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The paper presents the results of studies of the structure, composition and morphology of sulfur-doped
copper iodide (Cul) nanostructured films deposited on glass substrates by the Successive Ionic Layer Ab-
sorption and Reaction (SILAR) method for use as functional materials for ultraviolet photodetectors (UV
PD). By varying the temperature used in the deposition process, it is possible to obtain 1 pm thick Cul layers
with the morphology of nanoflakes (at 20 °C) or with (111)-textured triangular Cul nanograins (at 30 °C).
By equipping these copper iodide layers with Cr/Cu thin film electrodes on both sides, we obtained UV PDs
of photoconductive type. Their linear current-voltage characteristics confirmed the formation of ohmic con-
tacts. The photoresponses of UV PDs over time were recorded and analyzed under different intensities from
0.15 mW/cm?2 to 1.17 mW/em? of UV light with an average wavelength of 367 nm. According to the generally
accepted criteria for evaluating the performance of a photodetector, the UV PD with the Cul nanoflake mor-
phology has a higher performance and a shorter response time than that based on the nanostructured copper
iodide film with triangular grains. It exhibits the photosensitivity of 170 %, the responsivity of 3 A/W, the
specific detectivity of 1.2-101! Jones and the external quantum efficiency of 1000 %. These results are similar
to those recently obtained by various research groups around the world, confirming the potential of using
the UV photosensitive Cul material with nanoflake morphology obtained by the automatic SILAR method
in thin-film UV sensing technology.
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1. INTRODUCTION

Ultraviolet (UV) light has both benefits and risks.
Controlled exposure to UV radiation may be useful for
sterilization, disinfection, and bone development in the
body, but excessive exposure can lead to skin aging and,
in severe cases, eye cataracts and skin cancer [1, 2]. Con-
sidering that UV radiation is beyond the range of the hu-
man eye, the development of various ultraviolet photo-
detectors (UV PDs) helps in detecting and using UV ra-
diation for the benefit of humans. Moreover, UV PDs are
needed for UV imaging, communication, and alarming,
such as for use as electronic eyes [3] in door security sys-
tems used in garage door openers, and many other mili-
tary and civilian applications [4, 5]. According to [1-5],
wide-bandgap semiconductors with their highly efficient
absorption of UV light and stable optoelectronic proper-
ties are ideal materials for UV PDs, in which UV photons
can be converted into detectable signals in the form of
electrical pulses, such as light current (liign)). The pro-
spects of using nanomaterials and nanostructures as ac-
tive layers of UV photodetectors are justified by the ad-
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vantages of low-dimensional wide-bandgap semiconduc-
tor nanostructures. First of all, this is their large specific
surface area, which contributes to the formation of a net-
work of channels for the transport of charge carriers (elec-
trons and holes) under the influence of UV radiation,
which ensures high photoconductivity recorded by UV
PDs [5, 6]. Thus, ultraviolet photodetectors based on
nanostructured wide-bandgap semiconductor films have
attracted much attention in recent years due to their ap-
plications in military early warning, communication sens-
ing, environmental monitoring and health care [1-6].
They can be divided into three types: photoconductive de-
tectors, photovoltaic detectors and phototransistors based
on different working principles. The simplest photocon-
ductive type UV PDs are formed by using a thin-film
wide-bandgap nanostructured semiconductor photocon-
ductive material as a channel, and placing metal ohmic
contacts as electrodes at both ends of this channel [2, 5].
Copper (I) iodide (Cul) is a p-type semiconductor ma-
terial with a direct band gap of 2.95-3.1 eV [6, 7]. It has
recently been used in various types of UV photodetectors
[6-11], since the wide band gap of Cul helps to reduce
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the dark current (ldarx) that flows through photodetec-
tors in the absence of UV light, thereby improving the
signal-to-noise ratio [7]. Cul is a non-toxic, biocompati-
ble, air-stable, promising for next-generation electronic
devices p-type semiconductor with high electrical prop-
erties, visible transmittance and flexibility [7, 10]. Since
Cul can be produced for UV PD using various methods
such as solution processes [6-8, 11], vacuum deposition
[7] and iodination processes [7, 9, 10], this makes it suit-
able for industry. The output characteristics of copper
iodide-based ultraviolet photodetectors can be tuned by
changing the morphology of the nanostructured films
and their chemical composition [8]. For example, in [7]
it is indicated that sulfur-doped Cul exhibits higher elec-
trical conductivity with high optical transmittance.

