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Abstract: We report studies of multifunctional, nanostructured diamond composites that were
fabricated using chemical vapor deposition (CVD) techniques. Grain sizes from micrometer, to
submicron, nano, and ultrananocrystalline diamond (UNCD) were controlled by varying CHy, hy-
drogen, and argon gas concentrations during the syntheses. Scanning electron microscopy (SEM)
and Raman scattering spectroscopy were used to investigate the morphologies, composites, and
crystallinities of the films. Four multifunctional sensor prototypes were designed, fabricated, and
tested, based on the four diamond materials of different grain sizes. The responses of the four
prototypes to either pollution gas or UV light illumination were systematically investigated at dif-
ferent operating temperatures. Experimental data indicated the obtained UNCD composite from
the low-cost simple CVD fabrication technique appeared to have very good sensitivities when
exposed to low concentrations of Hy or NHj3 gas with a decent response and fast recovery time.
Furthermore, highly induced photocurrents from both microdiamond- and UNCD-based proto-
types to deep UV illumination were also demonstrated, with responsivities up to 2750 mA /W and
550 mA /W at 250 nm wavelength, respectively. Overall, the fabricated UNCD prototypes displayed a
good balance in performance for multifunctional sensor applications in terms of responsivity, stability,
and repeatability.

Keywords: nanodiamond composite; UNCD; grain size; gas sensor; UV sensor; multifunctional

sensor; responsivity

1. Introduction

Multifunctional nanocomposites that respond to multiple external stimuli enable
novel electronic applications. There are not too many such materials available in nature.
However, these properties can be created or enhanced by designing and developing nanos-
tructured materials. Nanostructure-related properties have provided new insight into the
materials world and opened up new applications. During the last few decades, various
multifunctional nanostructures [1,2] have been intensively studied due to the global eco-
logical challenge and outer space exploration. With the concerns of economic feasibility
and application in often harsh environmental conditions, studies on sensing devices have
been focused on high sensitivity, fast response rate, long-term stability, and miniature size.

Diamond is a promising candidate to answer these concerns, due to its wide bandgap,
thermal and chemical stability, and robustness [3,4]. As a natural insulator with a
5.5 eV bandgap, diamond can be doped with group III or V elements to be transformed
into semiconductors. The semiconductive diamond with a tunable bandgap has shown
a wide range of UV radiation detection with a fast response [5]. Recent advances in
high-quality diamond material growth have resulted in significant progress in developing
diamond-based UV photodetectors. For example, using CVD techniques, Iwakaji et al.
synthesized high-quality single crystalline diamond films, and then developed several UV
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photodetectors based on undoped and B-doped homoepitaxial diamond material [6]. Pace
and De Sio fabricated two types of photoconductive UV detectors based on either single
crystal or polycrystalline diamond films. The results showed that the sensitivity of the
single crystal diamond-based detector is higher than that of the polycrystalline one [7].
Recently, C.R. Lin et al. focused on nanocrystalline diamond films for the fabrication of UV
photodetectors [8]. The as-prepared detector has properties of high signal response and
fast time response, but with slightly high input of UV light intensity up to 30 mW/cm?. K.
Tang et al. also prepared and characterized several different diamond films with different
grain sizes. They believed that the diamond film with a larger grain would be more suitable
for a UV photodetector. The main challenge with this diamond structure has been the
difficulty in synthesizing high-quality diamond [9]. Obtaining high purity, defect-free dia-
mond films with minimal dislocations of the substrate has proven to be challenging [10-12].
Moreover, high temperature (>1000 °C) and ultrahigh vacuum (UHV) are required in the
production of diamond material, which can cause serious stresses between the active layer
and the substrate, besides increasing the cost of production significantly [13,14].

Recently, the development of innovative sensing devices has shown considerable
progress, partially attributed to newly developed techniques employed in the growth of
high-quality UNCD with extremely low cost [15]. These materials have been successfully
employed to create various types of device architectures including sensing and microelec-
tromechanical system (MEMS) devices [16,17]. In our previous papers, ultrananocrystalline
diamond nanowire-based sensors were fabricated using the e-beam lithography technique
at a relatively high cost [18-22]. However, there are scarce reports of diamond-based
multifunctional sensors.

