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ABSTRACT

The focus of the present work is the development of a broadband UV photodetector (PD) based on a
superflat Boron doped ultrananocrystalline diamond (UNCD) nanowire (NW) arrays functionalized with
Pt nanopartciles, wish is capable of withstanding high operating temperatures. The Pt nanoparticle
functionalized UNCD NW arrays based photodetector exhibits an extremely large responsivity (1,224 A/W)
to 300 nm light radiation at zero bias while taking advantage of diamond’s unique stability as evidenced by
its ability to function at temperatures as high as 200 °C Additionally, the investigated PD has a fast response
time as short as 17 ms.

Introduction

Current needs in applications such as space exploration and Earth’s surface incident radiation
monitoring have imposed new requirements on the next generation of deep UV detectors. In
particular, reduced energy consumption, enhanced resistance to the performance degradation at
high temperatures and high portability appear to be extremely important properties for a growing
demand of crucial applications!. Recent progress has been made towards achieving these goals.
Several nanostructured wide bandgap materials based detectors have been developed®>+.
However, designing a multi-functional material simultaneously exhibiting desired properties in
PDs still remains a challenge.

With this in mind, we aim at creating a cost-effective, high-performance UNCD based UV PD that
satisfies the market needs of high-temperature and self-power operation. Diamond has attracted
significant interest as a promising candidate for UV sensing applications due to its wide bandgap,
chemical stability and robustness. Diamond also has excellent mechanical hardness and tunable
band-gap via doping™¢. The undoped single-crystal diamond has a band-gap of 5.5¢V’%. Lansley
and his group used natural and synthetic diamond to achieve a very fast time response (less than
microsecond) when these detectors were radiated with pulsed laser beams®. Pace and his group
used both single crystalline and polycrystalline diamond films to develop two types of
photoconductive detectors!?. The obtained experimental data suggested that single crystalline
diamond based detectors had much higher sensitivity than the PD using polycrystalline diamond
11,12

However, natural single crystalline diamond is very expensive, whereas either nanocrystalline
diamond (NCD) or micropolycrystalline diamond (MCD) films have rough surfaces, with which
no precise nanostructures for electronic devices can be made. In contrast, UNCD has excellent
film thickness uniformity with extremely low surface roughness independently of its film
thickness. Furthermore, UNCD can be obtained from a reliable and cost-effective production
method which yields consistent UNCD material properties. Our research presented in this paper
focuses on the functionalization of superflat ultrananocrystalline diamond (UNCD) material with
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Pt nanoparticles from which nanowire arrays have been fabricated for the development of novel
self-powered UV PD devices.

The rationale for the work is based on the fact that Pt nanoparticle functionalized UNCD NW
based photodetectors would drastically improve the response times because of their large
surface-to-volume ratios, one-dimensional nanostructures UNCD NW with Pt particles in the
surface of the NWs are an essential block to fabricate a field-effect transistor (FET).

It is expected the Pt on the surface of the NWs may change the conductance by changing the
surface charges and states, this changes the gate potential, the work function and band alignment,
resulting in a gate coupling, and a change in carrier mobility. All of these will be regarded as a
floating gate effect on the conducting channel of the FET. The strong local electric field at the
reversely biased Schottky barrier area will quickly separate the photon-generated electrons and
holes, which reduces the electron-hole recombination rates, this reduce the power consumption,
increase the portability and enhance the signal-to-noise ratio'3. The obtained experimental data
clearly indicates that the newly designed PD exhibits high photocurrent and outstanding
responsivity to both UVB and UVC radiations at zero applied voltage while taking advantage of
diamond’s unique stability as evidenced by its ability to function at temperatures as high as 300
°C. Additionally, the investigated PD has fast response times of less than 17 ms. Few materials
reported so far, if any, possess such a desirable set of UV sensing performance characteristics.

