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ABSTRACT

There are a growing number of applications demanding high sensitivity visible to mid-infrared photodetectors
operating at room temperature. Graphene is ideally suitable for optoelectronic photodetectors sensitive from visible
to mid-infrared frequencies. Here we report the integration of graphene with thin film high-« dielectric layers prepared
by e-beam thermal evaporation, sputtering deposition and atomic layer deposition methods for the graphene field-
effect transistor photodetector development. The impact of dielectric layers on graphene properties and the operation
of photodetectors varies based on the choice of dielectric and deposition parameters. This work provides a route for
use of graphene in the infrared detection at room temperature.
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1. INTRODUCTION

The ability to convert light into electronic signals exists in a narrow range of frequencies from ultraviolet, visible
and infrared (near and far) regions. For example, Cs-1, AlGaN, Si, Ge, InGaAs are used for photodetectors in the
ultraviolet, visible and near-infrared regions, while the mid- and far-infrared photodetectors typically depend on small-
bandgap semiconductors including PbS, PbSe or HgCdTe, and thermal photo-detection techniques. In contrast to these
materials, graphene with its gapless bandgap structure is a great candidate material for broad band photodetectors.[1-
4] The unique carrier multiplication, a process that generates multiple charge carriers from the absorption of a single
photon, and extremely short carrier lifetime allow for high-speed photodetectors in a wide spectral range from
ultraviolet to the far infrared region.[2, 5] Therefore, to generate a photocurrent and reduce the heating of graphene
layers, efficient separate of carriers (electrons and holes) at the pico-second timescale is required.

A large number of successful graphene photodetectors have been demonstrated.[1, 4, 6] However, the small
photo-absorption volume of the monolayer graphene, the sub-picosecond lifetime, and uniform high-« dielectric layers
on graphene have proven challenging in practical applications.[7-9] With a drain bias applied to graphene field-effect
transistor (FET) photodetectors, a typical dark-current reaches the order of micro to milliamps. The graphene dark-
current value is several orders of magnitudes larger than the typical dark-current of Si photodetectors, on an order of
nano-amps. To manufacture practical graphene FET photodetectors, a high quality of the dielectric layer on top of
graphene is required for electrostatic gates. This layer should be ultra-thin of a few nanometers thick and very uniform
without any pinholes. At the same time, the dielectric layer should possess high dielectric constant, «, high breakdown
voltage and low leakage current. The high-« dielectric layers in graphene FET photodetectors also enhance charge
carrier mobility due to the reduced Coulombic scattering of charge carriers.[10, 11]
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Thermal atomic layer deposition (ALD) provides ultra-thin, uniform, and high-quality films with sub-monolayer
thickness control of high-« dielectric layers on graphene.[7, 12] The gate dielectric layers at temperatures below 250°C
using the ALD technique has shown to be an excellent method toward the integration of dielectric layers with
graphene. In this work, we report graphene photodetectors fabricated with a high-k dielectric layer (Al.O3) on
graphene using three methods including e-beam thermal evaporation, sputtering and atomic layer deposition. The
photocurrent response from devices with an ALD Al,O3 dielectric layer on graphene is reported.

2. METHODS AND EXPERITMENTAL DETAILS
2.1. Device fabrication

The monolayer graphene on copper foils from Grolltex in this work was transferred onto a Si/SiO;, substrate.[13]
We used the p-doped (1 — 10 Q.cm) Si wafer under a 285-nm-thick SiO; layer as the back gate. We transferred the
chemical vapor deposition (CVD) graphene film on top of the wafer using a poly-(methyl-methacrylate) (PMMA) wet
transfer method. The single-layer of graphene film was confirmed by the Raman spectroscopy. Using
photolithography and oxygen plasma etching processes, we fabricated the graphene layer on the silicon wafer. The
graphene film was patterned into (55 x 50) um?. Metal source and drain contacts (Cr/Au with 10/50 nm thickness) for
transport measurements were deposited directly onto the wafer by optical lithography to form FETs with a (50 x 50)
um? channel area. We have used several techniques to deposit an 80-nm dielectric layer (Al,O3) on graphene including
e-beam thermal evaporation, sputtering deposition and ALD. Finally, a narrow strip of 50-nm-thick Cr/Au film for
the top gate was created in the same method as the graphene contacts.
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Figure 1: Fabrication processes together with optical microscope images of each step to fabricate graphene
FET photodetectors: growing a dielectric SiO; layer on a Si wafer; transferring graphene with a PMMA layer;
oxygen plasma etching with photoresist masks defined by photolithography; fabricating Cr/Au source and
drain contacts; deposition of Al,O3 dielectric layer on graphene; formation of graphene FET photodetectors
with a narrow Cr/Au top gate.
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Figure 1 shows fabrication steps and optical microscope images of graphene photodetector devices. In the
dielectric deposition approach below, the high-k Al,O3 dielectric area was created larger than the electrical contact
area including graphene, source and drain contacts and the top gate electrode. The top gate is well separated and no
electrical connection exists between the top gate electrode and the graphene area including source and drain contacts.
Since the thickness of the dielectric layer is similar with metal contacts, the dielectric layer may not completely cover
the electrical contacts, and a discontinuity of the oxide layer can occur at the contact edges. When the gate metal is
deposited on the damaged area, a low-resistance or short-circuit between the top gate electrode and the electrical
contacts will occur. To prevent this, we ensure a gap between the electrical contact area and the top gate.

