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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, fi eld-eff ect transistors and devices based on sur-
face 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 eff ect on device parameters of diode-type humidity sensors.

Purpose. To develop diode sensors based on silicon nanowires and to determine the eff ect 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 modifi ed 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 signifi cantly improves its characteristics. The rectifi cation ratio increases from 161 to 1807, the response ups 
from 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 fl uctuation 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 eff ective 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 fi res, as it directly depends 
on the evaporation of water from combustibles. 
Generally, the fi re risk is high at a relative humi-
dity (RH) below 55%. Catastrophic fi res may oc-
cur when RH is below 30% [3]. Humidity is also 
an important health indicator in the medical fi eld. 
For example, respiratory humidity decreases sig-
nifi cantly 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], 
dio de [7], gravimetric [8], and optical structures 
[9], as well as fi eld-eff ect 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 

standard group microelectronic technology that 
provides micro-sized and low-cost devices. Ho-
we ver, 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 nanomate ri als 
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 fi bers that have a nanoscale width (dia me ter) 
and a length that is much larger than the width. 
Na no pores are nano-sized holes in a material, the 
lon gitudinal size of which usually reaches seve ral 
micrometers. The array of nanoholes is an in ver-
ted structure in relation to the array of na no wi res. 
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 diff usion 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/nanofi bers: In2O3 nanofi -
bers [13], TiO2 nanofi bers [14], ZnO nanofi bers 
[15], CuO nanofi bers [16], cellulose nanofi bers 
[17], Ag@TiO2 nanofi bers [18], WO3 nanofi bers 
[19], and silicon nanowires (SiNWs) [20]. Among 
them, the most notable is silicon material, as it has 
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signifi cant advantages for the manufacture of 1D 
nanostructures: low material cost, well-de ve loped 
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 signifi cant number of Si-OH groups, 
which provides it signifi cant 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 na no-
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-

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 
dio de humidity sensors based on silicon nanowi res 
and to determine the eff ect of technological pa ra-
meters of SiNWs 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; diff usion operation to 
create a p-n junction in the nanowires; front and 
back metallization.

Fig. 1. Schematic representation of the manufacturing process of humidity sensors based on 
SiNWs: 1 — deposition of Ag-NPs (fi rst stage of MACE); 2 — etching of silicon (second stage of 
MACE); 3 — formation of p-n junction (phosphorus diff usion); 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)
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There have been used boron-doped c-Si subst ra-
tes of diff erent resistivity (1 and 10 Ω·cm), which 
were subjected to a three-stage cleaning pro  cess. 
During the fi rst stage, mechanical and or  ga nic 
contaminants are removed in a peroxide-ammonia 
solution of NH4OH/H2O2/H2O (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 HCl/H2O2/H2O (1 : 1 : 3) at 80 C for 
10 min. In the third stage, the wafers are immersed 
in a hydrofl uoric acid so lu tion H2O/HF (100 : 0.5) 
for 30 s to remove sur face 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-
ra tion 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 fi rst stage of MACE is pre-
pared on the basis of silver nitrate nanopowder: 
68 mg of AgNO3 is dissolved in 4.42 ml of 40% HF 
solution and 10 ml of H2O. Then H2O is added to 
the mixture to obtain 20 ml solution. The dura-
tion of the fi rst 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 H2O, 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 μm 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 ob ta in a 
more developed humidity-sensitive surfa ce due to 
the presence of texture pyramids. The samp les are 
textured in solution: 970 ml of H2O, 30 g of KOH, 
70 ml of IPA, for 15 min at 75 C. The tre at ment 
in isotropic/anisotropic etching agents is carried 
out after the MACE process in order to remove po-

rous (broken) layers on the surface of nano wires. 
Two types of etching agents are used for the experi-
ment: an acidic etchant of HF/HNO3/CH3COOH 
(1 : 4 : 4), for isotropic et ching of the surface, and an 
alkaline etchant of NaOH/IPA/H2O (2 : 10 : 88), 
for anisotropic etching. 

The next stage after the SiNWs synthesis is 
the formation of a p-n junction. For this purpo se, 
phosphorus dopant is introduced in silicon na no-
wires in a diff usion furnace. Firstly, p impu rities 
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 specifi c surface resistivity of 50 Ohm/¡is 
obtained. The depth of the diff usion layer is near 
0.1 μm. 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 fi lm is then 
annealed in a diff usion furnace at 650 C under a 
nitrogen atmosphere. As a result of the operation, 
a 1.5 μm 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 
fi lms are deposited in a vacuum chamber under 
the following parameters: the chamber pressure is 
10–5 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 μm. 

