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Solution-processed, cadmium-free quantum dot (QD) photodiodes are compatible with printable
optoelectronics and are regarded as a potential candidate for wavelength-selective optical sensing.
However, a slow response time resulting from low carrier mobility and a poor dissociation of charge
carriers in the optically active layer has hampered the development of the QD photodiodes with
nontoxic device constituents. Herein, we report the first InP-based photodiode with a multilayer device
architecture, working in photovoltaic mode in photodiode circuits. The photodiode showed the fastest
response speed with rising and falling times of 7, = 4 ms and : = 9 ms at a voltage bias of 0 V at room
temperature in ambient air among the Cd-free photodiodes. The single-digit millisecond photo
responses were realized by efficient transportation of the photogenerated carriers in the optically active
layer resulting from coherent InP/ZnS core/shell QD structure, fast separation of electron and hole pairs
at the interface between QD and Al-doped ZnO layers, and optimized conditions for uniform deposition
of each thin film. The results suggested the versatility of coherent core/shell QDs as a photosensitive
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1. Introduction

Colloidal quantum dots (QDs) have tunable excited states
depending on their diameters based on the quantum confine-
ment effect, and their excellent optical absorption and emission
properties have attracted attention in a wide range of opto-
electronic applications, including photodetectors," solar
cells,** light-emitting diodes,*” and lasers.®> QD photodetectors
have a device structure of primarily photodiodes or photo-
transistors and can be manufactured at low cost, offering
significant advantages in surveying, night vision, optical
communications, thermal sensing, and medical diagnostics.’
To date, the ultraviolet spectral range is covered by the QDs
having a central element of ZnO or ZnS,'*'* while counterparts
of CsPbBr; and CdSe have been developed to cover the visible
wavelength range.”® QDs of PbS, PbSe, and CdSe,Te; ,
dominate the optically active layers for near-infrared (NIR) light
sensing.'*°
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whose structures allow various semiconductor

combinations without lattice mismatch

considerations, towards fast response, high on/off ratios, and spectrally tunable optical sensing.

Group III-V compound semiconductors find various appli-
cations in optoelectronics for the reasons below.'”*® First, their
high electron mobilities such as 78 000 cm® V' s~ for InSb,>®
34000 cm? V! s for InAs,* 9400 cm? V™! s for GaAs,?* and
5200 cm® V™' 57! for InP** are beyond the values of other
semiconductors including Si (1450 cm® V™' s7%),22 CdTe (804
em® VvV 's71),% CdSe (642 cm®* V' s71),* and CdS (642 cm® V
s~ ). Second, some of group III-V compound semiconductors
(except for GaN, AlAs, AlSb, GaN, and GaP) have low exciton
binding energy,* making it easier to dissociate excitons and
extract a net current from the device flow towards the corre-
sponding electrodes for detection of photons. Third, the
absorption and emission spectral tunability in a broad wave-
length range is realized by a controlled energy gap resulting
from alloying of central elements of QDs or their size
control.>*® Fourth, I1I-V semiconductors are free of toxic heavy
metals such as Cd, Pb, and Hg, making them an attractive
alternative material platform for optoelectronic device applica-
tions.””*® Nevertheless, compared to group II-VI semiconductor
QDs, III-V counterparts have a higher ratio of covalent bond
character against the ionic bond one, making nanoparticle
crystallization in the solution phase difficult and leaving chal-
lenges in their synthesis.

InP QDs are the most well-studied nanocrystals among the
III-V family, but their application remains limited to the opti-
cally active layer of light-emitting diodes.>*** There are only
a few reports of InP QDs applied to photoelectrodes, and until
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now, only two reports of phototransistor structures.***> Kwak
and co-workers reported a hybrid phototransistor where InP
QDs were used as a light-absorbing layer while black phos-
phorus (BP) was used as a transportation layer.** In their study,
the ligand exchange from oleylamine to 1,2-ethanedithiol,
which has a shorter alkyl length, and annealing at high
temperature for InP QDs improved the charge injection of the
photogenerated carriers from the QD layer to BP layer, leading
to a high responsivity and detectivity, but slow speed with a fall
time of 120 ms. The slow response speed for fall time is
a common problem of entire Cd-free QD photodetectors not
limited to III-V counterparts.™**

