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Structural, optical and photoelectric properties of
Mn-doped ZnO films used for ultraviolet detectors

Peng Gu,? Xinghua Zhu® and Dingyu Yang & *2

Mn-doped ZnO (MZO) films were prepared on glass substrates using sol—gel dip-coating technology. The
microstructural, morphological, optical and photoelectric properties of MZO films were investigated at
different withdrawal speeds (WS: 20, 40, 60 and 80 mm s7%). The X-ray diffraction (XRD) patterns
showed that all the films obtained were polycrystalline with a hexagonal structure, and the highest
crystallinity of MZO films was observed as films were deposited at 40 mm s~1. The UV-Vis spectra

revealed that the average optical transmittance of all samples was over 60% and the energy band gap of
films decreased from 3.616 to 3.254 eV with the increase in withdrawal speed. The formed Au/MZO/Au
photodetectors (PDs) indicate that a device prepared at 40 mm s~ shows superior properties both in
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response speed and detection capability, and the rise time is 1.871 s and fall time is 3.309 s at 365 nm for

3V bias and the detectivity (D*) reaches ~1.7 x 10'° Jones. Moreover, the responsivity of PDs is also
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rsc.li/rsc-advances

1. Introduction

Ultraviolet (UV) detectors are widely used in astronomy,
combustion engineering, water purification, flame detection,
biological effects and other fields."”> Over the years, wide band
gap semiconductor materials (GaN, SiC and ZnO) have attracted
more attention from researchers, especially for ZnO, due to its
unique desirable properties such as wide band gap (3.2 eV),
high exciton binding energy (60 meV), low cost, natural abun-
dance and its ability to work in high temperature and damp
environments.®*® However, photoconductive UV detectors
based on pure ZnO films show relatively poor response prop-
erties in the UV region, because of the large carrier concentra-
tion and fast recombination rate. Using dopants including Al,
Ti, N, Li, Mg, Sn, Co and Mn to improve the performance of UV
detectors have been widely discussed.”™* In this paper, we
chose Mn as the dopant in the ZnO films because of existence
room temperature ferromagnetism in Mn-doped ZnO films and
changing energy band gap.'® Furthermore, Ruan et al. has
proved that behavior of doping Mn could increase the film
resistivity, which contributes to decrease the dark current and
improves the photosensitivity of UV detectors."”

There are many technologies to prepare ZnO films, such as
chemical vapor deposition (CVD),*® physical vapor deposition
(PVD),"” magnetron sputtering,”® hydrothermal method* and
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affected by the distance between Au electrodes and external bias. This research provides a simple way to
fabricate the UV PDs based on MZO films with faster response and higher detectivity.

spray pyrolysis.”> Although these processes are very mature, they
also require high production conditions and cost which limit the
further development of UV photodetectors based on ZnO films.
Sol-gel dip-coating is a promising way to prepare uniform films
with better adhesion between films and substrate through
chemical bonds of -M-O-A-, where M and A are metallic ions in
the films and substrate, respectively.*® Aydemir et al. suggested
that the microstructural and optical properties of ZnO films using
dip-coating are strongly dependent on the withdrawal speeds and
also proved by other investigators.>** The systematic study of the
fabrication UV photodetector based on Mn-doped ZnO (MZO)
films at different withdrawal speeds has not been reported yet.

In this paper, we have successfully prepared Mn-doped ZnO
(MZO) films on glass substrates by sol-gel dip-coating and the
microstructural, morphological and optical properties of the
MZO films were discussed by various ways. The results indicate
that performance of films is strongly dependent on the film
thickness controlled by the withdrawal speed. Moreover, the
MZO films UV photodetector based on MSM structure were
formed by sputtering Au electrodes on the film surface, and the
response properties of devices were further investigated. This
research aims to fabricate a Mn-doped ZnO UV photodetector
(PDs) on glass substrates with a fast-response, rapid-recovery
and that shows high sensitivity.