In this paper, we focus on the study of the synthesis of diamond thin films of different
grain sizes and composites, as well as the evaluation of their direct applications to form
high-performance sensing devices with extremely low-cost fabrication techniques. Four
types of multifunctional nanostructured diamond composites with grain sizes varying
from micrometer to submicron, nano, and UNCD were fabricated using chemical vapor
deposition (CVD) techniques. Scanning electron microscopy (SEM) and Raman scattering
spectroscopy were used to investigate the morphologies, composites, and crystallinities
of these films. The electrical and sensing properties of four types of diamond thin films
were studied in different thermal, pollution gas, and UV light radiation environments.
Several unusual electric and electronic properties were observed. Furthermore, prototypes
based on these four types of diamond thin films were designed, fabricated, and tested. The
experimental data indicated these nanocomposite-based prototypes appeared to have a
very good sensitivity when exposed to either a low concentration of pollution gas like NHs
or low intensity of UV light illumination. Quick response, fast recovery time, highly stable
baseline, and excellent reproducibility have been achieved.

2. Materials and Methods

Both hot filament (HF)-assisted and microwave plasma (MP)-assisted chemical vapor
deposition (CVD) were used to fabricate nanostructured diamond material with controllable
grain sizes from micrometer, to submicron, nano, and UNCD. The obtained nanostructures
highly relied on the CHy, hydrogen, and argon gas concentrations used during the syn-
theses. Detailed descriptions of the hot filament-assisted and microwave plasma-assisted
chemical vapor deposition (CVD) can be found in our previous papers [23]. Briefly, a
mixture of methane, hydrogen, and argon gases with methane concentrations from 0.2%,
1% to 2.5% and a total flow rate of 150 sccm was used in an HF-CVD to fabricate micrometer,
submicron, and nanodiamond, respectively. In contrast, hydrogen gas was nearly removed
in an MP-CVD to fabricate UNCD films.

The synthesis equipment contained a microwave generator of 2.45 GHz or 915 MHz
frequency and up to 2 kW power. The chamber was maintained at around 100 Torr with a
gas mixture of 95-99% Ar, 0-1% N», and 1% CH,4 where the N, component was used for
doping purposes in order to obtain a reasonable conductivity of nitrogen-doped UNCD
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(N-UNCD). Driven by the microwave plasmas, the collision between electrons and gases
generated a high fraction of ionized species and therefore provided abundant chemically
active ions for UNCD growth. The substrate temperature was maintained at around
600 °C. For UNCD growth, the structural formation of diamond was accelerated and
simplified at a much higher renucleation rate. The N-doping and the n-type conduction
have been confirmed by the EDS spectrum [14] as well as Hall and Seebeck coefficient
measurements [24]. The formed n-type N-UNCD used in this investigation was synthesized
with 1 vol.% nitrogen in the reactor. Approximately 70 nm-thick N-UNCD thin film was
obtained for a typical growth time of one hour.

For simplification, N-UNCD, nano, submicron, and micrometer samples have been
marked with S1-54, respectively, in the following parts. The morphologies of these samples
were investigated using scanning electron microscopy (SEM). Atomic force microscopy
(AFM-Veeco) was employed to reveal the surface topography, such as grain size and surface
roughness down to the nanometer scale. Raman scattering spectra of the samples were
obtained at room temperature using a triple monochromator (ISA J-Y Model T64000) with
an excitation wavelength of 514 nm (Ar* ion laser). After basic characterizations, Au
electrodes were deposited onto two ends of each sample. Then, electrical, electronic, and
sensing properties were examined in a homemade characterization station where various
components including thermocouple, heater, power supply, electrical connectors, pollution
gas tanks, visible and UV lights, spectroscopic diagnostics, UV power meter, multichannel
Pascal universal interface, as well as various Agilent and Hewlett meters were available.
Each sensing sample was connected to a precise resistor R, a switcher, and a power supply
V,, to form a prototype. Variations in its resistance due to the adsorption of external gas
molecules in a gas sensing system or the induced photocurrent due to light illumination in
a light sensing system were recorded.

