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ABSTRACT

An ultrafast response metal-semiconductor-metal type ZnO ultraviolet photodetector was
fabricated by ultraviolet nanoimprint lithography (UV-NIL) with hydrothermal synthesis. The
high performance of response time was caused by the Schottky barrier formation due to
controlling growth time of hydrothermal synthesis and grating structure of ZnO produced by
position-controlled pattering method of UV-NIL. With 2 kHz on/off frequency of ultraviolet
light using optical chopper, the device exhibits a rising time of 43 psec and a falling time of 54
usec at low bias voltage (0.5 V) with a responsivity of 22.1 A/W in the active area of 5 X 5
um?2. On the basis of comparing other fast response ZnO photodetectors, our device definitely

presents easy and low-cost fabrication methods as well as high performance.
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Introduction

Zinc oxide has attracted great interest regarding its use in various optoelectronics such as
photon detectors,'* ultraviolet (UV) nanolasers®* and UV/blue LEDs (light-emitting diodes)™
due to its intrinsic properties such as a direct and wide band gap (E, = 3.4 eV at room
temperature) with a large exciton binding energy of 60 meV.” With these properties, the
nanostructure of ZnO improves the performance of ZnO UV photodetectors, such as high gain
and fast response time due to the high surface-to-volume ratio.® However, it is well known that
the surface states of a ZnO nanostructure differ depending on its morphology and processing
conditions during synthesis.”"'' The main cause for this difference has been considered to be the
formation of zinc interstitials (Zn;) and oxygen vacancies (V,) on the surface due to non-
stoichiometry, inducing a polar character.”'? The surface character affects not only the intrinsic
properties of ZnO but also the electrical contact with the electrode in functional ZnO devices.

Therefore, to obtain the desired surface condition, post-processing has been largely researched,

13,14 15,16

including annealing and plasma treatments ™ °. However, the additional processes usually
require a high-processing temperature and chamber equipment, which lead to disadvantages such
as high costs, time-consuming processing, and limited device types.

In this study, without additional post-processing of nanostructured ZnO characteristics, we
produced obvious Schottky barrier with Ti/Au electrodes through the controlled growth time of
hydrothermal synthesis. By virtue of the method and the grating structure of ZnO due to

ultraviolet-nanoimprint lithography (UV-NIL)'"!®

, an ultrafast response metal-semiconductor-
metal (MSM) type UV photodetector was achieved easily and cost-effectively. The moderate
growth time for forming the Schottky barrier was identified by comparing distinctly different

growth time in this paper to observe the barrier effect on the MSM type photodetector. The
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surface states of ZnO due to those different growth times were evaluated using scanning electron

microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and macro photoluminescence (PL).

In order to confirm the back-to-back Schottky barrier effect of MSM type photodetector
comparing of ohmic-like junction, the optoelectric properties of photodetectors were studied
using scanning photocurrent microscopy (SPCM), the current-voltage (I-V) characteristics under
illumination with UV light and response time by an optical chopper.

Furthermore, although ZnO nanowire-based UV photodetectors have been researched largely
in order to obtain high gain and fast response time, its results present disadvantages such as
difficulty of control for fabrication, low-output current and high cost.'”'® For solving these
problems, we considered the UV-NIL with controlled hydrothermal synthesis for fabricating
position-controlled ZnO nanostructue with modulated surface state. Consequently, despite not
having a nanowire and a complex heterojunction structure, our attempt firstly demonstrates an
ultrafast rising time (43 psec) and falling time (54 psec) at a low bias voltage of 0.5 V in the
active area of 5 X 5 um?, retaining its response current level and non-distorted current shape

until 2 kHz of chopping frequency for UV light.