SYNTHESIS

The boron-doped UNCD thin film were synthesized by Advanced Diamond Technologies, Inc.
The UNCD films were synthesized with the microwave plasma chemical vapor deposition
(MPCVD) system (Lambda Technologies Inc.), using a standard deposition procedure. The UNCD
films were grown at a substrate temperature of 760 °C, a microwave power of 2100 Watts, and an
Ar/CH4/H; gas mixture with flow rates of 400/1.2/8 s.c.c.m, respectively. Throughout the UNCD
deposition, the chamber pressure was maintained at 120 mbar. The UNCD growth procedure was
performed on a silicon wafer substrate for 1 hour which resulted in an 80 nm thick UNCD film
deposition. As a source of boron was use Trimethylboron (TMB, i.e., B(CH3)3) for the doping.
For More details regarding the synthesis process of UNCD growth and doped process are described
elsewhere!41:16.17,

UNCD nanowire (70 nm in width and 35 pm in length) arrays were then fabricated by
using top-down based lithography techniques. A detailed description of the crystalline structure
and surface morphology characterization, electron beam lithography and nanowire array
fabrication can be found in the references!!!%!8,

Finally, using a sputtering method 10 nm Aluminum/100 nm platinum pair were deposited
as electrodes (Ohmic contacts) onto two sides of the UNCD nanowire arrays and in the process Pt
nanoparticles was functionalize on the surface of UNCD nanowires resulting in individual
punctual Schottky contacts in surface of the NW . The fabricated nanowire device was then
annealed at 150 °C for 5 minutes in the probe station chamber with a LakeShore temperature
controller.

It should be mentioned that at zero bias, no induced photocurrent could be detected from
the two Ohmic contact based PD exposed to deep UV light radiation. It was also noticed that the
carrier transport of UNCD relied on hopping transport mechanisms resulted in a low carrier
velocity. In other words, the UNCD films based PDs had very poor performance. Therefore, very
few groups work on it even though UNCD is much cheaper than single crystal diamond. In the
present paper, Pt nanoparticles have been used to functionalize the surface of UNCD nanowires in
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an attempt at improving the performance of a UNCD based PD. The prototype forms a non-
symmetrical Schottky contact device containing a Schottky barrier (SB) contact at one side of the
device and an ohmic contact at the other side for each Pt nanoparticle on the UNCD wire surface.
The entire device can be regarded as a nanowire connected in series with a SB diode (one for each
Pt nanoparticle). The Schottky contact area in each wire constitutes the bottleneck for the current
transport in the device. The original SB height ¢sg is determined by the work-function difference
between the metal and Pt nanoparticles on the surface of the UNCD wires and the interface states.
The current passing through the Schottky contact is very sensitive to the Schottky barrier height
and barrier width. Light irradiation at or near the SB area can change the local electric-field
distribution, and thus cause the variations of the SB height and width, resulting in a detectable
current change!!-

Images

Figure 1a shows the SEM image of the fabricated UNCD NWs with a length of nearly 35 um, which are
connected to the Al/Pt electrodes. The gap is approximately 1 um between the UNCD NWs. Figure
1b shows an enlarged SEM image of a typical single wire, from which one may estimate that each
wire consists of tiny UNCD nanoparticles with a diameter of about 5-7 nm. A detailed
characterization of the UNCD with a high resolution transmission electron microscope can be
found in our previous reports':!2, The UNCD NWs have an average width of 70 nm.
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Figure 1 (a) SEM image of the UNCD nanowire array, (b) an enlarged image of a single UNCD
NW, and (c) a typical Raman spectrum of the boron-doped UNCD wire array.