Here we report, for the first time, a vertical III-V QD photo-
diode having a high-speed response of rise time of 4 ms and fall
time of 9 ms even at a voltage bias of 0 V at room temperature in
ambient air. In this device structure, a coherent InP/ZnS core—
shell QD as a light-absorbing layer having a single lattice
parameter was used. The lattice coherency allowed for high
carrier mobility throughout the core/shell QD resulting from the
emerging defect-less core/shell interface. A ligand-exchange
strategy was developed, in which palmitic acid on the QD with
a shorter ligand, ie., 6-mercapto-1-hexanol, led to greatly
improved quality of the QD film by spin coating. Furthermore,
the spatial separation of photogenerated excitons was realized
by forming a type-II band alignment at the interface between
the QD layer and the Al-doped ZnO counterpart, resulting in
a fast response at a single-digit millisecond scale.

2. Experimental

2.1 Reagents and materials

Indium(m) acetate [In(Ac)s;, 99.99%, Aldrich], zinc acetate
[Zn(Ac),, 99.99%, Aldrich], zinc oxide (ZnO, 99.999%, Aldrich),
1-octadecene (ODE, 90%, Aldrich), sulfur (99.98%, Aldrich),
butylamine (99.5%, Aldrich), N,N-dimethylformamide (DMF,
anhydrous, 99.8%, Aldrich) oleic acid (OA, 90%, Aldrich), tri-
octylphosphine (TOP, 97%, Aldrich), 1-dodecanethiol (DDT,
>98%, Aldrich), tris(trimethylsilyl)-phosphine [(TMS);P, 98%
Strem Chemicals], palmitic acid (PA, 98%, Tokyo Chemical
Industry), n-octylamine (OAm, 98%, Tokyo Chemical Industry),
6-mercapto-1-hexanol (MCH, 97%, Aldrich), and aluminium-
doped zinc oxide ink (conductivity: 107°-10"* S cm™?,
viscosity < 4 mPa s, Aldrich) were used without further purifi-
cation. Aluminium (Al) wires were purchased from the Nilaco
Corporation (Japan). The purity of argon gas was 99.999%.
Using an oil rotary vacuum pump, the vacuum conditions of
less than 60 Pa were used for degassing and argon gas purge.

2.2 Preparation of Zn-oleate

ZnO (2 mmol) and OA (8 mmol) were mixed with 10 mL ODE in
a 50 mL three-necked flask. The temperature was measured
using a thermocouple inserted directly into the flask from one
branch pipe. The other branch pipe was capped with a silicone
rubber septum for injection of stainless-steel syringe needles.
The flask was connected to the Schlenk line. At first, the system
was purged five times with argon gas. The mixture was degassed
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at 120 °C for 2 h under vacuum conditions, and then the
mixture was quickly heated in an argon flow to 290 °C and kept
for about 1 h until the mixed solution got transparent for
yielding Zn-oleate. The solution was then cooled down to room
temperature and stored in an argon-filled vial until use.

2.3 Preparation of (TMS);P-TOP

(TMS)3P (0.12 mmol) in hexane was dissolved in 1 mL of TOP at
room temperature inside an argon-filled glovebox where the
oxygen and water levels are continuously monitored to maintain
both O, = 1 ppm and H,O = 5 ppm. The mixture was gently
stirred until becoming a uniform solution. This step was per-
formed on the day before the synthesis of InP QD.

2.4 Synthesis of InP QDs

0.45 mmol of In(Ac);, 0.075 mmol of Zn(Ac),, and PA (0.5 mmol)
were mixed with 6.3 mL of ODE in a 50 mL three-necked flask
which is fixed to a Schlenk line with a reflux condenser.
Degassing of the mixture was performed at 120 °C for 12 h under
vacuum conditions. The degree of vacuum was controlled at 30
Pa which was measured using a capacitance manometer (ULVAC,
Japan). The flask was filled with argon and cooled down to room
temperature. The (TMS);P-TOP was quickly injected into the
flask in an argon flow, heated to 40 °C under vacuum, and kept
for 10 min for evaporation of hexane. Then, the flask was refilled
with argon, heated to 130 °C, and kept for 15 min as suggested by
Taylor et al.,*® and heated to 300 °C within 7.5 min and kept for
3 min. After then, the flask was cooled down to room temperature
and stored in argon-filled vials.