2. Experimental details
2.1 Sols preparation and deposition of Mn-doped ZnO films

Preparation process of Mn-doped ZnO (MZO) films is that zinc
acetate dehydrate [(Zn(CH;CO,),-2H,0), purity 99.5%]
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(Shanghai Aladdin Biochemical Technology Co., Ltd., China)
dissolved in absolute ethanol (Chengdu Cologne Chemicals
Co., Ltd., China) containing monoethanolamine (MEA)
(Shanghai Aladdin Biochemical Technology Co., Ltd., China)
that acted as a stabilizer. The mole ratio of MEA/zinc acetate
dehydrate was kept at 1: 1 throughout the experiments. Also,
the pH of solution was maintained at 9. The homogenous
solution was then stirred at 45 °C for 0.5 h using magnetic
stirrer to accelerate the hydrolysis reaction and then added
Mn(NOj3), solution (Chengdu Cologne Chemicals Co., Ltd.,
China) in the mixed solution and the Mn concentration was 2.5
at% with respect to Zn. After stirring for 2 h, the transparent sol
was obtained and aged for 24 h. Mn-doped ZnO films were
deposited on glass substrates (20 x 8 x 1 mm?®) (Semerfly
Technology Co., Ltd., China) using dip coating method and kept
inside the bath for 30 s, then pulled upward at different with-
drawal speed of 20, 40, 60 and 80 mm s ', respectively. After
coating each layer, the films were put in an oven at 90 °C for
5 min to evaporate the solvent existing in films. This process
was repeated 10 times. Pure ZnO films were prepared using
above method without adding Mn(NO;), solution. Finally, all
samples were annealed in air at 500 °C for 2 h.

2.2 Characterization of Mn-doped ZnO films

The structural properties of ZnO films were tested through X-ray
diffraction (XRD) (SIEMENS D500) with Cu Ko radiation at
a wavelength (4) of 0.154 nm. Morphologies on the film surface
were analyzed using the atomic force microscopy (AFM) (Asylum
Research Cypher) and scanning electron microscope (SEM)
(SIGMA 500) using an accelerating voltage of 20 kV. Optical
performance of films were examined by UV-Vis (Shimadzu UV-
2550) and Fourier transform infrared (FTIR) (Shimadzu
IRPrestige-21) spectrophotometer. The gold (Au) electrodes
were deposited on film surface by magnetron sputtering and the
Mn-doped ZnO UV photodetectors were fabricated. The elec-
trical characteristics of UV photodetectors were measured using
a probe station with measuring instruments (Keithley 2400).

3. Results and discussion

3.1 Crystal structures of pure and Mn-doped ZnO films at
different withdrawal speeds

Film thickness is strongly affected by the withdrawal speed
(WS), which is attributed to the competitive effects of gravita-
tional and frictional viscous forces acting on the liquid film
coating and solvent evaporation.’*?® The viscous drag of the
moving substrate is proportional to the withdrawal speed and
a larger force leads to a greater amount of the solution moving
upwards with the substrates,* so the film thickness increases
with the increase of withdrawal speed. When the withdrawal
speed increases from 20 to 80 mm s ', the thickness of Mn-
doped ZnO (MZO) films is 89, 134, 197 and 249 nm, respec-
tively. Moreover, the thickness of 92 nm for pure ZnO films
deposited at 20 mm s,

Fig. 1a shows the X-ray diffraction (XRD) patterns of MZO
films deposited at different withdrawal speeds. The results
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indicate that only a diffraction peak at (0 0 2) plane can be
observed, suggesting film growth along c-axis with hexagonal
wurtzite structure belonging to P6;mc space group and match-
ing well with other works because of higher surface energy
along {0 0 0 1} direction.”** The full-width at half-maximum
(FWHM) of films decreases first and then increases with the
increase of withdrawal speed, and the minimum of FWHM
(0.6006) is obtained as the films prepared at 40 mm s, indi-
cating highest order of crystallinity. The number of precursor
solution is too small which is not conducive to the film growth
as the withdrawal speed is the lowest, corresponding to 20 mm
s~'. Continue to increase the withdrawal speed, the negative
impact will be gradually weakened and the film thickness
becomes thicker with larger crystallinity. However, if the with-
drawal speed is over 40 mm s~ ', it can be found, seen in Fig. 1b,
that the crystallinity size of films abruptly decreases, because
higher withdrawal speed means thicker film thickness and
resulting in more difficult for the solvent to evaporate during
heat treatment.** Finally, the crystal growth will be blocked and
a smaller crystallinity size in the films can be observed. These
results indicate that the crystal growth of ZnO films is mainly
determined by the film thickness which changes with the
withdrawal speed. The changes in FWHM and crystallite size
are shown in Fig. 1b and c. The crystallite size of MZO films is
smaller than that of pure ZnO films prepared at the 20 mm s,
due to the substitution of the relatively large ionic radius Mn>*
ions (0.080 nm) at the Zn** (0.074 nm) sites, resulting in
expanding the lattice parameters and damage the film growth.

