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Resistive and diode temperature sensors based on silicon nanowires
(SiNWs) are fabricated. Silicon nanowires are obtained by two-stage met-
al-assisted chemical etching (MACE) technique. The influence of SiNWs
synthesis parameters on device characteristics is investigated. In particu-
lar, the influence of the duration of the first and second stages of MACE,
the content of solutions based on AgNO; and H,0,, the presence of tex-
tured surface of silicon wafer before the MACE process, additional pro-
cessing in an isotropic/anisotropic etchant after the MACE process on the
characteristics of temperature sensors is determined. The electrical and
thermosensitive parameters for obtained sensors are calculated, namely,
resistance, rectifying coefficient, and coefficient of thermosensitivity. A
significant influence of the MACE-process parameters on the lateral
roughness and volume porosity of the thermosensitive surface is deter-
mined. As established, the following technological operations lead to an
increase in resistance: a raise in the deposition time of silver nanoparti-
cles and the use of additional post-chemical treatment, as well as a de-
crease in the etching time and a decrease in the amount of H,0,. The re-
sistance of the array of silicon nanowires is in the range of 27.6-199.6 Q.
As established, the following process parameters improve the rectifying
characteristics: increasing the content of hydrogen peroxide, the presence
of preliminary texturing of silicon surface, as well as the use of additional
post-chemical treatment in an acid etchant. The maximum rectifying coef-
ficient of diode temperature sensors is of 2503. Significant impact of pro-
cess parameters on the lateral roughness and bulk porosity of the thermo-
sensitive surface is revealed. As found, the thermal sensitivities of both
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diode sensors and resistive ones are improved with the increase of MACE
first-stage parameters and the decrease of MACE second-stage parameters,
as well as in the presence of acid etching treatment. The maximum ther-
mal sensitivity coefficient of thermistors based on silicon nanowires is of
2336 ppm/K, while, for thermodiodes, this coefficient is of 2.5 mV /K.

CuHTe30BaHO PE3WCTUBHI Ta MiOAHI ceHCOpM TeMIlepaTypH Ha OCHOBI KpeMm-
mitiopux HaHoHuUTOK (KHH). KpemHifioBi HAaHOHUTKU 6yJIO OJEPIKAHO METO-
JIOM JBOCTAAiHOTO METaJIOCTUMYJIbOoBaHOrO xeMiuHoro miaBiaenua (MCXIII).
Hocaigsxeno BmaumB mapaMmeTpiB cuHTe3uw KHH Ha xapakTepUCTUKU IIpUJIa-
niB. 3oxkpema, OyJi0O BCTAHOBJIEHO BILIMB TPHUBAJIOCTH IIEPIIOTO Ta APYroro
eramie MCXIII, BmicTy po3umuiB Ha ocHOBi AgNO; it H,O,, HagBHOCTH TEK-
CTypHU Ha IOBePXHi KpeMHiiioBoi mmacturu n0 npoitecy MCXII, momaTKoBO-
ro oOpoOJEeHHS B 130TPOMTHOMY/AaHi30TPOMHOMY IIABHUKY IIicJid IIpoIecy
MCXIII ma XapaKTepHUCTHUKU CEHCOPiB TeMmIepaTypu. ByJjo pospaxoBaHO
eJeKTPUUYHI Ta TEePMOUYTJNBI ITapaMeTPU s OAEP:KaHUX CEHCOPiB, B0Kpe-
Ma OIIOpPY: Koe(illieHT BUNPAMJIEHHA Ta Koe(dil[ieHT TepMOUyTJIUBOCTH. Bu-
3HAUEHO 3HAUHUI BIJIMB TEXHOJIOTIYHUX IapaMeTpiB cuHTesu macuBy KHH
Ha JlaTepaJibHy IIePCTKiCTh Ta 00’€MHY IIOPHCTICTh TEPMOUYTJIMBOI IOBEPX-
Hi ceHcOpiB TemmepaTypu. BcTaHOBJIEHO, IO A0 30iJbIIIeHHS OIOPY IIPUBO-
IATH HACTYIHI TeXHOJOriIUHI omeparllii: 3pocTaHHS dacy OcaJKeHHd HaHOUa-
CTHHOK cpi0jla Ta BUKOPHUCTAHHS MOJATKOBOTO IIOCT-XEMiUHOTO OOpOoOJeHHS,
a TaKO’K 3MEHINeHHS Yacy IfaBJIeHHd Ta 3MeHIIeHHA Kimbkoctu H,0,. Pos-
paxoBaHUWil OIIip MacUBY KDPEMHIiOBUX HAHOHUTOK B3HAXOAUWBCA B MeKax
27,6-199,6 . BcramoBieHO, IO HACTYIHI TeXHOJIOTiUHi IIapaMeTpu IIO-
JIIIIYIOTh BUMIPOCTYBAJMBbHI XapaKTepPUCTUKMU: 30iJIbIIIeHHSI BMIiCTY IIE€PEKUCY
Tigporeny, HaABHICTh IONEPEIHLOTO0 TEKCTYPYBAaHHS IIOBEPXHiI KpeMHiioBOi
IJIACTUHU, & TaKOK BUKOPHCTAHHSA JOJATKOBOTO IIOCT-XEMiUuHOTO 00pOO0JIeH-
HA Yy KHUCJOTHOMY HIaBHUKY. MakcuMaJabHUI Koe(illieHT BUIIPOCTyBaHHSA
miomHUX ceHcopiB Temmeparypu ckjaaB 2503. BcranosieHo, IO TEPMOUYT-
JUBIiCTh AK MiOOHUX, TaK i PE3UCTHUBHUX CEHCOPIiB IMOJIMINTYETHCSA 31 36iJb-
meHHAM mapaMmeTpiB mepiuoro eramy MCXII] Ta 3MeHINIEHHSAM ITapaMeTpPiB
npyroro erany MCXIII, a TakoX 3a HaAABHOCTU MOJATKOBOTO XE€MiuHOTO 00-
poOJieHHA KUCJOTHUM IIaBHUKOM. MaxkcuMmanbHUN Koe(diIlieHT TepmMouyT-
JUBOCTH TEPMiICTOPiB HA OCHOBI KPeMHilIOBMX HAHOHUTOK cTaHOBUB 2336
ppm/K, Toxai Ak msa Tepmogion 1ei Koedimient cranosus 2,5 MB/K.

