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Nowadays,  1D  material  SnO2 (n-type)  have  been  standing  out,  demonstrating  their  potential  applica-
tion  in  ultraviolet  (UV)  radiation  and  chemical  sensing,  as  in  optical  communication,  safety  devices and
biological  fields.  In this  work,  we  discuss  the  characteristics  of  an  UV sensor  device  built  in a metal-
semiconductor-metal  (MSM)  architecture  using  a  SnO2 nanowire  network  as the sensing  element.  SEM
and  XRD  techniques  were  used  to  characterize  the  device,  revealing  uniform  structures  and  excellent
crystallization,  respectively.  Photoresponse  of  the  nanowire  network  was  obtained  under  three  different
sources  of  radiation:  one  in  the visible  region  (White  Light-  9.5 mW/cm2),  another  in the  UV  region  (UV

2 2

V sensor
olar radiation

Lamp  – 2 mW/cm ) and  finally,  using  direct solar  radiation  (Sun  Light  – 78.6  mW/cm ).  The  area  illumi-
nated  of  device  was  7.8  × 10−7 m2.When  exposed  to the  sources  containing  UV  wavelength,  we obtained
a  current  on/off  ratio  of  the order  of 104, rise  time  up  to 2.8 s and  multiple  decay  times  from  1  s  to  100  s.
These  results  enable  the  design  of  a sensor  based  on nanowire  networks  presenting  high  sensibility  and
selectivity,  particularly  in outdoor  measurements  and  also  an optimized  regime  of  operation.

©  2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

Due to the necessity of establishing reliable parameters that
etermine the benefits and risks of ultraviolet (UV) radiation
xposure, the study and development of UV photodetectors has
xtended beyond its usual applications in optical communication
nd flame detectors, gaining attention in the hospital environment
nd as exposure sensors [1]. Regarding exposure control, it is com-
on  to find recommendations that take into account data extracted

rom North America, Europe and specific South American regions
2–4], so as to disregard key criteria related to geographic location,
esulting in low reliability of the data. Hence, the need to establish
ethods for calculating, for each region, the benefits and risks to

uman health, drives the research and development of rapid, high-
ensitivity and portable devices [1] that provide real data from the
nvestigated environment.

Solar radiation spectrum includes a band of electromagnetic
adiation with a wavelength range of 100−700 nm, consisting of

V radiation (energy distribution range of 3.1–12.4 eV) and the
isible (VIS) region. The UV region can be divided into the fol-
owing bands: UV C (100−280 nm)  that is strongly absorbed by

∗ Correspoding author.
E-mail address: estacio.paiva@gmail.com (E.P. de Araújo).

ttps://doi.org/10.1016/j.sna.2019.111825
924-4247/© 2019 Elsevier B.V. All rights reserved.
the ozone layer, UV B (280−320 nm)  and UV A (320−400 nm),
which reach the surface and interact with matter. Within this
wide range it is indispensable to obtain devices that facilitate the
monitoring of radiation reaching the surface. In terms of meteo-
rological services, each parameter requires different equipment:
for example, heliographs are used to acquire the insolation level,
pyranometers to obtain the solar flux density, solar pyrometers and
pyro-heliometers to measure diffuse and direct radiation, respec-
tively [4]. However, due to nanotechnology development it is
now possible to obtain all these parameters using only a single
semiconductor device that acts as a photodetector for instance,
demonstrating the enormous potential of nanostructured semicon-
ductors and stimulating the study and research in this field [5].

Several UV photodetector prototypes have been recently pro-
posed, composed by GaN, ZnS, NiO, ZnO, TiO2 among others
[6–9], all wide bandgap semiconductor materials. In addition,
many properties are optimized when used as one-dimensional
nanostructures, such as nanowires, which increase photosensitiv-
ity, achieve good resolution at a specific wavelength, provide fast
response time to the device and operate under low voltage condi-
tions [1,6,10]. Furthermore, when using a nanowire it is possible to

notice advantages in comparison to bulk materials. The large sur-
face area to volume ratio increases the influence of surface states
in the electric current inside the nanowire, leading to a more effec-
tive conduction in the transport channel [10]. These surface states

https://doi.org/10.1016/j.sna.2019.111825
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.111825&domain=pdf
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riginate during the nanowire growth process and, in the class of
etal oxides such as SnO2, are related to the oxygen vacancies that