3.2 Surface morphologies of MZO films prepared at various
withdrawal speeds

Fig. 2 displays the surface morphologies of pure and Mn-doped
ZnO (MZO) films using SEM. As the withdrawal speed is lowest,
corresponding to 20 mm s~ ', the formed films is thinnest and
the solvent existing in films will be more evaporated during heat
treatment. This behavior can make a large shrinkage for film
surface and obtain the compact layers,* as shown in Fig. 2a and
b. Meanwhile, grains on the film surface show granular shape
with uniform distribution, due to lower film thickness. Energy
dispersive spectrometer (EDS) result proves that presence of Zn,
O, Si and Ca elements in the pure ZnO films deposited as 20 mm
s~ ' while Mn species can be observed in Mn-doped ZnO films
besides above mention elements, just as seen in insets of Fig. 2a
and b. With the increase of film thickness changing with with-
drawal speed from 20 to 40 mm s~ ', MZO films become denser
and part of grains with granular shape change into hexagonal
structure. But if the withdrawal speed is over 40 mm s~ * and up
to 80 mm s~ ', there are some pores can be noticed among grains
and film surface becomes rougher, suggesting a deterioration of
the crystal quality. The formed pores may be attributed to the
grain agglomeration which is related to the higher thickness.**
Additionally, the root mean square (RMS) roughness of films,
shown in Fig. 2f, is affected by the withdrawal speed which
determines the film thickness. Mn-doped ZnO films deposited at
20 mm s~ ' show a larger RMS roughness related to the pure ZnO
films and as the withdrawal speed increases from 20 mm s~ to

This journal is © The Royal Society of Chemistry 2019
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Fig.1 X-ray diffraction (XRD) analysis of Mn-doped ZnO films prepared at different withdrawal speeds. (a) XRD patterns, (b) crystallite size, (c) the

full-width at half-maximum (FWHM).

80 mm s, the value of RMS roughness of MZO films gradually

enhances, which is attributed to the increase in film thickness
and confirmed by other reports.>**>

3.3 Transmittance spectra and FTIR spectra of Mn-doped
ZnO films

Fig. 3a-e presents the transmittance spectra of pure and Mn-
doped ZnO (MZO) films as recorded in the range from 300 to
700 nm. All samples exhibit a high transmittance of over 60% in
the visible regions, but a sharp drop is observed below 400 nm,
which is related to the intrinsic band-gap of films.* It is clearly
found that compared to pure ZnO films, Mn-doped ZnO films
prepared at 20 mm s * show a lower transmittance which is
related to the oxygen vacancies and scattering at grain bound-
aries.** Also, for MZO films, the average transmittance in the
visible range gradually declines as the withdrawal speed
increases from 20 mm s~ ' to 80 mm s~ *. Noticeable, increase in
withdrawal speed means increasing film thickness and larger
thickness exhibits a lower transmittance, a similar result was
also reported from Rajalakshmi et al.** Moreover, the relation-
ship between energy band gap (E;) and withdrawal speed is

This journal is © The Royal Society of Chemistry 2019

shown in Fig. 3f and indicating that increase in withdrawal
speed will decrease the E, for Mn-doped ZnO films, due to the
increase in film thickness. Some people have proved that the E,
of films is found to decline as the film thickness increases, this
is due to the existence some film stress and defects in the films
with larger thickness, and then decrease in Eg.***” The energy
band gap of MZO films is larger than that for pure ZnO films,
due to the sp-d spin exchange interaction.**

Generally, the Fourier transform infrared (FTIR) spectra
provides information about functional groups and chemical
bonding present in the materials.'® Fig. 4 shows the FTIR
spectra of pure and MZO films prepared at 20 mm s~ . For pure
ZnO films, the absorption peak at 500 cm™" is attributed to Zn-
O stretching mode. The peak at about 2340 and 3400 cm ™' is
due to CO, molecules and -OH group, respectively, suggesting
the existence air including water absorbed on the film surface.
The peak around 2896 cm ™" is observed and related to the C-H
bond bending mode.**?** Compared to Fig. 4a, a new peak at
680 cm ™" is observed in Fig. 4b and assigned to Mn-O vibration
mode. The shift towards higher wavenumber for Mn-doped ZnO
films is observed, which is attributed to the substitution of Mn
ions at Zn site in the crystal lattice.*®

RSC Aadv., 2019, 9, 8039-8047 | 8041
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3.4 The performance of UV photodetectors based on pure
and Mn-doped ZnO films