Key words: metal-assisted chemical etching, silicon nanowires, thermodi-
ode, thermistor.
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1. INTRODUCTION

Temperature is one of the most measured physical parameters, as
many industrial areas require temperature control in manufacturing
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processes, as well as during operation, for storage and transportation
of devices, equipment, raw materials, food or pharmaceutical prod-
ucts, etc. Additionally, temperature measurement is an essential com-
ponent of electronic device protection systems, such as computers,
mobile phones, and others, where high temperatures can lead to a
breakdown. Specifically, embedded thermistors on a motherboard pre-
vent overheating when the workload increases or a fan fails.

Furthermore, temperature sensors allow monitoring temperature
of the entire computer or individual components and smoothly ad-
justing fan speed, reducing noise levels during downtime. Current-
ly, temperature sensors such as thermistors and thermodiode are
used. The principle of operation of a monocrystalline thermistor is
that its resistance decreases with increasing temperature. This is
because the number of free charge carriers in the semiconductor in-
creases with temperature, reducing its resistance. The most com-
monly used materials for thermistors are Ge [1], Si [2], and gra-
phene [3].

These devices have such advantages as sensitivity to small tem-
perature changes, excellent repeatability and significantly low hys-
teresis [4]. The disadvantages of thermistors include non-linearity
of their thermosensitive characteristics, aging, and some instability
in their characteristics. In certain cases, they are not compatible
with CMOS technology. The principle of operation of a thermodiode
is based on the decrease in voltage across the p-n junction with in-
creasing temperature at a fixed level of current according to an al-
most linear law. The most commonly used materials for thermodi-
odes are Si [5] and Ge [6]. Thermodiodes have such advantages as
low cost and almost linear voltage—temperature dependence over a
wide range (from 4.2 K to 888 K). Despite being widely used sen-
sors, thermodiodes also have their drawbacks, including low sensi-
tivity and self-heating.

The use of various types of nanostructures in sensors is highly
relevant today. These nanostructures include nanofilms [7, 8], na-
noparticles [9, 10], nanofibers [11, 12], nanocrystals [13, 14], nan-
owires [15, 16], nanorods [17, 18], and so on. One-dimensional (1D)
structures, such as nanowires, with widths up to 100 nm and
lengths exceeding their width, possess a high aspect ratio (ranging
from 10 to 100), making those highly promising materials in sens-
ing. The larger area of lateral surface of these nanostructures al-
lows for an increased number of molecules to be absorbed on the
sensor surface, enhancing its response. Another important ad-
vantage of silicon nanowires is the ability to create complex sensor
systems with high-density arrangements, which is crucial in many
branches of industry.