ecome the basis of device operation [11].
Tin dioxide is an n-type semiconductor oxide with a wide

andgap around 3.6 eV at room temperature. It has proven to
e an efficient material for the construction of UV photodetec-
ors, among other devices [12–16]. In one-dimensional scale, it
s possible to obtain structures with well-defined morphologies,
or example, nanowhiskers, nanobelts, nanorods and nanowires
11,13,14,17,18], enhancing their applicability in the scope of sen-
itivity. SnO2 based UV photodetector studies report rise (�r) and
ecay time values (�1 and �2), on/off current ratios at varying oper-
ting voltages for devices built with different architectures and
anufacturing methods [12,19–21]. For a single nanowire sensor,
aiping Shi et al. have reported an on/off rate of 102 at a 20 V oper-
ting voltage, rise time of 0.4 s and decay time of 0.6 s, using 335 nm
xcitation wavelength [19]. Junebeom Han et al. have conducted a
tudy using UV Lamp (351 nm), resulting in multiple decays with
alues of 8.9/2.0 s (�1/�2) for a nanowire network device built by the
pray method on a flexible substrate [21]. For a nanowire network
ynthesized by the same VLS mechanism used in our work, Jyh and
heng have reported an on/off ratio of approximately 2 operating
t 12 V for UV Lamp (365 nm), with �r and �1 greater than 50 s and
50 s, respectively [12].

In addition to the simplicity of fabricating the device with a
anowire network, during the synthesis process numerous junc-
ions are formed between nanowires that give rise to potential
arriers. These potential barriers associated to the potential redis-
ribution at the interfaces dominate the transport processes at the
unctions, being affected (and modulated) under UV radiation [22],
esulting in significant changes of electrical conductivity.

In this work, we discuss the characteristics of an UV sensor
evice based on a SnO2 nanowire network when under three differ-
nt sources of radiation: one in the VIS region (White Light), another
n the UV region (UV Lamp) and finally, using direct solar radia-
ion (Sun Light). The electrical characterization techniques used,
urrent-voltage (I–V) and current as a function of time (I-t) curves
ith and without irradiation, enabled the acquisition of fundamen-

al parameters to characterize the photodetector. When exposed to
he sources containing UV we accomplished a current on/off ratio
f the order of 105, rise time up to 2.8 s and decay times less than

 s (�1 < 1 s) and approximately 100 s (�2 ≈ 100 s). Comparing the
ata obtained for the source without UV wavelength, the excellent
esults and the selectivity achieved by the device to this wavelength
hen using direct solar radiation are highlighted.

. Materials and methods

Tin dioxide nanowires were synthesized based on the vapor-
iquid-solid (VLS) growth method. This mechanism is assisted
y metal catalyst nanoparticles that act as preferential sites for
he adsorption of vapor components, leading to a guided one-
imensional growth of the nanowire [10,23]. Initially, thin films
f gold (15 Å) were deposited (Edwards 306 coating system) in
reviously prepared Si/SiO2 substrates (oxide layer 500 nm thick)

n order to generate the catalyst nanoparticles. The synthesis was
arried out in a tube furnace system (Lindberg Blue M),  where a high
urity Tin powder (0.1 g, Aldrich, purity > 99.99 %) was placed in an
lumina crucible which was positioned at the center of the furnace
nd heated to 950 ◦C (heating rate of 18.5 ◦C/min) and remained
t this value for 60 min. For the vapor transport to the synthesis

egion, an Argon/Oxygen mixture with a constant flow of 20/5 sccm
Mass Flow MKS  1149) was  maintained along with controlled pres-
ure by a vacuum pump around 350 mbar. As-synthesized products
ere then examined by scanning electron microscopy (SEM, JEOL
Fig. 1. UV Sensor MSM  architecture.

JSM 6510, operated at 20 kV) and X-ray diffraction (XRD, Rigaku
D/max-2500, Cu-K� radiation).

The UV photodetector was  built based on a metal-
semiconductor-metal (MSM)  structure, which consists in a
semiconductor material in contact with two  metallic electrodes
[24]. The semiconductor is the SnO2 nanowire network whereas
the metallic electrodes are the silver paste (Ticon ISO9001),
as depicted in Fig.1. The surface density was estimated to be
6.25 × 105 nanowires/mm2 and the active area effectively exposed
of 1 mm2. Furthermore, there was  no need of expensive or complex
photolithography processes neither clean room environment. The
photoresponse of SnO2 nanowire network UV photodetector was
obtained using an electrometer (Keithley 6517-A) and a chopper
to generate the on and off states.