Herein, we applied the solution automatic Successive
Tonic Layer Adsorption and Reaction (SILAR) method to
prepare sulfur-doped Cul nanostructured films on glass
substrates. The influence of the temperature of solutions
used in the SILAR method on the morphology of Cul
nanostructures and their chemical composition was stud-
ied. For this purpose, Cul20/glass and Cul30/glass samples
were obtained, in which copper iodide films were deposited
using the SILAR method at solution temperatures of 20 °C
and 30 °C, respectively. Then, by equipping the samples
with two thin-film chromium electrodes, we constructed
corresponding Cul20/glass and Cul30/glass UV PDs, and
tested and compared their output characteristics.

2. EXPERIMENTAL PROCEDURES

In this work, the materials and automatic SILAR
technology described recently in [12] were used to obtain
Cul20/glass and Cul30/glass samples with nanostruc-
tured copper iodide films of ~ 1 um thickness (d) on glass
substrates with an area of 50 mm x 25 mm. They were
equipped along the two long sides of the samples with
thin-film ohmic contacts obtained by successive vacuum
evaporation through a mask of 50 nm thick Cr and
100 nm thick Cu films. The distance between two paral-
lel thin-film Cr/Cu strip contacts (L) was 2 cm. Due to
the physical properties of chromium, the thin-film ohmic
Cr/Cu contacts turned out to be stable under operating
conditions. Additionally, these contacts were covered
with self-adhesive aluminum tapes for connection to an
external electrical circuit.

The morphology and chemical composition of
Cul20/glass and Cul30/glass samples were studied by scan-
ning electron microscopy (SEM) and energy-dispersive X-
ray spectrometry (EDS) using a Zeiss ULTRA Plus SEM
with a secondary electron (SE) mode equipped with an OX-
FORD X-Max 20 EDS detector providing elemental map-
ping. SEM images and EDS spectra were obtained using
accelerating voltages in the range of 2-10 kV. The EDS
maps of the samples were obtained as superpositions of the
signal from the electron backscatter detector (colored
white) and the intensities of the characteristic lines of indi-
vidual elements, primarily Cu, I, and S, and colored in
shades of the corresponding colors. The EDS maps were
recorded with a resolution of 500 x 500 pixels.

Tests of ultraviolet photodetectors of the photocon-
ductive type Cul20/glass and Cul30/glass were carried
out using a PHILIPS TL 6W/08 BLB G5 T5.226.3M ul-
traviolet lamp with an average wavelength of 367 nm as
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a light source. The UV light intensity (Pign:) was ad-
justed from 1.17 mW/cm? to 0.15 mW/cm? by changing
the distance between the UV lamp and the Cul20/glass
or Cul30/glass sample in the range of 4.5-41 cm. At a
bias voltage (V) between two Cr/Cu strip contacts from
0 V to £2 V, the current-voltage characteristics (I-V) of
the Cul20/glass and Cul30/glass samples were recorded
using a GW Instek LCR-6002 meter indoors under nor-
mal sunlight illumination through a window glass that
does not transmit ultraviolet light. The effective irradia-
tion area (A) of UV PD, which was limited by a screen
with a slit width of 0.5 mm between the UV radiation
source and the sample, was 0.1 cm2. To obtain photore-
sponses of the Cul20/glass and Cul30/glass ultraviolet
photodetectors at different Pign: values, the change of
the on/off ratio over time was recorded at V=1V in air
at room temperature. Resistance under UV illumination
(Riighs) was calculated from the experimental data as
ViLigns. According to [1, 13, 14], the response time
(tresponce) was defined as the rise time of the response cur-
rent under UV illumination from 10 % to 90 % of the
maximum current Ligh.