Currently, silicon nanowires (SiNWs) can be synthesized within
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one of two approaches: ‘top—down’ and ‘bottom—up’ [19]. In the
top—down approach, clusters of monocrystalline silicon are removed,
resulting in the formation of one-dimensional structures (nanowires
or pores). Within this approach, such methods of SINWs obtaining
can be distinguished: metal-assisted chemical etching (MACE) [20,
21], reactive ion etching (RIE) [22], and plasma chemical etching
[23]. In the bottom—up approach, silicon nanowires are grown by
assembling individual silicon atoms using the following techniques:
chemical vapour deposition (CVD) [19, 24], vapour—liquid—solid
(VLS) growth [19, 25], solution—liquid—solid (SLS) growth [19], la-
ser ablation (LA) [26], and thermal evaporation of powder [26]. A
comparison of the two most common methods within the two ap-
proaches, VLS and MACE, has shown that nanowires obtained
through the vapour-liquid—solid growth exhibit a high degree of
ordering in their arrangement, but they have a relatively low sur-
face density. The advantages of the metal-assisted chemical etching
include its simplicity of implementation, low cost, and the ability to
synthesize a dense array of nanostructures with a high aspect ratio.

The aim of this research is to investigate the application of sili-
con nanowires in resistive and diode-type temperature sensors. For
this purpose, metal-assisted chemical etching was used, and the in-
fluence of process parameters on the characteristics of temperature
sensors based on silicon nanowires was studied.

2. EXPERIMENTAL PART

Device Fabrication. Resistive and diode temperature sensors were
fabricated in this research. The resistive sensors consist of a SINWs
and two front contacts (labelled as 1 and 2 in Fig. 1). The diode
sensors consist of a p—n junction, one front contact (either 1 or 2 in
Fig. 1) and one back contact (labelled as 3 in Fig. 1). The initial Si
wafers were of p-type conductivity with resistivity of 1 and 10
Q-cm, both textured and non-textured. To synthesize the experi-
mental samples, the silicon substrates were cleaned using a three-
stage cleaning process [27]. The texturing process was performed to
obtain a more developed surface by making of pyramids. For this, a
solution of 970 ml H,0/30 g KOH/70 ml IPA was used at a temper-
ature of 75°C for 15 min. The synthesis of silicon 1D structures
was performed using metal-assisted chemical etching (MACE), de-
scribed in our previous work [29]. In this study, additional etchants
were applied after the MACE process in order to remove the dam-
aged layer on the SiNWs. The acid etchant HF/HNO,;/CH;COOH
(1:4:4) at room temperature for 10 min provided isotropic etching
of the surface, while the alkaline etchant NaOH/IPA/H,0 (2:10:88)
at a temperature of 90°C for 10 min ensured anisotropic etching.
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Fig. 1. Structure of a temperature sensor based on silicon nanowires: I,
2—front contacts Ti—Ni; 3—back contact Al; 4—SiNWs; 5—n-type Si; 6—
p-type Si.

Then, a p—n junction was obtained in the p-type SINWs. Phosphorus
was introduced into the SiNWs in a two-step process using a diffu-
sion furnace: phosphorus predeposition (constant source diffusion)
step at 750°C for 5 min and phosphorus drive-in at 830°C for 20
min. As a result, an n-type silicon layer with a sheet resistance of
50 Q/o was obtained. A continuous backside aluminium contact was
deposited on the substrate using the DC magnetron sputtering. The
operating parameters of the vacuum deposition system were as fol-
lows: voltage—400 V, current—4 A, argon pressure—3-107* mm
Hg, deposition time—40 min. Subsequently, the aluminium film
was annealed in a diffusion furnace at a temperature of 650°C in a
nitrogen atmosphere. Thus, a backside contact with a thickness of
1.5 ym was obtained. For the formation of point front contacts
(Ti/Ni), electron-beam deposition was used. The deposition parame-
ters in the vacuum system were the following: chamber pressure—
107° mmHg, voltage—13 kV, current—120 mA. The deposition time
for titanium and nickel layers was 3 and 20 min, respectively. As a
result, a front contact with thickness of approximately 0.5 um was
formed.