a. e-beam evaporation b. sputtering deposition c. atomic layer deposition

23.5 nm 9.4 nm

0.0 nm 0.0 nm 0.0 nm

0.0 500.0 nm 0.0 500.0 nm 0.0 500.0 nm

Figure 2: Atomic force microscopy images of Al,O; films deposited on CVD graphene using (a) an electron
beam, thermal evaporation, (b) sputtering deposition, and (c) thermal atomic layer deposition.

2.2. Methods to obtain high-« dielectric layers

The operation of the device depends strongly on the dielectric layer on graphene.[12] We have employed several
methods including e-beam thermal evaporation, sputtering deposition and atomic layer deposition to deposit a
dielectric layer on graphene. Specifically, we have used an aluminum oxide (Al.Os, & = 9) dielectric layer on graphene.
The high-x dielectric layer in graphene-based photodetector reduces Coulombic charge carrier scattering [10] and
enhance the mobility of charge carriers [11]. We present techniques to deposit the high-k dielectric layer (Al.O3) on
CVD graphene and compare their surfaces.

E-beam thermal evaporation method is a simple and economical approach to obtain a dielectric layer. However
the quality as well as the uniform of the layer will be an issue for the gate dielectric in field-effect transistors. Typically,
an AlOy dielectric will form in the device after the thermal evaporation process and an Al,O3 dielectric layer will be
created with post-passivation steps.[14] We have used the PVVD 250 thin film deposition system (Kurt J. Lesker) to
produce an Al,O3 dielectric layer. Figure 2a shows a typical AFM image of the surface of Al,Os dielectric layer on
graphene. The image shows a rough surface when we compared with those from the sputtering deposition and ALD
techniques.

Sputtering deposition technique has been used to produce high-quality dielectric layers. This method is
economically more favorable than the ALD technique.[15, 16] For this method, we have employed the PVD 75 (Kurt
J. Lesker) operating in the magnetron sputtering option. Figure 2b shows a typical AFM image of the surface of Al,O3
dielectric layer on graphene. The image shows a better surface when we compared with those from the e-beam thermal
evaporation.

Thermal atomic layer deposition provides high-quality dielectric layers with a precisely defined thickness. At
temperatures below 250 °C, the ALD method has been demonstrated as an excellent method for the integration of
dielectric layers with graphene.[7] Because this technique is a water-based method, the graphene surface must undergo
preparation that results in non-uniform dielectric deposition. To overcome this issue, several additional steps are
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added, in which the surface of graphene is pretreated before the deposition of a dielectric layer.[17] The pretreated
deposition method has resulted in uniform Al,Os dielectric coverage.[14, 17] In this work, we have employed the
same approach for ALD technique. A typical AFM image of the surface of Al,O3 dielectric layer on graphene is shown
in Figure 2c. The quality of the dielectric layer using this technique is similar to the sputtering deposition method.

3. RESULTS AND DISCUSSIONS

We focus in this report on our analysis of the graphene FET photodetectors with the Al.Os dielectric layer
fabricated using the ALD method. To evaluate the influence of the dielectric layer on quality of graphene, we used
Raman spectroscopy. A Raman spectrum was obtained by using a WiITec UHTS 300 micro-Raman spectrometer
equipped with a CCD detector and a 100x objective lens (NA 0.90). The graphene sample was excited by a laser
operating at 663.1-nm wavelength. Figure 3 shows the Raman spectrum of a CVD monolayer graphene on Si/SiO;
covered by an ALD Al,O5 dielectric layer. The Raman spectrum shows two main peaks at ~1592 cm™ (G) and ~2669
cm® (2D). A lower peak (D) can be observed at 1345 cmt, which indicates graphene defects. The 2D to G intensity
ratio, lop/lg, is 5.3. The high value confirms a high quality of graphene layer on the photodetector. Comparing with
the graphene in copper, the intensity of the G line reduces significantly and the position of this peak shifts towards a
higher wavenumber, indicating a single layer graphene in our device.[18] The intensity ratio of D to G, Ip/lg, is
correlated to the deposition process and the oxidation of the ALD dielectric layer. This ratio value of 0.3 indicates a
normal density of lattice defects in the Al,O3 dielectric layer covered graphene.[15]
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Figure 3: Raman spectrum of a graphene device on SiO; substrate with an ALD Al,O3 dielectric layer on
the top surface.