2.5 Synthesis of coherent InP/ZnS core/shell QDs

In a typical synthesis, 8 mL of the InP QD solution, 250 uL. DDT
and 4 mL Zn-oleate (1.6 mmol) were mixed with 2 mL ODE in
another 50 mL three-necked flask. The mixture was degassed at
room temperature for 30 min under vacuum. After then, the
flask was filled with argon, heated in an argon flow to 230 °C,
and kept for 20 min. By successively repeating the previous step,
the shell of ZnS was thickened. Specifically, one more layer of
the ZnS shell was coated by injection of a mixture of 250 pL. DDT
and 2 mL Zn-oleate at 230 °C, followed by heating to 240 °C, and
the solution was kept for 20 min. The reaction temperature was
from 230 to 250 °C, in 10 °C increments. The time span was
commonly 20 min at every reaction temperature. At most, we
repeated the procedure of injection 2 times. After completing
the formation of the shell with a predefined thickness, the
solution was cooled down to 80 °C, and then acetone was added
for centrifugation for 10 min at 10 000 rpm. The InP/ZnS QDs
precipitated were redispersed in acetone by centrifugation for
10 min at 10 000 rpm. The supernatant was discarded to collect
the QDs. Finally, the InP/ZnS QDs were redispersed in 8 mL
ODE and stored in argon-filled vials.

2.6 Ligand exchange

8 mL ODE of InP/ZnS QDs was mixed with 0.5 mL MCH in
another 50 mL three-necked flask. The mixture was purged five
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times with Ar gas at room temperature. After then, the mixture
was heated to 100 °C and kept for 1 h. The mixture was cooled
down to room temperature. Next, the mixture was transferred to
an Ar-filled centrifugation tube. After the addition of hexane as
a poor solvent, the tube was subjected to centrifugation for
10 min at 9000 rpm. The InP/ZnS QDs precipitated were redis-
persed in 2 mL ethanol while 4 mL hexane as a poor solvent was
added. The mixture was centrifuged for 5 min at 9000 rpm. This
centrifugation process was repeated two times for washing the
QDs. The supernatant was discarded to collect MCH-capped
InP/ZnS QDs. The QDs were redispersed in DMF and stored in
argon-filled vials.

2.7 Fabrication of vertical-type photodiodes

A 10 x 20 mm?® rectangle soda-lime glass covered with 150 nm
thick indium tin oxide (ITO) with a sheet resistance of 10-14 Q
sq " was used as the substrate. The ITO film was patterned by
chemical etching (Zn powder and 37% HCI) into three narrow
strips about 2 mm wide and 20 mm long. The patterned ITO
substrates were washed in Milli-Q water of 18.2 MQ cm resis-
tivity for 15 min with an ultrasonic cleaner, followed by soni-
cation for 15 min in acetone, ethanol, and isopropyl alcohol in
that order. After drying, organic contaminants on the surface
were removed by exposure to VUV light (Ushio Inc., Japan,
UER20-172V; A = 172 nm and 10 mW cm?) for 30 min under
a reduced pressure of 10® Pa and a N, flow, resulting in a super
hydrophilic surface.

Next, the cleaned substrate was moved to the next step for
the fabrication of a vertical-type photodiode with a multilayer
device structure. Spin-coating and heating were performed in
an Ar-filled glove box to fabricate the multilayer films. The
sample was then removed from the glove box, mounted in
a sample holder, and vacuum evaporated to deposit an
aluminum (Al) thin film that would serve as the electrode.
Specifically, at first, Al-doped ZnO particle ink of 60 uL was spin
coated for 45 s at 3000 rpm, followed by heating for 30 min at
160 °C. Second, 60 pL of the MCH-capped InP/ZnS ink, adjusted
to a concentration of 50 mg mL ™' in DMF + butylamine (11: 1,
vol/vol) mixed solvent, was spin-coated on the Al:ZnO-coated
substrate for 30 s at 2000 rpm, followed by heating for 30 min
at 80 °C. Finally, an Al electrode was deposited. Pattern depo-
sition was performed by adhering the stainless-steel mask to the
substrate.