3. RESULTS

Figure 1(a) shows the SEM image of the Cul20/glass
sample with nanostructured copper iodide film depos-
ited on the glass substrate by the automatic SILAR
method at a solution temperature of 20 °C. The
nanoflake morphology of Cul with a large surface area
is visible, and the thickness of each nanoflake is
~ 100 nm. The copper iodide nanoflakes are oriented per-
pendicular to the substrate, so the thickness of the Cul
layer is about 1 pm. The EDS spectrum of the
Cul20/glass sample in Figure 1(b) shows the elements
copper, iodine, and sulfur from this film, and Si from the
glass substrate. The presence of sulfur is typical for cop-
per iodide films prepared by the SILAR method since the
cationic solution contains an unstable thiosulfate com-
ponent. The overall EDS map in Figure 1(c) and the cor-
responding elemental EDS maps in Figure 1(d, e, f) con-
firm the homogeneity of Cul due to the uniform distri-
bution of Cu, I and S throughout the film. According to
the uniform Si signals in the EDS map in Fig. 1(g), the
Cul film in the Cul20/glass sample has no holes.

As can be seen in Fig. 2, the automatic SILAR method
allows for a radical change in the morphology of the result-
ing Cul layers by changing the temperature of the solutions
used. The Cul30/glass sample prepared by the automatic
SILAR method by heating the solutions to 30 °C shows in
Fig. 2(a) triangular crystalline grains randomly oriented in
the (111) plane, which is typical for copper iodide y~Cul,
since {111} is the lowest energy surface in the cubic zinc
blende structure [12].

The EDS spectrum of the Cul30/glass sample in Fig.
2(b) is similar to that of the Cul20/glass sample in Fig. 1(b),
since it contains Cu, I, and S atoms from the nanostruc-
tured semiconductor layer, along with the main elements
of the glass substrate. The overall EDS map in Fig. 2(c) of
the Cul30/glass sample, the left side of which is covered
with a thin-film Cr/Cu contact, as well as the elemental
EDS maps in Fig. 2(d, e, f, g); confirms the uniform distri-
bution of the nanostructured copper iodide film over the
sample without micro-holes and cracks.
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Cu28at%
I 24at%
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Si 44at %
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Fig. 1 — Morphology and composition of the Cul20/glass sample obtained by the automatic SILAR method at a solution temperature
of 20 °C: SEM image (a); EDS spectrum (b); general EDS map (c); EDS map for Cu (d); EDS map for I (¢); EDS map for S (f); EDS

map for Si (g)

Cu43at%
I 39at%
S 3at%
Si 15at%

Fig. 2 — Morphology and composition of the Cul30/glass sample obtained by the automatic SILAR method using solutions heated
to 30°C: SEM image (a); EDS spectrum (b); general EDS map of the Cul30/glass sample, which left part is covered by thin-film
Cr/Cu contact (c); EDS map for Cu in this sample (d); EDS map for I in this sample (e); EDS map for S in this sample (f); EDS map

for Si in this sample (g)

Linear current-voltage characteristics of the devel-
oped photoconductive type UV PDs based on Cul20/glass
and Cul30/glass samples equipped with Cr/Cu thin-film
electrodes confirm the creation of ohmic contacts. The
conductivity of nanostructured Cul films was calculated
using the distance between the electrodes (L), its re-
sistance in the absence of UV light (Rdarx), sample width
(D), and thickness of the Cul semiconductor layer:

o =L1(R,,,-Dd), (1)

Using the current-voltage characteristics, it was
shown that the Cul film with nanoflake morphology in
the Cul20/glass sample, obtained by the SILAR method
at a solution temperature of 20 °C, has a significantly
higher resistance compared to the Cul film with (111)-
textured triangular grains, deposited by the SILAR

method at 30 °C in the Cul30/glass sample. The calcu-
lated ovalue is ~0.05 S cm ~1in the Cul20/glass sample,
and o~ 22 S cm ~!in the Cul30/glass sample. As noted
in [15], the low resistance of copper iodide thin films with
(111)-texture and triangular morphology can be due to
the existence of conduction channels along the grain
boundaries.

