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L
ight sensors, crucial to image capture,

optical communications, and biopho-

tonics, have until recently been built

principally using single-crystal semiconduc-

tormaterials such as Si, GaAs, and InGaAs.1�3

Recently, significant strides have been made

in producing solution-processed light sen-

sors based instead on soft materials. These

hold the advantage of reduced manufactur-

ing cost as well as compatibility�without

concern for lattice-match�with a wide array

of possible substrates, including curved and

flexible ones.4�6

Colloidal quantumdots are an example of

one such solution-processed optoelectronic

material.7 In addition to low cost and sub-

strate compatibility, they also provide quan-

tum size effect tuning, wherein the band-

gap, and hence the spectral onset of light

absorption, can be programmed at the time

of fabrication by controlling the nanoparti-

cle diameter.8,9

Two main classes of CQD photodetectors

have seen much attention. The first, photo-

diodes, rely on rectifying junctions and

generally provide low dark currents and

high operating frequencies.10 Indeed fast-

respondingCQDphotodiodeshaveprovided

3 dB frequencies in excess of 1 MHz.11 The

other class of widely explored photodetec-

tors are photoconductors.12,13 These offer

the advantage of photoconductive gain,

which can produce a large number of elec-

trons of photocurrent collected for each

absorbed photon. This upfront gain facili-

tates subsequent processing of analog sig-

nals. It generally comes at a penalty to both

speed and dark current.14,15

A different class of light detectors, photo-

transistors, combines gain and a transistor

effect. These have attracted attention16�18

since they combine impressive signal ampli-

ficationwith a reasonable response time.19,20

In this work, we investigate a photojunction
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ABSTRACT The performance of photodetectors is judged via high respon-

sivity, fast speed of response, and low background current. Many previously

reported photodetectors based on size-tuned colloidal quantum dots (CQDs) have

relied either on photodiodes, which, since they are primary photocarrier devices,

lack gain; or photoconductors, which provide gain but at the expense of slow

response (due to delayed charge carrier escape from sensitizing centers) and an

inherent dark current vs responsivity trade-off. Here we report a photojunction

field-effect transistor (photoJFET), which provides gain while breaking prior

photoconductors' response/speed/dark current trade-off. This is achieved by

ensuring that, in the dark, the channel is fully depleted due to a rectifying

junction between a deep-work-function transparent conductive top contact

(MoO3) and a moderately n-type CQD film (iodine treated PbS CQDs). We characterize the rectifying behavior of the junction and the linearity of the channel

characteristics under illumination, and we observe a 10 μs rise time, a record for a gain-providing, low-dark-current CQD photodetector. We prove, using an

analytical model validated using experimental measurements, that for a given response time the device provides a two-orders-of-magnitude improvement

in photocurrent-to-dark-current ratio compared to photoconductors. The photoJFET, which relies on a junction gate-effect, enriches the growing family of

CQD photosensitive transistors.
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field-effect transistor, or photoJFET. Our concept is