2.8 Characterization of InP/ZnS QDs

X-ray powder diffraction (XRD) patterns were measured on
a MiniFlex 600 (Rigaku Corp., Japan). Samples were measured
at an angular step of 0.02° (time per step: 1 s per step) using
CuK, (A = 1.5418 A) radiation. The samples were observed on
a JEOL JEM-ARM200F with STEM mode operating at 200 kv.
The observation with the STEM offers an unprecedented
opportunity to probe structures with sub-Angstrom resolution.
The dark-field image was acquired with a high-angle annular
dark field (HAADF) detector. A low-pass filter was applied to the
image for noise reduction. The attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra were acquired
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using an FT/IR-4100 (JASCO, Japan). Optical absorption and
emission properties were measured with the toluene solution of
the QDs. Optical absorption spectra were recorded using a UV-
vis spectrophotometer (JASCO V-650, Japan). Photo-
luminescence (PL) measurement was carried out using
a modular double grating Czerny-Turner monochromator and
an iHR 320 emission monochromator (1200 lines per mm of
gratings) coupled to a photomultiplier tube (PMT) on a Nano-
Log Horiba Jovin Yvon spectrofluorometer with a 450 W xenon
arc lamp. The spectral resolution of the system is around
0.3 nm. To avoid scattered excitation lights, a cut-on filter for
395 nm-light was placed in front of the monochromator-PMT
setup. The absolute PL quantum yields (QYs) were measured
at room temperature using a C9920-02 QY measurement system
from Hamamatsu Photonics Co., Ltd. with a 150 W xenon lamp
coupled to a monochromator for wavelength discrimination, an
integrating sphere as a sample chamber, and a multichannel
analyzer for signal detection.

2.9 Device characterization

All device testing was performed at room temperature under
ambient conditions. Data for the current density-voltage (I-V)
measurements were acquired using a Keithley 2425 source
meter. A 300 W xenon lamp was used for illumination, with
a bandpass filter passing only visible light at 470 £+ 5 nm. In the
I-V test, multiple devices on a substrate were measured indi-
vidually and each device was characterized under 470 nm light
irradiation, and then under dark conditions (no illumination).
No obvious differences were found due to light cycling or
repeated measurements on the same device within a few
months of the first test. Data for the responsivity measurement
were collected on a home-built setup using illumination from
the same illumination source, modulated with an optical
chopper (#55-783, Edmund Optics). The anode and cathode of
the device were connected to a 1 GQ load resistor and connected
to a DS-5624A oscilloscope (Iwatsu Electric Co., Ltd.) to record
the modulation changes of the photovoltage under open circuit
conditions. The frequency response of the photocurrent was
displayed as a fast Fourier transform by the oscilloscope. The
response time was calculated using the rise and fall times
between 0.1 and 0.9, with the background of the waveform
displayed on the oscilloscope as 0 and the maximum photo-
current as 1.

3. Results and discussion

We reported previously a new class of InP/ZnS core/shell QDs,
where the lattice of InP QD as a core is compressed by 4.1%
compared to the bulk crystal while the lattice of ZnS as a shell is
expanded by 4.1% compared to the bulk crystal if the shell
thickness is less than 0.81 nm (corresponding to three mono-
layers (3ML) of cubic ZnS) and the diameter of the core QD is
less than 2.64 nm.** The resulting InP/ZnS core/shell QDs have
a single lattice constant of 0.563 nm and provide a coherent and
homogeneous interface despite the large lattice distortion
between the core and the shell materials. In the present work,
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the coherent InP/ZnS core/shell QDs were used as a light-
absorbing layer of the vertical photodiode.

