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Demonstrator

~10 cm

PCB, Aux circuits, photon injection

• Photon injection (coupling and calibration)
• CMOS chip powering, biasing, readout, diagnostics
• Through CMOS chip

• Nanoscale device bias, characterization, readout, etc.



Early prototype

ROIC2 202208, tested by P. Miao
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• Microcontroller (MCU) based control system
• Web browser interface (can work wirelessly if desired)
• All biases fully programmable
• Accommodate several chips by wire bonding differently
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CNT FET model
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resulting devices had a peak responsivity of ≈200 A W−1 for a 
source–drain bias of −1 V, significantly lower than results pre-
sented here, and at powers orders of magnitude larger than the 
ones reported here. Furthermore, the reported photodetection 
mechanism was photogating of the CNT transport channel, 
different from the scattering mechanism observed in our work.

Here we report extremely high responsivity down to fW 
light intensities using sparse monolayers (30–50 CNTs µm−1) 
of aligned CNTs in the transistor channel, which show signifi-
cant improvements compared to random CNT networks. The 
combination of aligned CNT arrays with a C60 sensitizer gives 
responsivity R = 1.0 × 108 A W−1 (gain = 2.4 × 108) upon excita-
tion at 530 nm and nearly as high responsivity at 365 nm. As 
far as we are aware, this is the highest responsivity reported in 
the literature for a CNT photodetector. In addition, the devices 
showed a high responsivity of 720 A W−1 (gain = 940) in the IR.

The device structure is illustrated in Figure 1. Transistors on 
aligned CNT Zebra wafers were acquired from Carbonics Inc. 
Devices were fabricated on n-type (ρ = 1–5 Ω cm) Si wafers 
with 50 nm of thermal SiO2, using >99.9% semiconducting 
CNTs aligned using the floating evaporative self-assembly 
method[11,28–30] at a density of 30–50 CNTs µm−1. Atomic force 
microscopy (AFM) was used to confirm the alignment of the nano-
tubes (Figure 1). Devices were functionalized with a 30 nm layer 
of C60 deposited through vacuum thermal evaporation at a rate of 
1 Å s−1. After functionalization, the devices were transferred to a 
probe station with a CaF2 window and subsequent measurements 
were done under vacuum (<10−5 Torr). Photoresponse was meas-
ured using fiber-coupled Thorlabs light-emitting diodes (LEDs) at 
365, 530, and 950 nm, with the light intensity controlled through 
a combination of the LED power and neutral density filters. Light 
intensity was corrected for the transmission of the CaF2 window, 
which is ≈92% at all wavelengths of interest. Spectral response 
of the devices was measured in the visible and confirmed to  
match C60 absorption, indicating the C60 was acting as a photo-
sensitizer for the CNTs (Figure S1, Supporting Information).

Figure 2a shows the transistor transfer characteristics for 
a source–drain bias VSD = 100 mV, as well as photoresponse 
for different light intensities at 530 nm. In the dark, the device 
behaves as a p-type FET with high current density in the ON 
state (devices typically showed a conductance ≈0.05 mS µm−1  
at VG = −10 V). Surprisingly, under illumination, the device 
exhibits a decrease in slope without a significant shift in 
threshold voltage VT, with larger decreases at higher light 
intensities (Figure S2, Supporting Information). This trend is 
markedly different from the VT shift with minimal change in 
slope observed in most CNT photodetectors with sensitizers, 
including azobenzenes,[15–17] porphyrins,[19] and even C60.[27] 
This same trend was seen in bare CNT devices[31,32] and ZnO 
nanowires,[33,34] and ascribed to oxygen desorption upon UV 
illumination. Our measurements on bare CNT devices showed 
no such effect (Figures S3 and S4, Supporting Information), and 
the responsivity in the visible and IR also suggests that oxygen 
desorption is not the mechanism here. A reduction in current 
without a shift in the threshold voltage was also reported for 
spiropyran-functionalized devices,[18] and it was suggested that 
increased carrier scattering due to dipole changes was respon-
sible for the effect.

We calculated the responsivity from the transfer characteris-
tics using R = ∆ISD/Pinc where ∆ISD is the absolute magnitude of 
the change in source–drain current from dark to light and Pinc is 
the incident power on the device. Figure 2b shows the resulting 
responsivity for this device at VG = −10 V, VSD = 100 mV  
across a range of intensities at 530 and 365 nm. This device 
exhibited comparable responsivity in both the green and the 
UV, with a maximum responsivity of 2.2 × 107 A W−1 under 
110 fW of green light. Defining the gain g as the ratio between 
the change in the number of carriers collected per second to 
the number of incoming photons per second Φ, we obtain 
g = (∆ISD/e)/Φ = 5.0 × 107.

Small 2018, 14, 1802806

Figure 1. AFM of a 500 nm aligned CNT array device. Device channel is in 
the middle of the image with contacts on left and right. Inset: Schematic 
of device structure.
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Figure 2. a) Transistor transfer characteristics in the dark and under 
varying intensities of 530 nm light. Measurements were done in vacuum 
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b) Responsivity as a function of light intensity for UV illumination (20 µm 
wide by 200 nm long device channel) and green illumination (5 µm wide 
by 300 nm long channel).
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Ids of a single CNT FET 
is in the range of ~nA
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Differential amplifier with CNT input

7

• Bias at 1.5nA (nominal, for single CntFET) through CntFET
• Vdd=1.8V, single out-of-chip current bias

• DC gain 31dB (1st stage),  66dB (2 stages).  f_0dB = 140kHz
• SF taps around CntFET for Vds measurement.

• Require external current source and V measurement 

• More versions for CntFET bias at 10nA, 100nA, 1uA
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CntBridgeAmp0

8

• Replace both input transistors with PADs for connecting to CntFET
• “Center tap” of two CntFETs at node Vc1
• Vc1 and Vbn1 are measured externally via SF
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Voltage buffer/probe driver
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• Open source “Diego” version.
• Vdd=1.8V
• Single external current bias.
• GBW 54.3 MHz, DC gain 60dB
• PM=68deg @ CL=20pF
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An ideal test system (demonstrator)?
• Nano device characteristics vary wildly

• Design many individual CMOS circuits to cover the parameter space
• Put these circuits in a array, on easy-to-use readout/control system.
• Enable high-throughput screening, like chemical assay
• Getting 1 out of many (N) to work is a success, worry about yield later

• Increase N by CMOS circuit array (cheap)
• CMOS circuits array must be able to perform

• Characterization
• Readout
• Multiplexing

https://doi.org/10.1016/j.ab.2023.115369
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