Solar radiation data are commonly supplied by meteorological
studies (INPE 2019) and were used to estimate a value to the solar
radiation power at the measurement day [2,3]. The position related
to the Sun in May  27th at midday (UTC/GMT −3 h) was found to be
in an azimuth angle of 22.31◦ and obtained an AM 2.6 [25]. For this
given value, the intensity calculated for the exposed device was
of 78.6 mW/cm2. Obviously, this value is not exact due to global
irradiance dependence on direct and diffuse illumination, likewise
effects induced by clouds, wind speed, dust and others that are not
taken into account.

Beyond Sunlight, two other excitation sources were used: an
UV Lamp (Cole-Parmer UVGL-15 - 2 mW/cm2) with main spec-
tral lines in 254 and 365 nm; a White Light (FOI-150 Techniquip –
9.5 mW/cm2) coupled to an optical fiber that also acts as an UV fil-
ter, resulting only in VIS wavelength. Sunlight measurements were
all conducted outdoors with 20 % humidity and temperature of
27 ◦C, while both artificial sources measurements were performed
in controlled environment with humidity and temperature of 59 %
and 22 ◦C, respectively. All measurements were conducted within a
scan time of 30 min  for each sample. To verify the reproducibility of
the devices, a total of five samples grown under the same synthesis
conditions were analyzed.

3. Results and discussion

Fig.2(a) depicts the X-ray diffraction pattern (XRD) of as-grown
samples. All diffraction peaks indexed show rutile-like peaks
(JCPDS 41–1445) [26] as expected for the tetragonal structure of

SnO2 (a = 4.738 Å and c = 3.187 Å) within the P42/mm  spatial group.
A scanning electron microscopy (SEM) image of VLS synthesis is
presented in Fig.2(b): structures with lengths of tens of microm-
eters and cross-section mostly displaying rectangular geometry
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ig. 2. a) XRD pattern of as-grown samples (red) displaying the rutile like peaks
JCPDS 41–1445, black) b) SEM image of the nanowire network.

ere observed. Moreover, it is also possible to observe multiple
ranched nanowires that can arise during the synthesis process of
ne-dimensional nanostructures, known as self-catalytic dendrites
27], although there is no interference in our results.

I–V curves of SnO2 nanowire’s network device are displayed
n Fig.3(a), in dark (black), under Sun light (blue), UV Lamp (red)
nd White Light (green) conditions. Under illumination, the pho-
oionized charges are activated and space charge regions are

odulated, increasing the current and simultaneously provoking a
arrier height variation of the metal-semiconductor (MS) interface.
hereby, the curve behavior presents itself as linear; however, lin-
arity does not imply in barrier absence [28], because some effects
n the MS  interface should be considered when the device is under
llumination and in the dark. These properties can be better ana-
yzed in the back-to-back diode model [29].

Fig.3(b) shows the device on/off current ratio as a function of
ime under three different excitation sources and an operation volt-
ge of 10 V. The photoresponse of the device reaches an on/off ratio
in percentage) up to 104 for all sources. The distinct responses to
ifferent UV sources are expected and related to the wide range of
avelengths that compose the Sun Light. Furthermore, when both

re compared to the White Light, one can see clearly the high sensi-
ivity and selectivity of the device to wavelengths in the UV region.
lthough the UV portion of the solar spectrum is small, according
o geographic and meteorological parameters, the UV indexes for
ur region during the study period varied from 8 to 11, consid-
red a very high index (8–10) to extreme (≥11) [2]. In addition,
he chosen measurement time (12 h UTC/GMT −3 h) provides the
Fig. 3. a) I–V curves of the SnO2 nanowire network photodetector, highlighting the
dark condition behavior in the inset; b) I-t curves comparing different sources and
intensity for the same voltage condition.

conditions under which there is a higher proportion of direct than
diffuse radiation.

Since satisfactory results were obtained, other voltage values
were investigated in order to compare the device behavior and
achieve an optimized operation regime regarding response times
and on/off current ratio. Fig.4 displays on/off current ratio in func-
tion of time of all sources under different voltages: 10 V, 5 V, 1 V,
0.1 V, -1 V and -10 V.

