Nanoplasmonic 1D Diamond UV Photodetectors with High Performance
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ABSTRACT: Diamond nanowires have recently drawn substantial attention due to their unique
physical and chemical properties for electrochemical sensors, optoelectronics, and nanophotonics
applications. However, diamond nanowire based ultraviolet photodetectors have not been reported
because of the challenges involved in synthesizing crystalline diamond nanowires with
controllable morphologies and, more fundamentally, the material’s high carrier concentration with
low mobilities that limits the obtainable photoresponsivity. The synergetic integration of
ultrananocrystalline diamond (UNCD) nanowires with nanoplasmonic enhancement by noble
metal nanoparticles is a very promising approach to overcome these shortcomings. Here we report
the fabrication of boron doped ultrananocrystalline diamond nanowires functionalized with the
platinum nanoparticles to form self-powered UV photodetectors that exhibit an ultrahigh
photoresponsivity of 388 Amp/Watt at 300 nm wavelength, a fast response time around 20 ms,
and a good UV/visible rejection ratio of about five orders of magnitude under zero-bias condition.
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1. INTRODUCTION

As a natural insulator with 5.5 eV bandgap, pure diamond can be doped with boron as an accepter
or nitrogen as a donor during the synthesis process to form p- or n-type semiconductors. Because
of its superior mechanical strength, excellent chemical stability, high thermal conductivity and
high breakdown electric field, doped diamond is considered the ultimate semiconductor for
miniaturized power electronics', optoelectronics? and nanophotonics®*. On the other hand, in the
last decade, the development of one-dimensional (1D) or quasi-one-dimensional (Q1D) diamond
nanowire electronic and optoelectronic devices has been intensely investigated by research
communities.>® One particular application for these low dimension nanowire (NW) devices is
ultraviolet (UV) photodetectors (PDs) that satisfy the “5S” requirements: high sensitivity, large
signal-to-noise ratio, good spectral selectivity, fast response speed and high stability.

Although a variety of materials, including ZnO,” GaN,'% SiC,!! and BN,!? etc., have been



demonstrated in constructed nanowire UV photodetectors, these devices face challenges of low
power consumption, long-term stability especially at high temperature, a high UV to visible
rejection ratio, and low manufacturing cost of large aperture devices. Various synthetic diamond
thin films of different morphologies, such as single-crystalline diamond (SCD),!3"
microcrystalline diamond (MCD),!® sub-microcrystalline diamond (SMCD),!® polycrystalline
diamond (PCD)," and nanocrystalline diamond (NCD),%° have been used to develop UV
photodetectors with different device structures like PIN photodetectors,?' Schottky photodiodes,??
metal-semiconductor-metal (MSM)?* and field emission'® UV photodetectors. However, to date,
no study has shown either the photo-detecting capabilities of ultrananocrystalline diamond
(UNCD) material or any evaluation of its UV photodetector performance. Hence it is of
considerable interest to achieve a high performance photodetector similar to SCD based devices
by reducing the influence of defects associated with UNCD material such as the grain boundaries
and sp?/sp® mixture, and furthermore, to overcome the limit of electrical transport in diamond
materials caused by its high carrier concentration with low mobilities. To optimize electronic
transport, careful consideration of the device design is necessary. The two important material
related parameters are the Debye length Ap. and mean free path Ayep which are given by?*

(1)

and
AMFP = UTm (2)

respectively, where & is the dielectric constant, & = 8.85x107'2 C*(N m?) the permittivity of free
space, kg = 1.38x102 J/K the Boltzmann constant, T the temperature in Kelvin, ¢ = 1.6x107!° C
the elementary charge, Np the net density of dopants, v the average drift velocity of charge carriers
and 7, the momentum relaxation time. For boron doped UNCD samples used in this study, the
typical values of these physical parameters we used were 7' = 300 K (room temperature), & = 5.6,
Np = 2.4x10"% cm?, v = 107 cm/s, and 7,  50x10715 sec.?® According to eq 1, the estimated Apz
= (0.5 nm, while eq 2 gives Aurp # 5 nm. Since B-UNCD material has a mean free path Amrp on
the order of just a few nanometers, and a Debye length which is even smaller, its success has been
limited to such applications as electrochemical electrodes in the near-metallic regime.?® Hence the
optimal device dimension needs to be downsized to nanoscales because only the charge carriers
within the Debye length contribute to the conductivity change. Otherwise, the photoexcited
electron and hole recombine before they are collected by the metal contacts.

