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low cost, light weight, flexibility, low-temperature, and solution 
processability.[8] The fabricated phototransistors operating at 
off-state exhibit a very low noise current of ≈100 pA, and they 
have a huge apparent gain of the order of ≈108. The combina-
tion of high gain and low noise of the floating-gate organic 
phototransistors enables the detection of ultraweak light down 
to ≈100 fW cm−2, which represents the lowest light intensity 
detected without using lock-in techniques by solution pro-
cessed cooling-free photodetectors.

Figure 1a depicts the general design of the phototran-
sistor. Here, we adopt a bottom-gate-top-contact geometry for 
the transistor. The light-absorbing layer is a blend of organic 
semiconductors that form bulk heterojunctions, and it acts 
as a light-enabled floating gate that gives rise to the transistor 
photoresponse, which is characterized by the change of drain–
source (channel) current (ΔIds), or by the shift of threshold 
voltage (ΔVth) on the transfer characteristics relative to their 
respective values in the dark, as illustrated in Figure 1b. The 
detailed operation principle of the device is illustrated in 
Figure 1c. In the dark, the device works as a regular transistor 
and the injection current through the top dielectric is largely 
suppressed by the energy barrier between the channel and the 
light-absorbing layer, as represented by the crosses in Figure 1c. 
Upon light illumination, free electrons and holes are generated 
in the light-absorbing bulk heterojunction layer. Directed by 
the vertical gate electric field, electrons drift toward the light-
absorbing layer/bottom dielectric interface and get trapped 
there by hydroxyl groups or other functional groups,[9] while 
holes drift toward the top dielectric/light-absorbing layer inter-
face and accumulate or get trapped there, as indicated by the 
white arrows in Figure 1c. Previous work shows that although 
the organic semiconductor conduction channel is p-type, elec-
trons can be injected into the channel and accumulate near 
the drain electrode where there is very large applied electric 
field.[10] In the proposed transistors, these electrons are further 
constrained by photogenerated holes located at the top dielec-
tric/light-absorbing layer interface via coulombic interaction, as 
indicated by the double arrow in Figure 1c. As a result of the 
coulombic interaction, the energy barrier between the channel 
and the light-absorbing layer is effectively thinned. Driven by 
the gate electric field and coulombic attraction, electrons travel 
readily through the top dielectrics and get trapped at the top 
dielectric/light-absorbing layer interface (Figure 1c). This light-
triggered multiple electron injection process is of vital impor-
tance in enabling the proposed phototransistor for detecting 
ultraweak light. To facilitate this process, a current-injection 
top dielectric is intentionally introduced between the conduc-
tion channel and the light-absorbing layer to increase the 
amount of electrons that are injected into and trapped at the 
light-absorbing layer (floating gate) upon light illumination. We 

Photodetectors are optoelectronic devices that convert light 
signals into detectable electrical signals, and they are the 
“electronic eye” that extends the limits of human vision in 
both spectral response range and lowest detectable light 
intensity. Photodetectors capable of sensing ultraweak light 
have broad applications in various fields, including quantum 
communication and cryptography, military, astronomy, 
industry, consumer electronics, etc.[1–3] Among all types of 
solid-state photodetectors, phototransistors are attracting a lot 
of interests owing to their very high responsivity that holds 
promise for detecting ultraweak light.[4–6] For example, Qi 
et al. demonstrated a high responsivity of 2.2 × 104 A W−1 
toward ultraviolet (UV) lights with thermally stable organic 
phototransistors based on PSeTPTI/PC61BM.[5] In another 
work, Zhao et al. proposed a UV-sensitive organic phototran-
sistors using benzo[1,2-b:4,5-b′]dithiophene dimers as the 
conduction channel, where a responsivity of ≈104 A W−1 was 
achieved.[6] Phototransistors are a class of transistors with 
the possibility to modulate their channel current not only 
by the regular gate but also by the incident photons. These  
phototransistors combine the gain of transistor and regular 
photoconductor, which can generate a huge apparent gain. For 
this reason, phototransistors have been exploited for detecting 
ultraweak light and even single photons. For example, Gansen 
et al. employed δ-doped GaAs/Al0.2Ga0.8As phototransis-
tors for detecting single photons.[7] In their work, a layer of 
InGaAs quantum dots (QDs) was sandwiched between the 
gate and the conduction channel to form a floating gate in the 
transistor. Upon single photon impinging, this floating gate 
was charged with photogenerated holes, which resulted in a 
rightward shift of the transfer curve of the transistor due to 
the partial screening of the gate electric field by the charged 
QDs. However, it should be noted that the impressive perfor-
mance of their phototransistors was achieved at 4 K, which 
is a temperature apparently too low for most of the practical 
applications. Moreover, the fabrication of their devices might 
not be cost-effective since it involved molecular beam epitaxy 
for the growth of QDs.

