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HUMIDITY DIODE SENSORS BASED
ON 1D NANOSIZED SILICON STRUCTURES

Introduction. Humidity measurement is essential in microelectronics, aerospace, biomedical, and food industries,
as well as in households for climate control. Currently, various types of devices have been used as humidity sen-
sors: capacitive, resistive, diode, gravimetric, optical structures, field-effect transistors and devices based on sur-
Jace acoustic waves.

Problem Statement. Today, there is a need to develop IC-compatible humidity sensors that have high sensitivity
and low cost. To this end, silicon nanowires have been successfully used in resistive and capacitive humidity sensors.
However, there is a lack of research on the nanowire effect on device parameters of diode-type humidity sensors.

Purpose. To develop diode sensors based on silicon nanowires and to determine the effect of process parame-
ters of synthesis and structural features of nanowires on the performance of humidity sensors.

Materials and Methods. The process of sensor fabrication includes several steps: chemical cleaning of silicon
wafer, synthesis of silicon nanowires using standard or modified metal-assisted chemical etching, phosphorus dif-
fusion to create a p-n junction, front and back metallization. The surface morphology of the nanostructures has
been studied by scanning electron microscopy. The humidity-sensitive characteristics have been studied with the
use of salt hygrostats.

Results. It has been shown that the addition of one-dimensional silicon nanostructures to the diode-type sen-
sor significantly improves its characteristics. The rectification ratio increases from 161 to 1807, the response ups
Jrom 4.5 to 25, the sensitivity grows from 1.6 to 4.02 (% RH)—1, while the response time and recovery time are
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reduced from 85/90 to 25/30 s, the hysteresis value goes down from 75 to 16%, the signal deviation after cycling drops from 15
to 3%, and the signal fluctuation during continuous device operation decreases from 17 to 15%.
Conclusions. The results have shown that the use of a simple and cheap nanowire synthesis technology is effective to produce

humidity sensors.

Keywords: metal-assisted chemical etching, silicon nanowires, 1D nanostructures, silicon diode, and humidity sensors.

Measuring humidity in the environment has be-
come critically important in various areas of hu-
man activity: industrial and agricultural produc-
tion, food storage, aerospace, biomedical, and
food industries. It is known that for comfortable
living the relative humidity should range within
40—60% [1]. Therefore, humidity sensors are in-
stalled in various climate systems. In the food in-
dustry, relative humidity for food storage should
be 85—90%. However, in microelectronics, hu-
midity should be minimal (less than 1%) [2] to
avoid negative impact on the chip manufacturing
process. In addition, humidity is a key factor in
early warning of forest fires, as it directly depends
on the evaporation of water from combustibles.
Generally, the fire risk is high at a relative humi-
dity (RH) below 55%. Catastrophic fires may oc-
cur when RH is below 30% [3]. Humidity is also
an important health indicator in the medical field.
For example, respiratory humidity decreases sig-
nificantly when the human body is dehydrated,
or respiratory failure is accompanied by a rapid
increase in respiratory rate [4].

Currently, various types of devices are used
as humidity sensors: capacitive [5], resistive [6],
diode [7], gravimetric [8], and optical structures
[9], as well as field-effect transistors [10] and de-
vices based on surface acoustic waves [11]. Some
of these devices are quite bulky and not compa-
tible with integrated technology (gravimetric
and optical devices, as well as sensors based on
surface acoustic waves). Today, there is a need to
develop integrated microsensors as part of a smart
sensor platform that can be installed indoors or
attached to human items (mobile phones, glasses,
etc.). With this in mind, diode, capacitive, resis-
tive sensors are the most suitable for such appli-
cations, as they are manufactured with the use of
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standard group microelectronic technology that
provides micro-sized and low-cost devices. Ho-
wever, the resistive sensors have a slow response,
while the capacitive sensors require a more comp-
lex measurement scheme. Therefore, the diode
type of humidity sensors is the most attractive
for these applications.

In the last decade, there has been a growing in-
terest in the use of various types of nanomaterials
to miniaturize the sensors and to increase their
sensitivity. Various types of nanostructures, in-
cluding 1D structures, have been successfully used
for this purpose. Nanowires are one-dimensional
nanostructures in the form of continuous wires
or fibers that have a nanoscale width (diameter)
and a length that is much larger than the width.
Nanopores are nano-sized holes in a material, the
longitudinal size of which usually reaches several
micrometers. The array of nanoholes is an inver-
ted structure in relation to the array of nanowires.
This ensures a high aspect ratio [12]. 1D struc-
tures are very promising because they have a num-
ber of advantages for sensor applications:

1) large surface-to-volume ratio that allows mo-
re atoms to participate in surface reactions, which
increases sensing surface area of a sensor;

2) increased diffusion rate of electrons and ho-
les towards side surface of device may facilitate
rapid desorption of analyte molecules from de-
vice surface, i.e., the reaction speed of such sen-
sors increases.