Experimental Section

Sample preparation The ZnO precursor resin for UV-NIL was prepared as following steps: 1)
0.5 mol zinc acetate dehydrate (Zn(CH3COQO);-2H,0, Aldrich, Wyoming, IL, USA, 99.5%), the
molar equivalent of monoethanolamine (MEA, (NH,CH,CH,OH, Aldrich, 99.5%), and 2-
nitrobenzaldehyde (UV-Linker, Aldrich) were dissolved in 2-methoxyethanol (2ME
(CH30OCH,CH,0OH, Aldrich, 99.5%), and 2) the resultant solution was stirred at 24°C for 3 h and

at 75°C for 24 h in order to produce homogeneous solution. The ZnO nanoline pattern acting as a
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seed for hydrothermal growth was deposited by UV-NIL with the ZnO precursor resin, which
included the following steps. The ZnO precursor was spin-coated on the SiO,/Si substrate at
3500 rpm for 1 min. Then, the sample was prebaked on a hot plate at 80°C. A polyurethane
acrylate (PUA) mold with a line nanopattern with a 200 nm line width and 1 pum period was
attached to the substrate, followed by illumination with UV light to cure the resin under an air
pressure of 0.02 MPa to the mold. As a result, a ZnO thin film layer with line-nanopatterned ZnO
remained on the substrate. Then, the sample was annealed in a furnace at 350°C for 1 h for
crystallization to form the seed layer of sample A, B with the removal of organics. After the seed
layer of sample B underwent wet etching with 0.25% HNO; solution, only the line-
nanopatterned ZnO remained. Additionally, hydrothermal growth was achieved by immersing
the substrates into the prepared solution at 70°C for 3 min for sample A and 20 min for sample B.
Then, the substrates were rinsed with deionized water and dried by blowing N, gas. The prepared
solution for the hydrothermal growth was (25 mM)-zinc nitrate hexahydrate (Zn(NOs), - 6H,0,
Aldrich, 98%) in aqueous water with (25 mM)-hexamethylenetetramine (CgH;2N4, Aldrich,
99.5%) and (0.834 mM)-polyethylenimine (PEIL Aldrich, molecular weight 1300 g/mol by LS).
The MSM structure of the device was defined by photolithography and the lift-off process. The
active area between electrodes was 5 X 5 pm?, and the electrodes were deposited by Ti/Au (30
nm/300 nm) using the thermal evaporation method (KVE-T2000, Koreava).

Characteristics The morphology of the fabricated grating structural ZnO on the SiO,/Si
substrate was investigated by scanning electron microscopy (S-4800, Hitachi). The surface
chemical properties were analyzed by X-ray photoelectron spectroscopy (Kratos, Axis nova).
The measured Ols and Zn2p;, peaks were deconvoluted using the OriginPro 8.6. The surface

characteristics of the samples were also investigated by macro photoluminescence (PL) using a
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spectrofluorometer (FluoroLog®-3, Horiba) in the spectral range of 330-750 nm with 0.35 nm
resolution. The samples were positioned at 45° between the excitation light (295 nm wavelength)
and the detector with a spot size of 1.5 X 2 cm?. The electric contact between the samples and
electrodes was visually confirmed by spatially resolved photocurrent using scanning
photocurrent microscopy (homemade). The area of 8 X 8 um? was scanned under a 405 nm
light source with a 100X objective lens (NA 0.8). The dark and photogenerated current produced
by a 355 nm laser were measured using a high-speed source/monitor unit (E5262A, Agilent
Technologies) in a dark room. The fast response time under illumination of the UV laser chopped
by an optical chopper (300CD, Scitec Instruments) was measured using a low-noise current

preamplifier (SR570, Stanford Research Systems).