Characterization Techniques. To investigate the surface morpholo-
gy of silicon substrates after MACE, an atomic force microscope
(AFM) SolverPro was used in semi-contact mode. AFM images pro-
cessing was performed using the Nova software with scanning areas
of 50x50 um, 20x20 pm, and 10x10 pum. The I-V characteristics of
the obtained diode and resistive-type sensors were measured using
the Power Supply HM8143 and the digital voltmeter MS8040. The
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quantitative evaluation of porosity of the silicon material was per-
formed using the weight by means of OHAUS Pioneer PX163 ana-
lytical balances. The temperature characteristics of the experi-
mental samples were measured in the range of 293 K to 353 K.
Temperature stabilization in the thermal chamber was achieved us-
ing the digital temperature controller PULSE PT20-N2 with an ac-
curacy of 1°C. The thermal sensitivity of the devices was evaluated
in constant current mode for the diode and constant voltage mode
for the resistor.

3. RESULTS AND DISCUSSION

Surface Morphology of Silicon Nanowires. Figure 2 shows the 2D
and 3D views of the surface morphology of SiNWs array. In Figure
2, it can be observed that the array of SINWs exhibits a high densi-
ty. The structural parameters are presented in Table 1. The average
height of silicon nanowires ranged from 1638 to 2328 nm, with a
maximum height diapason from 3030 to 5440 nm. The porosity co-
efficient ranged from 56% to 96%.

It should be noted that the surface of the silicon wafer after
MACE looks blurry and diffuse (Fig. 3, a). This can be attributed to
the presence of a damaged surface layer and natural oxide. To re-
move these layers, both alkaline (anisotropic) and acidic (isotropic)
etching were performed (Fig. 3, ¢, d). As shown in Figure 2, b, ad-
ditional pre-texturing of the initial wafer leads to the formation of

Fig. 2. AFM images of SINWs synthesized using the MACE technique: 2D
view (a) and 3D view (b).
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TABLE 1. MACE parameters of Si nanowire synthesis.

Parameters of the standard Additional chemical treatment

%E MACE process before or after the MACE process
c})% § t,, sec.|ty, min|AgNO,, mg/H,0,, ml|Texturing | Post-surface treatment

1 20 90 34 0,4 — —

2 20 90 34 0,8 — —

3 20 90 34 1,2 — —

4 20 45 34 0,8 — —

5 20 135 34 0,8 — —

6 60 45 34 0,8 — —

7 60 90 34 0,8 — —

8 60 135 34 0,8 — —
100 20 90 68 0.8 — —
101 60 90 68 0.8 — —
102 20 30 68 0.8 — —
104 20 90 68 0.8 — isotropic etching
105 20 90 68 0.8 + anisotropic etching
106 20 90 68 0.8 + —
109 60 30 68 0.8 + —
110 20 90 68 0.8 + isotropic etching
111 20 90 68 0.8 — anisotropic etching
112 20 90 68 0.8 + —
113 20 90 68 0.8 — —

pyramid-like structures that randomly cover its surface and in-
crease the surface roughness from 599 to 897 nm. However, a de-
gree of porosity has decreased from 82.5% to 56%. This may be
attributed to the fact that silver nanoparticles (Ag NPs) are depos-
ited less effectively on the side surface of the pyramids. After un-
dergoing treatment in an alkaline etchant, the width of the trenches
between the SiNWs increases, and the surface becomes rougher.
This is evidenced by the increase in surface roughness from 897 to
1006 nm. It can be due to the different etching rates, depending on
the crystallographic orientations. As a result, predominantly lateral
chemical etching of the trench-like pores is observed.

With the addition of an acidic etchant, isotropic etching takes
place, which removes the rough surface layer of the material. This
is indicated by the decrease in surface roughness from 897 to 771
nm. Additionally, a well-developed network of nanoscale pores is
formed on the surface, which has a square shape with a side length
of approximately 1 um (Fig. 3, d) due to etching at an equal rate of
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Fig. 3. AFM 2D images of SiNWs obtained using the MACE technique:
without additional treatment (a), on a textured substrate (b), on a textured

substrate with alkaline etching (¢), on a textured substrate with acidic
etching (d).

hills and pits. As can be seen in Fig. 3, the depth of the pores is de-
termined by different shades: lighter shades indicate small pores,
and darker shades indicate deeper pores. Such surface morphology
of SiNWs will influence the characteristics of devices based on
them. After the post-surface treatment, the degree of porosity of
the initial textured surface increased from 56% to 92% (for iso-
tropic etching) and to 96% (for anisotropic etching).