Today, various materials have been used in sen-
sors to make nanowires/nanofibers: In,O, nanofi-
bers [13], TiO, nanofibers [14], ZnO nanofibers
[15], CuO nanofibers [16], cellulose nanofibers
[17], Ag@TiO, nanofibers [18], WO, nanofibers
[19], and silicon nanowires (SINWs) [20]. Among
them, the most notable is silicon material, as it has
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Fig. 1. Schematic representation of the manufacturing process of humidity sensors based on
SiNWs: 7 — deposition of Ag-NPs (first stage of MACE); 2 — etching of silicon (second stage of
MACE); 3 — formation of p-n junction (phosphorus diffusion); 4 — deposition of back contact
and annealing (HF magnetron sputtering of Al); 5 — formation of a two-layer frontal contact
(electron-beam evaporation of Ti and Ni through a mask with rectangular holes)

significant advantages for the manufacture of 1D
nanostructures: low material cost, well-developed
processing technology, non-toxicity, and compat-
ibility with integrated circuits. In addition, humi-
dity sensors based on silicon nanowires have a high
sensitivity due to the fact that their surface is co-
vered with a significant number of Si-OH groups,
which provides it significant hydrophilicity.
Silicon nanowires can be synthesized by one of
the two general approaches: the bottom-up app-
roach and the top-down approach. The bottom-
up approach involves the growth of silicon nano-
wires from individual atoms with the following
techniques: chemical vapor deposition (CVD)
[21] and vapor-liquid-solid growth (VLS growth)
[22]. The advantages of this approach include the
high orderliness of SINWs, but the disadvantages
are the relative complexity of the process and the
low density of synthesized SINWs. In the top-
down approach, the clusters of a single crystal
substrate are removed. This results in the forma-
tion of one-dimensional columns (nanowires): Li-
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thography and Etching [23] and Metal Assisted
Chemical Etching (MACE) [24]. The advanta-
ges of this approach, in particular the method of
MACE, include high density and smooth walls of
the resulting array of silicon nanowires, as well as
relative simplicity and low cost. To date, success-
ful attempts have been made to use silicon nano-
wires in the resistive [25] and the capacitive type
of humidity sensors [26]. However, there is a lack
of research on the diode-type humidity sensors
based on SiNWs, which is the focus of this paper.

The purpose of this research is to develop the
diode humidity sensors based on silicon nanowires
and to determine the effect of technological para-
meters of SINWSs synthesis on device performance.

The production technology of humidity sensors
consists of the following steps (Fig. 1): chemical
cleaning of silicon wafers; metal-assisted chemi-
cal etching to synthesize silicon nanowires on the
surface of silicon wafers; diffusion operation to
create a p-n junction in the nanowires; front and
back metallization.
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There have been used boron-doped c-Si substra-
tes of different resistivity (1 and 10 Q2-cm), which
were subjected to a three-stage cleaning process.
During the first stage, mechanical and organic
contaminants are removed in a peroxide-ammonia
solution of NH,OH/H,0,/H,0 (1:1:3)at 80 °C
for 10 min. During the second stage, the residu-
al metal ions are removed in a peroxide-chlorine
solution HCI/H,0,/H,O (1 : 1 : 3) at 80 °C for
10 min. In the third stage, the wafers are immersed
in a hydrofluoric acid solution H,O/HF (100:0.5)
for 30 s to remove surface silicon oxide. After each
step, the wafers are rinsed in a three-stage bath
of deionized water (60 °C /40 °C/20 °C) for
20 min and then dried in a centrifuge.

To synthesize silicon nanowires, we have used
a two-step method of metal-assisted chemical et-
ching. The standard approach for the MACE ope-
ration includes the two stages: deposition of silver
nanoparticles (Ag NPs) on the surface of silicon
wafer and etching of it under these nanoparticles.

The solution for the first stage of MACE is pre-
pared on the basis of silver nitrate nanopowder:
68 mg of AgNO, is dissolved in 4.42 ml of 40% HF
solution and 10 ml of H,O. Then H,O is added to
the mixture to obtain 20 ml solution. The dura-
tion of the first stage of MACE ranges from 10 to
60 s. The solution for the second stage of MACE
is prepared on the basis of hydrogen peroxide:
11 ml of 40% HF, 30 ml of H,0, and 0.8 or 0.4 ml.
The duration of the second stage of MACE ran-
ges from 30 to 90 min. The obtained nanowires
are approximately 5 um in height [20].