Results and Discussion

In the sample preparation, the grating structural ZnO seed layer was formed by UV-NIL and the
thermal annealing of precursor resin (at 350°C for 1 h in a furnace). Though the line width in
PUA mold was 200 nm, the resultant width in ZnO was shrunk due to crystallization and
evaporation of organic components. Also, due to thermal annealing at high temperature, oxygen
vacancies were generated in ZnO. After that, the seed layer of one sample (sample B) underwent
wet etching for forming separated grating structure, while the other sample (sample A) didn’t
because of supplementing photocurrent level. The respectively resultant ZnO seed layers were
hydrothermally synthesized using extremely different growth times (sample A: 3 min, sample B:
20 min) at 70°C in order to confirm the distinct growth time for forming Schottky barrier with
Ti/Au electrodes. Fig. 1a and 1d present diagrams of sample A and B, respectively. The entire

area on the SiO,/Si substrate of sample A has a ZnO thin layer with grating structural ZnO on the
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layer. Sample B only has thicker grating structural ZnO due to the longer growth time after wet
etching on the surface. Fig. 1b, Ic, le and 1f present SEM images of samples A and B,
respectively, which confirm the well-produced ZnO grating structure. The structure is intended
to improve the fast response time in a MSM type photodetector by providing a directional
current path. The X-ray diffraction (XRD) profiles of two samples show (100), (002), (101)
reflections in Fig. S1 (Supporting Information), which indicates the wurzite crystal structure.
Due to the different growth time, relative crystallinity of sample B is better than sample A, while
sample A has very smaller grain size associated with high density of oxygen vacancies. The
insets of Fig. 1c and 1f show expanded SEM images of the top view. The sample A has rough
surface with grain size below 10 nm, while sample B shows randomly grown rods with diameter
of 30~100 nm and hexagonal structure on the top surface. The hierarchically grown ZnO
nanorods of sample B could have higher surface to volume ratio than sample A. Although the
reason for existence of the ZnO thin layer in sample A is to supplement the current level
compared with sample B, the surface state of sample A is uniform due to the hydrothermal

synthesis of the entire sample area.

To evaluate the surface states of samples A and B, XPS was used, and the results are presented
in Fig. 2a-c. The measured XPS spectra of O Is peaks were deconvoluted into three peaks®
using a combination of Gaussian (80%) and Lorentzian (20%) fits, as illustrated in Fig. 2a and
2b. The lower binding energy peak (LP) at 530 eV is related to the O-Zn bonds in the hexagonal
wurtzite ZnO structure. The medium binding energy peak (MP) at 531 eV is related to the
oxygen vacancy that is due to adsorbed O® ions in the oxygen-deficient regions. Finally, the
higher binding energy peak (HP) at 532 eV is associated with chemisorbed or dissociated oxygen

and/or OH" groups on the surface. Among these three peaks, the MP differs remarkably in the
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two samples, revealing that sample A contains more oxygen vacancies than sample B.
Correspondingly, Fig. 2¢ reveals that the Zn 2p;, peak of sample A shifted to a slightly higher
binding energy than sample B. This shift could also be related to the abundance of oxygen

vacancies inducing the lattice constant of zinc to shorten.”'

To verify the XPS data, macro PL spectra of both samples were measured, as shown in Fig. 2d.
The PL spectra of the samples have the typical form of ZnO PL as NBE (near-band-edge)
emission and DLE (deep-level emission).” In the figure, the green emission” related to oxygen
vacancy on the surface was noticeably generated in sample A compared with sample B. The
macro PL corresponding to the XPS data indicated that the two samples clearly have distinct
surface states. We assumed that the distinguished surface states could be attributed to the growth
times of the hydrothermal synthesis because oxygen vacancies decrease with increasing growth

time.

To determine the effect of two surface states on the electrical contact condition between metal
and semiconductor and the resultant contact condition on the performance of the photodetector,
we fabricated MSM-type photodetectors using both samples. The critical factor of electric
contact affecting the performance of a device could be the existence of a Schottky barrier
because its presence strongly affects charge injection and extraction between metals and
semiconductor. The existence of the barrier on both devices was confirmed by measuring the
spatially resolved photocurrent using SPCM, as shown in Fig. 3a, 3d. The one-dimensional data
of the white dashed line in the SPCM images are presented in Fig. 3b and 3e, and indicate that at
the interface between the metal and n-type semiconducting ZnO, sample A has ohmic-like