Fig. 1 shows a summary of the results of structural and
optical characterization of the coherent InP/ZnS (3ML) core/
shell QD terminated with the PA monolayer. Panel (a) shows
a typical XRD pattern of the QD before and after shell forma-
tion. The XRD pattern of the InP core QD has peaks indexed to
the (111), (220), and (311) planes of zinc-blend (cubic) bulk
crystals of InP, respectively. After the 3ML shell formation, the
relative shift of each XRD peak toward a higher diffraction angle
side happens to give a lattice constant of 0.563 nm. The peak at
around 20° appears because of a ligand peak such as PA or OA
as discussed later. In the post-synthesis of InP core QDs, the
product was washed rigorously by ultracentrifugation with
a mixture of hexane (i.e., good solvent) and methanol (i.e., poor
solvent) as many as 10 times, but the peak was still present,
suggesting that the PA adsorbs on the InP QD via ionic bonds.
As supported by Alivisatos and co-workers, this peak indicates
a bound and ordered capping ligand on the QD.* Panel (b)
shows a typical HAADF-STEM image of InP/ZnS (3ML) QDs. As
expected, we see QDs with a round shape unlike island-like
shapes, and the estimated diameter was 3.2 nm + 0.3 nm
which satisfies the conditions of core size the coherent core/
shell structure forms.* Panels (c) and (d) show optical absorp-
tion and emission spectra of the InP core QD and the coherent
core/shell QD, respectively. The first exciton peak in the UV-Vis
spectrum was sharp and has a much steeper rise. The estimated
value of its valley depth [VD, defined as 1 — (AbS;in/AbSmay)] was
0.55, which is larger than those of the previous InP-based QDs
exhibiting the green- (VD = 0.51) and red emission (VD =
0.5),*** The PL spectrum has two peaks at 517 nm and 680 nm
and the former spectral linewidth (full width half maximum,
FWHM) was 53 nm. The broad PL peak at 680 nm could be
attributed to the emission originating from the surface trap of
indium dangling bonds.*® As evidenced in panel (d), the PL peak
at 680 nm disappears by encapsulating the core QD with the
shell because of the passivation of the core surface, resulting in
a decrease in the dangling bonds. The PL peak positions at
510 nm, and its FWHM is as narrow as 35 nm. The PL quantum
yield (QY) improved up to 70% due to the formation of
a coherent core/shell nanostructure, giving the defect-less
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interface between the InP core and the ZnS shell as described
above. The value of VD was as high as 0.52 even after the 3ML
shell formation, suggesting that the narrow size distribution
was maintained.

In general, a long-chain fatty acid or amine (i.e., oleylamine
or oleic acid) is used in synthesis and works as a compact
organic barrier bound to QDs, giving colloidal stability.
However, the long-chain ligands minimize carrier mobility
between QDs by increasing ligand-induced resistance.**%’
Therefore, such long chains are replaced with a short-chain
ligand to narrow the interparticle distance between neigh-
boring QDs. Short-chain thiol monolayer is a common capping
ligand.*®*** The sulfur head group of the thiol ligand bonds to
the surface cation of the QD with ionic strength stronger than
the carboxyl head group of the fatty acid.**** Besides, colloidal
stability is also maintained.** Bai et al reported that 6-
mercapto-1-hexanol (MCH) as a capping ligand works to
enhance the device performance.” In this study, the PA ligand
bound to the coherent InP/ZnS core/shell QD was replaced by
MCH. As shown in Fig. 2(a), the PA-capped QDs dispersed in the
hexane phase transferred to the ethanol phase due to the ligand
exchange. The MCH-capped QDs were highly soluble in polar
solvents such as DMF but insoluble in non-polar solvents. The
QDs capped with PA were sticky due to the presence of long alkyl
chains, but ligand exchange yielded QDs in dry powder form
(see Fig. S1, ESIt). An XRD pattern shown in Fig. 2(b) demon-
strates a decrease in the intensity of peak at ~20° due to the
substitution for the long-chain fatty acid with the short-chain
thiol. Fig. 2(c) shows the ATR-FTIR spectra of the QD samples
before and after ligand exchange. After ligand exchange, a broad
band centered at 3283 cm ™', which is attributed to the hydroxyl
group of the MCH ligand, appeared while the peak at
1550 cm ', which is attributed to the symmetric carboxylate
stretching vibration band,*® disappeared. The other peaks
(1000-1500 cm™") of the MCH-capped sample were confirmed
to originate from the MCH molecule,* indicating that the PA
ligand was completely replaced by the MCH ligand. It is
particularly noted that the insufficient ligand exchange affects
film deposition on ITO-covered substrates. As evidenced in
Fig. S2 (ESIt), we could not obtain a uniform QD film by
dropping QD ink with inadequate ligand exchange.
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Fig. 1

(a) XRD patterns of the core InP and the coherent InP/ZnS core/shell QDs capped with PA monolayers. Standard peak positions of InP and

ZnS were assigned using ICDD PDF 00-032-0452 and 01-071-5975. (b) HAADF-STEM image of the coherent InP/ZnS core/shell QD capped with
PA monolayers. UV-vis and PL spectra of (c) the core InP and (d) the coherent InP/ZnS core/shell QDs capped with PA monolayers.
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(a) Photograph of the colloidal dispersion of InP/ZnS QDs before and after ligand exchange. (b) XRD pattern of the InP/ZnS QD capped

with the MCH monolayer. The peak intensity at 20° decreased by the ligand exchange. (c) ATR-FTIR spectra of the InP/ZnS QD before (upper),

after ligand exchange (middle), and MCH solution (bottom).

