of 2 kV and current of 13 pA.
Cathodoluminescence (CL) technique was applied on single NWs which wwer transferred from
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the array to a Si substrate to characterize its optical property. The CL images were acquired
with SEM system equipped with a Gatan MONO CL4 components under an electron excitation
voltage of 10 kV and current of 0.8 nA at room temperature. The crystal structure is determined
by transmission electron microscopy (JEOL 2100F TEM) analysis of NWs that were directly
transferred from original array to a copper mesh. Figure S3 presents the TEM images taken
along {2110} zone axis from top and bottom region of a i-n NW confirming that NW was grown
in wurtzite phase with barely any crystalline defects, and the dopants have negligible effect to
the NW crystalline.

10 nm Bl 10nm

Figure S3. (a) Bright-field AC-STEM image shows the morphology of a typical i-n InP NW
grown at 730 <C. (b, c) High-resolution TEM (HRTEM) images taken along [110] zone axis
from the top and bottom regions of the InP NW shown in (a). Inset of (b) is the fast Fourier
transform (FFT) image. Inset of (c) shows the selected area electron diffraction pattern

confirming the WZ crystalline structure NW.

The NWs were also transferred to SiO2/Si substrate for time-resolved photoluminescence
(TRPL) measurement. PL spectra were acquired along single NW from top to bottom position
(P1 to P3) at room temperature (Figure S4).1 The TRPL system is composed of Horiba
LabRAM system equipped with confocal optics, a diode pumped solid-state (DPSS) 532 nm
laser, and a liquid nitrogen-cooled array InGaAs detector. The laser beam was focused through
a 100x microscope objective lens, resulting in a spot size of 0.36 pm (in radius) estimated by
vector diffraction calculation. The minority carrier lifetime in the NWs was extracted from the
single exponential fitting of TRPL decay curve. The emission was collected by the same
objective lens and detected by a single photon avalanche diode, which was connected to the

Picoharp 300 time-correlated single photon counting (TCSPC) system.
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Figure S4. (a, d) Room-temperature photoluminescence (PL) spectra of n-i InP and p-i InP at
top, middle and bottom, respectively. (b, ) Time-resolved PL (TRPL) decays measured at the
peak emission wavelength of n-i InP and p-i InP at the same position. (c, f) Minority carrier

lifetimes and peak wavelength extracted from TRPL measurement (a-d).

For i-n NW, the PL spectrum is similar at different locations of NW with peak wavelength
around 853 nm and the lifetime extracted from the time-resolve PL (TRPL)®! decay is ~0.15 ns
for these three positions. While the peak wavelength of i-p NW shows an obvious blue shift at
P1, its lifetime (~0.4 ns) is also shorter than P2 (~0.5 ns), P3 (~0.6 ns), which may be resulted
from large Zn dopant interdiffusion during the growth of the p-segment. It is also noticeable
that the lifetime of n-i-p is much larger than p-i-n, because top n-doping segment concentration
(~3 %10 cm®) is higher than that of top p-doping segment (~1 %107 cm®).[¢l

2.3 Fabrication process of self-powered InP axial junction NW NO> sensor

To fabricate a chemiresistive sensor based on InP axial junction NW array, photoresist SU8-5
(Kirsten Hackenbroich), was spin-coated on NW arrays to fully cover the whole vertical NW
arrays. Then SU8-5 was etched back by barrel-etcher (PVA Tepla Gigabatch 310 M) with O2
flow rate of 300 sccm and power of 500 W to expose ~500 nm of the top of InP NWs for

subsequent electrical contact. Then the sample was flood exposed under UV illumination and
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baked at 200 <T to solidify SU8-5. Since the top junction is deeper than 500 nm, the i-segment
of NW is embedded in SU8-5, which prevents shorting of the junction and provides necessary
mechanical support to the NWs.

A 200 nm Au layer was deposited on nanowires using e-beam evaporator for contacting. The
samples were mounted on a special holder to enable the tile-angle deposition to provide not
only electrical contact, but also partially exposed the nanowires to allow gas adsorption and
sensing.l®! The tilt-angle deposition leaves a shadow area behind each NW covered by SU8-5,
which can be further etched to extend the exposure window further below the top junction. The
etching rate of Inductively Coupled Plasma (ICP) etching has been well calibrated such that
another ~500 nm of SU8-5 was removed precisely as shown in Figure S5c. The SU8-5 layer
shadowed by NW during deposition was exposed and subsequently etched by ICP-F, which
formed a hole besides each NW. Then, a 200 nm Au layer was deposited on the InP substrate

as bottom contact. The fabricated chemiresistive sensors were characterized for their sensing

performance.
T,
(a) spin-coating SU8-5 (b) //y“d‘%n (c) “r,inﬂ (d) I

! &G N

Figure S5. (a-c) Schematic of device fabrication process based on as-grown InP NWs including
(a) spin-coating of SU8-5, (b) tilt-angle deposition of Au, and (c) ICP-F etching. (d-f) SEM

images corresponding to the fabrication process (a-c).