Resistive Temperature Sensors. The principle of operation of resis-
tive temperature sensors involves a change in device resistance with
temperature variation. The electrical and thermosensitive properties
of these sensors were studied based on the volt-ampere characteris-
tics (I-V) shown in Fig. 4, a and calculated coefficients of thermo-
sensitivity (Table 2).
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Fig. 4. I-V characteristics of thermistor based on SiNWs (a) and their
thermosensitivity in dependence on additional-chemical treatment (b).

Produced resistive structures based on SiNWs are characterized
by linear and symmetric I-V characteristics. Calculated resistance
of the silicon nanowire array ranged from 27.6 to 199.6 Q depend-
ing on the synthesis parameters: the change in resistance increased
deposition time of Ag NPs and additional post-chemical treatment.
For example, increasing deposition time of silver nanoparticles from
20 to 60 sec leads to an increase in sensor resistance from 27.6 to
91.8 Q. This is probably due to the formation of a well-developed
surface, as evidenced by the increase in r.m.s. from 226 to 753 nm
and the increase in porosity from 82.5% to 98%. The use of an
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TABLE 2. Influence of texturing and post-chemical treatment on surface
morphology for SINWSs.
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Root mean square (r.m.s.), nm 599 813 624 771 1006 897

Maximum height of SINWs, nm 3030 4026 3704 4151 5440 4137
Average height of SINWs, nm 1786 1869 2180 2276 2328 1638
Degree of silicon porosity, % 82 99 98 92 96 56

acidic etchant resulted in an increase in sensor resistance from 42.5
to 79.4 Q, while an alkaline etchant increased it from 42.5 to 54.1
Q. This can be attributed to the significant increase in porosity
from 56% to 96%, while the surface roughness remained almost
unchanged, since the etching process primarily etched the surface
layer with defects. Thus, the influence of these fabrication process-
es on resistance of the SiINWs array can be associated with an in-
crease in bulk porosity and/or surface roughness, which likely dis-
rupts the conducting channels and consequently leads to an increase
in resistance.

The following process parameters contribute to a decrease in re-
sistance of thermistors: increased etching time, increased amount of
H,0,, and texturing of the surface. Increasing the duration of the
second stage of MACE and presence of textured surface result in an
increase in surface roughness and significant reduction of the sur-
face porosity. This is expected to promote the formation of a great-
er number of conducting channels within the SINWs array, thereby
reducing the surface resistance of the sensors. Moreover, increasing
the etching time leads to a change in the shape of the SINWs array,
which enhances the conductivity of the sensors (due to the connect-
ed together SINWs by sidewalls). Changing t, from 45 to 135 min
resulted in a decrease of resistance from 47.3 to 31.9 Q. Texturing
the sample surface before the MACE process reduced the sensor re-
sistance from 106.4 to 54.1 Q. It is worth noting that varying the
hydrogen peroxide content from 0.4 to 1.2 ml resulted in a decrease
in SiNWs resistance from 61.9 to 27.6 QQ, despite the increase in
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surface roughness and porosity. Clearly, treating the SiNWs in a
concentrated hydrogen peroxide solution significantly affects the
electrical characteristics of the sensors, which requires further in-
vestigation.

The thermosensitivity of resistive temperature sensors was de-
termined as the relative change in resistance with temperature var-
iation from 20 to 80°C. It was found that thermosensitivity exhibits
a clear dependence on resistance, whereby an increase in sensor re-
sistance leads to an increase in thermosensitivity (Table 2). Specifi-
cally, certain technological operations were identified to enhance
thermosensitivity. Increasing the deposition time of silver nanopar-
ticles from 20 to 60 sec. results in a significant increase in the co-
efficient of thermosensitivity from 221.1 to 985.4 ppm/K. Treat-
ment with an alkaline etchant impairs an increase in thermosensi-
tivity from 192.7 to 428.4 ppm/K, while, in the case of an acidic
etchant, it increases from 192.7 to 785.8 ppm/K. This dependence
of thermosensitivity on resistance is likely due to the increased de-
gree of porosity, which provides a larger specific surface area in-
volved in thermal generation of charge carriers.