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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voltmeter-amperemeter MS8040. The humidity-
sensitive characteristics of the sensors are mea-
sured by hygrostats based on saturated salt solu-
tions, which generate diff erent levels of relative 
humidity: LiCl — 12%, MgCl2 — 33%, NaBr — 
60%, NaCl — 75%, KCl — 85%, and H2O — 98%. 
The humidity in hygrostats is controlled by ther-
mo-hygrometer EZODO HT-390. The humi di ty-
sensitive characteristics (graphs) of the obtai ned 
sensors are measured several times until ther mo-
dy namic 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 groo ve-

like holes (or nanowire walls) on a poli shed si licon 
wafer after MACE process. The late ral length of 
the grooves that are distributed even ly over the 
surface ranges from 2 to 10 μm. Fi gu  re 2, c shows 
that the textured silicon wafer is cha racterized by 
pyramidal structures that even ly cover its surface. 
It should be noted, silicon surface after MACE 
looks somewhat diff use and blurred, which is ex-
plained by the presence of surface disturbed la-
yers and natural oxide (in sets in Fig. 2, c, d). The 
disturbed layers as surface defects can capture 
elect  rical charge carriers during current fl ow [27]. 
To remove these layers, we have used acid (iso -
tropic) and alkaline (anisotropic) subsequent et-

Fig. 2. SEM images of non-textured (a, b) and textured (c, d) MACE Si surface without (a, c) and with (b, d) treatment in 
acid etchant
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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-defi ned nanostructures (nano-
holes). It is obviously, nanoholes appear on the 
sur  face due to etching in depth at the same speed 
of diff  erent crystallographic faces of a single crys-
tal. The obtained holes are square in shape with a 
side size of about 3 μm and cover the entire sur-
face of the sample (Fig. 2, b). The depth of the 
nanoholes is obviously diff erent: 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 μm. 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 
in sets) of a Si surface after MACE process wi-
thout and with additional alkaline treatment of 
po lished substrates. Figure 3 features that the na-
no wire 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 anisot ro-
pic one depends on crystallographic orienta ti on. 

This means that the etching process is car   ried 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 
elect rical properties of SiNWs-based diode-type 
hu midity sensors have been studied by means of 
the dark current-voltage curves (I—V curves) 
shown in Fig. 4, a). The obtained sensors are cha-
rac terized by rectifying properties (Fig. 4, a). 
The rectifi cation ratio is calculated as the ratio of 
forward current to reverse current at a voltage of 
1 V. The maximum rectifi cation ratio obtained in 
this research is 1837.

The infl uence of the SiNW fabrication param-
eters on the electrical parameters of p-n junction 
has been determined. In particular, the increa sing 
duration of the fi rst and second MACE stages 
that are responsible for the geometry of silicon 
nanowire array has a signifi cant eff ect on the de-
vice parameters. Thus, with an increase in the de-
position time of silver nanoparticles from 10 to 
60 s, the rectifi cation ratio increases signifi cantly 
(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-

Fig. 3. 2D SEM images of non-textured MACE Si surface without (a) and with (b) treatment in alkaline etchant (corre-
sponding 3D images in the insets)
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tion of well-developed surface [12]. As a result, 
the device direct currents and the rectifi cation 
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 rectifi ca-
tion ratio. Obviously, prolonged etching process 
reduces reverse currents through p-n junction, 
thereby increasing the rectifi cation ratio.

Also, we have studied the eff ect of etching 
agent content at both MACE stages. It has been 
found that a lower content of AgNO3 (34 mg) 
leads to a 20-fold increase in the rectifi cation 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 confi rmed 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 rectifi cation ratio from 332 to 392. This may 
be due to the fact that a lower concentration 
of H2O2 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.

The reesistivity of the initial silicon wafer has 
a signifi cant impact on the rectifying properties 
of dio de structures with nanowires. The use of Si 
sub strate of 10 Ω · cm signifi cantly increases the 
rec ti fi cation of such structures (from 252 to 925). 
The point is that a decrease in the concent ra  tion of 
charge carriers leads to a decrease in the re ver se cur-
rent, which in turn increases the rectifi cation ratio.