described in Figure 1. As in a JFET,21 the conductance

of a channel is modulated by a change in the density of

free charge carriers; and this conductance is sensed

using a lateral source�drain connection to the chan-

nel. Also in common with the conventional JFET, the

photoJFET is a junction device in the direction ortho-

gonal to the channel flowdirection. In the present case,

a rectifying junction between a deep work function

transparent conductor (MoO3) and the normally n-type

channel semiconductor, a CQD solid, produces a nor-

mally depleted (normally off) channel. Molybdenum

trioxide has previously been employed as a back

ohmic contact in the best-performing reported CQD

solar cells.22 In contrast with the conventional JFET, the

photoJFET exploits light-induced, instead of externally

applied field-induced, modulation of the channel

conductance.23

RESULTS AND DISCUSSION

Spatial band diagrams (Figure 1b,c) illustrate the

operation of the photoJFET in the dark and under

illumination. In the dark, the channel is fully de-

pleted, thanks to a built-in potential due to the

work function difference between the MoO3 (Φ =

5.4 eV)24�26 top contact and the n-doped PbS CQDs

CQD film (Φ = 4.2 eV), combined with the relatively

low doping of the CQD layer (n0≈ ND≈ 1016 cm�3)27

and the judicious choice of CQD layer thickness

(240�300 nm). We designed the channel for full

depletion in the dark with the goal of minimizing

dark current. This strategy is necessary because of

Figure 1. (a) Schematic of the photoJFET. CQDs are deposited on glass and contacted with silver source and drain contacts. A
layer of MoO3 is deposited on top of the CQD layer. The sample is illuminated through the glass substrate. Simulated energy
band diagrams of (b, top) dark and (c, top) illuminated photoJFETs. The fully depleted device (b, bottom) exhibits bent bands
and reduced free carriers, whereas illumination (in this case λ = 450 nm) generates an open-circuit voltage and a large
population of free carriers (c, bottom). The new band alignment results in a CQD channel replenished of free carriers
(electrons) due to the shrinkage of the depletion region.
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the absence of a high quality, highly intrinsic CQD

solid.

Under illumination, the vertical MoO3:CQD junction

can be pictured as a Schottky device operating under

open-circuit conditions (since the CQD film sits atop an

insulator, glass, and is contacted with a floating top

electrode). As seen in Figure 1c, under illumination

with above-bandgap photons, the quasi-Fermi levels

separate, with photoholes drawn toward theMoO3 and

photoelectrons filling the channel, with the light-

absorption-drivenemergence of amajority free electron

density beginningat thebottomof the channel, i.e., near

the insulating substrate.

We investigate the prospective benefits of the

photoJFET by first describing the results of analytical

modeling presented in Figure 2 and detailed in

the Supporting Information. In the photoconductor,

photocarriers generated due to photon absorption will

recirculate in the channel τl/τt times,28 producing

photoconductive gain, where τt is the transit time

τt= L2/μV, τl is the carrier lifetime, L is the contact spacing,

and V is the applied voltage. These considerations

Figure 2. Analytical comparisonbetween thephotoJFET anda traditional photoconductor. Gain is plotted, using a color code,
as a function of thedark current density and themaximumfrequency of operation. The photoconductor showswarmcolors in
the top left corner of the plot, area corresponding to low frequency and high dark current. The photoJFET, instead, exhibits
similar gain at much lower dark current and higher frequency. Previous reported devices and the equivalent performance
photoconductor are positioned in the plot for comparison.

Figure 3. Experimental investigation on the operation of the photoJFET. (a) PhotoJFETs with different PbS CQD film
thicknesses are investigated in terms of dark current. Up to a thickness 300 nm, the channel is fully depleted resulting in very
low channel conductivity. When the CQD layer thickness exceeds the depletion width, the conductivity of the channel has a
rapid increase as a result of the free carriers present in theCQD solid. (b) Thequantitative comparison, in termsof dark current,
between the photoJFET and a photoconductor (i.e., pure CQDs) having the same thickness (150 nm). The photoJFET is able to
reduce the current by 2 orders of magnitude. (c) The MoO3/CQD rectifying IV curve is shown in dark and under AM 1.5 solar
illumination (inset).

A
R
T
IC
L
E



ADINOLFI ET AL . VOL. 9 ’ NO. 1 ’ 356–362 ’ 2015

www.acsnano.org

359

highlight the inherent trade-off in photoconductors

between gain and speed. While this trade-off can be

made by increasing transport to decrease transit time,

this results directly in an increase in dark current: Jdark =

qn0L/τt.

In contrast, while the photoJFET also achieves gain

as a ratio of excited state lifetime to transit time, the dark

current of the photoJFET can bemuch lower than in the

photoconductor since it is fully depleted in the dark.

With this solution, a desirably small τt can be obtained

without unacceptably increasing the dark current.

The breaking of the response/speed/dark current

trade-off in the photoJFET relative to the photocon-

ductor is illustrated in the example of Figure 2. For a

given choice of device structural and materials param-

eters (Supporting Information), the photoJFET can

achieve useful gain of 10, modulation frequency of

100 kHz, and a dark current fully 2 orders of magnitude

lower compared to a photoconductor at the same gain

and response speed.