Raman Spectroscopy

Raman scattering is a powerful, semi-quantitative method to examine the diamond structure
because the sp? and sp? carbon bondings are very sensitive to Raman scattering. Figure 1¢ shows
a typical Raman spectrum of the boron (B)-doped UNCD wire arrays by using a triple
monochromator with an excitation wavelength of 514 nm from an Ar"* ion laser and a microscope
to focus the laser beam onto the NWs. Two broad bands at 1332 cm and 1595 cm, respectively,
are clearly visible that have been assigned to the regular D band and G band. Normally, the G band
is from the sp? carbon bonds, indicating the synthesized sample is a carbon mixed UNCD material.
The broad Raman spectral intensity taken at the D band (1332 cm™) from sp? carbon bonds proves



that the material is indeed diamond. Broadened profile of the D band could be related to the
polycrystalline structure of randomly oriented grains or the nano-scale effect?.

Prototype

To understand the electrical properties, the fabricated UNCD NWs were connected to a basic
electric circuit to form the prototype. Fig. 2 shows a schematic diagram of the prototypical
photodetector. Two external conductive electrodes installed at two ends of UNCD nanowires were
serially connected to a precision resistor Rprecise, @ switcher, and a step-up/step-down voltage
regulator V, (Keysight E3643A power supply). The set-up also consisted of two HEWLETT
34401A programmable electronic multimeters (Vi and V2) monitored by a Labview program, from
which the variations of the two Voltages (Vprototye: Va2 'Vl) and the current (Iprototype:Vl/ Rprecise) in
the prototype were recorded. A tungsten filament and a thermocouple were used as a controllable
heater for obtaining a desired operating temperature.

s UV light Al/Pt
@ electrode
Y

Substrate

Precise
resistor

Power su pply Vo

Figure 2 Schematic setup of the prototype.

Electrical Properties

Even though one of the focuses of the present work is the ability of the PD to operate at zero bias
and for this case V»=0, it is still necessary to understand how the bias affects the properties of the
UNCD nanowires based detector. Typical responses at different reverse biases are shown in Fig.
3. In Figure 3a we can see that the fabricated photodetector displays a quick, well-defined response.
A higher bias voltage yields a higher induced photocurrent and a larger responsivity (ratio between
the output photocurrent and the input UV light power). As seen in Figure 3a, the obtained
photocurrents (I,z) at -1, -2 and -2.5 V bias are approximately 6, 14 and 29 times larger,
respectively, than that at zero bias. This characteristic is much better than that of the reported SiC,
diamond and other oxide semiconductors based detectors, although the measures were taken at
higher bias?!-*22324_ Furthermore, a fast response time and recovery time were also observed
regardless of the applied bias.
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Figure 3 (a) Bias effect on the response when UNCD NWs based photodetector was cycled with
a period of 2 minutes between the “switch-on” and “switch-off” of the 250 nm UV light radiation
at room temperature, and (b) the electrical current as a function of bias with and without UV
radiation.

A slight variation of the baseline was also observed in Fig. 3a, as the reverse bias from
the power supply was increased. Following an increase of bias magnitude the dark current
unavoidably increased as well as the noise level. Therefore, the signal-to-noise ratio did not
improve significantly as the bias magnitude was increased. Fig 3b shows the typical current-
voltage reverse bias characteristics in dark and 250nm UV light at room temperature. Nonlinear
current-voltage curve was observed at applied bias, which indicates a Schottky diode behavior of
the NWs/Pt contacts.

Characterization Responsivity

When the photodetector is exposed to UV light, the photonic energy is absorbed by the valence
electrons, which leads to the induced photocurrent. Three different UV wavelengths were used for
characterizing the responsivity of the boron doped UNCD NWs. The intensity of the UV light onto
the surface of the photodetector was controlled by shifting the height between the UV light source
and the detector. Fig. 4 illustrates typical photoresponses of the fabricated UV photodetector to
250, 300 and 350 nm UV light illuminations, respectively, subjected to the on/off cycles with a
period of 120 seconds. Results of the UV photodetector presented in Fig. 4 were tested at room
temperature under three different incident radiation intensities.