contact, while sample B has Schottky contact. The inset of Fig. 3e presents the band diagram of
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the double Schottky junction in the MSM-type device. Under equal intensities of light, the
different amount of photocurrent in the two samples could be attributed to the difference in the
ZnO volume and surface-to-volume ratio due to structural effects. A small asymmetric amount of
photocurrent at both side interfaces in sample B (Fig. 3e) is estimated because of subtly different
surface states. The mechanism of dissimilar electrical contacts depending on the surface
conditions can be indicated from the band diagram in Fig. 3¢ and 3f. The oxygen vacancies of
ZnO play a role as donors because missing oxygen leaves free electrons.”* At the interface, the
abundant oxygen vacancies on the surface increase the Fermi level and the depletion width of
Schottky barrier narrows, which causes carrier transfer as field emission and direct tunneling
(Fig. 3¢).”> In contrast to sample A with ohmic-like contact, because sample B has a lower
electron density on the surface than sample A, the relatively wide depletion width forces

electrons to transfer over the barrier as the mechanism of thermionic emission (Fig. 3f).25

The effect of distinct contact conditions on the fundamental performance of photodetectors was
investigated by measuring the /-V characteristics under dark and UV light and the long time
response with UV on/off control, as shown in Fig. 4. The dark current of sample A was much
lower than 5 pA (Fig. 4a). And the dark current of sample B has the typical form of a double
Schottky barrier (Fig. 4d).”® At low bias voltage, the current increases sharply, which is due to
the changing depletion width of the barrier.”® Under illumination of UV light, sample A exhibits
almost metallic conductivity by virtue of its ohmic-like junction (Fig. 4b), while sample B
exhibits a symmetric nonlinear curve due to the back-to-back Schottky barrier (Fig. 4¢). The long
time response under on/off illumination of UV light was also distinguished, as illustrated in Fig.
4c and 4f. With UV light exposure, the photocurrent of sample A increases smoothly and is

saturated. Upon turning off the UV light, the photocurrent decreases as a logarithmic function.
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However, the photocurrent of sample B (Fig. 4f) increases sharply once the light turns on,
followed by a gradual increase. Similarly, the photocurrent rapidly decreases upon turning off
the light and then continued to decrease slowly. The sudden change of photocurrent is attributed
to the Schottky barrier because of two factors: 1) the photo-generated electron-hole pairs are
separated rapidly by the built-in electric field of the barriers and 2) the barriers altered due to
changing of the interface state by desorption of oxygen ions.**’ Those factors could abruptly
affect the carrier transport. After the sudden change of the photocurrent when turning on the
light, a slow increase of the current continues until reaching the equilibrium of the adsorption
and desorption of oxygen ions on the surface according to the ambient oxygen density under the
illumination of UV light.>” When turning off the light, after the sudden decrease of the current, it
decreases slowly until reaching the equilibrium under the dark. Therefore, in Fig. 4f, the red
dashed lines indicate the effect of the Schottky barrier, while the green dashed lines are attributed

to the surface state interacted with the ambient oxygen density.

The influence on Schottky barrier and surface state of the sample which has more growth time
(40 min) than sample B (20 min) shows remarkably different optoelectric properties as
comparing with sample B as shown in Fig. S2. In that case, the sample (growth time of 40 min)
has a dominant influence of the high surface to volume ratio than the effect of Schottky barrier.
In other words, it has higher gain and lower response time than sample B, which could be
considered as two reasons: 1) generally, the gain has trade off relation with response time and 2)
more randomly grown rods could form non-Schottky barriers with metal because of various
energy levels at the junction due to more uneven contact conditions than sample B. Accordingly,
the determination of moderate growth time could be important for a desired functional device. In

our experiments, for achieving the fast response performance, the sample B is more adequate

10
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than the sample with 40 min growth time. In addition, by the growth time, the amount of
photocurrent according to the intensity levels of UV light alters because of the surface to volume
ratio and the light trapping effect due to different structural effect as shown in the Fig. S3, which

could be also another consideration for the desired UV photodetector.