We built a suite of phototransistors and character-

ized them to understand their operation and reveal

their performance. Our first step was to experimentally

find a channel thickness that would maximize light

absorption but preserve fully depleted operation. As

seen in Figure 3a, we can make a channel as thick as

300 nm and still achieve low dark current, consistent

with theoretical estimates of the single-sided junction

depletion region thickness for a ∼1016 cm�3 doped

n-layer, Vbi = 0.9 V, and ɛr = 22 (xd = ((2εVbi)/(qNd))
1/2
=

460 nm).29

We next characterized the MoO3:CQD vertical junc-

tion (Figure 3b). This axis of the device exhibits a

rectification ratio as high as 104 and confirms that a

highly asymmetric junction is indeed formed. The low

leakage of the reverse-biased MoO3:CQD junction is

crucial to maintaining low dark current in the photo-

JFET in its intended operation mode.

Figure 3c compares the measured dark current.

Characterization of a photoJFET and a photoconduc-

tor, each in the dark, reveals the advantage of using the

fully depleted channel. A two-orders-of-magnitude

advantage in dark current is maintained for all source�

drain biases (VSD) for the photoJFET relative to the

photoconductor.

To characterize the device further, we acquired three

figures of merit of interest in photodetection.30 In

Figure 4a we present the photocurrent spectrum,

normalized to the response at 950 nm (the excitonic

peak). The photocurrent response spectrum follows

the absorption spectrum of the quantum dots closely,

confirming the CQD solid's role in photocarrier gen-

eration and photoJFET photocurrent.

The device achieves a gain as high as 9.8 under low

optical intensity (Figure 4b); this value decreases as

superlinear recombination mechanisms (e.g., bimole-

cular) take over at higher photogeneration rates.23,31

Figure 4. Electro-optical characterization of the photo-
JFET. (a) The spectral photocurrent is measured for a
source�drain voltage of 5 V under a constant incident
light power of 632 pW chopped at a frequency of 20 Hz.
The plot shows a clear exciton peak around 950 nm
matching the absorption profile of the PbS CQD semi-
conductor (see Supporting Information) demonstrat-
ing excellent photocarrier extraction through all the
visible and NIR spectrum. (b) The gain is measured under
a 30 V bias, monochromatic blue light excitation
(λ = 450 nm) as a function of the incident light power.
At low power the photoJFET reaches a gain of 9.8. (c) The
photocurrent as a function of bias and incident light
power is shown.
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The measured value of the gain agrees well with the

theoretical value estimated using the mobility and

the carrier lifetime of the CQD film (the measurements

and the analysis are included in the Supporting

Information). The transfer characteristic of the source�

drain current vs voltage is linear at all light levels

studied, consistent with ohmic contact of the silver

source and drain contacts to the n-type channel CQD

film. Responsivity, noise current, and detectivity have

also been measured and are shown in the Supporting

Information.

Figure 5 reports the transient behavior of the photo-

JFET. We measure a rise time of ∼10 μs, orders of

magnitude faster than the fastest PbS CQD photocon-

ductors previously reported (millisecond and above).

Indeed, the combination of gain approaching 10 and

response speed of approximately 100 kHz represents

by far the fastest response time of a CQD photodetec-

tor exhibiting significant gain and low dark current.

CONCLUSIONS

In conclusion, the present work reports a novel

CQD-based light sensor that enters a new regime of

performance adjudged using the three crucial figures

of merit of gain, speed, and background current. This

device differs from previously reported CQD-based

phototransistors,32 which provided transport in a se-

parate medium (such as graphene or MoS2
33). Instead,

the photoJFET absorbs and transports in a single

medium and exploits the photogate to modify the

conductivity of the channel at zero bias; the junction

gate-effect differentiates this phototransistor from

the traditional metal�insulator�semiconductor (MIS)

architecture.34,35 Further improvements stand to be

achieved by using more advanced lithographic defini-

tion to shorten the channel length to increase gain and

reduce the volume of material producing thermal

generation current across the reverse-biased junction

in the dark; and by improving transport further in the

channel to decrease transit time and increase speed of

response and thus increase gain. As CQD-based recti-

fyingmetal�semiconductor junctions and heterojunc-

tions are further improved, the Schottky device used to

fully deplete the photoJFET in the dark stands to be

enhanced further with the goal of minimizing inter-

facial recombination and consequent leakage current.

