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Interface Engineering to Drive High-Performance
MXene/PbS Quantum Dot NIR Photodiode

Yunxiang Di, Kun Ba,* Yan Chen, Xudong Wang, Mingqing Zhang, Xinning Huang,
Yi Long, Mengdi Liu, Shukui Zhang, Weiyi Tang, Zhangcheng Huang, Tie Lin, Hong Shen,
Xiangjian Meng, Meikang Han,* Qi Liu, and Jianlu Wang*

The realization of a controllable transparent conducting system with selective
light transparency is crucial for exploring many of the most intriguing effects
in top-illuminated optoelectronic devices. However, the performance is limited
by insufficient electrical conductivity, low work function, and vulnerable
interface of traditional transparent conducting materials, such as tin-doped
indium oxide. Here, it is reported that two-dimensional (2D) titanium carbide
(Ti3C2Tx) MXene film acts as an efficient transparent conducting electrode for
the lead sulfide (PbS) colloidal quantum dots (CQDs) photodiode with
controllable near infrared transmittance. The solution-processed interface
engineering of MXene and PbS layers remarkably reduces the interface defects
of MXene/PbS CQDs and the carrier concentration in the PbS layer. The stable
Ti3C2Tx/PbS CQDs photodiodes give rise to a high specific detectivity of
5.51 × 1012 cm W−1 Hz1/2, a large dynamic response range of 140 dB, and a
large bandwidth of 0.76 MHz at 940 nm in the self-powered state, ranking
among the most exceptional in terms of comprehensive performance among
reported PbS CQDs photodiodes. In contrast with the traditional photodiode
technologies, this efficient and stable approach opens a new horizon to
construct widely used infrared photodiodes with CQDs and MXenes.

1. Introduction

Benefiting from the strong absorption, size-tunable bandgap,
and solution-processable integration at low temperatures, lead
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sulfide (PbS) colloidal quantum dots
(CQDs) show great promise for cost-
effective photodetectors in the near-infrared
(NIR) and short-wave-infrared (SWIR)
bands.[1–3] For PbS CQDs-based optoelec-
tronic devices, a transparent conducting
electrode (TCE) is indispensable for the
top-illumination. Generally, transparent
conductive materials, such as tin-doped
indium oxide (ITO),[4] carbon nanotubes,[5]

graphene,[6] and conductive polymers,[7]

are deposited on the top of the devices
as a TCE. However, ITO is plagued by
brittleness, high cost, and the diffusion of
metal species into photosensitive layers.[8]

The high-energy particles and plasma
emission along with the deposition of ITO
film can irreversibly damage the sensitive
bottom CQDs layers, which degrade the
performance of PbS CQDs photodiodes
with active layers.[9] To avoid damage, a
protective layer, such as fullerene, has been
developed to construct a junction with
low interface defect density on PbS CQDs

layers.[10] However, the additional layer increases manufactur-
ing complexity and cost. Ideally, a solution-processable TCE with
high electrical conductivity and selective transparency is more
compatible to the solution-based CQDs photodiode.
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MXenes, as an expanding group of 2D transition-metal car-
bides, nitrides, or carbonitrides, have the general formula of
Mn+1XnTx, where M, X, and Tx refer to an early transition metal
(Ti, V, Nb, Mo, etc.), C and/or N, and surface functional group
(-O, -OH, -F, -Cl, etc.), respectively.[11,12] The electrical conduc-
tivity of Ti3C2Tx film reaches 8000−25000 S/cm depending on
the quality of MXene and the film manufacturing process.[13] The
single Ti3C2Tx layer can transmit ≈97% of visible light.[14] More-
over, solution-processable MXene is compatible with various
film techniques such as spray-coating,[15] spin-coating,[16] blade-
coating,[17] etc. These features suggest that MXene holds promise
as a TCE for photodetectors. For example, an MXene-GaN-
MXene metal-semiconductor-metal photodetector exhibited a re-
duced dark current and improved specific detectivity compared
to traditional Cr/Au-GaN-Cr/Au photodetectors.[18] However, it is
still challenging to develop MXene as the TCE for top-illuminated
PbS CQDs photodetectors, such as selective IR transmittance, in-
secure environmental stability, and uncertain compatibility with
the PbS CQD fabrication process.