White Light data are presented in Fig.4(a), where one can notice
that due to its excitation range between 1.65 and 3.1 eV, the pho-
tocurrent obtained is predominantly originated by the excitation
of the levels present inside the energy bandgap. When irradiating
only with UV, which has energy equivalent or even greater than the
value of the SnO2 bandgap [Fig.4(b) and (c)], the result is the pho-
tocurrent maximization. Differences between positive and negative
values for the same voltage can be attributed to different barriers
formed at MS  junctions [29]. All curves were separately analyzed
and rise time (�r) and decay times (�1 and �2) were obtained from
experimental data fitting to the following equations:

I (t) = I0 (1 − e−t/�r ) (1)
I (t) = I0 + Ae−t/�1 + Be−t/�2 (2)

in which I0 is the maximum current (steady state), t is the time, A
and B are constants. Fig.5(a) shows the current variation of a device
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Fig. 5. a) Curve fitting for rise time (�r) and multiple decay times (�1 e �2) for an
operating voltage of 0.1 V and under UV Lamp illumination; for all sources under

of decay, resulting in only a long current decay time. By compar-
ig. 4. I-t characteristics of the device when under illumination of a) White Light;
) UV Lamp and c) Sun Light.

ubjected to a 300 s pulse at a voltage of 0.1 V. Rise time (red) and
he values obtained for each voltage can be seen in Fig.5(b). Using
n UV Lamp the response time was between 0.3 s and 1.2 s (0.3 s

 �r ≤ 1.2 s); exposing the device to the Sun Light were achieved
alues close to 0.8 s and 2.8 s (0.8 s ≤ �r ≤ 2.8 s) whereas for White
ight, between 56.3 s and 280 s (56.3 s ≤ �r ≤ 280 s). Comparing the
alues of �r , the White Light has a significantly longer time, which is
n expected effect due to the excitation energy being smaller than
he SnO2 bandgap energy. In addition, it was noted that there is no
arge variation in �r due to different voltage levels. Thus within the
ttings’ uncertainty (r2 = 0.9991) it is consistent to consider that �r

s independent of the voltage for all light sources.
Multiple decay times were analyzed using Eq. (2), in which �
1

s related to the rapid change in charge concentration when irra-
iation is ceased, while �2 refers to trapping and releasing charges
ue to oxygen vacancies and other levels within the bandgap [25].
different operating voltages, panel b) displays the rise time and panel c) shows
multiple decay times: �1 (blue) and �2 (green). The error obtained from the analysis
is  smaller than the size of the curve points.

One can see the values of �1 (blue) in Fig.5(c), where decay times
of up to 0.8 s (�1 ≤ 0.8 s) were achieved for all values of applied
voltages to the sources containing UV radiation. In contrast, all val-
ues of �1 obtained for White Light exceeded 90 s (93.6 s ≤ �1 ≤
131.5 s). The values of �2 (green) for the Sun Light and UV Lamp are
both around 100 s (�2 ≈ 100 s), while the absence of this param-
eter for White Light. In general, the curve profile and the fittings
for the White Light do not allow distinguishing between two types
ing the behavior of the three sources, �1 can be interpreted as the
rapid variation between a state of current saturation and an abrupt
drop due to cessation of irradiation [22,30]. Thus, if no current sat-
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Fig. 6. a) SEM image of nanowire junctions and b) schematic of a junction barrier
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(2015) 297–313, http://dx.doi.org/10.1590/abd1806-4841.20154089.
or the electron transport. CB and VB are the conduction band and valence band,
espectively.

ration region is achieved, the decay becomes long and associated
ith the relaxation processes that occur between the energy lev-

ls within the bandgap [24]. Moreover, the time value discrepancy
ighlights the effect of the absence of UV radiation on decay pro-
esses, reinforcing the device’s high sensitivity and selectivity to
his wavelength.