To circumvent these issues, we propose a type of room-tem-
perature operation floating-gate phototransistors. We imple-
ment the design with organic semiconductors as conduction 
channel and light-absorbing layer. Organic semiconductors are 
promising materials for solid-state light detection due to their 
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remark that the electron injection in the dark is blocked by the 
energy barriers and thus should not significantly affect the dark 
current.

With the trapped electrons as a floating gate, ΔIds can be 
approximated in the saturation regime by (see the Supporting 
Information for details) 

2
ds

2 2

tot

I
We

LC

µ σ∆ =
 

(1)

where μ is the carrier mobility, W (L) is the 
channel width (length), Ctot is the total spe-
cific capacitance of the dielectrics between 
the gate and the conduction channel, e is 
the elementary charge, and σ is the density 
of trapped electrons that form a floating gate 
in Figure 1a. As revealed by Equation (1), the 
change of drain–source current ΔIds increases 
quadratically with the trapped electron 
density σ. Furthermore, one can assume 
a stretched exponential-like relationship 
between the trapped electron density (σ) 
caused by electron injection and the number 
of incident (absorbed) photons per area per 
certain period (Φ) for the light-triggered 
multiple electron injection mechanism, and 
Equation (1) can then be expressed as 

2
expds
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(2)

where A, B, and n are constants. Equation (2) 
indicates that the incident photons can spark 
an exponential change in the channel cur-
rent. In other words, the light signal is ampli-
fied by the multiple electron injection process 
following an exponential relationship. This 
amplification effect combined with a low 
noise current by biasing the device to an off-
state, give rise to an ultrahigh sensitivity in 
the phototransistor shown in Figure 1a.

To implement the device design in 
Figure 1a, we fabricated phototransistors 
with a material structure shown in Figure 2a. 
The highly p-doped silicon substrate was 
used as the bottom gate, while 60 nm silver 
was thermally evaporated on the top using 
a shadow mask to serve as source and drain 
contacts which define a channel length of 
100 μm and a width of 1 mm. A bulk het-
erojunction layer formed by a blend of 
2,6-bis(trimethyltin)-4,8-bis(5-(2-ethylhexyl)-
thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene 
(PBDTTT):[6,6]-phenyl C61 butyric acid 
methyl ester (PCBM), which has been dem-
onstrated in achieving highly efficient organic 
solar cells,[11] was chosen as the floating gate. 
The PBDTTT:PCBM blending layer was 
deposited on the Si substrate coated with  

300 nm thick dry thermal oxide (bottom dielectric) to function 
as the UV–visible light-absorbing layer of the phototransistor.

The top dielectrics consisted of a stack of a cross-linked 
poly(4-vinylphenol) (PVP) layer and a lithium fluoride (LiF) 
layer. The PVP layer cross-linked with 4,4′-(hexafluoroisopro-
pylidene)diphthalic anhydride (HDA) was spin-coated directly 
on top of the PBDTTT:PCBM layer. In order to provide ade-
quate surface wettability for the subsequent spin-coating of 
C8-BTBT in 1,2-dichlorobenzene (DCB), a 20 nm thick LiF 
layer was deposited on the cross-linked PVP:HDA layer by 
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Figure 1. a) Schematic depicting the device design of current-injection enabled highly sensi-
tive organic phototransistor. FG stands for floating gate. b) Sketch illustrating the transfer 
characteristics of a phototransistor in the dark and under light and the photoresponse that is 
represented by ΔIds (change of the drain–source current) and ΔVth (change of the threshold 
voltage). c) Schematics illustrating the operating mechanism of the proposed phototransistor. 
The upper and lower panels depict device cross-sections together with interfacial electron/hole 
traps and the energy level diagrams of the device under different lighting conditions, respec-
tively. Circles with minus (plus) sign represent electrons (holes). The white arrows indicate 
the moving of the electron/hole under electric field. The black arrows across the top dielectric 
denote electron injection, and the double arrow indicates the coulombic interaction between 
electrons and holes.
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thermal evaporation. This LiF layer is transparent in the UV–
visible range since it has a bandgap of 13.6 eV.[12] Eventually, 
the C8-BTBT conduction channel was formed by the off-center 
spin-coating method developed previously by us.[13] C8-BTBT 
film grown with this method is known to offer very high hole 
mobility and good stability in ambient conditions, owing to 
its high crystallinity resulting from the ordered assembly of 
C8-BTBT molecules during the spin-coating process.[13,14] 
Figure 2b illustrates the energy level diagram of the bulk 
hetero junction formed by PBDTTT and PCBM.[11,15] When 
UV–visible photons are absorbed by the PBDTTT:PCBM layer, 
free electrons and holes are generated and spatially separated 
by the heterojunction. Figure 2c shows the molecular struc-
tures of C8-BTBT, PBDTTT, and PCBM used in this work.