Herein, we report the solution-processed interface design
of MXene and PbS layers for top-illuminated CQD photodi-
odes. The work function (WF) and NIR optical transmittance
of spray-coated MXene films with different thicknesses were
investigated. The interface contact was demonstrated through
the NIR photodiode device with top-illuminated Au/ZnO/PbS-
I/PbS-EDT/MXene. The defect density of Ti3C2Tx/PbS CQDs
NIR photodiode provides insight into the rational interface de-
sign. The reliability of the MXene/PbS CQDs NIR photodiode
was examined in ambient conditions. The IR imaging capability
of the detector in a self-powered state was validated. This work
not only illustrates the suitability of MXene for CQD IR imagers
but also provides a realistic approach to developing MXene elec-
trodes for diverse electronic and optoelectronic devices.

2. Results and Discussion

PbS CQDs-based photodiodes are generally designed as top-
illuminated structures to enable incident-light absorption and
signal acquisition. A schematic diagram of the Ti3C2Tx/PbS
CQDs NIR photodiode is illustrated in Figure 1a. Few-layered
Ti3C2Tx was synthesized by etching Ti3AlC2 and subsequent de-
lamination with LiCl (Figure S1 and Experimental Section, Sup-
porting Information). First, a solution-processed ZnO thin film
with controllable roughness of only 0.42 nm was deposited onto
the Si/SiO2 substrate with Ti/Au bottom electrode to block hole
back-injection (Figures S2 and S3, Supporting Information). Sub-
sequently, PbS CQD was synthesized by a controllable hot injec-
tion process.[19] As shown in Figure S4 (Supporting Information),
the diameter of monodispersed PbS CQD is ≈4 nm and the ab-
sorption peak centers at 939 nm, conforming to the quantum lim-
iting effect.[20] The photosensitive PbS CQDs layer treated with
ligand exchange was directly spin-coated onto ZnO film. Addi-
tionally, the stoichiometric ratio of Pb to S in the PbS CQDs
layer treated with 1,2-ethanedithiol (EDT) was characterized by
X-ray photoelectron spectroscopy (XPS) and determined to be
Pb:S = 1.06:1 (Figure S5, Supporting Information). Then, MX-
ene film was sprayed on the top to enable top illumination. It
is noteworthy that the spray-coating process is easier than other
coating methods to control the film thickness and continuity,

as PbS CQDs surfaces are hydrophobic. The layered architec-
ture was confirmed with the cross-sectional transmission elec-
tron microscope (TEM) images of the as-prepared Ti3C2Tx/PbS
CQDs photodiode (Figure 1b,e). Furthermore, the energy disper-
sive spectrometer (EDS) mapping was bestowed to identify the
detailed layer components (Figure S6, Supporting Information).
The element mapping of Ti and Pb is used to distinguish MXene
and PbS layers, indicating that the layer thicknesses are 30 and
230 nm, respectively (Figure 1c; Figure S7, Supporting Informa-
tion).

Transmittance and electrical conductivity are the key factors
of TCE for top-illuminated photodetectors. For the Ti3C2Tx/PbS
CQD NIR photodiode, the IR light (wavelength range of
≈900−1,500 nm) transmittance of MXene film reaches nearly
80% when the thickness is ≈10 nm. For ≈120 nm-thick MXene
film, the transmittance plungs to less than 20% (Figure S8, Sup-
porting Information). Moreover, the electrical conductivity of as-
deposited Ti3C2Tx MXene films (≈25−120 nm) is ≈8000 S cm−1

(Figure S9, Supporting Information), which is higher than the
most traditional TCE materials, such as ITO, carbon nanotubes,
and poly(3.4-ethylenedioxythiophene):poly(styrenensulfonate)
(Figure 1d).[21] Figure 1e shows the relative contents of the
Ti3C2Tx and PbS CQD layers at different depths. Notably, the
contents of Pb or S elements in Ti3C2Tx/PbS CQDs device in-
crease rapidly to their maximum with a distance of 10 nm, while
those in ITO/PbS CQDs reaches the maximum at a distance of
25 nm. It indicates that MXene as the TCE has an ascendant
protective effect on the PbS CQDs layer (Figure S10, Supporting
Information). The interface engineering with the entire solution
processes provides a cornerstone for the subsequent realization
of high-performance Ti3C2Tx/PbS CQDs NIR photodiodes.