3. Results and Discussion
3.1. Material Characterizations

Figure 1 shows the typical SEM images of the N-UNCD, nano, submicron, and mi-
crometer sizes of grains of the four samples S1-54. Different morphologies of the samples
are clearly visible. Figure 1a indicates that the N-UNCD film mainly consisted of extremely
small diamond particles. AFM was used to observe its morphologies, as shown in Figure 1b,
which reveals a very dense diamond nanoparticle layer with diamond nanoparticles of
an average 3-5 nm diameter uniformly distributed on the surface. The root mean square
(RMS) roughness of the seeded substrate is around 5 nm, which did not change with
the increase in N-UNCD film thickness. This characteristic brings the most diminutive
dimensions of miniature N-UNCD devices down to the limit of the top-down or bottom-up
nanomanufacturing technology with the e-beam lithography (EBL)/reactive ion etch (RIE),
as we did before [25]. However, N-UNCD film in the present work is characterized and
used for sensing devices directly, which provides an extremely low-cost alternative.

Figure 1c—e show SEM images of three HFCVD fabricated diamond composites.
An increase in the concentration of methane from 0.2, 1 to 2.5% leads to a decrease in
diamond grain size from 5 um, 0.5 pm to 0.1 um. The quality of the crystalline structure of
the synthesized composite highly relies on the synthesis conditions. A low concentration
of methane in HFCVD normally yields very prism-type edge particles, suggesting a good
111 orientation of the crystalline structure, in good agreement with previous reports [26].

Raman analysis of the four samples S1-54 was conducted at room temperature, using
514 nm excitation from an Ar* laser at an irradiance of approximately 5 mW/cm?. The
results obtained are presented in Figure 2. The observed Raman scattering spectra are
predominantly from the sp?>-bonded carbon, even though there is a significant amount of
sp>-bonded carbon in the sample. One of the possible reasons is that the sp? sites have a
much larger cross section than the sp® sites, as explained by the well-known resonant effect
of Raman scattering. As shown in Figure 2a, the Raman spectra of ultrananocrystalline
diamond are dominated by the D band (UNCD) peak at 1330 cm ™! and the broad G band
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peak centered at 1580 cm ! due to the in-plane stretching modes of the sp?-bonded carbon
at the grain boundaries of UNCD [27-30].

200U 40,800 5. 3um . Thie 18 dEl

Figure 1. (a) SEM image of sample S1 (scale bar = 0.5 pm). (b) A 2.5 um x 2.5 pm AFM image of S1.
The average grain size is around 3-5 nm in diameter. (c) SEM image of sample S2 (scale bar = 0.5 um).
(d) SEM image of sample S3 (scale bar = 0.5 um). (e) SEM image of sample S4 (scale bar = 5 um).
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Figure 2. Raman spectra of samples (a) S1, (b) S2, (c) S3, and (d) S4.

The sharp peak at 1333 cm ™! is clearly visible from the S2 sample (Figure 2b), and it
is further enhanced in the 54 sample (Figure 2d). This peak labeled with D is associated
with the characteristics of sp carbon networks. The diamond consists of highly uniformed
C-C bonds in a tetrahedral crystal structure. All the bonds in the crystal are of the same
orientation and strength. In the S2-54 system, the board peak marked with G positioned
at 1585 cm ™! is also ascribed to the sp? carbon network known as the G band of graphite.
When the diamond is dominating, we can only observe a single vibrational frequency. As
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seen when the synthesis condition changes as the concentration of methane increases, the G
band from the obtained sample begins to emerge and rises. Another tiny peak centering at
1370 cm~! marked with D* could also be observed in the S2 Raman spectrum, but its signal
intensity decreased following a decrease in methane concentration to 0.2%. In general, the
D* band is associated with impurity and defect. The integrated intensity ratio Ip /I for the
D* and G bands can be used for characterizing the quantity in graphite materials, which
has been reported previously [23,27,28].