Figure 2d shows the typical transfer characteristics of 
the fabricated phototransistors recorded in the dark and 
under 2 pW cm−2 red light (660 nm). The 2 pW cm−2 light 
impinging on the phototransistor sparked a significant change 
in the drain–source current (≈10 nA). Transfer characteris-
tics recorded under ≈100 fW cm−2 to ≈11 nW cm−2 illumina-
tions can be found in Figure S1 (Supporting Information). 
The increase of Ids with decreasing Vgs under negative drain–
source bias indicates that holes are the majority carriers that 
conduct current in the channel, which is consistent with our 
previous reports.[13,14] The photoresponse of the transistor 
increases monotonically with light intensity (upper panel of 
Figure 2e), and fitting the data with Equation (2) yields an n of 
≈0.2 (Figure S2, Supporting Information). This phototransistor 

demonstrates a ΔIds of ≈550 pA (which is more than five times 
larger than the off-current) at an ultraweak light intensity of 
≈100 fW cm−2. The high sensitivity at very low light illumina-
tion is further confirmed with the measurements in Figure S3 
(Supporting Information), where the recovery of the transfer 
curve after removing the illumination (≈100 fW cm−2) is clearly 
demonstrated. To the best of our knowledge, this is the lowest 
reported light intensity that can be directly detected without 
using lock-in techniques at room temperature by a solution 
processed photodetector. Figure S4a (Supporting Information) 
shows the decent reproducibility of the transfer characteristics 
recorded in the dark, which suggests that the electron injec-
tion in the dark is largely suppressed. We note that this stable 
behavior of the transistor in the dark is of paramount impor-
tance in the successful detection of ultraweak light. Figure S4b 
(Supporting Information) presents five cycles of transfer char-
acteristics recorded under light, where reproducible detection 
of ultraweak light (≈100 fW cm−2) was successfully showcased.

Responsivity and gain are important figures of merit to char-
acterize photodetector performance. The responsivity here is 
defined as the change of Ids per incident light power, and the 
gain is the number of charges collected by the electrodes per 
absorbed photon. In phototransistors, both responsivity and 
gain are proportional to ΔIds at given Vds and Vgs. The typical 
responsivity and gain of the phototransistor are presented in 
the lower panel of Figure 2e. In general, the phototransistor 
maintained ultrahigh responsivities (gains) over the entire light 
intensity range (100 fW cm−2–11 nW cm−2), and demonstrated 
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Figure 2. a) Schematic illustrating the material structure of the implemented phototransistors. b) Energy level diagram formed by the PBDTTT:PCBM 
bulk heterojunction, along with the illustration of the photocarrier generation and separation process. The numbers with minus sign indicate the posi-
tions of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels relative to the vacuum level. c) Molecular 
structures of C8-BTBT, PBDTTT, and PCBM. d) Representative transfer characteristics recorded in the dark (square) and under ≈2 pW cm−2 red light 
(circle) for the phototransistor shown in (a). Ids is the drain–source current, and Vgs is the applied bias between gate and source. The drain–source 
voltage bias Vds was fixed at −40 V. The arrow indicates the change of the drain–source current caused by the incident light. e) Photoresponse ΔIds 
(upper panel) and gain/responsivity (lower panel) of the phototransistor under various light intensities. These data were extracted from Figure S1 
(Supporting Information) at Vgs = 24 V.



C
o

m
m

u
n

iC
a
tio

n

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (4 of 6) 1603969

a peak responsivity of 1.8 × 107 A W−1 (corresponds to a gain of 
1.2 × 108) at a light intensity of ≈200 fW cm−2. The gain is cal-
culated by taking into account a 30% light absorption at 660 nm 
(Figure S5, Supporting Information). This responsivity (gain) is 
among the highest reported to date on photodetectors.[16]