Fig. 3 and Fig. 4 show the photoresponses as relative
change in resistance over time for the Cul20/glass and
Cul30/glass ultraviolet photodetectors, respectively, at dif-
ferent intensities Piigne of UV light with an average wave-
length of 367 nm. The experiments were carried out indoors
under normal sunlight illumination through a window
glass that does not transmit ultraviolet light. It is evident
in Fig. 3 and Fig. 4 that after turning on the UV light, due
to the creation of nonequilibrium charge carriers as a result
of ultraviolet irradiation of the wide-gap semiconductor
Cul, its resistance decreases sharply. After turning off the
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UV irradiation, the resistance immediately increases. This
effect of UV light is stronger, the higher the value of Piigh:.
In Fig. 3(a) and (b), it can be seen that in the Cul20/glass
photodetector, well-defined signals are obtained at UV ra-
diation intensities Pligns of 1.17 mW/cm?2 and 0.35 mW/cm?2.
As shown in Fig. 3(c) and (d), at lower Pjign: of 0.22 mW/cm?
and 0.15 mW/cm?, the visible light interferes with the de-
tection of the UV signals. The signal of the Cul30/glass UV
PD at Piign: of 1.17 mW/cm? in Fig. 4(a) is not as strong as
that of the Cul20/glass UV PD in Fig. 3(a). In addition,
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a greater tendency for the detection accuracy of the UV
light to decrease due to its interference with the visible
light signals is recorded in Fig. 4(b) and (c) at lower Pligh: of
0.50 mW/cm2 and 0.35 mW/cm?2, respectively.

According to [2], high-performance ultraviolet detec-
tors should have high sensitivity, quantum efficiency,
and response speed, as well as signal-to-noise ratio. A
comparative analysis of the performance parameters of
Cul20/glass and Cul30/glass UV PDs was carried out using
common criteria [1-3, 8, 13, 14].
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Fig. 3 — Photoresponses of Cul20/glass UV PD over time as a result of switching on/off UV light with A= 367 nm, recorded at a bias
of 1V at different UV illumination intensities Pigne: 1.17 mW/cm2 (a); 0.35 mW/ecm2 (b); 0.22 mW/em?2 (¢) and 0.15 mW/cm? (d)

According to [8, 14], the UV photosensitivity (Spr) of
the photodetectors fabricated in this work, due to the
wide band gap of Cul of about 3 eV, was calculated based
on their photoresponse data as follows:

S Ilight B Idark .100

ph

@)

I dark

where ILign: 1s the current under UV illumination and Iia
is the current without UV illumination in the room, both
currents flow through the photodetector at a bias of 1 V.

Data on the photosensitivity of the Cul20/glass and
Cul30/glass ultraviolet photodetectors at different UV il-
lumination intensities are presented in Fig. 5 (a).

Fig. 5 (b) shows the data on the responsivity (Ruv) as
the ability to convert photons into electrons in photode-
tectors, calculated through the ratio of the photogener-
ated current to the power of the incident light. According
to [1-3, 8, 13, 14] the Ruvvalue, related to the power den-
sity of incident light Piigne and surface of the active layer
A, was determined as follows:

Ili h _Idark
Ry = jlt-P}

light

3

Since detectivity is a parameter describing the detec-
tion sensitivity of a photodetector against a noise back-
ground, when normalized by active area, it is defined as
specific detectivity (D*) to compare the sensitivity be-
tween photodetectors with different device areas and
bandwidths [2]. According to [1-3, 8, 13], the specific de-
tectivity of the Cul20/glass and Cul30/glass UV PDs was
calculated as:

1/2

D* =Ry, x(Al2el,,,)"", (4)
where e is the electron charge. Data on D* are presented
in Fig. 5 (c).

The external quantum efficiency (EQE) as the ratio
of the number of collected photogenerated carriers to the
number of incident photons, showing the ability of UV
PD to convert a photon into a carrier, was calculated ac-
cording to [1-3, 8, 13, 14] as follows:
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0.50 mW/cm? (b); 0.35 mW/em? (c)
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where A is Planck's constant, c¢ is the speed of light, and
A is the wavelength of the incident UV radiation. The
EQE data for both photodetectors are shown in Fig. 5(d).