In the present paper, we propose a new design strategy for high performance UNCD devices:
the nanowire (NW) geometry enhanced with metal nanoparticles (NPs). With a theoretical
sensitivity limit of a single photon,?” nanowire features a large surface-to-volume ratio, a small
active area, and a tailored device dimension comparable to its Debye length. On the other hand,
the surface modification with noble metal nanoparticles significantly enhances the UV absorption,
electrical transport, and electrochemical properties. The combination of the confinement of 1D
nanostructure with the nanoplasmonic effect of metal nanoparticles makes the best use of the
unique material properties of UNCD. The dangling bonds on vast nanowire surfaces trap holes
which reduce electron-hole recombination and thus prolongs the electron mean free path, while
the surface functionalization using metal nanoparticles enhances UV absorption through the
nanoplasmonic effect, collecting and transporting photoexcited electrons to the electrodes.



2. EXPERIMENTAL SECTION

The materials used in this study are boron-doped ultrananocrystalline diamond (B-UNCD) films
on Si substrates that are synthesized using a Hot-Filament Chemical Vapor Deposition (HFCVD)
technique. The synthesized B-UNCD thin film is 100 nm thick with a 1 pm SiO» sacrificial layer
underneath. In contrast to microcrystalline diamond (MCD), sub-microcrystalline diamond
(SMCD), polycrystalline diamond (PCD) and nanocrystalline diamond (NCD) thin films, the
UNCD thin films have a very flat surface and excellent thickness uniformity, because of the small
grain size’®* from the unique UNCD growth mechanism in the Ar-rich environment. A more
detailed description of the CVD equipment and UNCD synthesis can be found in our previous
work.3%3! After synthesis, the nanoscale morphologies of UNCD films were characterized using
scanning electron microscope (SEM), energy dispersive X-ray analyzer (EDX), and atomic force
microscope (AFM). The SEM (Horiba Company, USA) was used in combination with an EDX
operating in high vacuum to achieve clear SEM images and accurate EDX analyses.

The UNCD nanowire arrays were then fabricated using a top-down technique. This process
typically involves electron beam lithography (EBL) patterning for the nanowire structures and
two-step RIE etching processing. Additional details regarding the nanowire fabrication can be
found in our previous studies.®*! The electrodes were finally added to the fabricated UNCD
nanowires. After the deposition of a 10 nm thick low work function material (Ti) onto the UNCD
film, a high work function material (Au) with a thickness of 100 nm was deposited to form 10/100
nm titanium/gold (Ti/Au) electrodes on the UNCD thin film. After this, hydrogen silsesquioxane
(HSQ) was coated at the top, and the patterns were exposed across the electrode-coated supporting
pads patterns.

In order to activate the nanoplasmonics, platinum nanoparticles to be deposited on UNCD
nanowires were extracted from a platinum wire with 99.98% purity that was initially placed about
10 cm above the fabricated UNCD nanowire sample. The Pt wire was then connected to water-
cooled electrodes. After the chamber pressure was evacuated to less than 107 Torr, argon gas of
99.99% purity was filled into the chamber. With an Ar gas flow rate of 0.1 LPM, and a chamber
pressure of 50 mTorr, the Pt nanoparticle deposition was accomplished with an electrical input
power of 100 Watts for 10 seconds.