I-V characteristics under dark and UV light conditions for MZO
films deposited at different withdrawal speeds in log-scale are
shown in Fig. 5. The wavelength and power density of incident
light are 365 nm and 10 mW cm 2, respectively. Also, the area of
film surface exposed to light is 0.8 cm® When the PDs are
exposed to UV light, the current, regards as the photocurrent,
abruptly increases and much higher than one in dark, due to
the discharge of the oxygen ions and decrease in depletion
width on the film surface. ZnO films exhibit higher values in the
photocurrent and dark current, compared to MZO films
prepared at 20 mm s~ . The substitutional Mn at Zn sites in ZnO

8042 | RSC Adv., 2019, 9, 8039-8047

crystal lattice, confirmed by EDS and FTIR analysis, will
increase the film resistivity, resulting in lower dark current.
Meanwhile, the formation of dark current is related to the
defects such as oxygen vacancies and/or Zn interstitials and
Hlaing Oo et al. reported that the conductivity of ZnO films
prepared by metalorganic chemical vapor deposition (MOCVD)
decreases with increasing Mn content, which is attributed to the
substitutional Mn at Zn sites can effectively suppress the
produce of native defects including oxygen vacancies.** For
MZO films, with the withdrawal speed increases from 20 mm
s™' to 80 mm s ', the photocurrent of devices gradually
improves, due to the smallest energy band gap and existence
obvious defects in the films with largest thickness.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6a-d shows the switchable photocurrent response to
365 nm excitation at 10 mW cm > using 3 V bias. The rise time
(r;) and fall time (t¢) are defined as the time taken by the
photodetector to increase its maximum photocurrent from 10%
(90%) to 90% (10%) of the peak value.'® Usually, the charge
carriers will take more time to relax and ¢ is found to be larger
than t,, because of existence deep trap states and other defects
in films.* The results exhibit MZO films prepared at 20 mm s~ *
in comparison to ZnO films show faster response with the 7, of
4.087 s and t¢ of 5.462 s. The formation of MnO (3.6 eV) or MnO,
(0.25 eV) caused by the substitutional Mn at Zn sites can
produce the heterojunction in the interface of ZnO/manganese
oxide and promote the electronics transfer to Au electrodes.*

This journal is © The Royal Society of Chemistry 2019
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Therefore, Mn-doped ZnO films at 20 mm s ' show faster
response in comparison to pure films. For Mn-doped ZnO films,
the response properties of PDs are strongly affected by the
withdrawal speed and with the withdrawal speed increases from
20mm s~ ' to 80 mm s~ ', the response time and recovery time of
devices decrease at first and then increase and films deposited
at 40 mm s~ represent the fastest speed with the 7, of 1.871 s
and t¢ of 3.309 s, suggesting highly efficient photosensitive
switch. The results can be analyzed by following mechanisms.
As we known that the response time of PDs is mainly deter-
mined by the electronic migration capacity in the films. Elec-
trons can travel quickly through large grains, due to lower grain
boundaries density in the films containing bigger grains.

RSC Adv., 2019, 9, 8039-8047 | 8043
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Fig. 4 FTIR spectra of films prepared at 20 mm s~ (a) Pure ZnO films, (b) Mn-doped ZnO films.

Meanwhile, majority of defects can be existed in grain bound-
aries which will trap the electrons and suppress the migration,
resulting in longer response time. The value of fall time of PDs
is related to the recombination rate between electron-hole
pairs, which is controlled by film crystallinity. In previous
report, our group has proved that higher crystal quality in the
ZnO films prepared by sol-gel method can accelerate the
recombination process, because of decrease in trap center
formed by defects.** Therefore, Mn-doped ZnO films deposited
at 40 mm s ' show the fastest response speed and recovery
speed while a poor response properties for films deposited at
80 mm s~ ', due to the poor crystal quality and the number of
grain boundaries, which is associated with the film thickness.