A decrease in the resistance of the SiINWs array impairs deterio-
ration in the thermosensitivity of resistive temperature sensors, at-
tributed to a lower surface porosity and thermosensitive area of the
sensor. Specifically, an increase in etching time and a presence of
surface texturing result in a decrease in coefficient of thermosensi-
tivity. For instance, increasing the etching time from 45 to 135 min
leads to a decrease in the coefficient of thermosensitivity from
1628.3 to 812.3 ppm/K. The presence of surface texturing signifi-
cantly reduces the coefficient of thermosensitivity to 192.7 ppm/K.
Similarly, the change of H,0, concentration from 0.4 to 1.2 ml re-
sults in a decrease of SiINWs thermosensitivity from 321.3 to 47.5
ppm/K. The influence of the two-step MACE etching process on
thermosensitivity is likely due to electrical factors rather than
structural factors (as surface roughness and porosity increase,
along with the thermosensitive surface area). It could possibly have
a negative impact on charge carrier lifetime. The maximum coeffi-
cient of thermosensitivity achieved for the resistive temperature
sensor was 2335.8 ppm/K.
Temperature Diode Sensors. Thermodiodes operate based on the
change in voltage drop across the p—n junction with temperature
variation under constant current. The electrical and thermal sensi-
tivity properties of diode-type temperature sensors based on SiNWs
were investigated using voltage—current characteristics shown in
Fig. 5, a and calculated rectification and thermosensitivity coeffi-
cients (Table 3).

Thermodiodes based on SiNWs are characterized by rectifying
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Fig. 5. I-V characteristics of thermodiodes based on SiNWs (a) and their
thermosensitivity in dependence on additional chemical treatment (b).

properties, as confirmed by the I-V curves in Fig. 5, a. The rectifi-
cation coefficients were calculated as the ratio of forward current
to reverse one at a voltage of 1 V. In addition, the maximum recti-
fication factor was 2503. The magnitude of thermosensitivity was
determined using the equation

U(T)=UT,)-S(T-T,),

where U(T) and U(T,) are the applied biases at temperatures T and
T, respectively, S is the thermosensitivity coefficient. Such a char-
acteristic was measured at 100 pA current to avoid self-heating of
the device, which would introduce errors in the measured tempera-
ture value.



SILICON 1D STRUCTURES FOR RESISTIVE AND DIODE TEMPERATURE SENSORS 347

T LT T €S2 % 20 €2 G180 LT €I 8T €1 €1 ¢ €1 60 €32 /AN PS
06 %S 2€ G¥LT €092 & ¥g6T LS €T GG %% 2ST L. 9 8% 06 G991 €3I 4 5

grt|grr|tir]| ort [ 601 | ot [ vo1 [gor|torjoor [ 8 | 2 | 9 [s[¥% [ € | g | 1 | sequnu ejdueg

*SI0SUSS aanjeraduwal 9poIp Jo siojaweted SAT}ISUSSOULISY) PUR [BOLIYR[H F HTIIV.L

L°¢6T ¥'86¥ 8°G8L G'898 6°'VL.G 0°GICT 8°GEEC ¥'686 ¥'986 9'VL¢G €°618 €'8¢9T G¢°L¥ 1°16¢ €°1¢€ 3/wdd “'g
¢'¢v v'6. T'¥VG €G8 ¥'90T €29 9661 ¥¥S¢ 816 LG9 6’1 €Ly 1'88 9°.¢ 6°19 Y

err|rrrjorr|6or| cor [ gor [ oor [ 8 | » | 9 | ¢ [ ¥ | & | g | 1 [2equnusdueg

*SIOSUSS 9an}esadua) dAT)SISAI JO stajoweted SAT}ISUISOULIS} PUE [BOTI199[H € ATIV.L



348 Yaroslav LINEVYCH, Viktoriia KOVAL, Mykhailo DUSHEIKO et al.

This research demonstrates that the process parameters of MACE
significantly affect the rectification coefficient. The following tech-
nological parameters were found to improve rectifying characteris-
tics. The variation in hydrogen peroxide content has shown that the
best rectification coefficient was achieved at a concentration of 0.8
ml, resulting in a value of 165. This can be attributed to a non-
monotonic increase in the forward current through the p—n junc-
tion.