3. RESULTS AND DISCUSSION

Figure 1(a) is the schematic of UNCD nanowires with two electrode pairs: an external pair of the
electrodes labeled 4 and D and an internal pair B and C. Between each electrode pair, there are
110 nanowires in total. The gap between any two adjacent nanowires is 1 um and the electrodes
were spaced by 5, 10, and 20 um apart in sequence. This design makes use of the four-point probe
measurement of sensing performance that efficiently minimizes the polarization effect, the
possible carrier trapping and space charges.?>* Figure 1(b) and 1(c) show SEM images of UNCD
NWs between two electrodes and enlarged nanowires with an estimated width of around 70 nm.
The fabricated UNCD nanowire photodetector platform was 150 umx635 pum in size, consisting
of 330 UNCD nanowires between four electrode pads. The total top surface area of the UNCD
nanowires is 270 pm? (70 nmx35 umx110) between the pair of external electrodes and 77 pm?
(70 nmx10 umx=110) between the pair of internal electrodes. After fabrication was completed, the
sample was annealed at 150 °C for 5 minutes in the probe station chamber, assisted by a LakeShore
temperature controller.

AFM was used for determining surface topography at sub-nanometer resolution. As shown in



Figure 1(d), the B-UNCD NW surface shows a dense and uniform grain distribution with a surface
roughness of less than 4.5 nm RMS. The obtained flat, smooth and conformal surface made of
nanoscale-sized diamond particles confirms that ultrananocrystalline diamond was synthesized
from this unique growth mechanism. The B-UNCD surface was further tested by using room
temperature micro-Raman Spectroscopy equipped with a Jobin—Yvon T64000 Triplemate
technique (HORIBA Scientific Co., USA). A microscope focuses the 514.5 nm Ar" laser onto the
sample surface. Figure 1(e) shows the typical Raman spectrum where the intense peak at 1332
cm™! labeled with D band represents a significant amount of sp>-bonded carbon in the UNCD film.
The peak labeled with G band at ~ 1580 cm! indicates the presence of sp?>-bonded carbon, as actual
UNCD films exhibit pure sp® (diamond) carbon bonds in the grains and an sp*/sp? mixture in the
grain boundaries. As indicated by the broadened D band, the UNCD film contains a large amount
of randomly oriented diamond grains surrounded by an sp>-bonded carbon sheath.2%2-3
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Figure 1. (a) Schematic of nanowire B-UNCD photodetectors with four electrodes (A, B, C and
D); (b) SEM image of the nanowires between two electrodes; (c) the enlarged SEM image of the
nanowires; (d) AFM image of B-UNCD surface; and (e) its Raman spectrum.

The functionalization of UV photodetectors has been reported by using aluminum,* platinum
(Pt)*® and silver’’ nanoparticles with different photo-detecting materials. It has been well
established®® that the spectral red shift of the localized surface plasmon resonance increases with
the size of metal nanoparticles. However, in our case, the nanoparticle size is ultimately limited by
the width of UNCD nanowire. Figure 2(a) shows the scattering cross sections as a function of the
exciting light wavelength which is simulated by the MNPBEM code using a boundary element
method to solve the full Maxwell's equations, developed by Hohenester and Triigler.** For
simplicity, the studied nanoparticle is modeled as a nanodisk with a diameter of 30 nm and a height
of 15 nm on top of the UNCD substrate excited by a plane electromagnetic wave, although the
nanoparticle size, shape, aspect ratio and the gap between nanoparticles can be further optimized.
The MNPBEM simulations rely on the dielectric functions tabulated by Werner*® for different
nanoparticles. As shown in Fig. 2(a), plasmonic scattering occurs for all three nanoparticles in the



UV spectral range of 100 — 400 nm. The main consideration to choose platinum in this study was
its chemical stability in harsh environments.