Basically, all studies conducted in metal-oxide nanostructures
arried out to date point out the electronic transport as deeply
ependent on the role played by oxygen vacancies. For a single
anowire, surface effects related to oxygen adsorption/desorption
nd the electron-hole pair dissociation due to the applied voltage
ake place simultaneously [31]. In the first case, oxygen molecules
re adsorbed on the SnO2 surface by capturing the electrons (O2(gas)

 e− → O-2
(ads.)) and after illumination, some of these photo-

enerated charges tend to migrate to the nanowire surface to
ischarge the adsorbed oxygen ion (O-2

(ads.) + h+ → O2
(gas)). In the

atter case, there is a conductive channel inside the nanowire and
he e–h pair generated due to the absorbed photon is separated by
he applied external electric field resulting in an increment of the
urrent.

Regarding the nanowire network studied here, there are a large
umber of nanowires establishing connections with each other and

orming a percolative path for electrical conduction [32]; how-
ver, each nanowire has its own geometrical characteristics and
lectronic properties, randomizing conduction processes. Simulta-
eously to processes of conduction for a single nanowire, electronic
ransport in a network is highly dependent on the behavior of
he regions where the junctions between nanowires are formed
Fig. 6(a)]. Interface effects then give rise to potential barriers with
idth and height that can be lowered by UV illumination [Fig. 6(b)],

ince it provokes an increase of carrier density. Thereby, in the pres-
nce of UV illumination, electrons can easily overcome the potential
arriers and transport through the network, resulting in a signifi-

ant increase of current [22].

In brief, the on/off ratio maintained its value in the order of 104

or cases in which the device operated in voltages of 5 V and ± 10 V
sors and Actuators A 302 (2020) 111825 5

under an UV Lamp illumination, whereas for the Sun Light when
operated in ± 10 V and using the White Light, only when operated in
10 V. The rate decreased one order of magnitude under illumination
by an UV Lamp, the Sun Light and a White Light when operated
in -10 and 5 V, 1 V and ± 1 V, respectively. The remaining values
kept the minimum rate of 102. In general, sensor optimization was
achieved by operating in: 5 V using an UV Lamp (�r = 0.37 s, �1 =
0.59 s and �2 = 128.7 s) and in 10 V for both Sun Light (�r = 0.61 s, �1
= 0.55 s and �2 = 110 s) and White Light (�r = 71.6 s and �1 = 131.5 s).
Our device demonstrated an outstanding UV photoresponse, which
can be reinforced when compared to other more complex sensors.
For instance, Daeil Kim et al. have achieved na approximate on/off
ratio of 105 for a device built as a field effect transistor combining a
SnO2 nanowire network with carbon nanotubes, but much longer
rise and decay times of 40 s and 10 s, respectively [20]. Regarding
response time, Hiping Shi et al. have reported for a SnO2 single
nanowire photodetector under UV illumination (335 nm) rise and
decay times (�r ≈ 0.4 s and �1 ≈ 0.6 s) very close to the ones obtained
for our sensor [19].

4. Conclusion

In summary, SnO2 nanowire networks were grown from
chemical vapor deposition, through VLS mechanism. For device fab-
rication based on a MSM  structure, there was no need of expensive
or complex photolithography processes neither clean room envi-
ronment. Three excitation sources were used to characterize the
photodetector: an UV Lamp (2 mW/cm2) with main spectral lines
in 254 and 365 nm;  a White Light (9.5 mW/cm2) coupled to an
optical fiber that also acts as an UV filter and the direct Sun light
(78.6 mW/cm2), the area illuminated of device was  7.8 × 10−7 m2.
Optimized regime of the photodetector was achieved by operating
in 5 V using an UV Lamp (�r = 0.37 s, �1 = 0.59 s and �2 = 128.7 s) and
in 10 V for both Sun Light (�r = 0.61 s, �1 = 0.55 s and �2 = 110 s) and
White Light (�r = 71.6 s and �1 = 131.5 s). The results demonstrated
high sensitivity (above 104) and selectivity to UV wavelength,
emphasized when compared to outdoor measurements. Addition-
ally, we obtained fast response time, stability and reproducibility,
all essential features for a quality UV photodetector.
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[1] F. Omnès, E. Monroy, E. Muñoz, J.-L. Reverchon, Wide bandgap UV
photodetectors: a short review of devices and applications, Gall. Nitride
Mater. Devices II. 6473 (2007), http://dx.doi.org/10.1117/12.705393, 64730E.

[2]  M.D.P. Corrêa, Solar ultraviolet radiation: properties, characteristics and
amounts observed in Brazil and south America, An. Bras. Derm. Sifilogr. 90
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