Alternatively, the photoresponse of transistors can be 
expressed as the shift of the threshold voltage (ΔVth in 
Figure 1b, defined by Equation (S5) in the Supporting Informa-
tion). In analogy to the current responsivity shown in Figure 2e, 
we introduce a voltage responsivity (RV) for phototransistors 
which is defined as the change of the threshold voltage (ΔVth) 
per incident light power (Figure 3). In general, the voltage 
responsivity decreases with the light intensity, following a 
power law of RV ∞ P−0.8, where P is the incident light inten-
sity. The phototransistor registered an unprecedented voltage 
responsivity of 2.2 × 1016 V W−1 at the lowest detectable light 
intensity (≈100 fW cm−2), which is more than ten orders of 
magnitude higher than that achieved on recently reported 
carbon nanotube-based phototransistors.[17]

From the proposed operation principle, the light-triggered 
multiple electron injection process plays a key role in enabling 
these phototransistors for detecting ultraweak light signals. 
To further clarify the origin of the high sensitivity, we esti-
mate the density of the electrons trapped at the PVP:HDA/
PBDTTT:PCBM interface and compare it with the photogen-
erated hole density. Under ≈100 fW cm−2 illumination, the 
transfer curve in Figure S1a (Supporting Information) exhibits 
a threshold voltage shift of 2.55 V (relative to the value in 
the dark), which corresponds to a trapped electron density of 
1.4 × 1011 cm−2, as evaluated with the following equation[18]

/th totV C eσ = ∆  (3)

On the other hand, the upper limit (by assuming 
100% quantum efficiency and no recombination) of the 
photogenerated hole density with a light intensity of 

100 fW cm−2 for an illumination period of 1 min is found to 
be 2 × 107 cm−2. Comparing these two densities leads to the 
conclusion that at least ≈104 electrons are injected per absorbed 
photon. This result further confirms that the light-triggered 
multiple electron injection process serves, in effect, to amplify 
ultraweak light signals, which enables the demonstrated excep-
tionally high responsivity (gain).

To verify the existence of the light-triggered electron injec-
tion, we monitored the current between the drain and gate while 
turning the light of 660 nm on and off, as shown in Figure 4a. 
The gate-to-drain current (−Idg) exhibited immediate response 
to the light in four consecutive on–off cycles (Figure 4b). This 
current flew through the SiO2 dielectric rather than charging 
the SiO2 capacitor, as the amount of charges that had passed 
the circuit for a period of 1 min was much larger than the max-
imum charges that could be stored on the capacitor. Since the  
C8-BTBT layer does not absorb light above ≈375 nm, the 
response shown in Figure 4b can only originate from  
the light absorption in the PBDTTT:PCBM layer, confirming 
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Figure 3. Voltage responsivity of the phototransistor as a function of 
light intensity. Threshold voltages under different light intensities were 
obtained from the |Ids|0.5 versus Vgs plots (similar to the one shown in 
Figure S6 in the Supporting Information), and were used for the calcula-
tion of the voltage responsivity. The line is a linear fit to the data that gives 
a slope of −0.8 on a log–log plot.

Figure 4. a) Schematic diagram showing the setup for the measure-
ment in panel (b). The black dot and the arrow illustrate an electron that 
is about to travel through the top dielectrics under light illumination. 
b) The gate (G)-to-drain (D) current recorded over time at a Vdg of −40 V 
while turning the light (center wavelength at 660 nm with an intensity of 
36.3 μW cm−2) on and off for four cycles.
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the existence of light-induced current flowing into the drain 
electrode. It is worth mentioning that we also fabricated photo-
transistors with a 20 nm HfO2 layer grown by atomic layer 
deposition (ALD) at 100 °C (Figure S7a, Supporting Informa-
tion) as the top dielectric layer. The injection current through 
the HfO2 layer was more than six orders of magnitude lower 
than that through the PVP:HDA layer (Figures S7d and S8b, 
Supporting Information). Therefore, the gate-to-drain current 
(mainly injected electron current) should be largely sup-
pressed, while the total specific capacitance Ctot was found to 
be 11.2 nF cm−2, comparable to the capacitance (8.9 nF cm−2) 
of the device shown in Figure 2a. The transfer characteristics 
of the transistor with HfO2 as the top dielectric are displayed 
in Figure S7b (Supporting Information). The transistor showed 
negligible response (ΔIds) toward ultraweak lights, highlighting 
the importance of introducing the electron injection top dielec-
trics in achieving extremely high sensitivity in phototransistors.

Photoresponse to visible lights is highly desired when using 
photodetectors for radiation detections, as many widely used 
scintillators emit in the visible range (e.g., NaI (TI), CsI (TI), 
BGO, etc.) As a step forward from our previous work where the 
detectors’ response was confined to UV lights,[14] phototransis-
tors proposed here exhibit a broad response to light in the UV–
visible range. Figure 5 shows the typical photoresponse (ΔIds) 
of the phototransistors at wavelengths from 300 to 900 nm, 
along with the optical absorption of the PBDTTT:PCBM layer. 
The very good agreement between the current spectrum and 
the optical absorption curve further confirms that the photo-
response of the detector in the visible range indeed originates 
from the light absorption in the PBDTTT:PCBM layer. This 
result also suggests another important merit of employing 
light-absorbing polymer blend as a floating gate, i.e., the 
detecting wavelength range may be easily tailored by using dif-
ferent light-absorbing polymers without losing the high gain.