3.2. Electrical Properties

To characterize the electrical property of the sample, 80-100 nm-thick Au electrodes
were deposited onto the two ends of the synthesized thin film, resulting in an active
layer of a total exposure area of 2 x 1 mm?. The metal-semiconductor-metal (MSM)
structure was chosen since it provided the advantages of high responsivity, high speed,
and fabrication simplicity. The prototypic sensing device was constructed using a simple
electrical circuit, as illustrated in Figure 3a. The electrical transport and sensing proper-
ties were characterized using a Keithley 6430 sub-femtoampere source meter connected
to a micromanipulator probe station (Figure 3b) by recording I-V curves ranging from
—15.0 Vto 15.0 V with a 0.1 V step size. Each sample was simply mounted individually on
the stage that was in direct contact with a heater element located underneath the stage for
the temperature control of the sample.

(a) (b) Heater
Electrodes
Au Electrodes
Spring Holder -
Nane . Sample_ I} -lll Window
Composite Gauge { \-7 5%
Buffer I I'I “.
—H ¥ ) / 0 Gas
I— Thermal N\, UV Source /,’ Inlet
Substrate Couple \_‘___/
Chamber
Pump

Figure 3. Schematics of the (a) structure of prototypes and (b) homemade characterization station.

The typical I-V characteristics of S1-54 samples are shown in Figure 4a. The measure-
ments were carried out in open-air ambient conditions at room temperature. The obtained
curves of S1 and S2 appeared to be slightly more linear than S3 and S4, especially when
the bias voltage was further increased. These phenomena can be directly ascribed to the
different levels of impurities on the sample surface. At the interface between the metal and
the semiconductor, a narrow depletion region is in general caused by a high concentration of
dopant or treatment, i.e., it leads to small contact resistance and yields a good ohm contact.

The samples have very different conductance. The S1 sample has the highest conduc-
tance, the S2 sample has the second-highest conductivity, and the 54 sample has the lowest
conductance. For regular diamond materials (sample S2, S3 or 54), the concentration of
graphite intensively affects the electrical properties of nanodiamond composite films as
well as their interfaces. When a large amount of graphite is introduced into the diamond
film (S2), the concentration of the defect inside the composite would become high, result-
ing in an increase in the mobility of electrons and holes that lower the resistance of the
composite. Following the decrease in concentration of the graphite inside the composites
(53 and S4), the diamond grains become dominant, resulting in an increase in resistance.
Meanwhile, Schottky contact becomes governing on the interface. The evidence is nonlinear
current—voltage (I-V) characteristics begin to emerge and rise.
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Figure 4. -V properties of S1-54 samples in (a) open air at room temperature, (b) open air, and (c) Hp
at 25 (RT), 60, and 120 °C. Inset: the calculated resistances. (d) The measured resistances of samples
S1-54 in open air at room temperature to 200 °C.

Interestingly, the N-UNCD used in this investigation has a different conduction mecha-
nism. As an insulator, high quality undoped UNCD has low electrical conduction naturally.
However, the present N-UNCD synthesized with N, additives has shown to behave like
an n-type semiconductor. The nitrogen (N3) introduced in the conventional Ar-diluted
CH,4 and Hj gas mixture employed for the MPCVD process enlarged grain boundaries
containing mainly sp? bonded carbon (graphite-like) converted from the sp> (diamond)
phase. Although nitrogen has been known to be a deep donor for diamond that has a
negligible influence on conductivity, the resistance decrease of the synthesized N-UNCD
film is related to the nitrogen atoms incorporated in the sp? phase-rich grain boundaries,
and the electrical conductivity, depending on the total amount of sp? bonded carbon, is
proportional to the nitrogen level in the reactor chamber.

Figure 4b,c show the current-voltage characteristics of the N-UNCD operating at
25 (RT), 60, and 120 °C in air and hydrogen gas environments, respectively. Electric current
was built up with an increase in applied voltage. A slightly nonlinear phenomenon occurred
when the applied voltage was more than 5 V. Based on a simple Ohm’s law, resistances of
the S1 sample at operating temperatures of 25, 60, 120, and 200 °C were estimated around
833, 1009, 1062, and 1074 () in an open-air condition. At operating temperatures of 25, 60,
and 120 °C, the resistances were 1034, 934, and 833 () in H, gas condition, respectively. The
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thermal effect in air and hydrogen on the electric properties of the S1 (N-UNCD) sample
was very different. It caused resistance of the N-UNCD to increase in air and decrease in Hj.