METHODS

Materials Preparation. Colloidal quantum dots were synthe-
sized according to a previously published method.36

Sample Fabrication. A glass substrate with predeposited silver
interdigitated electrodes was cleaned using acetone, isopropa-

nol, and deionized water. The PbS CQD layer was deposited by

spin-casting. PbS CQDs dissolved in octane (50 mg/mL) were

spin-cast for 10 s at a speed of 2500 rpm. Tetrabutylammonium

iodide (TBAI) dissolved in methanol (10 mg/mL) was then

deposited on the film for the ligand exchange, left to soak for

10 s, and the liquid in excess was removed by spinning. Finally

methanol was deposited on the surface and removed by

spinning. This exchange/rinse was repeated a second time.

The quantum dot/exchange/rinse procedure was repeated

layer by layer until the desired thickness (240�300 nm) was

reached. Molybdenum trioxide (MoO3) was deposited (40 nm)

using vacuum thermal evaporation. The entire fabrication

process was performed in a nitrogen-filled glovebox. The

channel length and width were fixed to 2.5 μm and 3 mm,
respectively.

I�V Measurements. Current�voltage measurements were
performed using a Keithley 2400 source meter. The instrument
was connected to the sample through triaxial cables and
Cascade microprobe. These measurements were performed in
an inert (N2) environment.

Gain Measurements. Two methods were used to measure the
gain of the detector as previously reported.14 In the first

method, a Keithley 2400 was used to measure the dark current

and the photocurrent. The incident light power, produced by a

narrow bandwidth OSRAM LED (λ = 450 nm), was measured

using a calibrated Newport 1830c power meter, by integrating

the intensity profile of the beam, passing through an aperture,

over the device active area. The detectorwas put in direct contact

with the aperture. The net photogenerated current was divided

by the incident light power andmultiplied by a factor hf/q. In the

second method, a load resistor was connected in series with the

Figure 5. Speed characterization of the photoJFET. Transient photocurrent stimulated from a square wave modulated
monochromatic light excitation (450 nm) is shown (left). A magnification of the rising edge, corresponding to the light
response, reveals a response time (rise time from 10 to 90% of the full wave amplitude) of∼10 μs (right). The falling edge is
characterized by the same time constant (see Supporting Information).
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photodetector, and a bias voltage was provided by the Keithley
2400 source meter. The voltage drop across the load resistor,
produced by the photocurrent, was measured using a SR830
Stanford Research lock-in amplifier that also allowed for noise
measurements. When performing lock-in measurements, the
monochromatic illumination was provided by combining a solar
simulator and a monochromator. All of these measurements
were realized in a dark and inert (N2) environment.

Spectral Photocurrent Measurements. Monochromatic excitation
was provided by using a 450 W Horiba Jobin-Yvon xenon arc
Lamp and monochromator system. Appropriate order sorting
filters (Newport) were used, and the incident power was kept
constant at each wavelength using a neutral density filter. The
photoJFET was biased using a Keithley 2400 source meter. The
photocurrent wasmeasured using a Stanford Research Systems
SR830 lock-in amplifier. The light excitation was modulated
using a mechanical chopper.

Speed Measurements. A monochromatic (λ = 450 nm) excita-
tion, with a power of 140 μW, was provided by an LED driven by
a function generator. The output signal from the photodetector,
biased using a Keithley 2400 source meter, was amplified using
a Stanford Research Systems SR570 current preamplifier and
acquired with an Agilent Infiniium DSO 84 digital oscilloscope.
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