In summary, we proposed a general phototransistor archi-
tecture for detecting ultraweak light into the fW cm−2 region 
at room temperature. In addition, we implemented the design 
with organic phototransistors comprising a PBDTTT:PCBM 
light-absorbing layer sandwiched between the bottom gate and 

the conduction channel, and demonstrated room-temperature 
detection of ultraweak light down to ≈100 fW cm−2. This excep-
tionally high sensitivity was brought about by an amplification 
process triggered by incident light. With these phototransistors, 
we achieved an astonishingly high responsivity of ≈107 A W−1 
at a light intensity of ≈200 fW cm−2. This high responsivity, 
together with the relatively low operating voltage, make the 
phototransistors promising candidates for applications where 
high voltage bias is unwanted.

Experimental Section
Device Fabrication: All phototransistors in this work were fabricated 

on highly p-doped (resistivity: 0.001–0.005 Ω cm) silicon substrates 
coated with a 300 nm thick dry thermal oxide layer. The PBDTTT:PCBM 
solution was prepared by dissolving PBDTTT:PCBM in DCB with a 
concentration of 10:15 mg mL−1 and keeping stirring the solution for 
at least 36 h at 50 °C. The light-absorbing layer was formed by spin-
coating the PBDTTT:PCBM solution on the substrate at a speed of 
2000 rpm for 60 s, which resulted in a film thickness of ≈50 nm. Before 
spin-coating, the PBDTTT:PCBM solution and the substrate were heated 
to 70 °C to achieve better uniformity for the PBDTTT:PCBM layer. The 
PVP:HDA solution was prepared in the same way as detailed in ref. [13], 
and the diluted solution was spin-coated on the PBDTTT:PCBM layer at 
4000 rpm. The sample was then subjected to a thermal annealing on 
a hotplate at 105 °C for 1 h, and a subsequent UV-ozone treatment 
(UVO cleaner, Jelight Company Inc.) for 5 min. The resulting thickness 
of the cross-linked PVP layer was ≈45 nm. Next, a LiF layer was thermally 
evaporated on top of the PVP layer at a rate of ≈0.1 Å s–1. The C8-BTBT 
conduction channel was grown by the off-center spin-coating method as 
described in ref. [13]. Source/drain contacts were obtained by thermal 
deposition of 60 nm silver through a silicon shadow mask.

Light Sensing (Transfer Characteristics) Measurement: A light-emitting 
diode (LED) emitting at a center wavelength of 660 nm was used as the 
light source to illuminate the phototransistor from the top. The light 
intensity reaching the device surface was regulated by simultaneously 
changing the LED driving current and using neutral density filters placed 
between the LED and the phototransistor. The light intensity in the 
absence of neutral density filters was calibrated with a silicon photodiode 
(Hamamatsu S2387-33R). Care had been taken to prevent the scattered 
light other than attenuated LED light from impinging on the device 
during the light sensing measurement. Keithley sourcemeters 2400 and 
2601 were used for all the transfer characteristic measurements. Another 
Keithley 2400 sourcemeter was used to provide the driving currents for 
the LED. All three sourcemeters were controlled remotely by a computer 
with a Labview program to ensure the synchronization between the 
electrical measurement and the LED lighting.

Spectral Photoresponse Measurement: Transfer curves were recorded 
while the phototransistors were shined with monochromatic light 
provided by a Xenon lamp coupled to a monochromator (Newport 
74125). The intensity of the output light from the monochromator was in 
the range of μW cm−2. The photoresponse was calculated by subtracting 
the Ids(dark) from the Ids(light) at a Vgs close to the turn-on voltage of the 
rightmost transfer curve and then normalizing with respect to the 
monochromatic light intensities.

Optical Absorption Measurement: For this measurement, a layer of 
PBDTTT:PCBM was spin-coated on a glass substrate with the same 
method described above. The optical absorption spectrum was recorded 
with a UV–visible spectrophotometer (Thermo Scientific, Evolution 201).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5. Spectral response (ΔIds) of the photodetector normalized with 
respect to the light intensity at each wavelength (circles) along with the 
optical absorption of the PBDTTT:PCBM layer (line).
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