The basic mechanism for variation in the resistivity of a semiconductor relies on dopant
concentrations that are highly related to the charge concentration (n) and mobility (u). There
are two competing mechanisms affecting concentration and mobility as the temperature
increases: (1) higher temperature results in an increase in the population of electrons in
the conduction band and (2) higher temperature results in more scattering. In an intrinsic
(undoped) or very lightly doped semiconductor mechanism 1 overwhelms mechanism 2
and the semiconductor’s resistance decreases as temperature increases. In heavily doped
semiconductors, mechanism 2 dominates (temperature barely increases the electron con-
centration while scattering is significantly increased) and the semiconductor’s resistance
increases as temperature rises. The properties of N-UNCD in the air have a similar mech-
anism to heavily doped semiconductors because the N concentration is high. Since the
majority of N atoms are located at the grain boundaries of UNCD, the dopant effect would
be greatly reduced in the H, environment, where an increased temperature would result in
an enhancement of the new bond network.

As a comparison, thermal effects on all 52-54 samples were also characterized and the
results are shown in Figure 4d. An increase in operating temperature from room temperature
to 200 °C resulted in the resistance decreasing from 0.19 x 10° to 0.76 x 10%, 0.33 x 10®
to 0.13 x 107, and 0.95 x 10° to 0.63 x 107 Q) for S2, S3, and S4 samples, respectively.
The slight change in resistance suggested that diamond composite materials have stable
thermal properties at a wide range of operating temperatures compared to most traditional
semiconductors. This makes it a promising material for wide electronic device applications.

3.3. Response to Target Gases with Different Concentrations

Variation of electric properties of N-UNCD in air and H, mentioned above suggested
that gas sensing devices can be fabricated based on these nanomaterials, including hydro-
gen (Hy) [31-33], methane (CHy) [19,34], carbon monoxide (CO) [20,35], ammonia [36,37],
nitrogen dioxide (NO;) [34], and benzene (C¢Hg) and toluene (C7Hg) [38]. In this paper, the
test results corresponding to two types of molecules, H,, and NHj3 gases, mixed with air
gas, respectively, are reported. The test was conducted with the N-UNCD-based prototype
placed into a closed chamber with a constant gas flow rate, where the valve was then
switched to a target gas—air mixture. The gas concentrations in the chamber were controlled
by adjusting gas flow rates.

As expected, the interaction between the gas molecules and the composites induces
changes to the nanocomposites” electrical and electronic properties, leading to a variation in
the electrical conductivity of the sensing sample. The properties of gas sensing prototypes
depend on the active layer’s surface reactions and the diffusion of analytes. To under-
stand the basic mechanism, the response of the prototype is initially characterized in air
(Figure 5a). The adsorption of the oxygen molecule at the surface withdraws electrons from
the conduction band, leading to the formation of a thick depletion layer [39,40], resulting in
a decrease of the conductivity or an increase of the resistance in the present n-type UNCD.
When the UNCD prototype was exposed to NHj gas, the adsorbed NH; molecules would
react with the adsorbed oxygen ions on the active layer and return electrons back to the
UNCD [41,42]. This process reduces the depletion layer, hence increasing the electrical
conductivity of UNCD, as shown in Figure 5b.
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Figure 6a shows the basic data of cycling tests of sensing responses of the N-UNCD-
based prototype toward H, gas with three different concentrations at room temperature.
When the target gas is turned on, the prototype responds to a conductivity rise at first and
then reaches a stable state. After the target gas is turned off and pumped out, the prototype
shows a quick conductivity decrease and then gradually recovers to its original state. The
conductivity variation of the active layer is directly caused by the absorption of target gas
molecules where the interaction between the external gas and the surface of composite
through van der Waals forces is considered physisorption with a weak bond. The following
definition of responsivity S

S = AR/R,ir x 100% 1)

is used to calculate the obtained relative response, where AR is the resistance change
induced by the target gas, and R,;; is the original resistance of the prototype in air. In
general, the sensor response depends on many environmental parameters, such as the type
of target gas, concentration, operating temperature, bias, and humidity. As shown in the
inset of Figure 6a, the prototype has good repeatability and stability. Following an increase
in Hy gas concentrations from 4 ppm up to 24 ppm, the yielded response strength increases
slightly, despite the high concentration of target gas.