ATR-FTIR was used to examine whether the ligand exchange
is sufficient or inadequate. Fig. S31 shows the ATR-FTIR spec-
trum of the QDs before and after the ligand exchange. Before
ligand exchange (see blue spectrum), there was a peak at
1550 cm ™" attributed to the carboxyl group. The peak position
was shifted to the shorter wavelength side compared to the free
carboxyl group (1720 cm ™) due to ionic bonding with the metal
cation.”” After ligand exchange (see the green spectrum), the
peak of COO- disappeared whereas a new peak appeared at
3283 cm™ ', which is attributed to the hydroxyl group of the
MCH molecule. The absorbance was strong as high as the free
MCH molecule (see the red spectrum). When the ligand
exchange was inadequate (see the orange spectrum, Fig. S37),
the peak at 3283 cm ™' was weak. The decrease in QD film
formability might be due to the aggregation of QDs caused by
the difference in polarity of the ligands during the time between
when the QD solution is dropped onto the substrate and when it
completely dries. A similar aggregation was observed when
ethanol was used instead of DMF. The results indicate that QD
with both PA and MCH ligands causes a decrease in film
formability.

As predicted, the film formation was hindered when this QD
ink was used for device fabrication (see Fig. S4, ESIt). To avoid
such a problem from arising, the PA-capped QDs were needed to

be ultracentrifugally washed with acetone at least twice. The
resultant PA-capped QDs were ligand exchanged and used as
a QD ink capable of uniform film formation for device fabri-
cation (see Fig. S2, ESIT). Hereafter, the coherent InP/ZnS QD
capped with MCH is described by MCH-QD.

Fig. 3 shows schematically shows the device architecture of
the photodiode in which the coherent InP/ZnS core/shell QD
terminated with the MCH ligand serves as an optically active
layer, the energy band diagram under voltage unbiased condi-
tions and a cross-sectional SEM image. As shown in panel (a),
the device has an inorganic multilayer stack (i.e., ITO/Al-doped
ZnO/MCH-QDs/Al). A 22.5 nm thick Al-doped ZnO nanoparticle
layer was deposited on an ITO-covered soda-lime glass substrate
by a spin-coating method. Subsequently, a 100 nm thick MCH-
QD layer was also formed by the spin-coating method. Finally,
a 209 nm Al layer was deposited by vacuum evaporation at 2.0 x
10~° Pa. Panel (b) shows the proposed energy level diagram
under a zero applied voltage bias. The values of the work
function of ITO and Al are taken from the literature.*® Based on
the ultraviolet photoelectron spectroscopy (UPS) measurement
of the spin-coated layer of Al-doped ZnO nanoparticles, the
measured value of ionization energy was —7.12 €V (see Fig. S5
for more details, ESIt). The value of ionization energy for the
MCH-QD layer, which was measured by photoelectron yield
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Fig. 3

(a) Device structure diagram of the MCH-QD film photodetector with an inorganic multi-layer stack. (b) Energy band diagram under

unbiased conditions. (c) Cross-sectional SEM photographs of the multi-layer stack of the device.
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Fig. 4 Summary of room-temperature device performances for the MCH-QD photodiode measured under 470 £ 5 nm light illumination at
a voltage bias of 0 V (except for the panels (a) and (c)) in ambient air. (a) Changes in photocurrent at different light power densities when the
voltage bias varies between —1.0 and 1.0 V. (b) Plots of photocurrent as a function of incident power density. (c) Changes in responsivity with
increasing light power density when the voltage bias varies between 0 and 1.0 V. (d) The light power density dependence of responsivity and
detectivity. (e) A typical time response curve of photocurrent. (f) Plots of photocurrent at different wavelengths of incident light superimposed on
the UV-vis spectrum of MCH-QD. The power density of the incident light was fixed at 10 mW cm™2 for panels (e) and (f).

spectroscopy (PYS), was —5.7 eV (see Fig. S5, ESIT). The calcu-
lated value of electron affinity was —3.3 eV, assuming that the
green photoemission originates from the fundamental optical
gap of MCH-QDs. The Al-doped ZnO was inserted between the
MCH-QD layer and the ITO electrode to create a type-II band
alignment for exciton dissociation as depicted in panel (b).
Panel (c) shows a cross-sectional SEM photograph of our QD-
photodiode with good device performance. Unlike the device
shown in Fig. S3 (ESIt), the 100 nm thick MCH-QD film is
uniform and forms flat heterogeneous interfaces. In this device
structure, we did not use organics to avoid the possibility of
holes during device operation which degrade the device
performance,* leading to the long-running operation.