Figure 2(b) shows the schematic of functionalized UNCD nanowires with Pt nanoparticles that
were coated directly in a plasma sputtering chamber. Although these Pt nanoparticles of random
shapes had an average size of 20-30 nm, they were deposited on one side of the nanowires because
of the plasma deposition process. This distribution should not affect the detector performance since
only this side of UNCD NW coated with Pt functionalized was exposed to the UV radiation.
Finally, an internal pair of electrodes (B and C) was directly connected to an electric meter Vig,
and an external pair of electrodes (4 and D) was connected to a precise resistor, an electric meter
VEg, and a power supply Vo to form a prototypic PD as shown in Figure 1(a). A cylindrical type
of UV light source was used to test the fabricated UV photodetector prototype. The basic current-
voltage (I-V) electrical properties of the prototype were evaluated using either the internal or
external pair of electrodes, and results are shown in Figure 2(d). It is obvious that the I-V curve of
the plasmonic UNCD nanowire photodetector appears to be nonlinear. This is related to its boron
doping mechanism where the hybridized C atoms in the sp®> bonds are substituted by B atoms
which are integrated within the nanocrystalline diamond grains. Once the conductive electrodes
are deposited onto the B-UNCD, Schottky contacts may form that yield a nonlinear I-V curve.
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Figure 2. (a) The simulated scattering cross sections for aluminum, silver and platinum
nanoparticles as a function of the incident light wavelength (inset: the metal particle as a nanodisk
of 30 nm diameter by 15 nm height on top of the B-UNCD substrate (not drawn to scale)); (b)
schematic of the B-UNCD nanowires functionalized with Pt particles; (c¢) SEM image of the B-
UNCD nanowires coated with Pt nanoparticles; and (d) the I-V electrical property of the UV
photodetector.

The performance of the photodetectors has been characterized under zero bias voltage when
exposed to square-shaped temporal distributions of 350 nm UV radiation at an intensity of 1
mW/cm?. The typical responses of external electrodes-based and internal electrodes-based B-
UNCD prototypes are shown in Figure 3(a). The PD displays a quick, well-defined response with
either pair of electrodes. From the external electrodes-based PD, radiation of 350 nm UV light



with a 1 mW/cm? intensity yields an induced photocurrent up to 0.55 pA whereas it is about 0.31
PA from the internal electrodes-based PD. The induced photocurrent is directly caused by the B-
UNCD absorption of the UV photons scattered by the platinum nanoparticles. The photonic energy
of the UV light absorbed by the active nanowires excites the valence electrons. The nanowire based
photodetectors possess a large surface-to-volume ratio that can significantly increase the number
of surface trap states and prolong the photocarrier lifetime, plus the reduced dimensionality
effectively shorten the transit time. Interestingly, it is found that the PD time profile has sharper
edges with the internal electrodes than that with external electrodes, indicating shorter response
and recovery times.

Spectral response of the fabricated plasmonic nanowire UV PD is investigated in order to
determine the sensing selectivity as well as the level of visible blindness. Various light sources
including Pen-Ray Deep UV lamps and LEDs with different wavelengths were used to characterize
the response selectivity of the prototypes. Figure 3(b) shows the spectral response in the
wavelengths ranging from 186 nm to 550 nm where the peak sensitivity at 300 nm is clearly
observed. The response at longer visible wavelengths decreases rapidly, having a UV-Visible
rejection ratio R300/Rsso on the order of 10°. The actual response R; for a given wavelength is
quantified according to the definition of R; = I,/W; where I, is the induced photocurrent and W is
the incident light power on the UNCD nanowire surface. Since the UNCD nanowires have a total
exposure area of 270 um? and 77 um? for the pairs of external electrodes and internal electrodes,
respectively, Ry exx=207 A/W, and R;,ins =388 A/W at 300 nm. The red shift of the photosensitivity
peak wavelength is due to the scattering cross section of the Pt nanoparticles, increment in midgap
states corresponding to boron doping, the presence of sp>-bonded carbon phases in grain
boundaries, B3O and B4O defects, and nano-Schottky junction formed by the Pt nanoparticles and
the B-UNCD nanowires.*!"* Further investigation is needed to identify the contribution of each
factor to the red shift we observed here.
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Figure 3. (a) Time-dependent photocurrent responses of the PDs from the external electrodes and
internal electrodes when illuminated by 350 nm light with various intensities at 0 V bias; and (b)

PD spectral responsivity from external electrodes with different radiation with an intensity of
ImW/cm? at 0 V bias.