According to the four criteria mentioned above, the
Cul20/glass UV PD with Cul nanoflake morphology has
a higher performance than the Cul30/glass UV PD based
on the copper iodide nanostructured film with triangular
grains. Moreover, the comparison of the photoresponse
curves in Fig. 3 and Fig. 4 shows that the Cul20/glass
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UV PD has a shorter response time defined as the rise
time of the response current from 10 % to 90 % of the
peak Iign:. In the Cul20/glass UV photodetector, the
tresponce decreased from 300 s to 5 s with an increase in UV
intensity from 0.15 mW/cm? to 1.17 mW/cm2. At the
same time, the tresponce in the Cul30/glass UV-PD was
about 300 s for all Pignused. Thus, the morphology of
Cul nanoflakes turned out to be favorable for use in pho-
toconductive UV photodetectors compared to (111)-tex-
tured copper iodide films with triangular nanograins.
Thus, according to [1, 2], the nanostructured Cul layer
deposited by the automatic SILAR method at a temper-
ature of 20 °C demonstrated better ability to convert op-
tical signals into electrical signals by generating, sepa-
rating, transmitting and recombining electron-hole
pairs generated by UV light.

In general, the best characteristics of the Cul20/glass
ultraviolet photodetector fabricated in this work were
the photosensitivity Sprn =~ 170%, responsivity Rouv
3 A/W, specific detectivity D*~ 1.2-1011 Jones (1 Jones
lem-Hz'2/W), and external quantum efficiency EQE ~
1000 %. Comparison of these data with those obtained
recently by various research groups around the world
and presented in Table 1 confirms their validity.

I

4. CONCLUSIONS

The results of scanning electron microscopy and en-
ergy-dispersive  X-ray spectrometry studies of
nanostructured copper iodide layers containing 3-4 at. %
sulfur show that the automatic SILAR method allows for
a fundamental change in their micromorphology by a
simple small change in the temperature of the solutions
used in the deposition process. Both Cul layers in the
form of nanoflakes and layers consisting of triangular
nanocrystalline grains randomly oriented in the (111)
plane reversibly reduce their resistance under the action
of UV radiation. The limitation of their photosensitivity
to UV radiation with an illumination intensity of at least
0.5 mW/cm?2 is due to interference from visible light. Ac-
cording to four common performance criteria of photode-
tectors, such as photosensitivity, responsivity, specific
detectivity and external quantum efficiency, the UV PD
with 1 pm thick Cul nanoflake layer on glass substrate
equipped with two thin-film Cr/Cu ohmic stripe contacts
has a performance comparable to the best state-of-the-
art Cul-based UV PD. Its obvious drawback is the slow
response, so the reduction of the response time by im-
proving the PD design, such as replacing the ohmic con-
tacts with Schottky barriers, should be carried out in our
next study of the Cul-based UV PD.
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Fig. 5 — Performance parameters of Cul20/glass and Cul30/glass UV PDs under different ultraviolet illumination intensities Pign:

photosensitivity (a); responsivity (b); specific detectivity (c); external quantum efficiency (d)

Table 1 — Photodetector properties of Cul-based UV PDs presented by different researchers

UV photodetector Photosensitivity Responsivity, | Specific External | Response | Reference
Sph, % Ruv, AW detectivity | quantum time,
D*, Jones | efficiency t S
EQE, % responce,
Zn-doped p-Cul — 0.72 1.51 x 108 242 - [7]
p-Cul/n-GaN  hetero- - 0.08 1.27 x 1012 0.2 [7]
junction
n-ZnO/p-Cul — 0.03 2.21 x 1012 — 0.2 [7]
Zn-doped p-Cul 125 0.49 3.01 x 108 164 - [8]
p-Cul/n-Si heterojunc- - 0.12 5.7 x 1012 - 0.1 [9]
tion
p-Cul /n-Cu20 hetero- 7000 0.25 - - 0.6 [11]
junction
S-doped p-Cul 170 2.97 1.2 x 1011 1007 5 [this
work]
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YasTpadioseroruii poTOogEeTEKTOP HA OCHOBI HAHOCTPYKTYPOBAHUX IJIIBOK MOOUAY Mii,
HaHeceHUuXx apromatudaum metonoMm SILAR

J. ®enmoumenrol, C.I. [Tlerpymenko?3, K. Amau3, M. @isnrosceruii3, B.M. Cyxos?, C.B. Iyrapos2,
A.JI. Xpunyrnosal, H.IT. Kiouxko!