As a comparison, characterizations were also carried out with the N-UNCD prototype
to NHj3 gas with the gas concentration varying from 6 to 36 ppm. The obtained respon-
sivities are 0.2, 0.3, and 0.41, respectively, as shown in Figure 6b. Comparing data from
Figure 6a,b, two conclusions can be made: (1) the prototype has higher response strengths
to hydrogen gas than that to ammonia gas, and (2) the prototype has shorter response times
to ammonia gas than that to hydrogen gas at the same concentrations. In order to have
precise measurements of response time and recovery time for a truly stable state response,
a test with a longer cycle period was also carried out for N-UNCD based prototype to
ammonia with a concentration of 6 ppm. As seen in Figure 6c, the rise time is less than 18 s.
The rise time is defined as the time taken for the response signal to increase to 90% of the
maximum value after the inlet of the target gas is turned on, whereas the recovery time is
the time required for the signal amplitude to decrease to 10% of the maximum value after
the inlet of the target gas is turned off. After the rise time, the response strength reached
a very stable state with an excellent signal-to-noise ratio. The recovery time is slightly
longer, around 64 s. Both values are significantly shorter than that of most commercial
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devices [43]. It was found that the obtained response time and recovery time remained
nearly unchanged regardless of low or high concentrations of the target gas.

(a) (b)
. . /. . .
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Figure 6. The response strengths of the prototype to (a) Hy, (b) ammonia gas at room temperature,
(c) as a function of time, and (d) at 60 °C. The bias of 1 V remained unchanged for all cases. Inset: the
response as a function of time at different concentrations (N) in ppm.

To understand the thermal effect on the gas sensing properties, the response at a
high operating temperature was also evaluated. A heater was employed to change the
temperature setting, while all other parameters remained unchanged. Figure 6d shows the
response of the prototype at 60 °C and 1.0 V bias to NHj3 gas with different concentrations
ranging from 6 to 24 ppm. As seen in Figure 6b,d, the ammonia gas-induced response at
60 °C is nearly 3.5 times higher than that operating at room temperature. An increase in
bias voltage from 1 to 2 V only resulted in increased response. It is anticipated that the high
temperature enhances molecular gas dissociation on the surface of the sensing layer, thus
improving catalytic activity. The target gas then reacts rapidly with agents presented on
the surface, leading to an increase in sensitivity to temperature [44]. Good features, such as
stable baseline, good repeatability, and low thermal noise strength, are evident from cycling
tests, as shown in the Figure 6d inset. A high operating temperature does not however
improve the response time and recovery time by much.

Although operating at a higher temperature will normally enhance the sensitivity
of a gas sensor, it is a disadvantage for commercial use. Therefore, the properties of the
present prototypes were characterized at different operating temperatures less than 100 °C.
We completed all measurements at room temperature first and then at 60 °C. The same
prototype was remeasured at room temperature and 60 °C, respectively, after the prototypes
were kept in air for days, weeks, and months to test the long-term reproducibility. The
prototypes appeared to have very good reproducibility at 60 °C, although short-term and
long-term aging were not tested at a higher temperature.
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As a comparison, the key performance parameters of pristine nanocarbon-based
gas sensors published recently are listed in Table 1. Our N-UNCD film has the highest
responsivity (lowest detectable concentration) of all reported gas sensors. Moreover, it has a
much faster rise and decay time when responding to NHj; gas. Typically, the response time
of the prototype is around 18 s and the recovery time is around 64 s at room temperature,
which is much shorter than the gas sensing devices based on traditional semiconductors.

Table 1. Comparison of the performance on gas sensing of the recently published pristine nanocarbon
based materials.