Also, additional technological operations are
used to modify the structural parameters of silicon
nanowires: silicon wafer texturing and processing
in isotropic/anisotropic etchants. The texturing
operation is performed before the MACE process
on a separate group of samples in order to obtain a
more developed humidity-sensitive surface due to
the presence of texture pyramids. The samples are
textured in solution: 970 ml of H,0, 30 g of KOH,
70 ml of IPA, for 15 min at 75 °C. The treatment
in isotropic/anisotropic etching agents is carried
out after the MACE process in order to remove po-
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rous (broken) layers on the surface of nanowires.
Two types of etching agents are used for the experi-
ment: an acidic etchant of HF/HNO,/CH,COOH
(1:4:4), forisotropic etching of the surface, and an
alkaline etchant of NaOH/IPA/H,O (2 : 10 : 88),
for anisotropic etching.

The next stage after the SINWs synthesis is
the formation of a p-n junction. For this purpose,
phosphorus dopant is introduced in silicon nano-
wires in a diffusion furnace. Firstly, p impurities
are introduced into the surface layer of silicon at
a temperature of 750 °C for 5 min. After that, the
P impurities penetrate at a temperature of 830 °C
for 20 min. As a result, an n-type silicon layer
with a specific surface resistivity of 50 Ohm /T is
obtained. The depth of the diffusion layer is near
0.1 um. Given the length of obtained nanowires,
inside them there is formed a p-n junction.

Next, a continuous Al back contact is depo-
sited on the samples by the RF magnetron sput-
tering technique. The operating parameters in
the vacuum chamber during deposition are as
follows: the voltage is 400 kV, the current is 4 A,
argon pressure is 3 - 10”7 mmHg, and the deposi-
tion time is 40 min. The aluminum film is then
annealed in a diffusion furnace at 650 °C under a
nitrogen atmosphere. As a result of the operation,
a 1.5 pm thick back contact is obtained.

The process of device manufacturing is comp-
leted by forming of dot-type frontal contacts.
The electron beam deposition technique has been
used to obtain of Ti/Ni metal contacts. Ti and Ni
films are deposited in a vacuum chamber under
the following parameters: the chamber pressure is
10-° mmHg, the voltage is 13 kV, and the current
is 120 mA. The deposition time for titanium and
nickel is 3 and 20 min, respectively. As a result,
there are formed frontal contacts with a thick-
ness of about 0.5 pm.

The surface morphology of humidity sensors
based on SiNWs has been investigated by a scan-
ning electron microscope (SEM) REM-106U in
the secondary electron mode. The current-vol-
tage characteristics of the devices are measured
by means of Power Supply HM8143 and a digital
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Fig. 2. SEM images of non-textured (a, b) and textured (¢, d) MACE Si surface without (a, ¢) and with (b, d) treatment in

acid etchant

voltmeter-amperemeter MS8040. The humidity-
sensitive characteristics of the sensors are mea-
sured by hygrostats based on saturated salt solu-
tions, which generate different levels of relative
humidity: LiCl — 12%, MgCl, — 33%, NaBr —
60%, NaCl — 75%, KCl — 85%, and H,O — 98%.
The humidity in hygrostats is controlled by ther-
mo-hygrometer EZODO HT-390. The humidity-
sensitive characteristics (graphs) of the obtained
sensors are measured several times until thermo-
dynamic equilibrium is established in salt hygro-
stats. Below, the equilibrium curves are presented.

Surface morphology of SINWs. From the SEM
image in Fig. 2, a, we see the formation of groove-
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like holes (or nanowire walls) on a polished silicon
wafer after MACE process. The lateral length of
the grooves that are distributed evenly over the
surface ranges from 2 to 10 um. Figure 2, ¢ shows
that the textured silicon wafer is characterized by
pyramidal structures that evenly cover its surface.
It should be noted, silicon surface after MACE
looks somewhat diffuse and blurred, which is ex-
plained by the presence of surface disturbed la-
yers and natural oxide (insets in Fig. 2, ¢, d). The
disturbed layers as surface defects can capture
electrical charge carriers during current flow [27].
To remove these layers, we have used acid (iso-
tropic) and alkaline (anisotropic) subsequent et-
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Fig. 3. 2D SEM images of non-textured MACE Si surface without () and with (b) treatment in alkaline etchant (corre-

sponding 3D images in the insets)