In addition to the response and recovery time, parameters
including responsivity (R) and sensitivity (S) are also vital to
evaluate the performance of UV PDs. The responsivity and
sensitivity of devices can be calculated using following equation.*

Iy
R= P o
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Ih
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Fig.5 [-V characteristics of pure and Mn-doped ZnO films deposited
at different withdrawal speeds.
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where, Ipn, Igark, and P, are the values of the photocurrent, dark
current, and optical power of UV light, respectively. The values
of them are shown in Fig. 7a. It can be found, for MZO films UV
PDs, with the withdrawal speed increases from 20 mm s~ to
80 mm s ', the responsivity of PDs gradually improves and
films prepared at 80 mm s~ ' show the highest responsivity of
3.6 x 10°* AW, which is related to the largest photocurrent.
Moreover, films deposited at 40 mm s~ " exhibit biggest sensi-
tivity to the UV light (A = 365 nm, 10 mW cm ™ ?) at the bias of
3 V. Furthermore, PDs based on ZnO films exhibit a higher
sensitivity than that for MZO films at 20 mm s ', due to the
smaller energy band gap and higher conductivity. Linear
Dynamic Range (LDR) is used as a way to judge the accuracy of
results measured by the devices and the values of LDR were
calculated by following equation.™*

LDR = 20 log (@) (3)
Ja
where [, and Jq are photocurrent and dark current, respec-
tively. It can be seen in Fig. 7b that with the withdrawal speed
increasing from 20 to 80 mm s~ ', the value of LDR increases
first and then decreases, and the maximum of 47.31 dB is ob-
tained for films prepared at 40 mm s ', which is attributed to
the higher photocurrent and lowest dark current. Detectivity
(D*) of PDs is defined as follows.*®

Ton
(AE)V2qJ4

where g is the electronic charge, A is the active area and E; is the
light intensity. From the Fig. 7b, the PDs based on MZO films
prepared at 40 mm s~ show the highest detectivity and reach
~1.7 x 10" Jones, suggesting good sensitivity of fabricated
device. Finally, Mn-doped ZnO films prepared at 40 mm s '
were further discussed and the effect of distance between Au
electrodes on the response properties was investigated. The
results were shown in Fig. 7c, suggesting that an appropriate
distance is conducive to improve the responsivity of PDs. When
the distance between Au electrodes is wider (about 10 mm), the
increase in active area is beneficial to enhancing the number of
incident light, resulting in more photon-generated carriers in
the films, but the diffusion distance of electrons is far less than

D* =

This journal is © The Royal Society of Chemistry 2019
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Table 1 Comparison of the rise and fall time of ZnO films based on UV photodetectors

Materials Bias (V) A (nm) R(x10°AW™) 7 (s) 75 (8) Ref.
Mn-doped ZnO films at 40 mm s " 3 365 2.75 1.871 3.309 This work
Sb-doped ZnO films 365 1000 11.35 17.9 48

ZnO films 10 365 1500 29 29 49

ZnO NRs 5 365 65 7 29 50
Mn-doped ZnO NRs 5 365 30 2.75 16.8 50

ZnO NWs 1 365 — 150 800 11
Ga-doped ZnO NSs 1 370 0.0723 2.45 4 51

10 mm and also larger active area will exist more defects, References

resulting in poor responsivity. As the distance between elec-
trodes decreases, the negative effects can be gradually relieved
and the response properties of films improve. The PDs exhibit
the highest responsivity when the distance was set to 4 mm.
However, when the distance is less than 4 mm and reaches 1
mm, the responsivity of PDs is deteriorated, due to the weak
incident light. Fig. 7d shows the effect of bias voltage on the
responsivity of MZO films PDs prepared at 40 mm s~ within the
electrodes distance of 4 mm. The responsivity of device is
proportional to the bias voltage and larger voltage leads to
a bigger responsivity, which is attributed to the more photo-
generated carriers can be collected at larger voltage.”” In
summary, the response properties of our devices are compa-
rable with previous reports and shown in Table 1.

4. Conclusions

In summary, metal-semiconductor-metal (MSM) Ultraviolet
(UV) photodetectors (PDs) based on Mn-doped ZnO (MZO) films
have been fabricated using sol-gel dip coating method and the
effect of withdrawal speeds (WS: 20, 40, 60 and 80 mm s~ ') on
the properties of MZO films were discussed by various tech-
nologies. The results indicated that crystallinity of films is
affected by the withdrawal speed and MZO films deposited at
40 mm s~ show the best crystallinity and largest crystallite size,
due to the appropriate film thickness. The formed Au/MZO/Au
PDs suggest that films prepared at 80 mm s~ ' show the high-
est photocurrent and dark current, corresponding to 2.9 x 107>
and 3.7 x 1077 A, respectively. PDs based on MZO films
deposited at 40 mm s~ show superior properties in response
time and recovery time, and response time is 1.871 s and
recovery time is 3.309 s at 365 nm for 3 V bias, which is suitable
for practical applications.
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