Pristine Nanocarbon

Responsivity and

Materials Detected Gas Molecules Operating Temperature Response Time Recover Time Reference
Graphene (rGO) H, 4.5% (160 ppm) 20s 10s [45]
UNCD nanowire H 20% (100 ppm) ~ R [35]

(Boron doping) 2 at 400 °C -
. 90% (1000 ppm) . B )
Graphene film (CVD) NH; at 200 °C 180 min [46]
Pristine graphene (PG) o . . )
(P-doping) NH; 5.4% (100 ppm) 2.23 min 13.6 min [47]
Multiwalled )
carbon nanotubes (MWCNTs) NH, 10ppm ~100s B [45]
Wood-based activated carbon NH; 100-500 ppm - - [49]
Diamondoid Nanostructures 6% (25 ppm) » . 5 .
(H2P-DiamOH) NH; at 100 °C 10 min 40 min (501
0.084% per ppm at room .
Hy temperature (RT) 20s >64 s This work
N-UNCD film NH; 0.02% per ppm at room 185 ~64's This work
temperature (RT)
0.07% per ppm .
NH3; at 60 °C 16's >64 s This work

3.4. Response to Deep UV Illumination with Different Wavelengths

In addition to gas sensing properties, multifunctional N-UNCD also exhibits a high
response to UV light illumination and different device structures have been demonstrated
using synthetic diamond thin films of different morphologies [6-9,21,22,51-62]. Pen-Ray
deep UV lamps (UVP, LLC) with wavelengths of 250 and 300 nm, respectively, were used
as light sources for illuminations. The light intensity of UV lamps was around 1 mW/cm?
on the surface of the active layer and the exposed area of the active layer to UV light is
around 2 mm?. When the prototype is exposed to UV light, the photonic energy of the UV
light is absorbed, which excites the valence electrons, yielding photocurrent in the circuit.

The photocurrent obtained was mostly due to the majority charge carriers, which are
free to flow through the ohmic contacts. However, this current was also connected to the
presence of minority charge carriers. When minority carriers piled up at the contact, addi-
tional injection of majority charge carriers occurred until the minority carriers recombined.
This effect leads to a large “photoconductive gain,” depending primarily on the ratio of the
minority carrier lifetime to the majority carrier transit time, but the undesirable attributes
are a relatively high dark current and a slow response time associated with a long carrier
lifetime. Nevertheless, photoconductors are simple and useful for those applications where
speed and dark current are not particularly important [63].

Figure 7a shows the typical response of N-UNCD-based prototypic UV photodetectors
exposed to 250 nm UV light illumination with an intensity of 1 mW/cm?. The photocurrent
variation following the light on—off cycles can be easily identified. The current could be
directly attributed to the absorption of deep UV photons. Good features in repeatability
and stability have been achieved in this prototype. The obtained maximum photocurrent
was 11 pA and the dark current was 1 pA, yielding a signal-to-noise ratio of up to 11. Since
the 250 nm light power on the active layer with an exposed area around 2 mm? is 20 pW,
the estimated responsivity Ry = I, /W, (where I, is the induced photocurrent and W is
the total incident light power on the active layer of the porotype) is around 550 mA /W.
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Figure 7. N-UNCD UV responses to (a) 250 nm, (b) 300 nm when the sensor was operated at room
temperature, and (c) 250 nm operated at 100 °C. The bias of 1 V and light intensity of 1 mW/ cm?
remained unchanged for all cases.

The response and recovery times, on the other hand, appear to be considerably long,
up to 60 s, due to its intrinsic decay behavior towards the baseline. This behavior may
be related to the multifactor nature of these phenomena. Nevertheless, a much higher
photocurrent was obtained from the prototype when exposed to UV radiation. In general,
there is a compromise between the photocurrent gain and the response speed for such a
UV photodetector because a long minority carrier lifetime results in enhancements in not
only photocurrent but also response time.

Two additional experiments were also carried out to examine the response of the
prototype to long UV illumination and thermal effect. The first experiment shows that
N-UNCD film-based prototype performed less effectively under 300 nm or longer UV light
illumination, as shown in Figure 7b. When exposed to 300 nm light at the same intensity,
the prototype yielded a photocurrent around 2.4 times less than that when exposed to
250 nm light, which indicates the fabricated N-UNCD prototype is less sensitive to a longer
UV wavelength. This feature is attributed to the band structure and bandgap energy, which
are the most important device parameters related to the electronic and optical properties of
the nanostructured semiconductor. The result from the second experiment at an operating
temperature of 100 °C is shown in Figure 7c. At a higher operating temperature, there were
slight decreases in the photocurrent, baseline quality, and stability, as expected due to an
increase in dark current and thermal noise.