ching. From the SEM images (Fig. 2, b, d), we ha-
ve concluded that the acid etchant removes the
rough surface layer, which results in a smoother
surface and well-defined nanostructures (nano-
holes). It is obviously, nanoholes appear on the
surface due to etching in depth at the same speed
of different crystallographic faces of a single crys-
tal. The obtained holes are square in shape with a
side size of about 3 um and cover the entire sur-
face of the sample (Fig. 2, b). The depth of the
nanoholes is obviously different: the black nano-
holes are deeper than the gray ones. Figure 2, d
shows that the treatment of a textured Si surface
in an acid etchant results in an identical morpho-
logy. However, the size of obtained nanoholes is so-
mewhat smaller, as the length of the square side is
about 2 pm. A characteristic feature of the textured
samples is that the number of deep holes is much
larger than that of those on a polished surface.
Figure 3 shows 2D and 3D SEM images (in
insets) of a Si surface after MACE process wi-
thout and with additional alkaline treatment of
polished substrates. Figure 3 features that the na-
nowire walls are separated by grooves, but with
disturbed defective layer. After the treatment in
an alkaline etchant, the width of the grooves in-
creases. Unlike the isotropic etching, the anisotro-
pic one depends on crystallographic orientation.
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This means that the etching process is carried out
along certain crystallographic directions. As a re-
sult, it is possible to observe mostly lateral chemi-
cal etching of the groove-like holes rather than
deep etching into the substrate as in the case of
an isotropic etchant.

Electrical properties of SiNWs diodes. The
electrical properties of SINWs-based diode-type
humidity sensors have been studied by means of
the dark current-voltage curves (I—V curves)
shown in Fig. 4, @). The obtained sensors are cha-
racterized by rectifying properties (Fig. 4, a).
The rectification ratio is calculated as the ratio of
forward current to reverse current at a voltage of
1 V. The maximum rectification ratio obtained in
this research is 1837.

The influence of the SINW fabrication param-
eters on the electrical parameters of p-n junction
has been determined. In particular, the increasing
duration of the first and second MACE stages
that are responsible for the geometry of silicon
nanowire array has a significant effect on the de-
vice parameters. Thus, with an increase in the de-
position time of silver nanoparticles from 10 to
60 s, the rectification ratio increases significantly
(from 62 to 439). This may be due to an increase
in the density of deposited metal nanoparticles
on the silicon surface, which results in the forma-
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Fig. 4. The influence of additional etchants (a) and relative humidity (b) on I—V characteristics of humidity sensors based
on SiNWs (in the insets: the reverse currents without and with treatment in isotropic etchant () and the effect of RH on

the reverse current at 4 V (b))

tion of well-developed surface [12]. As a result,
the device direct currents and the rectification
ratio increase. The change of etching time during
the second MACE stage in the range from 30 to
150 min causes a 6-fold decrease in the rectifica-
tion ratio. Obviously, prolonged etching process
reduces reverse currents through p-n junction,
thereby increasing the rectification ratio.

Also, we have studied the effect of etching
agent content at both MACE stages. It has been
found that a lower content of AgNO, (34 mg)
leads to a 20-fold increase in the rectification ra-
tio (from 17 to 332). This can be explained by
the fact that with a reduced amount of metal
nitrate, no silver dendrites are formed, as it has
been confirmed by our previous results [12]. A
change in the hydrogen peroxide content from
0.8 to 0.4 ml has resulted in a slight increase in
the rectification ratio from 332 to 392. This may
be due to the fact that a lower concentration
of H,O, in the solution causes a more uniform
etching of silicon surface because of the release
of fewer hydrogen bubbles that interfere the uni-
form etching.
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The reesistivity of the initial silicon wafer has
a significant impact on the rectifying properties
of diode structures with nanowires. The use of Si
substrate of 10 Q - cm significantly increases the
rectification of such structures (from 252 to 925).
The point is that a decrease in the concentration of
charge carriers leads to a decrease in the reverse cur-
rent, which in turn increases the rectification ratio.

Surface texturing causes a decrease in the recti-
fication ratio by an order of magnitude (from 840
to 84), because of a significant increase in the re-
verse current. Also processing of Si MACE subst-
rate in an additional etchant leads to a decrease in
the rectification ratio, both in the case of an iso-
tropic etchant (by a factor of 2), and in the case of
an anisotropic etchant (by a factor of 100). A sig-
nificant deterioration in the rectifying properties
after alkaline etchant has beeen shown because of
surface heterogeneity that makes impossible the
formation of a high-quality p-n junction.