Device performances of the MCH-QD-based photodiode
measured in ambient air are summarized in Fig. 4 and 5.
Fig. 4(a) shows the room-temperature current-voltage curves
under 470 + 5 nm light irradiation. In a narrow measurement
voltage ranging from —1.0 to 1.0 V, both forward and reverse
scans were applied with steps of 0.02 V and a sweep time of 500
ms. Photocurrent generated was clearly dependent on the
photon power of the irradiated light. Surprisingly, the photo-
diode also responded to even weak light with photon power
equivalent to 0.29 mW cm 2. Photocurrent generated under the
470 nm light irradiation at zero voltage bias when the light
power density varies from 0 to 11 mW c¢m™ > is shown in
Fig. 4(b). The photocurrent increases linearly with power
density of the incident light. Fig. 4(c) shows the responsivity of
the device versus bias. Responsivity (R), a measure of the
photocurrent generated per unit power of the incident light per
unit area, was calculated from the equation: R = I,/P,> where I,
is the photocurrent subtracted from dark current, and P is the
incident light power density. A trend of decreasing responsivity
with increasing irradiation power density was observed, which
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might be due to the saturation of responsivity at high photon
power irradiation.> The detectivity, denoted by D*, was calcu-
lated from the equation: D* = R/(2elyun/A)"?, where e is the
electron charge, 4 is the effective surface area, and I, is the
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Fig. 5 Device lifetime of the MCH-QD-based photodiode measured
at a voltage bias of 0 V at room temperature in ambient air using a 470
+ 5 nm light with a power density of 10 mW cm™2. Variation of (a)
photocurrent and (b) responsivity for different number of measure-
ments. Time response curves as insets were measured at the 1st time
and 100th times. Error bars were obtained as the standard deviation by
measuring 10 samples.
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Table 1 List of device performances of photodiodes (PD), photoconductors (PC) and phototransistors (PT) reported in the literature in

comparison with our work

Wavelength Responsivity
Material (nm) Structure Rise (ms) Fall (ms) Detectivity (Jones) Awh Ref.
InP QDs/black phosphorus 405 PT 5 120 4.5 x 10" 1 x 10° 31
InP QD 650 PT — — — — 32
SnS, QD/MoS, UV-NIR PT 100 100 4.75 x 10" 278 52
Zn0-QDs/MoS, 635 PT 1500 1100 1.05 x 10" 0.084 53
Bi,S; nanocrystals UV-NIR PC 23 23 — 20 54
This work 470 PD 4 9 8.0 x 10° 0.016 —

dark current, which is the main constituent of the shot noise
current, respectively. As shown in Fig. 4(d), when the incident-
light power density varied from 0.1 to 11 mW cm > at a bias
of 1V, the maxima of R and D* values were 15.6 mA W' and 8 x
10° Jones (1 Jones = cm Hz"? W™1) at the incident-light power
density of 0.43 mW c¢cm 2, respectively.

The temporal response is a critical parameter for the evalu-
ation of the device performance of photodiodes that need the
ability to follow fast-changing optical signals utilized in optical
communications and image processing. In this study, the
response speed was measured at a voltage bias of 0 V under
irradiation of 470 nm light with a power density of 11 mW cm 2,
where the turn on/off time of the incident light was switched
using an optical chopper. As schematically illustrated in
Fig. 3(a), the photocurrent signals were recorded using an
oscilloscope. A typical result of the time response curve is
shown in Fig. 4(e), where a quick and reproducible photocur-
rent response and good cycling stability were observed even at
a voltage bias of 0 V. Furthermore, the response profile exhibits
that the measured rise time (t,: from 10% to 90% of the satu-
rated value) and fall time (¢ from 90% to 10% of the peak value)
are 4 ms and 9 ms, the fastest among the visible photodetectors
based on Cd-free QDs and Pb-free perovskite nanocrystals. In
Fig. 4(f), the measured values of photocurrent are plotted when
the incident light wavelength varied between 410 and 530 nm.
The measurement was performed at a voltage bias of 0 V and the
power density was fixed at 10 mW cm ™2, A representative optical
absorption spectrum of the MCH-QD is superimposed on the
plots to assert the incident-light wavelength selectivity of the
photodiode. The photocurrent reached a maximum value for
light irradiation at 470 nm, decreased at longer wavelengths,
and was below the detection limit when the light of 530 nm or
longer was irradiated. As expected, the trend of photocurrent
generated as a function of irradiation-light wavelength was
similar to the UV-vis behavior of the MCH-QD, suggesting that
a wavelength selectivity of light detection can be tuned by the
QD size.