It was found that a high bias would efficiently enhance the yield of induced photocur-
rent, as shown in Figure 8a, where a bias of 2 V was applied to the N-UNCD prototype.
A slight increase in the bias from 1 V to 2 V resulted in a 3.2-fold increase in induced
photocurrent (Figure 8a) compared to the data from Figure 7a. The N-UNCD prototype
displays a clean, well-defined response and a stable baseline. However, both the long rise
and recovery times are independent of the bias applied. A quick and strong response is
witnessed from samples S2, S3, and 54 based prototypes. Figure 8b shows the responses
of induced photocurrents from micro, submicron, and nanodiamond based prototypes
exposed to 250 nm light illumination with an intensity of ImW/cm?. A high signal-to-noise
ratio of up to 90 was obtained.

The response strength or induced photocurrents highly relies on the quality of materi-
als. The highest photocurrent up to 56 nA was obtained from sample S4. Correspondingly,
its responsivity is up to 2750 mA /W, indicating the diamond film with large grain would
be more suitable for UV photodetectors. The induced photocurrent was only 8.3 and
1.4 pA from samples S3 and S2, respectively.
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Figure 8. UV response of samples (a) S1 and (b) S2-S4 based prototypes at a bias of 2 V and room
temperature. (c) Normalized time response of sample S4.

To analyze the change in response time, a high-resolution Cobox interface was also used
to remeasure the response time and recovery time. Typical results are shown in Figure 8c,
from which the response time of the prototype can be estimated at around 0.6 ms and the
recovery time is only 0.8 ms. It is expected that the actual response time and recovery
time would be shorter. This is because time delay for reaching full intensity for UV lamps
after switching on the lamp and florescence after switching off the lamp would affect the
measurement results.

4. Conclusions

Although the fabrication was simple, fast, and cheap, the experiments demonstrated
that the present multifunctional nanocomposites could respond to multiple external stimuli.
The prototypes display excellent performance for quick response time, good response
strength, stable baseline, and repeatability both in gas sensing and photo sensing mea-
surements. The experimental data indicated that N-UNCD based prototype has a good
selectivity in gas sensing. It was found that the response strength to H target gas is higher
than that of NHj gas at the same gas concentration. However, its responsivity is rather
small to CHy, and almost no response to NO,. Its responsivity is better than any reported
pristine nanocarbon based counterparts and response time is much short than the similar
gas sensors based on traditional semiconductor and pristine nanocarbon materials.

In UV sensing characterization, an increase of applied bias from 1 V to 2 V would
notably enhance N-UNCD-based prototype response strength/photocurrent from 11 to
35 1A and improve the signal-to-noise ratio. Whereas the rise of operating temperature up
to 100 °C resulted in an increase in noise strength and a decrease of photocurrent from 11 pA
to 8 LA, Both response and recovery times are long, up to 30 s, and independent of the bias
applied. It was found that HFCVD fabrication of the other three diamond composite-based
prototypes had a much faster response and recovery time. The shortest response time was
0.6 ms. The largest photocurrent from sample S4 reached 56 pA. The induced photocurrent
was only 8.3 and 1.4 pA from the S3 and S2 samples, respectively, when exposed to the
same UV illumination. It can be concluded that the diamond film with a larger grain would
have higher responsivity for UV photodetector, suggesting that a fundamental trade-off
among cost, photocurrent gain, and response speed of a photodetector is unavoidable. A
long minority carrier lifetime would result in photocurrent enhancement, but increase the
response time. It is important to reach a desirable balance among the sensitivity, response
time and fabrication cost.

Finally, it should be mentioned that gas sensing properties of the N-UNCD film-based
prototypes could possibly be enhanced significantly with UV illumination, as shown in
our similar work with MoS;-based gas sensors [65]. It has been demonstrated that the light
illuminated effectively shortened the response time and promoted the recovery rate of the
MoS,-based gas sensor, which provided a strategy to design an optoelectronic device with
optimal gas sensing properties. Next, we will investigate the possible combinations of UV
light for improving the gas sensing properties of the N-UNCD material.
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