To compare the device characteristics, a diode
sensor without nanowires has been made. Such
sensor has a rectification ratio of 161. It is more
than an order of magnitude worse than the maxi-
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Fig. 5. The influence of parameters of the first stage of MACE (a), parameters of the second stage of MACE (), resistivity of the
substrate and texturing (c), processing in additional etchants (d) on the response curves of humidity sensors based on SINWs

mum coeflicient for the diode sensors with nano-
structures (1837). It should also be noted that,
depending on the morphology of obtained nano-
structures, their presence in the sensor structure
can improve or worsen its electrical properties.
The following technological parameters of SINWs
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synthesis, which contribute to the improvement
of the rectifying properties of SINWSs structures,
as compared with the planar p-n junction, can be
distinguished: the deposition time should exceed
10s, the etching time should be less than 150 min,
the resistivity of silicon substrate is 10 Q - ¢cm, no
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additional etching agents or surface texturing
should be involved.

Humidity-sensing properties of SINWs dio-
des. Response and sensitivity. The principle of
operation of the diode-type humidity sensor is
to change the reverse current depending on the
level of relative humidity. Figure 4, b shows that a
change in the relative humidity from 12% to 98%
has almost no effect on the direct current, while
the reverse current undergoes noticeable changes.
The maximum sensitivity has been demonstrated
at a reverse voltage of 4 V, which is chosen as the
operating point of the device.

As the level of RH increases, so does the rever-
se current of the sensors (Fig. 4, b). This depen-
dence can be approximated by an exponential
function. The response of diode humidity sensor
is defined as change in the reverse current during
measurement within a given humidity range. The
sensitivity of humidity sensor is defined as the
exponent of approximating curve. Depending on
the technological parameters of MACE, the sen-
sor response varies from 1 to 25 times, while the
sensitivity ranges from 0.01 to 4.02 (%RH)".

In this research, we have determined the effect
of the parameters of the first MACE stage (the
Ag nanoparticle deposition time and the AgNO,
content) on the response of humidity sensors
(Fig. 5, a). It has been found that an increase in
the deposition time of Ag nanoparticles improves
the response magnitude and, accordingly, the
sensitivity of humidity sensors based on SINWs.
In particular, the response curves (Fig. 5, @) show
an increase in the response value from 2.7 to 17.7.
Reducing the content of AgNO, by half (from 68
to 34 mg) in the solution improves the response
value from 1.4 to 8.7. This is because a smaller
amount of metal nitrate reduces the possibility of
silver dendrite formation.

Also, we have studied the influence of the pa-
rameters of the second MACE stage (the etching
time and the H,O, content) on the response of hu-
midity sensors (Fig. 5, b). It has been shown that
increasing the etching time from 30 to 150 min
worsens the response of SINW-based humidity

ISSN 2409-9066. Sci. innov. 2024. 20 (3)

sensors, and namely: a decrease in the response
ranges from 25 to 5.5 times. The almost 5-time
decrease in the response is caused by the fact that
with a longer etching time, the reverse currents
through p-n junction significantly increase, the-
reby reducing the device response. While varying
the hydrogen peroxide content from 0.8 to 0.4 ml,
we have observed an increase in the response from
8.7 to 21.7 times. The significant improvement in
the response value with a decrease in H,O, con-
tent may be caused by the fact that fewer hydro-
gen bubbles are released during the etching pro-
cess, which ensures uniform etching.

The influence of the initial substrate on the hu-
midity sensitivity has been determined: a change
in the resistivity from 1 to 10 Q - cm leads to an
increase in the response from 14.1 to 25 times
(Fig. 5, ¢). The textured surface before the MACE
process leads to a significant deterioration (al-
most 4 times) in the response. This is obviously
because of disturbed layers that result in a signifi-
cant increase in the magnitude of reverse current.

The treatment with an additional isotropic et-
chant significantly improves the device sensitivity:
the response value increases from 2.4 to 19 times
(Fig. 5, ¢). The use of an anisotropic etchant,
on contrary, worsens the humidity-sensitive cha-
racteristics: the response decreases from 2.4 to
0.99 times. This is due to the fact that the acidic
etchant removes disturbed layers and structural
defects, which increases the lifetime of minor
charge carriers. In turn, the alkaline etchant results
in a structurally heterogeneous surface on which it
is impossible to form a high-quality p-n junction.

For comparison, the response of diode humidity
sensors without nanowires is 4.5 times. It is sig-
nificantly worse than the maximum value for the
devices with nanostructures (25 times). However,
it should be noted that, depending on the morpho-
logy of the obtained nanostructures, their presence
in the device structure can worsen its humidity-
sensitive characteristics. Therefore, we can dis-
tinguish the following technological parameters
of SINWs synthesis, which improve the response
of diode structures: the deposition time of Ag

75



Linevych, Ya. O, Koval, V. M., Dusheiko, M. H., and Lakyda, M. O.