Surface texturing causes a decrease in the recti-
fi cation ratio by an order of magnitude (from 840 
to 84), because of a signifi cant increase in the re-
verse current. Also processing of Si MACE sub st-
rate in an additional etchant leads to a decrease in 
the rectifi cation 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-
nifi cant 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 rectifi cation ratio of 161. It is more 
than an order of magnitude worse than the maxi-

Fig. 4. The infl uence 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 (a) and the eff ect of RH on 
the reverse current at 4 V (b))
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mum coeffi  cient for the diode sensors with nano-
structures (1837). It should also be noted that, 
de pending 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 

synthesis, which contribute to the improvement 
of the rectifying properties of SiNWs structures, 
as compared with the planar p-n junction, can be 
distinguished: the deposition time should exceed 
10 s, the etching time should be less than 150 min, 
the resistivity of silicon substrate is 10 Ω · cm, no 

Fig. 5. The infl uence of parameters of the fi rst stage of MACE (a), parameters of the second stage of MACE (b), resistivity of the 
substrate and texturing (c), processing in additional etchants (d) on the response curves of humidity sensors based on SiNWs
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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 eff ect 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 defi ned as change in the reverse current du ring 
measurement within a given humidity range. The 
sensitivity of humidity sensor is defi ned 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)–1.

In this research, we have determined the eff ect 
of the parameters of the fi rst MACE stage (the 
Ag nanoparticle deposition time and the AgNO3 
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, a) show 
an increase in the response value from 2.7 to 17.7. 
Reducing the content of AgNO3 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 infl uence of the pa-
rameters of the second MACE stage (the etching 
time and the H2O2 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 

sen sors, and namely: a decrease in the response 
ranges from 25 to 5.5 times. The almost 5-time 
de crease in the response is caused by the fact that 
with a longer etching time, the reverse currents 
through p-n junction signifi cantly increase, the-
re by reducing the device response. While va rying 
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 signifi cant improvement in 
the response value with a decrease in H2O2 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 infl uence of the initial substrate on the hu-
midity sensitivity has been determined: a change 
in the resistivity from 1 to 10 Ω · cm leads to an 
increase in the response from 14.1 to 25 times 
(Fig. 5, c). The textured surface before the MACE 
process leads to a signifi cant 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 signifi cantly improves the device sensiti vi ty: 
the response value increases from 2.4 to 19 times 
(Fig. 5, c). The use of an anisotropic et chant, 
on contrary, worsens the humidity-sensitive cha-
rac teristics: 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 humidi ty 
sensors without nanowires is 4.5 times. It is sig  -
nifi cantly worse than the maximum value for the 
devices with nanostructures (25 times). Ho we ver, 
it should be noted that, depending on the morpho-
logy of the obtained nanostructures, their presence 
in the device structure can worsen its hu midity-
sensitive characteristics. Therefore, we can dis-
tinguish the following technological pa  ra   meters 
of SiNWs synthesis, which improve the res ponse 
of diode structures: the deposition ti me of Ag 
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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 signifi cant 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] 

and that of the resistive sensor is 3.01% / (%RH) 
[29]. So, the sensor develo ped 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 diff erence in the values of reverse current 
(Imax) during adsorption and desorption to the 
maximum reverse current drop (Imax – Imin) over 
the entire measurement RH range:
                                         (∆Imax)H = ±——————— .

        (Imax  – Imin)

Depending on the technological parameters of 
MACE, the minimum value of the device hystere-
sis is 16.1%. The infl uence 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 infl uence 
of the content of etching agents at both MACE 
stages has been studied. It has been shown that a 
lower content of AgNO3 (34 mg) leads to a dete-
rioration in the device reversibility (the hystere-
sis increases from 18.2 to 63.8%). While varying 
the H2O2 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 eff ect on the de-
vice reversibility (1 Ω cm — 35.3%, 10 Ω · 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.