An important photodetector parameter is the dark current, which is shown in Figures 4(a) and
(b). It can be clearly seen that the fabricated PD has high stabilities in both the baseline and
response, corresponding to the off and on period of the light source. The dark current is relatively



small; its magnitude fluctuated between 0.07 and 0.05 pA, whereas the induced photocurrent was
around 3 pA. Correspondingly, the obtained signal-to-dark current ratio was up to 60. The
topological and bond disorders at the ubiquitous grain boundaries in UNCD films impart qualities
of this material where carrier transport is driven by hopping transport mechanisms, with low carrier
velocity, which would normally result in long response times. Since Pt nanoparticles were used to
functionalize UNCD NWs in the present work, fast-response from UNCD based PDs became
possible. Nano-Schottky junctions on the surface of the doped UNCD wires, and possible
nanoparticles’ field emission effect would play key roles in enhancing UV detection capabilities.*’
As seen in Figures 4(c), fast response time of around 20 ms has been achieved. Definition of the
rise or recovery time is the time taken for the amplitude of a pulse to increase from a 10% to 90%
of the maximum value, or vice versa. Several factors might affect the accuracy in the measurement
of the response and recovery times. One major factor is the time lag for the UV source (lamp) to
obtain a stable state once power is either supplied or terminated. This time lag could easily increase
the measured response and recovery times by several milliseconds. It should be mentioned that
there could be several sources of error or uncertainty in other measurements too. For example,
these error sources could rise from misalignment of the UV light, emission peak determination,
and the power supply stability for deep UV light, etc. After making comparison of all data from
repeated experimental data, we can conclude that the relative error should be less than 10% in all
reported results.
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Figure 4. (a) The induced photocurrent from the external electrodes when exposed to square-
shaped temporal distribution of 300 nm light at zero bias, (b) dark current, and (c) typical
photocurrent rise and recovery time.

A comparison of the reported performance parameters is listed in Table 1 for state-of-the-art
diamond-based UV photodetectors. Our 1D UV photodetector has the highest photoresponsivity
of all reported diamond based UV photodetectors. Moreover, it has a fast rise and decay time, in
the order of milliseconds. The dark current and UV to visible rejection ratio are better than most
of the devices reported previously. Another big advantage is the self-powered operation of the UV
photodetector. These performance parameters are comparable with similar devices made of other
materials.

Table 1 Comparison of the key device performance of the recently reported thin film and
nanowire diamond based UV photodetectors.



Material Device | Peak Dark UV/ |Responsivity| Bias |Response| Ref
(F): film |Geometry| A\ current | Visible (A/W) |voltage| time
(nm) ratio (V)
SCD (F) MSM 220 | NEP ~ 10* 0.177 5 - (16)
0.5 pW
SCD (F) MSM 210 | 1.1 pA 10* 0.048 5 ~80's (46)
SCD (F) MSM 218 | 5 uA 8.9x10° [21.8 50 - 47)
B-SCD (F) | MSM 210 | 10 pA 10° 230 10 - (48)
B-SCD (F) | Schottky | 220 | ~1 pA 2x10° 1 2 ~1s (49)
B-SCD (F) | Schottky | 220 | - 10° 5.5x107 0 03s (50)
B-SCD (F) [MSM+ |225 |1pA 10° 0.028 5 - (35)
Al NPs
SCD (F) PIN 190 | S/AN=10° | 10° 0.01 0 160 s (21)
MCD (F) MSM 220 |5 puA - 16.2 6 ~20 (51)
min
S-MCD (F) | Field 220 |- - 0.01 - ~ms (18)
S-SMCD Emission
(F)
S-NCD (F)
PCD (F) MSM 200 |<0.1nA |10° - 0.1- [150ms | (19)
10
PCD (F) MSM 220 | <0.1nA |>10° 1.625x10* | 2x10° | - (52)
V/cm