T - Textured surface
6+ —* Non-textured surface
5 o
< 41
g
~ 3k
2 -
e
1r =1
0 .—M

20 40 60 80 RH,%

Fig. 6. The effect of surface texturing on the hysteresis loop
of humidity sensor based on SINWs

3
Non-textured surface RH 60%
RH 60%
2 -
< N
g RH 12%
N RH 12%
1 -
RH 12% RH 60% RH 60%
RH 12% RH 12% RH 12%
O 1 1 1 1 1

1 2 3 4 5 6
Cycle number

Fig. 7. The effect of texturing on signal deviation during
cycling measurements of humidity sensors based on SINWs

nanoparticles should exceed 20 s, the etching du-
ration should be less than 150 min, the treatment
in an isotropic etchant should be applied. In turn,
the texturing and use of alkaline etching result in
a significant degradation of the device response.
In order to compare the sensitivity of obtained
sensors with other types of sensors based on sili-
con nanowires (capacitive and resistive), it is ne-
cessary to calculate this parameter in relative units
(the relative change of measured device parameter
(current, capacitance or resistance) divided by the
range of relative humidity). Hence, the sensitivity
for the obtained sensors is 24.5% / (%RH), while
that of the capacitive sensor is 4.8% / (% RH) [28]
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and that of the resistive sensor is 3.01% / (% RH)
[29]. So, the sensor developed in this research is
more sensitive by an order of magnitude than the
existing analogs.

Reversibility. The hysteresis curve is taken
with a gradual increase and gradual decrease in
the humidity in the range of RH from 12 to 98%
(Fig. 6). The reversibility of humidity diode sen-
sor has been determined by comparing the maxi-
mum difference in the values of reverse current
(AI ) during adsorption and desorption to the
maximum reverse current drop (I — I ) over
the entire measurement RH range:

L (ALY
i

H =
! max min)

Depending on the technological parameters of
MACE, the minimum value of the device hystere-
sis is 16.1%. The influence of technological pa-
rameters on the reversibility of sensors has been
determined. Thus, with an increase in the time of
deposition of Ag nanoparticles from 10 to 60 s,
the hysteresis value decreases from 50 to 34.3%.
An increase in the etching time in the range from
30 to 90 min causes an increase in the hystere-
sis value from 39.5 to 45.4%. Also, the influence
of the content of etching agents at both MACE
stages has been studied. It has been shown that a
lower content of AgNO, (34 mg) leads to a dete-
rioration in the device reversibility (the hystere-
sis increases from 18.2 to 63.8%). While varying
the H,O, content from 0.8 to 0.4 ml, we have ob-
served a slight decrease in the hysteresis value
from 63.8 to 52.9%.

It has also been found that the resistivity of ini-
tial silicon wafer has almost no effect on the de-
vice reversibility (1 Q cm — 35.3%, 10 Q - cm —
39.5%). As one can see from Fig. 6, the presence
of surface texturing leads to a more than 2-fold
deterioration in the reversibility of humidity sen-
sors. The treatment in an additional etchant re-
sults in a 3-fold decrease in the hysteresis value,
in the case of isotropic etchant, and in a slight de-
crease in the hysteresis value from 55.1 to 40.7%,
in the case of anisotropic etchant.
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midity sensors based on SINWs

To compare the reversibility of diode humidity
sensors, a sensor without nanowires has been fab-
ricated. Its hysteresis value is 75.2%. It is much
worse than the minimum hysteresis value for
the diode humidity sensors with nanostructures
(16.1%). There may be distinguished the follo-
wing technological parameters of SINWs syn-
thesis, which contribute to improving the rever-
sibility of humidity sensors based on SiNWs, as
compared with those without them: the deposi-
tion time of silver nanoparticles should exceed
20 s, the etching duration should be less than
90 min, the treatment in an isotropic etchant sho-
uld be applied.

Repeatability. The study of diode sensor repea-
tability has been based on changes in the sensor
signal, as compared with it’s initial value, during a
cyclic change between two fixed humidity levels:
12% — 60% — 12% — 60% — 12% RH (Fig. 7).
It has been found that an increase in the Ag-NPs
deposition time to 60 s reduces the amount of sig-
nal deviation during cycling measurements from
17 to 3%. Also, it has been determined that for
improved repeatability of sensor signal (9%), the
etching time and the hydrogen peroxide content
should be 90 min and 0.4 ml, respectively. Chang-
ing the substrate resistivity from 1 to 10 Q - cm
leads to a decrease in the signal deviation from 17
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Technological parameters