The photosensitivity was measured using the formula (I, — Igari)/laark, Where Ly, is the
photocurrent under UV light and I;,,, is the dark current. The photosensitivities of samples A
and B with active areas of 5 X 5 um? were 27713 and 760, respectively, at 5 V under
illumination of 355 nm (1.315 pW). The high photosensitivity of sample A is due to its low dark
current of 3.5 pA. Using the formula R = (I, — lagrk)/ PareaArea, the responsivity (R) was
obtained. In this formula, P,,., is the intensity of light and Area is the active area of the
photodetector. R of samples A and B is 0.074 and 101.8 A/W, respectively. To confirm the
existence of gain, we calculated the gain using the following formula®® and assuming n = 1 for

simplification:

N, Rhe
G = electron __ =~

Nphoton a qul a T

Gain (G) is defined as the ratio of the number of electrons collected per unit time (Nyjectron) and
the number of photons absorbed per unit time (Nppoton). In the above formula, g is the
elementary charge, h is Planck’s constant, ¢ is the speed of light and A is the incident
wavelength. In the last term, T is the carrier lifetime and 7, is the carrier transit time, which
means that high gain (> 1) can be obtained in our experiment if a photo-generated hole circulates
with a fast transit time while some of electrons are captured in the trap for a long lifetime. The

calculated gain of samples A and B is respectively 0.26 and 355.57 by the second term

11
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(Rhc/nqA) of the formula, which indicates that sample B has high gain despite sample A
containing an ohmic-like junction and plentiful oxygen vacancies that can trap free electrons on
the surface. For the reason, we considered the surface-to-volume ratio, carrier transit time and
changing the depletion width of Schottky barriers once illumination of UV light. Those three
reasons are described as below. First, sample B contains numerous nanorods with high surface-
to-volume ratios. The second reason is that the clearly separated ZnO grating structure of sample
B could enhance the mobility of carrier due to one directional current path, compared with non-
grating structure as a film layer (two-directional structure). Finally, under UV light, increasing
Fermi-level due to photo-generated electron and the remained electron by desorption of oxygen

on the surface could narrow the depletion width of Schottky barriers.”*°

A fast response time to light is one of the essential factors for evaluating a photodetector. Using
a mechanical chopper, as illustrated in Fig. 5a, we measured the fast response time of both
devices at low bias voltage (0.5 V) with chopper frequencies of 500 Hz, 1000 Hz and 2000 Hz.
At 500 Hz, sample A has a more distorted response current shape (Fig. 5b) than sample B (Fig.
5¢). We estimated that the reason for this difference could be the capacitance effect in the

. 3132
device.””

Because the sample A has narrower depletion width of metal contact and more
oxygen vacancies than sample B, it could have a larger capacitance than sample B. Another
phenomenon resulting from its capacitance is that the response current level of sample A

decrease with increasing chopper frequency (Fig. 5b and 5d). However, notably, the level of

sample B does not decrease (Fig. 5S¢ and 5d) until a chopper frequency of 2 kHz.

Fig. Se shows the enlarged response current shape of sample B (back-to-back Schottky barriers

ZnO UV photodetector) at a chopping frequency of 2 kHz. In the figure, when turning on the

12
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light, the response current reaches the completely saturated current level (the top blue dashed
line). The non-distorted response current has a very fast rising time (43 psec) and falling time
(54 upsec) based on 10%-90% of the current level between red dashed lines. Ultimately, the
reason for the fast response time of sample B could be attributed to the back-to-back Schottky
barriers resulting from modulated ZnO surface state and the grating structure providing a
directional current path. From the comparison of the fast response time with other ZnO UV