Fig. 4a shows the photoresponses at zero bias and room temperature when the prototype is exposed
to 250 nm light illumination cycling with a period of 120 seconds. When the detector was exposed
to UV light radiation, the induced photocurrent quickly increased and reached a stable maximum
value. When the UV radiation was switched off, the photocurrent decreased to zero value.
Excellent features in repeatability and stability are clearly visible. The induced photocurrent can
be attributed to the absorption of UV photons by the active UNCD NWs material. A decrease in
photocurrent magnitude as the intensity of UV light reaching the surface of the PD decreases is
expected. However, no significant change in photocurrent was observed when the UV intensity
ranged from 1 mW/cm? to 0.03 mW/cm?, indicating that the detector might be saturated with UV
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radiation. Under such condition, the generated photocurrent from the UV photodetector reached
0.94 pA. Since the average length and width of each nanowire is 35 nm and 70 nm and the total
number of nanowires in the platform is 100, we estimate a total exposure area of 245 um? for the
present prototype. Consequently, we obtained a responsivity around 406 A/W for 300nm UV
light .This value is at least three orders of magnitude higher than what has been reported so far on
zero bias or self-powered deep UV photodetectors made of different materials®*!5.
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Figure 4 Time-dependent photoresponsivity at zero bias and room temperature when the
prototype was on/off cycled with a period of 120 seconds under (a) 250 nm, (b) 300 nm, and (c)
350 nm light radiations at different intensities.

Similar phenomena including good repeatability and stable baseline were also observed when the
photodetector was exposed to 300 nm of UV light illumination as shown in Fig. 4b. The main
observed difference is that the 300 nm induced photocurrent was almost 3 times larger than that
induced with 250 nm light illumination. As a result, an extremely high responsivity up to 1,224
A/W was obtained from the present photodetector when exposed to 300 nm light.

It should be mentioned here that the total size of the platform used in the present case is only 0.5
mm?, which is much smaller than those UV detectors reported by others. From the literature it is
also noticed that several groups were successful in achieving very high responsivity from
nanomaterials based photodetectors in the UV region at a high applied bias. This has the
disadvantage of increasing dark current level, resulting in a poor signal-to-noise ratio.
Furthermore, either size or weight of a bias based detector could not be reduced easily due to the
power supply constraint. In contrast, the self-power zero bias PDs tend to exhibit low dark current
magnitudes?>26-27-28.29 Tn the present case, for example, the obtained dark current is only 2x107 A.
Since the induced current is 3.5 pA, we have a signal-to-noise ratio of 18. Because it does not
require an external power supply, the detector can be much smaller. The miniaturization of PD
devices is extremely important for a wide number of space applications.

Characterizations of the time-dependent photoresponsivity of the fabricated detector at zero bias
and room temperature, when exposed to 350 nm light illumination were also carried out and the
results are shown in Fig. 4c. Excellent repeatability and stability, as well as quick response time,
are still clearly visible. However, the obtained 350 nm light-induced photocurrent is almost 6 times
less than that induced by 300 nm light. Correspondingly, a responsivity of 244 A/W related to 350
nm radiation was obtained.

As shown in Fig 4, the responsivity of the present boron-doped UNCD based PD is highly related
to the wavelength of UV light radiation. The highest responsivity of 1,224 A/W is related to the
300 nm UV light illumination. Applying Mendoza’s model to the obtained relationship between



the responsivity strength and the wavelength of UV light radiation, it was estimated that the present
boron-doped UNCD has a band-gap energy around 4.1 eV (~ 300 nm)*°. This result is in good
agreement with the previous studies of the bandgap shift obtained from the basic characterization
of UNCD?!-%,