to 14%. The textured surface results in a deterio-
ration in the device repeatability by 18% (Fig. 7).
The minimum deviation of signal in the sensors
with SINWs is 3%, while in the sensors without
them it is equal to 15%. However, depending on
the morphology of obtained nanostructures, their
presence in device structure may deteriorate the
repeatability. The following technological param-
eters of SINWs synthesis, which do not cause a
deterioration in the value of signal deviation du-
ring cycling measurements: the deposition time
of Ag nanoparticles should be of 20—60 s, the du-
ration of etching should be 90—30 min, and the
hydrogen peroxide content is 0.4—0.8 ml, no tex-
turing or using any additional etchants.
Response time and recovery time. The device
response time is measured after moving from an
environment with RH of 12% to an environment
with RH of 60%. The device recovery time is mea-
sured after moving in the opposite direction. The
response time is determined at the point when
the sensor signal reaches 90% of the steady-state
value, while the recovery time is measured at the
point when the sensor signal reaches 10% of the
steady-state value. As can be seen from Fig. 8,
the resistivity of the initial silicon wafer has a
significant impact on the response and recovery
time of diode structures. The use of Si substrate
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Fig. 9. The effect of SINWs on the short-term stability of
humidity sensors based on SINWs

with a resistivity of 10 Q - cm significantly imp-
roves the response time (from 80 to 25 s) and sli-
ghtly reduces the recovery time (by 5 s). The tex-
turing surface also improves the device speed: the
response time decreases from 60 to 25 s, and the
recovery time is reduced from 55 to 30 s. In gene-
ral, it has been found that the sensors with SINWs
show lower response/recovery time than the hu-
midity sensors without SINWs. Thus, the response
time for humidity sensors without SINWs is 85 s,
while the recovery time is 90 s. At the same time,
the minimum values of these parameters for hu-
midity sensors with SINWs are 25 and 30 s, re-
spectively (Fig. 8).

The comparison in terms of device speed of the
obtained sensors has showed that they are of the
same order or better than the existing analogs
based on silicon nanowires. So, the response/re-
covery time of developed device is 25s / 30s, that
of the capacitive sensor is 39s / 24s [28], and that
of the resistive sensor is 100s / 60s [29].

Short-term stability. The short-term stability
of diode sensors is evaluated on the basis of time
dependence of reverse current. The measure-
ments are made for 1 hour at two humidity levels
of RH (12 and 60%). As can be seen from Fig. 9,
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in sensors without SiNWs, a thermodynamic
equilibrium is established, as a result of worse dy-
namic characteristics of such structures. In sen-
sors based on SINWs, there is a deviation of signal
within average level due to random fluctuations.
The signal fluctuation is defined as deviation from
the average level in percent. It has been found
that the presence of a textured surface and a sub-
strate with a resistivity of 10 Q - cm improves the
short-term stability of the device by 10—11%.
Also, it has been found that the sensors based on
SiNWs have somewhat better short-term stabili-
ty (fluctuation of 15%) than the devices that do
not contain them (fluctuation of 17%).

In this research, the diode humidity sensors
based on silicon nanowires have been fabricated
and the influence of SINWs synthesis parameters
on the structural, electrical, and humidity-sensi-
tive characteristics of the devices has been deter-
mined. It has been found that the addition of one-
dimensional silicon nanostructures to diode-type
humidity sensor significantly improves its electri-
cal and sensitive characteristics: the rectification
ratio, from 161 to 1807; the response, from 4.5 to
25; and the sensitivity, from 1.6 to 4.02 (%RH),
while the following parameters decrease: the re-
sponse time and recovery time, from 85/90 to
25/30 s, the hysteresis value, from 75 to 16%, the
signal deviation after cycling, from 15 to 3%, and
the signal fluctuation during short-term stability
test, from 17 to 15%. The direction of changing
technological parameters in the standard MACE
process to obtain the improved characteristics of
humidity sensors are as follows: increasing the
Ag-NPs deposition time from 20 to 60 s, decrea-
sing the silicon etching time, from 90 to 30 min;
the AgNO, content, from 68 to 34 mg; and the
H,O, content, from 0.8 to 0.4 ml; increasing the
resistivity of Si substrate, from 1 to 10 Ohm - cm.
The additional treatment before MACE operation
(texturing) improves the dynamic characteristics
of the sensor (response time/recovery time and
short-term stability). The additional treatment
after MACE operation in anisotropic etchant re-
sults in degrading all sensor parameters, while
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that in isotropic etchant improves the static cha- | logy is effective to produce humidity sensors. The
racteristics (response and reversibility). direction of further research is to improve the

The obtained results have shown that the use | sensor stability and to apply breath sensors for

of a simple and cheap nanowire synthesis techno- | analyzing human respiratory activity.
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AI0AHI CEHCOPH BOJIOTOCTI
HA OCHOBI KPEMHIEBUX 1D HAHOPO3MIPHUX CTPYKTYP