Fig. 6. The eff ect of surface texturing on the hysteresis loop 
of humidity sensor based on SiNWs

Fig. 7. The eff ect of texturing on signal deviation during 
cycling measurements of humidity sensors based on SiNWs
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To compare the reversibility of diode humidi ty 
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 nanostructu res 
(16.1%). There may be distinguished the follo-
wing technological parameters of SiNWs syn-
the  sis, which contribute to improving the rever-
si  bility of humidity sensors based on SiNWs, as 
compared with those without them: the deposi-
tion time of silver nanoparticles should exceed 
20 s, the et ching duration should be less than 
90 min, the tre atment 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 fi xed 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 Ω · cm 
leads to a decrease in the signal deviation from 17 

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 
sig nifi cant impact on the response and recovery 
ti me of diode structures. The use of Si substrate 

Fig. 8. The infl uence of techno-
logical parameters on the res pon-
se time and recovery time of hu-
midity sensors based on SiNWs
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with a resistivity of 10 Ω · cm signifi cantly imp-
ro  ves the response time (from 80 to 25 s) and sli-
gh t ly 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 ge ne-
ral, it has been found that the sensors with SiNWs 
show lower response/recovery time than the hu-
midity sensors without SiNWs. Thus, the res ponse 
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 parame ters 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 stabili ty 
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, 

in sensors without SiNWs, a thermodynamic 
equi librium 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 fl uctuations. 
The signal fl uctuation is defi ned 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 Ω · 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 (fl uctuation of 15%) than the devices that do 
not contain them (fl uctuation of 17%).

In this research, the diode humidity sensors 
based on silicon nanowires have been fabricated 
and the infl uence 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 signifi cantly improves its electri-
cal and sensitive characteristics: the rectifi cation 
ratio, from 161 to 1807; the response, from 4.5 to 
25; and the sensitivity, from 1.6 to 4.02 (%RH)–1, 
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 fl uctuation 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 AgNO3 content, from 68 to 34 mg; and the 
H2O2 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 

Fig. 9. The eff ect of SiNWs on the short-term stability of 
hu midity sensors based on SiNWs
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that in isotropic etchant improves the static cha -
racteristics (response and reversibility).

The obtained results have shown that the use 
of a simple and cheap nanowire synthesis techno-

logy is eff ective to produce humidity sensors. The 
direction of further research is to improve the 
sen sor stability and to apply breath sensors for 
analyzing human respiratory activity.
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 ДІОДНІ СЕНСОРИ ВОЛОГОСТІ 
НА ОСНОВІ КРЕМНІЄВИХ 1D НАНОРОЗМІРНИХ СТРУКТУР

Вступ. Вимірювання вологості необхідне в мікроелектронній, аерокосмічній, біомедичній та харчовій промисловості, 
у побуті для клімат-контролю. Наразі як сенсори вологості використовують різні види приладів: ємнісні, резистивні, 
діодні, гравіметричні та оптичні структури, а також польові транзистори і прилади на поверхневих акустичних хвилях. 
Проблематика. На сьогодні є потреба у розробці інтегрально сумісних сенсорів вологи, які мають високу чут ли вість 

і низьку вартість. Для цього успішно використано кремнієві нанонитки у сенсорах вологості резистивного та єм нісного 
типу, проте бракує досліджень щодо впливу нанониток на вологочутливі характеристики сенсорів діодного типу. 
Мета. Розробка і дослідження діодних сенсорів вологості на основі кремнієвих нанониток та встановлення впливу 

технологічних параметрів синтезу та/або структурних особливостей нанониток на робочі характеристики сенсорів 
вологи. 
Матеріали й методи. Процес синтезу сенсорів вологості має кілька етапів: хімічне очищення кремнієвих пластин, 

синтез кремнієвих нанониток за допомогою стандартного або модифікованого металостимульованого хімічного 
травлення, дифузія фосфору для створення p-n-переходу, фронтальна і тильна металізація. Поверхневу морфологію 
наноструктур вивчали методом скануючої електронної мікроскопії, дослідження вологочутливих характеристик 
здійс нювали за допомогою сольових гігростатів. 
Результати. Показано, що додавання одновимірних кремнієвих наноструктур до складу діодного сенсора вологи 

значно покращило його робочі характеристики: коефіцієнт випрямлення зріс з 161 до 1807, відгук — з 4,5 до 25, 
чутливість — з 1,6 до 4,02 (%RH)–1, тоді як час відгуку та час відновлення зменшилися з 85/90 до 25/30 c, величина 
гістерезису — з 75 до 16 %, девіація сигналу після циклювання — з 15 до 3 %, флуктуація сигналу під час неперервної 
роботи сенсора — з 17 до 15 %. 
Висновки. Використання простоїв та дешевої технології синтезу нанодротів є ефективним для виробництва сен-

со рів вологи.

Ключові слова: металостимульоване хімічне травлення, кремнієві нанонитки, 1D наноструктури, кремнієвий діод, 
сенсори вологи.