To further verify the reliability, the drive-level capacitance
profiling (DLCP) and capacitance–voltage (C–V) measurements
were performed to characterize the defects in Ti3C2Tx/PbS CQDs
device.[10] The C–V profiles show the contribution of both inter-
face and bulk states, while the interface states hardly affect the
DLCP curves.[22] Therefore, the difference between each pair of
curves is associated with the presence of interface defects, and the
free carrier concentration can be determined by the DLCP profile.
The interfacial defect density of Ti3C2Tx/PbS CQDs photodiode
is estimated as 4.0 × 1015 cm−3 (Figure 1g; Figure S11, Support-
ing Information). This value is an order of magnitude lower than
that of the ITO/PbS CQDs photodiode with a defect density of
4.0 × 1016 cm−3 (Figure S12, Supporting Information). Mean-
while, the free carrier concentration of PbS in ITO/PbS CQDs
photodiode (1.7 × 1017 cm−3) exceeds that in Ti3C2Tx/PbS CQDs
photodiode (1.6 × 1016 cm−3). These suggest that the solution-
processed MXene electrode significantly reduced both the carrier
concentration and interface defect density in the PbS photosen-
sitive layer. The low-defect interface not only results from avoid-
ing the bombardment effects of sputtering but also because MX-
ene can effectively cover the surface cracks present in the CQDs
layer.[23]

To comprehensively evaluate the performance of Ti3C2Tx/PbS
CQDs photodiodes, the key figures of merit of IR photodetectors
were measured. Figure 2a shows the current density–voltage (J–
V) characteristics of the device under dark conditions with var-
ied 940 nm laser intensities from 0.2 μW cm−2 to 2 W cm−2. Re-
markably, the dark current density is only 0.2 μA cm−2 at −0.5 V
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Figure 1. Structural characterization of Ti3C2Tx/PbS CQDs NIR photodiode. a) Schematic diagram of the Ti3C2Tx/PbS CQDs NIR photodiode. b) Cross-
section TEM image of the Ti3C2Tx/PbS CQDs NIR photodiode. c) EDS elemental mapping of Si (green), Au (violet), Zn (pink), Pb (brown), I (blue),
and Ti (yellow) of the Ti3C2Tx/PbS CQDs NIR photodiode. d) Thickness-dependent electrical conductivity of the spray-coated Ti3C2Tx films and the
corresponding transmittivity at 940 nm. e) High-resolution cross-section TEM image of the Ti3C2Tx/PbS CQDs interface and f) elemental distribution
profiles along the direction indicated by the arrow in (e). g) Defect density profiles of Ti3C2Tx/PbS CQDs NIR photodiode by C–V and DLCP measurement.
Xd is the depletion width of the photodiode.

bias voltage. A lower dark current can improve the sensitivity of
the photodetector, enabling the detection of extremely weak light
signals. Notably, the device exhibits a high rectification ratio by
five orders of magnitude at ±1 V (Figure S13, Supporting In-
formation), indicating low series resistance and efficient charge
extraction.[24] A reduced rectification ratio of the Ti3C2Tx/PbS
CQDs NIR photodiode was obtained in a vacuum, which is at-
tributed to the changes in the conductivity and WF after the 2D
MXene adsorbs the foreign species (such as H2O, O2, etc.) in
an ambient environment.[25] The photocurrent and open-circuit
voltage of the device increase with higher laser intensity. Spe-
cially, the open-circuit voltage value reaches 0.74 V in the forward
scan at a light intensity of 2 W cm−2, while the photocurrent re-
mains nearly constant at reverse bias. These demonstrate that

the device is suitable for self-powered operation without an exter-
nal bias.[26] Figure 2b shows the linear relationship between pho-
tocurrent and optical power in the self-powered state (Iph∝Pin

0.99).
Another important metric for the photodetector is the linear dy-
namic range (LDR), which represents the photodetector with a
constant response to the change in light intensity. It can be cal-
culated by