Temperature Effect

The photoresponse of the UNCD based UV sensor was also studied at different operating
temperatures. The results, presented in Fig. 5, were conducted with a 250 nm wavelength UV light
radiation. The vast majority of UV PDs reported up to date, have proven to be inoperable at
temperatures above 100 to 150 °C?3. As shown in Fig. 5, the UNCD based PD continues to perform
well above this temperature limit. Comparison of the responses obtained at room temperature Fig.
4 with that at higher temperatures Fig. 5 reveals that the photocurrent decreases with the increase
of the temperature. This, as well as a decrease in signal-to-noise ratio, is expected due to the
unavoidable increase in dark current and thermal noise as the temperature increases. However, as
shown in Fig. 5, the UNCD prototype maintains an excellent repeatability and stability as operating
temperature is increased up to 100 °C. Additionally, it was observed that the photodetector under
investigation was capable of withstanding operating temperatures as high as 200 °C while retaining
a clear, stable and reproducible signal well above the thermal noise threshold. Further increasing
the temperature to 300 °C, the light induced photocurrent response from the PD is still measurable
even though the thermal noise contribution was large. This is a considerable increase in PD heat
tolerance compared to the majority of UV sensors reported so far and it is directly attributed to the
intrinsic properties of diamond.
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Figure 5 Temperature effect on the photoresponse of the UV
photodetector when exposed to 250 nm light.
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Figure 6 Temperature effect on the responsivity of the UV
photodetector to 300 nm and 350 nm light when operated at 100 °C.

Similar results for the PD prototype under investigation were obtained upon exposition to 300 and
350 nm radiations. As seen in Fig. 6, at an operating temperature of 100 °C the UNCD based
photodetector experiences a slight decrease in photocurrent compared with its room temperature
performance, but the signal-to-noise ratio is still significantly high, and the fast response times
were not affected. Also, at an operating temperature of 100 °C, the PD prototype still exhibits high
responsivity values when exposed to 250, 300 and 350 nm radiations.

Response Time and Recovery Time

As previously mentioned, the UNCD based PD exhibited fast response and recovery times
regardless of the incident radiation at operating temperatures up to 200 °C. To further investigate
the characteristic response and recovery times (tes and trec) of the prototype, high time-resolution
measurements were performed. Determination of the t.s values was based on the time interval for
the photocurrent to rise to 90% of its peak value and trc as the time interval for the signal to decay
to 10% of its peak value.
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Figure 7 Response time and recovery time of the boron-doped UNCD based UV photodetector
when the 250 nm light illumination is turned on and off at room temperature.

In Fig. 7, the typical measurements of both tres and trec are shown upon switching on or off the 250
nm UV light source. As shown in Fig. 7, the PD under investigation exhibits a response time of 17
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ms. On the other hand, t.c was found to be around 30 ms; almost twice the response time tres. This
is likely due to the intrinsic radiation intensity decay of the light source as it is switched off. Even
though the obtained rise and decay times of the UNCD based PD can’t be comparable to those of
the reported single crystalline diamond based PD, the present UNCD NW based still shows it
advantages including cost-effective, self-powered feature, and higher responsivity. Nevertheless,
the obtained response times are still much faster than most reported PDs with similar responsivity
values3334,

Conclusion

Based on the superflat surface synthesized UNCD boron-doped film, a precise UNCD nanowire
array has been designed and fabricated. To the best of our knowledge, this is the first
demonstration of the zero bias solar-blind photodetectors based on Pt nanoparticle functionalized
boron-doped UNCD nanowire arrays, which provide ultra-high responsivities up to 406 A/W,
1,224 A/W and 244 A/W at 250 nm, 300 nm and 350 nm UV wavelengths, respectively. The
newly developed PD possesses outstanding features in quick response (less than 17 ms),
excellent repeatability and stability. Experimental data also show that an extremely large
responsivity can be achieved with a high reverse bias. The obtained photocurrents are almost 6,
14, 29 times larger at -1, -2 and -2.5 V bias, respectively, than that at zero bias. These
characteristics are much better than those reported of SiC, diamond and other oxide
semiconductors based zero bias solar-blind photodetectors. In addition, the photodetector based
on UNCD NW arrays performs extremely well even at temperatures as high as 200°C, making
the UNCD NW array arrangement an ideal candidate for UV sensing applications in harsh
environments.
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