It is known that a good long-term optical switching behavior
has still been a challenge for QD photodiodes. In this study, I-V
measurements in the bias ranging between —1 and 1 V were
repeated 100 times under irradiation of 470 nm light of 10 mW
cm 2. During this running test, we observed good I-V charac-
teristics for each repeating time as presented in Fig. 5(a). The I-
V measurements were repeated many times with no change in
device performance such as responsivity, waveform, and

© 2023 The Author(s). Published by the Royal Society of Chemistry

response time as evidenced in Fig. 5(b). As clearly shown in the
inset, the current reversibly switches between high and low
conductance with high stability and reproducibility even after
100 times as the light is turned on and off, indicating the
successful long-term operation due to device stability.

To date, Cd-free QDs and Pb-free perovskite nanocrystals
have been developed to serve as light-absorbing layers in
photodiodes and phototransistors, but they have faced the
barrier of a slow response time of several hundred millisecond
scale (especially, fall time, see Table 1).***>°>3* There are two
possible reasons for the fast photo responses at a single milli-
second level in this work (see Fig. 4(e)). First, the ligand
exchange enabled us to prepare a flat film thicker than 100 nm
by repeated spin-coating. Furthermore, the molecular replace-
ment with MCH ligands alters the interparticle dielectric envi-
ronment as well as tunnelling distance, possibly leading to
enhanced carrier mobility. Second, we expected that the
coherent core/shell QD structure contributes to the efficient
dissociation of carriers generated in InP QDs. In this core/shell
structure, the 3ML shell is thin enough for traversing the charge
carriers from the core QD to the ZnS layer through a slope of
energy gradient at this junction. In addition, the emergent
defect-less interface between the core and the shell allows the
photogenerated carriers to spread over the entire core/shell QD.
The reduction of defects at heterogeneous interfaces leads to
faster response time.” By utilizing the type-II band alignment
between Al-doped ZnO and the ZnS layers, electrons and holes
could separate on ultrafast time scales for detection.

There is still room to further optimize the device structure to
improve the detectivity or responsivity which were inferior to
Cd-based photodiodes. To enhance the carrier dissociation at
the heterogeneous interfaces, the electron transportation layer
should be replaced by a thicker film while blocking the electron
leakage from the light-absorbing layer is needed. Further
improving the quality of the light-absorbing layer can be real-
ized by atom capping of the core/shell QD surface and such
surface engineering is a worthy challenge for further improving
device performance.

4. Conclusions

Bulk crystals of group III-V semiconductors including GaN, InP,
InAs, and InSb have superior electronic properties such as high
electron mobility. Their QDs allow size-dependent tuning of the
first exciton peak in the optical absorption spectrum on the
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basis of the effect of the quantum confinement. Thus, it is ex-
pected that the wavelength-selective photodetection is realized
using the QDs (as the light absorbing layers) of (i) InAs and InSb
for the NIR-SWIR light, (ii) InP for the visible light, and (iii) GaN
for the UV light. Nevertheless, few papers have reported
photodetectors using their QDs as light-absorbing layers. In the
previous paper, we reported the colloidally synthetic conditions
to create a coherent InP/ZnS core/shell QD structure with
a single lattice constant of 0.56 nm. We found in this work that
the coherent core/shell QD as a light absorbing layer works to
fabricate a good vertical-type photodiode that could be operated
at room temperature in ambient air, showing the fast speed
response at single-digit millisecond scale (i.e., 1./t = 4/9 ms).
Furthermore, this device operated in the photovoltaic mode of
the photodiode circuit (i.e., 0 V voltage bias), unlike the pho-
totransistors that require a power source to operate.*® The
finding of coherent InP/ZnS core-shell QDs working as
a photosensitive layer of QD photodiodes suggests that other
combinations of core and shell work giving a fast response
speed for photodetection.
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