LDR = 20 × log
(
Psat∕Plow

)
(1)

where Psat and Plow represent the maximum and minimum light
intensities at which the photocurrents begin to deviate from lin-
earity. The LDR of the device is 140 dB, which is comparable to
the commercial silicon photodetector (160 dB).[27] Notably, a large
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Figure 2. Photoelectric detection performance of Ti3C2Tx/PbS CQDs NIR photodiode. a) Semilog J-V curves of the device in the dark and under NIR
(940 nm) illumination at intensities from 0.2 μW cm−2 to 2 W cm−2. b) Linear dependence of generated photocurrents of the Ti3C2Tx/PbS CQDs
NIR photodiode on the utilized 940 nm light intensity. c–e) EQE and responsivity spectra (c), transient response (d), and response bandwidth (e) of
the Ti3C2Tx/PbS CQDs NIR photodiode at zero voltage bias. f) Measured current noise of the Ti3C2Tx/PbS CQDs NIR photodiode as a function of
frequency at zero voltage bias. g) Specific detectivity (D*) and bandwidth statistics of the Ti3C2Tx/PbS CQDs NIR photodiode with typical PbS CQDs
photodetectors reported in the literature.

LDR depends on its small noise equivalent power and large satu-
ration light intensity. The saturation is determined by the ratio of
carrier lifetime and extracted duration, which finally defines the
upper limit of LDR.[28] When the carrier concentration injected
by light is comparable to the equilibrium majority carrier concen-
tration, the carrier concentration gradient will produce an electric
field opposite to the built-in electric field, reducing the effective
electric field and prolonging the extraction time of photogener-
ated carriers. If the carrier extracted time exceeds the carrier life-
time, the photogenerated carriers cannot be effectively collected,
and the photocurrent will be saturated. Due to the low defect
states in the bulk and at the interface, the carrier lifetime for
Ti3C2Tx/PbS CQDs photodiode remains long under high light
intensity, resulting in a linear response to light intensity up to
2 W cm−2.

To quantify the photodetection of the Ti3C2Tx/PbS CQDs pho-
todiode in the self-powered state, the responsivity and external

quantum efficiency (EQE) at a wavelength from 400 to 1200 nm
were measured (Figure 2c). Responsivity quantifies the sensi-
tivity of a photodetector in converting input light signals into
electrical signals. Additionally, EQE gauges the efficiency of a
photodetector in converting incident light into electrical signals
under external illumination, which expresses the ratio of the
number of electrons generated per incident photon to the to-
tal number of incident photons. Our device exhibits a peak re-
sponsivity of 0.19 A W−1 and an EQE of 25% at 940 nm. Mean-
while, the statistical results of the responsivity and EQE for MX-
ene/PbS and ITO/PbS CQDs photodiodes under 940 nm illu-
mination at −0.5 V bias voltage are presented in Figure S14
(Supporting Information). Both the responsivity and EQE of the
MXene/PbS photodiodes are higher than the ITO/PbS CQDs
devices, suggesting that the improved interface with MXene
leads to reduced carrier recombination and increased device
responsivity.
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For a photodetector, a short response time signifies its rapid re-
sponsiveness to light signal variations. Traditionally, the response
time involves the duration required to recombine the excess car-
riers and to clear both shallow- and deep-level defects.[29] Ow-
ing to the elimination of deep defects caused by sputtering, the
Ti3C2Tx/PbS CQDs photodiode exhibits rapid response in the
sub-microsecond range under the self-powered state. Both the
rise and decay time are only 0.5 μs, which were measured be-
tween 10% and 90% of the maximum photocurrent (Figure 2d).
In addition, the frequency response suggests the fast response of
the Ti3C2Tx/PbS CQDs photodiode with a −3 dB bandwidth of
up to 0.76 MHz, illustrating that the device is capable of trans-
mitting high-frequency signals and responding to rapid changes
of the light signals (Figure 2e).

Specific detectivity (D*) is the key figure of merit to evaluate the
performance of photodetectors, which depends on the responsiv-
ity, current noise, and the area of the device. It is defined as