The electrical characteristics of the graphene FET photodetectors were characterized by a semiconductor
characterization system (Keithley 4200A-SCS) and the optical properties of the photodetectors were investigated
under illumination of a Tungsten-Halogen lamp. The intensity of the light source was measured with a thermopile
sensor (Newport 919P).

Figure 4 shows optical microscope image and corresponding electrical and optical measurement results for our
graphene FET photodetector. At gate voltages of 0 V, the drain current, Iy, was measured as a function of the drain
voltage, Vq, for different ranges of Vy sweeping as shown in Figure 4b. All the curves were obtained after the metal
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contact lift-off process without any post-fabrication treatment including current or thermal annealing. These curves
well overlap for various sweeping ranges, indicating that electrical contacts between the source/drain and graphene
are very stable. The field effect measurement results of the graphene FEL photodetector have been characterized
(Figure 4c). The transfer curve (the drain current, lq, as a function of the back gate voltage, V) under the dark
condition is reproducible, and the minimum of the conductivity related to the Dirac point is close to 0 V. The result
suggests that a contamination on graphene surface during the transfer process of graphene is very low. Thus, the
performance of the device is repeatable without any post-treatment processes.

To examine the performance of FETs fabricated from graphene films covered with Al,Os dielectrics using ALD
method, four devices have been measured and the distribution of the Dirac point of these devices was plotted in Figure
4c, inset. The Dirac points of these devices are ranging from -4 to -8 V. This result indicates that the uniformity of our
devices was improved by the ALD Al,Os dielectric layer.
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Figure 4: Electrical and optical properties of graphene FET photodetectors using an ALD Al,O3 dielectric
layer. (a) Optical microscope image of a typical graphene FET photodetector. (b) 14-Vq4 curves obtained at
gate voltages of 0 V for various ranges of Vy sweeping. (c) l¢&—Vuy Characteristics of the graphene FET
photodetector under different conditions (dark and a broad band light source with a power of 27 nW). The
potential of the top gate was at 5 V, and the source-drain bias voltage Vss = 0.5 V. The broad band light
source (Tungsten-Halogen lamp) with the peak emission at 850 nm and a spot size of 15 mm covered the
whole graphene FET photodetector. Distribution of Dirac point of photodetector devices from graphene
covered with an ALD dielectric Al,Os layer is shown in the inset. (d) Photocurrent as a function of back gate
voltage using the broad band light source with a power of 27 nW.
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To estimate the response of graphene photo-detection using an ALD Al,Os dielectric layer, we have determined
the photocurrent of the graphene FET photodetectors.

The effect of light illumination on the graphene devices is shown in the Figure 4c. Specifically, we observed the
photocurrent, lsg, as a function of the back gate voltage, V. We used a broad band light source (Tungsten-Halogen
lamp) with the peak emission at 850 nm. The spot size of the beam is large. We have used a diaphragm with a diameter
of 15 mm to form a light source with a uniform intensity distribution. The light source covers the whole graphene FET
photodetector with a size of 50 x 50 um?. The power of the light source is 0.95 mW. Thus, the power of the light
source on the active area of the graphene photodetector in the experiment was estimated of 27 nW. The potential of
the top gate, Vi, was at 5 V, and the source-drain bias voltage, Vsq, was set at 0.5 V. As can be seen from Figure 4c,
the transfer characteristic curve shifts toward negative voltage of the back gate, Vig, with illumination of light, and a
shift of the Dirac point voltage of 5 V is observed.

The net photocurrent can be obtained by subtracting the dark-current from the illumination current (linumination —
lsark), and is plotted in Fig. 4d. A net photocurrent of ~3 pA has been observed at Vg = -20 V and Vs = 0.5 V. Thus,
the photoresponsivity of our graphene detector of 130 A/W has been measured. This value is the same order of
magnitude when compared with other report of graphene photodetector in the infrared region.[4]

4. CONCLUSIONS

Here we have reported the deposition a thin film high-k Al,Os dielectric layer on graphene for field-effect
transistor photodetector development. The device can detect a low power from a broad band light source in the infrared
region with the photoresponsivity of 130 A/W. Our work provides a route for the utilization of graphene for infrared
sensing at room temperature.
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