NCD (F) MSM 365 | 0.2mA - - 5 ~1's (20)
UNCD Schottky [ 300 [ 0.07 pA | 10° 388 0 20ms | This
nanowire + Pt NPs work

4. CONCLUSIONS

In conclusion, by taking advantage of the small surface roughness of superflat UNCD, highly
precise NW arrays were fabricated and functionalized with platinum (Pt) nanoparticles. Self-
powered, visible-blind nanoplasmonic 1D diamond UV photodetectors have been demonstrated
for the first time, giving rise to a dramatic improvement in device performance over the reported
UV photodetectors based on diamond thin films. The photo response was characterized at different
wavelengths. The zero-biased UV photodetector has shown ultrahigh performance parameters
including a peak photoresponsivity of 388 AW! at 300 nm and a rapid response time of about 20
ms, which are among the best of all reported diamond based UV photodetectors. Furthermore, the
device performs with excellent stability and repeatability. Apart from a small dark current of 70
nA, the UV/visible rejection ratio is on the order of 10°. In addition, it has also been observed that
the peak photosensitivity occurred at 300 nm. This is attributed to the factors such as the boron
doping, nanoplasmonic resonance of Pt nanoparticles, the excitation of boron doped diamond
nanowires, and nano-Schotty junctions. Further research is needed to quantify these effects for the
design of desired photosensitivity peak shift. The estimated mean free path and Debye length, both
on the order of nanometers or less, make it necessary to use a nanowire structure to increase the
photo current for diamond based devices. Although the width of UNCD nanowires reported in the
present work was limited by the UNCD surface quality and the fabrication technology employed,



it is expected that a better performance of such a device could be obtained if the nanowire width
could be further reduced. As indicated by the nanoplasmonic simulation, a proper choice of metal
nanoparticles could play a critical role to further enhance UV absorption and carrier transport,
providing a much higher photocurrent. These results suggest the great applicational potential of
UNCD nanowires functionalized with metal nanoparticles as a low cost diamond platform for large
aperture UV photodetectors, imaging arrays, and nanophotonics applications.
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Table 1

Material Device | Peak Dark UV/ |Responsivity| Bias |Response| Ref
(F): film |Geometry| A current | Visible (A/W) |voltage| time
(nm) ratio (V)
SCD (F) MSM 220 | NEP ~ 10* 0.177 5 - (16)
0.5 pW
SCD (F) MSM 210 | 1.1 pA 10* 0.048 5 ~80 s (46)
SCD (F) MSM 218 | 5 uA 8.9x10° [21.8 50 - 47)
B-SCD (F) | MSM 210 | 10 pA 10° 230 10 - (48)
B-SCD (F) | Schottky | 220 | ~1 pA 2x10° 1 2 ~1s (49)
B-SCD (F) | Schottky | 220 | - 10° 5.5x107 0 03s (50)
B-SCD (F) [MSM+ |225 |1pA 10° 0.028 5 - (35)
Al NPs
SCD (F) PIN 190 | S/AN=10° | 10° 0.01 0 160 s (21)
MCD (F) MSM 220 | 5puA - 16.2 6 ~20 (51)
min
S-MCD (F) | Field 220 |- - 0.01 - ~ms (18)
S-SMCD Emission
(F)
S-NCD (F)
PCD (F) MSM 200 |<0.1nA |10° - 0.1- [150ms | (19)
10
PCD (F) MSM 220 | <0.1nA |>10° 1.625x10* | 2x10° | - (52)
V/cm

NCD (F) MSM 365 | 0.2mA - - 5 ~1's (20)
UNCD Schottky [ 300 [ 0.07 pA | 10° 388 0 20ms | This
nanowire + Pt NPs work

27