D∗ =
R
√

A
in

(2)

where in is the root mean square current noise in a 1 Hz band-
width, and A is the area of the device (2.5 × 10−5 cm2). To iden-
tify the current noise, the frequency-dependent current noise
spectrum of the Ti3C2Tx/PbS CQDs photodiode at zero bias was
measured (Figure 2f). At low frequencies, the noise current de-
creases with the increasing frequency, which conforms to the
characteristic of 1/f.[10] At higher frequencies (>10 kHz), the
noise current stabilizes at ≈1.35 × 10−16 A Hz−1/2. First, the back-
ground noise of the signal analyzer has been measured by dis-
connecting the devices, which is lower by about one order of
magnitude than the detector noise (Figure S15, Supporting In-
formation). According to the noise current and photo response
at 10 kHz, the D* value of the Ti3C2Tx/PbS CQDs photodiode
in the self-powered state is ≈5.51 × 1012 cm W−1 Hz1/2. More-
over, the responsivity and D* under different laser intensities
(Figure S16, Supporting Information) show small fluctuations
within the linear response range, indicating the stable detec-
tion performance of the Ti3C2Tx/PbS CQDs photodiode in the
NIR range. The figures of merits of typical PbS CQDs photodi-
odes are summarized in Table S1 (Supporting Information) and
Figure 2g.[10,24,30–44] The Ti3C2Tx/PbS CQDs photodiode show-
cases higher sensitivity and larger bandwidth, demonstrating the
potential in optical communications, on-chip spectroscopy, and
sensing.[24,45]

To clarify the underlying mechanisms of the Ti3C2Tx/PbS
CQDs photodiode, a comprehensive investigation was conducted
to analyze the band alignment in each layer of the device. Accord-
ing to the ultraviolet-visible absorption spectrum (Figure S17,
Supporting Information), the bandgap of ZnO is determined
to be 3.36 eV, which is consistent with the previous studies.[39]

Ultraviolet photoelectron spectroscopy (UPS) was employed to
accurately ascertain the Fermi energy levels and valence band
maximum (VBM) of ZnO, PbS, and Ti3C2Tx film deposited
on Au/SiO2/Si substrates (Figure S18, Supporting Information).
Through EDT ligand exchange, the Fermi level of PbS CQDs was
measured to be −4.40 eV, with a corresponding VBM of −5.05 eV
(Figure 3a). Likewise, the PbS CQDs employed by the iodine lig-
and exchange process exhibit a Fermi level of −4.68 eV and a

VBM of −5.42 eV (Figure 3b). Furthermore, the WF of Ti3C2Tx
was determined to be −4.64 eV (Figure 3c), which can be effec-
tively controlled by modifying its surface termination.[25] Based
on these results, the device band alignment diagram was con-
structed, as illustrated in Figure 3d. The proximity of the conduc-
tion band positions between PbS-I and ZnO facilitates smooth
electron flow from PbS-I to ZnO. Conversely, compared to PbS-I,
the significantly lower valence band position of ZnO effectively
prevents hole reverse flow and electron-hole recombination. Sim-
ilarly, PbS-EDT exhibits higher conduction and valence bands,
allowing facile hole transfer from PbS-I to PbS-EDT while im-
peding electron flow into PbS-EDT.

For Ti3C2Tx/PbS CQDs photodiode, the energy band diagram
at thermal equilibrium reveals the working mechanism of the
device in the self-powered state (Figure 3e). The ZnO/PbS-I PN
junction with different carrier concentrations results in a wide
depletion region (Figure S19, Supporting Information). Impor-
tantly, the ZnO layer in the photodiode device acts as a hole-
blocking layer and electron-transporting layer, while the PbS-
EDT layer is the electron-blocking layer and hole-transporting
layer. It effectively prevents carrier injection from the electrodes
into PbS-I. Consequently, the PbS-I absorber layer is able to be
fully depleted at zero bias. Generally, the response time of a
photodiode encompasses fast and slow components, which are
the drift time of photo-generated carriers in the depletion re-
gion and quasi-neutral region, respectively.[35] In the absence of
a quasi-neutral region, the built-in electric field impacts the en-
tire absorber layer, enabling efficient drift and collection of photo-
generated carriers. This unique configuration allows the device to
operate in a self-powered state with rapid photo response. Accord-
ing to the measured energy level of each layer in the device, the
dark current density curve and EQE spectra were simulated using
the tool Sentaurus Technology computer-aided design (TCAD),
as shown in Figure 3f,g. The detailed parameters used in the
simulation are listed in Table S2 (Supporting Information). The
overall curve shape for both the dark current density and EQE
corresponds well to the measured data, indicating that the theo-
retical model is reasonable for comparison to the experimental
data. Furthermore, as shown in Figure 3h, we simulated the im-
pact of trap concentration on the optical performance within the
PbS-I and PbS-EDT layers. The open-circuit voltage of the device
decreases with an increasing trap concentration in the PbS-EDT
layer, though the decrease in responsivity is marginal. In con-
trast, a rise in trap concentration in the PbS-I layer significantly
diminishes the device’s responsivity. Therefore, avoiding the in-
troduction of defects in the absorber layer is a pivotal strategy to
exploit high-performance photodiode devices.