33-35 .
1°°7°, our device

photodetectors exhibiting below several millisecond response times in Table
has extremely faster response time. However, the on/off ratio is low as 10.04. As mentioned
before, the gain (on/off ratio) has trade off relation with response time. Therefore, if we obtain an
increased gain, the response time could be slowed. Furthermore, other ZnO devices in the Table
1 have a heterojunction and/or nanowire structure, which require high-cost and time-consuming
fabrication, making it difficult to produce commercial devices. In contrast, our novel back-to-
back Schottky barrier ZnO UV photodetector fabricated by UV-NIL with hydrothermal synthesis

could provide the feasibility because the approach involves an easy, simple and low-cost method,

additionally enables mass production via the roll-to-roll process.

Conclusion

In summary, we produced easily and low-costly an ultrafast response ZnO UV photodetector,
which is attributed to the formation of Schottky barriers, without additional post-processing, due
to the modulated growth time of hydrothermal synthesis, and the directional current path owing
to the ZnO grating structure by position-controlled patterning method of UV-NIL. We believe

that, to the best of our knowledge, by the fabrication of UV-NIL with hydrothermal synthesis, we

13
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achieved firstly high performance of ZnO UV photodetector comparable with ZnO nanowire
and/or complex heterojunction structural devices. Our report could encourage scientists and
engineers for the high performance of optoelectrical devices fabricated by UV-NIL with

hydrothermal synthesis.
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Figures

Sample A

Fig. 1 Schematic illustrations of sample A (a) and B (b) on SiO,/Si substrates. SEM images of
sample A (b, c) and B (e, f). The top views of samples (b, €) show the ZnO grating structure with
1 pm period. Cross-sectional view of sample A (c¢) and B (f). The inset shows the top view of the

expanded SEM images with a 100 nm scale bar.
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Fig. 2 (a, b and ¢) XPS data for samples A and B. (a, b) The Ols peaks were deconvoluted to LP

(blue), MP (purple) and HP (green). (c) Zn 2ps3,; peaks of samples A and B. (d) Macro PL spectra

of samples A and B.
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Fig. 3 (a, d) Spatially resolved photocurrent images of samples A and B. (b, ¢) The white dashed
line in (a) and (d) indicates the one-dimensional photocurrent. The inset of (e) shows the band
diagram of the double Schottky barrier in the MSM-type device. (c, f) Band diagrams of the

interface between Ti metal and n-type semiconducting ZnO.
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Fig. 4 Current-voltage characteristics of samples A and B in the dark (a, d) and under
illumination with a 355 nm laser at an intensity of 2.4 mW (b, e). (¢, f) Long time response of
samples A and B at 2 V bias voltage for the on/off condition of UV light. The red dashed arrows

indicate the Schottky effect, while the green dashed arrows show the effect of adsorption and
desorption in (f).
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Fig. 5 (a) Schematic illumination of fast response time measurement and the MSM type grating
structural ZnO photodetector. (b, ¢) Response of samples A and B at 0.5 V bias voltage under
355 nm laser illumination (4.9 mW) with chopping frequencies of 500, 1000, and 2000 Hz. (d)
(Imax — Imin)/Imax based on the chopper frequency. (e) Expanded graph of (¢) from 140 to 700
us.
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Table 1. Summary of ZnO UV photodetectors with rising and falling times of less than several

milliseconds.

Materials Device structure Wavelength (nm)  t.(ms) tr(ms) R (A/W) G Ref
ZnO NRs grating structure ~ M-S-M (Schottky) 355 0.043 0.054 22.1 77.2 This work
ZnO/GaN nanowire P-N junction 325 0.02 0.22 - - 33
ZnO nanowires M-S-M (Schottky) 370 0.2 0.3 - - 34
Graphene/ZnO NR array Schottky junction 365 0.7 3.6 113 385 35
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TOC Graphics and Summary:
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“Nanostructured ZnO UV photodetector produced by UV-NIL with

hydrothermal growth achieved ultrafast response time.”