Beryn. BumipioBattst Bosiorocti HeoOxijiHe B MiKPOEJIEKTPOHHIM, aepOKOCMiuHil, GioMeanyHii Ta XapuoBiil IPOMUCIOBOCTI,
y o0yTi 1is1 KiaiMaT-KoHTposo. Hapasi sik ceHcopy BOJIOroCTi BAKOPUCTOBYIOTh Pi3Hi BUAM MIPUIA/iB: EMHICHI, PE3UCTHUBHI,
JIi0/THi, rpaBIMETPUYHI Ta OIITUYHI CTPYKTYPH, @ TAKOK [10JIbOBI TPAH3UCTOPH 1 TPUJIQ/IN HA TIOBEPXHEBUX aKyCTUUYHUX XBUJISIX.

IIpo6aemarnka. Ha choromi € norpeba y po3po0iti iHTerpasbHo CyMiCHUX CEHCOPIB BOJIOTH, IKi MAIOTh BUCOKY Yy TJIUBICTH
i HU3BKY BapTiCTh. JLJIsI IIbOTO YCIINTHO BUKOPUCTAHO KPEMHIEBI HAHOHUTKH Y CEHCOPAX BOJIOTOCTI PE3UCTUBHOTO Ta EMHICHOTO
THITY, TIPOTE GPAKYE MOCITIKEHb II0/[0 BILUTMBY HAHOHUTOK Ha BOJIOTOYYTINBI XapaKTEPUCTHKI CEHCOPIB [i0OHOTO THUILY.

Mera. Po3po6Ka i Joc/1ipKeHHS II0IHUX CEHCOPIB BOJIOTOCTI Ha OCHOBI KPEMHIEBUX HAHOHUTOK Ta BCTAHOBJIEHHSI BILIUBY
TEXHOJIOTTYHUX ITapaMeTPiB CUHTE3Y Ta/ab0 CTPYKTYPHUX 0COOJMBOCTEN HAHOHUTOK Ha POOOUI XapaKTEPUCTUKU CEHCOPIB
BOJIOTH.

Marepiamu it Metoau. [Tpoitec cuHTE3y CEHCOPIB BOJIOTOCTI Ma€ KijibKa eTalriB: XiMiuHe OYHIIeHHS] KDEMHIEBHX ILJIACTHH,
CHHTe3 KPEMHIEBUX HAHOHUTOK 3a J[OIIOMOTOI0 CTAHAAPTHOTO ab60 MOMM(DIKOBAHOTO METAJIOCTUMYJIBOBAHOTO XiMi4HOTO
TpaBieHH:, mrdy3isa docdopy AT CTBOPEHHS p-n-Tiepexory, ppoHTaTbHa i THIbHA MeTasidatis. [loBepxueBy mopdoJioriio
HAHOCTPYKTYP BHMBUYQJIM METOJOM CKAaHYIOUOi eJIEKTPOHHOI MiKPOCKOIIil, JIOC/i/IPKEHHSI BOJIOTOYYTIMBUX XapaKTEPUCTUK
3/1IFICHIOBAJIN 32 JIOTIOMOTOIO COTbOBUX TiTPOCTATIB.

Pesyabratu. IlokasaHo, 1110 /j0/1aBaHHS OTHOBUMIPHUX KPEMHIEBUX HAHOCTPYKTYP /10 CKJIaLy JIi0JJHOTO CEHCOPA BOJIOTU
3HAYHO TOKPAIIMIO H0To poboui XapakrepucTuku: koedimieHT Bunpsmients s3pic 3 161 xo 1807, siaryk — 3 4,5 no 25,
yyTsuBicTh — 3 1,6 10 4,02 (%RH) ™!, Toni sk yac Binryky Ta yac BizmHoBients amenmuiucs 3 85/90 no 25/30 ¢, Beqmunna
ricrepesucy — 3 75 1o 16 %, neBiaitist curmasty micsist ukmoBanis — 3 15 10 3 %, durykryartist cCUrHasTy I/ yac HerepepBHol
poboru cencopa — 3 17 1o 15 %.

BucnoBku. BukopucranHs mpocToiB Ta AenieBol TeXHOJIOTIi CUHTe3y HAHOAPOTIB € e(heKTUBHUM JIJIsi BUPOOHUIITBA CEH-
COPIiB BOJIOTH.

Kmouosi crosa: metanmocTuMyIboBaHe XiMiuHe TPaBJIeHHs, KPeMHi€BI HAHOHUTKH, 1D HAHOCTPYKTYpHU, KPEMHIEBUN IO,
CEHCOPY BOJIOTH.
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