1 HauioHanbHuti mexniukull ynigepcumem «XapKigcbKull nosiimexuiunuil incmumym», 61002 Xapkis, Yrpaina
2 Xapriscoruli HayloranbHuil yHisepcumem imerni B.H. Kapasina, 61022 Xapxkis, Ykpaina
3 Texniunuil ynisepcumem Jlibepeus, 46117 Jli6epeup, Yecora Pecnybnika

¥V crarTi HaBeEHO Pe3yIIBTATH JOCIIPKEHD CTPYKTYPH, CKJIATY Ta MOP(OJIOril HAHOCTPYKTYPOBAHMX ILJIi-
Bok Homumy mimi (Cul), leroBasux cipkoio, HaHECEHUX HA CKJISHI MIKJIATKH METOIOM IIOC/III0BHOI a1copoIrii
Ta peakinii ioHHuX mapis (SILAR) mis BUKopHCTaHHA y AKOCTI (PYHKIIIOHAJIBHUX MaTepiaiB Ay yabTpadi-
osneroBux dorogerexropis (UV PD). 3minioroun TemMiepaTypy, 0 BHKOPUCTOBYETHCS B MPOIIECI OCAIKEHHS,
MoxkHa orpuMaty mapu Cul ToBmmaol 1 MEM 13 Mopdostoriero HaromacTisiis (mpu 20 °C) abo 3 (111)-Tekc-
TypoBaHuMu TpukyTHUMEU HaHodepHamu Cul (mpu 30 °C). OcHacTuBIIM 11l IIapy HOIUIY MiJi TOHKOILIIBKO-
Bumu esxexrpopamu Cr/Cu 3 060x 60kis, Mu orpumasu UV PD goronposigsoro tumy. Ix minifina BoasT-amme-
pPHA XapaKTepUCTHUKA IMATBePIuIa YyTBOpeHHs oMivHuX KOHTaKTiB. Qorosiaryku UV PD y uaci peecrpyBasm
Ta aHAJI3yBaJX IpPU PisHUX iHTeHcHBHOCTAX ¥YD-cBiT/Ia 13 cepeaHBOI MOBKUHOW XBmil 367 uM Bim 0,15
MBr/em? mo 1,17 mBr/em2. Bigmosigso 10 3araJbHOMPUAHATHX KPUTEPIIB OIIHKK e(peKTUBHOCTI (OTOHEeTEeK-
Ttopa, UV PD 3 mopdostoriero Haromtactisiis Cul Mae BuIly IpoayKTUBHICTE 1 MEHIIMHT Yac BIATYKY, HiK Ha
OCHOB1 HAHOCTPYKTYPOBAHOI ILJIIBKX MOJUAY MiJl 3 TPUKYTHUMHE 3epHaMu. BiH JeMOHCTpYe CBITJIOUyTIHNBICTE
170 %, MOHOXPOMATHYHY aMIep-BaTHY 4yTJIHBICTE 3 A/BT, crrerndivuny merexrusaicts 1.2:1011 xonCiB Ta
30BHIIIHIO kBaHTOBY ederTuBHIcTs 1000 %. L1i peayspraTi cxoski Ha Ti, 10 OyJIM HEIIOJaBHO OTPUMAHI pi3-
HUMH JOCTIJHUITBKUME TPYIIaMi B YCbOMY CBITI, IIIITBEP/KYIOYH IIOTEHITIa Bukoprucranusa ¥ D-cBiTiiouyT-
smBoro marepiasry Cul 3 MopdoJtoriero HaHOIIACTIBINB, oTpuMaHoro aBromatuyaum mMetonom SILAR B rex-
HOJIOT1I TOHKOILJIIBKOBOTO YJIBTPadioIeTOBOrO 30HIyBaHHSI.

Kmiouosi ciosa: Monun mini, Yasrpadiomerosuit oromerextop, SILAR, @orouyrnusicrs, MoHOXpOMATH-
YHA aMIIep-BaTHA YyTJIuBICTh, ClierudivyHa JeTeKTUBHICTD, J0BHINIHA KBAHTOBA €)eKTUBHICTD.
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