2.4 Electrical characterization
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The electrical and photovoltaic (PV) property of InP nanowire array was characterized by
current-voltage (I-V) curve by a Keysight system B2902A source/measurement unit,

incorporated with solar simulator.

2.5 NO7 sensing measurement

The gas sensing performance was measured by home-made sensing setup which consists of a
Linkam chamber with a sample stage and Au probes for electrical contacting, mass flow
controllers (MFCs Bronkhorst), a solar simulator and gas cylinders. For any gas sensing
measurements, the carrier gas was simulated air with volume ratio of N2 to Oz at 4 (Vn2/Vo2 =
4, N2 and O2, BOC gas). The gas flow rate was controlled by MFCs while the total gas flow
rate was kept at 1 I/min for ppm level concentration test and 0.5 I/min for sub-ppm level
concentration test. For the measurement of analyte gas, volatile organic compounds (VOCs)
(ethanol, 9.91 ppm in N2, Coregas; acetone, 10.1 ppm in Nz, Coregas; methanol, 10 ppm in Nz,

BOC gas) or NO2 gas was diluted to desired concentration before being purged into the chamber.
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Figure S6. Raw data from p-i-n InP NW photocurrent sensing measurement with concentration
ranging from (a) 20-1000 ppb, (b) 1-10 ppb, and repeated sensing measurement with 100 ppb
NO: (c). These three figures correspond to Figure 4b, 4c, 4e in the main text, respectively. (e)
Repeated sensing measurement with 100 ppb NOz2. (e-h) Voc as output signal for NO2 sensing
measurement and the corresponding calculated response with p-i-n sample (e, f) and n-i-p (g,

h) samples.

The Voc of the p-i-n NW sensor decreases with the NO2 exposure which is concentration
dependent like Isc. The sensing performance is slightly inferior to the Isc sensing result that the
response of 100 ppb NOz2 is around 22.5% and LOD is 10 ppb. When exposed to NOz, Voc
decreases for p-i-n structure and increases for n-i-p structure, giving either positive or negative

sensing response, which is consistent with those measured from Isc. The open-circuit condition
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corresponds to where dark current completely cancels PV current. For p-i-n structure where
majority carriers are diminished due to gas exposure, it needs a smaller PV voltage for such
cancellation to happen (thus a decreased Voc when in contact with gas); whereas for n-i-p
structure, majority carrier enhancement also boosts dark current and hence requires a larger

voltage for open-circuit condition to happen (i.e. an increased Voc when exposed to gas).

29



(a) (b)

Response time Recovery time NO Air
160 | P 320} y 9E-7 W
%
140 } 300l - W
0 17k
£ 120 280 ] —42.3 mW/cm?
= 5 —21.2 mWicm?2
(&) L —10.6 mWi/cm2 ]
100 } 260 b T — 53mWicm2 T
80 M M M M 240 M M M M 2E-9 L. M A A
0 10 20 30 40 0 10 20 30 40 0 300 600 900

Light intensity (mMW/cm?) Time (s)

Figure S7. (a) NOz sensing response and recovery time of p-i-n InP nanowire sensor under the
light intensity from 5.3 to 42.3 mW ¢m™. (b) Raw data of photocurrent from the sensing

measurement based on the p-i-n sensor exposed to 100 ppb under the same varying light
intensities as (a).
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Figure S8. (a) Raw data from p-i-n InP NW photocurrent sensing measurement with

concentration ranging from 0.2-1 ppm. (b, ¢) Voc as output signal for the NO2 sensing
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measurement and the corresponding calculated response with n-i-p sample.
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Figure S9. Electric field magnitude for p-i-n and n-i-p structures near the i-n/i-p junction. The
thickness of top n/p segment is 450 nm. The grey shaded region indicates i-region and orange

shaded region indicates the top segment.
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Figure S10. Time-dependent NOz2 sensing response from a p-i-n device under relative humidity

(RH) 30%, 50%, 65% and the calculated response vs concentration result.
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Figure S11. Concentration calibration measurement of the p-i-n NW sensor integrated on USB
sensor interface. Left: measured with Linkam chamber lab gas sensing system; right: measured
with JLMIogSP supplementary software together with USB interface. Due to the gas flow
fluctuations and the intrinsic noise from the USB printed circuit, the on-filed measurement data

exhibit much larger noise than the data measured by the lab gas sensing setup.
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Figure 12. (a) The photos of commercial KEMET NO:2 (inset) integrated with the USB interface.
(b) Sensing response was measured by connecting the commercial sensor with the USB
interface; (c) The calibration between sensing response and NO: concentration for the
commercial device was performed in the laboratory gas-sensing setup, shown in linear fitting;
the on-field vehicle exhaust measurement (three times for each devices) is shown by circle and

cross symbol indicating the range of NO2 concentration calculated from the linear fitting.
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