However, further increase in the content of the second-stage rea-
gent significantly deteriorates the electrical properties of the sen-
sors. The presence of texture on the sensor surface improves recti-
fication coefficient by 65% . This is due to an increase in the for-
ward current through the p—n junction and a slight decrease in the
reverse current. The use of additional etching by means of an iso-
tropic etchant greatly improved the electrical characteristics of the
diode sensors. In particular, the rectification coefficient increased
by more than an order of magnitude (from 90 to 1745), which can
be attributed to a one-order decrease in the reverse current through
the p—n junction and a slight increase in the forward current.

It has also been found that increasing the duration of the first
and second MACE stages has a negative effect on the electrical pa-
rameters of the sensors. Especially, changing of deposition time of
Ag NPs from 20 to 60 sec reduces the rectification coefficient from
165 to 152, which can be explained by a two-fold decrease in the
forward current through the p—n junction. In addition, changing of
etching time in the range of 45 to 135 min decreases the rectifica-
tion coefficient from 77 to 44. This is associated with an increase in
the reverse current and a decrease in the forward current through
the p—n junction. It has been shown that a higher content of AgNO,
in the solution of the first stage leads to a decrease in the rectifica-
tion coefficient from 165 to 55. This is due to a significant decrease
in the forward current and an 80% increase in the reverse current
through the p—n junction.

The use of additional etching by means of an anisotropic etchant
resulted in an almost three-fold deterioration of the rectification
coefficient, which is due to more than a two-fold increase in the re-
verse current through the p—n junction and a slight decrease in the
forward current.

Increasing the duration of MACE first stage has an improving
effect on the thermal sensitivity of the sensor, resulting in an in-
crease of the thermal sensitivity coefficient from 0.9 to 1.8 mV/K.
It is evident that increasing the surface roughness of the sensor
from 226 to 753 nm provides an increase in the sensitive area of
the sensor. However, when etching time is increased, temperature
sensitivity of the device decreases by 35% . This observed trend may
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be attributed to the decrease in porosity, leading to a decrease in
thermal sensitive area of the sensor. In addition, concentration of
solution in the first stage of MACE (AgNO,) improves of thermal
sensitivity coefficient from 0.9 to 1.7 mV /K, which is due to an in-
crease in the device’s sensitive area. On the other hand, using a
more concentrated solution at the second stage of MACE signifi-
cantly decreases the sensor’s sensitivity from 2.3 to 1.3 mV/K, de-
spite an increase in surface roughness and porosity. It is evident
that the positive effect of an increased sensitive area (roughness
increased from 101 to 355 nm) is counteracted by the reduction in
carrier lifetime during treatment in a concentrated hydrogen perox-
ide solution. Surface texturing reduces heat-sensitive characteris-
tics more than twice. This deterioration in thermal sensitivity can
be attributed to a sharp decrease in porosity of the silicon nanowire
array from 82.5 to 56% . The use of additional etching on textured
samples, using an acid etchant, improved the thermal sensitivity
characteristics of the diode sensors from 1.5 to 2.5 mV/A. This im-
provement is attributed to the isotropic etching that smoothens the
surface irregularities (reducing surface roughness from 897 to 771
nm), while significantly increasing the porosity (from 56 to 92%).
However, when an alkaline etchant was used, the thermal sensitivi-
ty coefficient deteriorated by 50% despite the increased porosity
coefficient which needs further explanation.

4. CONCLUSIONS

In this research, thermistors and thermodiodes based on silicon
nanowires were developed, and the influence of MACE synthesis pa-
rameters on their characteristics was investigated.

It was determined that the technological synthesis parameters of
the silicon nanowire array have a significant impact on lateral
roughness and bulk porosity, which determine the specific surface
area of the thermosensitive sensor surface and, consequently, affect
the temperature sensitivity of the sensors.

Specifically, it was shown that increasing the parameters of the
first stage of MACE and using acid etchant leads to an improved
thermal sensitivity of both diode and resistive sensors. On the other
hand, increase of the parameters of the second stage of MACE and
the presence of surface texturing result in a deterioration of ther-
mal sensitivity of both types of sensors. The maximum thermal sen-
sitivity coefficients are as follows: 2336 ppm/K for thermoresistors
and 2.5 mV/K for thermodiodes.

These results indicate that use of a simple and cost-effective nan-
owire synthesis technology (MACE) is efficient for production of
resistive and diode temperature sensors.
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