To evaluate the reliability of the photodetector, cyclic testing
under 940 nm laser illumination was conducted. The photocur-
rent and dark current of the Ti3C2Tx/PbS NIR photodiode remain
stable even after 500 cycles (Figure 4a). Furthermore, we exposed
the fabricated devices to an ambient atmosphere with 40% hu-
midity at room temperature (25 °C) for 58 days. There is no ob-
vious change in the photocurrent and dark current (Figure 4b),
demonstrating the effective protection of the MXene layer on PbS
CQDs against oxidation.[46]

Finally, we investigated the IR imaging capability of the de-
tector. The setup for the IR imaging test, depicted in Figure 4c,
includes a 1000 K thermal source (carbon fiber heating coil)
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Figure 3. Working mechanism of Ti3C2Tx/PbS CQDs NIR photodiode. a–c) UPS characterization of a) PbS-EDT, b) PbS-I, and c) Ti3C2Tx, respectively. d)
Energy band diagrams of the ZnO, PbS-I, PbS-EDT, and Ti3C2Tx before contact formation. e) Energy level alignment in the thermal-equilibrium state for
Ti3C2Tx/PbS CQDs NIR photodiode. Comparison of f) dark current density and g) EQE spectra between experimental results and the theoretical model
developed using Sentaurus TCAD. h) Normalized responsivity and open-circuit voltage of PbS-I and PbS-EDT layers under 0.1 W cm−2 illumination with
varying trap concentrations.

with a long-pass 780 nm filter in the front. The peak radiation
wavelength of the thermal source is ≈2 μm according to Planck’s
blackbody radiation law. An image was acquired by 2D scanning
and converting the output photocurrent of each pixel into a gray
value. A comparison of the image was captured by a complemen-
tary metal-oxide-semiconductor transistor chip in a smartphone
(Figure 4d). The scanning imaging performance of the MX-
ene/PbS CQDs photodiode in its self-powered state exhibits
similar thermal imaging results for the thermal source, regard-
less of the presence or absence of the 780 nm filter (Figure 4e).
The corresponding photocurrents are presented in Figure S20
(Supporting Information). The peak photocurrent with the filter
is only 78% of the peak photocurrent without the filter, indicat-
ing a strong photocurrent generated under NIR illumination.
Briefly, the MXene/PbS photodiode emerges as a promising
candidate for power-efficient NIR imaging applications.

3. Conclusion

In summary, we have successfully fabricated a high-performance
Ti3C2Tx/PbS CQDs photodiode operating in the NIR region
with fully solution-processed interface engineering. The MX-
ene TCE possesses high electrical conductivity, large work
function, and good optical transmittance. The top-illuminated
Au/ZnO/PbS/MXene NIR photodiode device exhibits a dynamic
response range of 140 dB, a −3 dB bandwidth of 0.76 MHz, and
a detectivity of 5.51 × 1012 cm W−1 Hz1/2 in the self-powered
state under 940 nm illumination at room temperature. Mean-
while, the device with the protection of the MXene layer is stable
over 58 days in ambient conditions. High-performance and sta-
ble Ti3C2Tx/PbS CQDs photodiodes shed light on the potential
of MXene and CQDs for fully solution-processed, flexible, and
efficient IR imagers.
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Figure 4. Stability and imaging capability of Ti3C2Tx/PbS CQDs NIR photodiode. Transient photoresponse of the Ti3C2Tx/PbS CQDs NIR photodiode
a) during operation about 500 cycles and b) before and after storage in ambient conditions for 58 days. c) Schematic diagram of the imaging system
for Ti3C2Tx/PbS CQDs NIR photodiode. d) Photograph of the target (carbon fiber heating tube covered by long-pass 780 nm filter) was captured by
a silica-based camera. e) NIR image captured using the Ti3C2Tx/PbS CQDs NIR photodiode in a self-powered state, with objects behind a long-pass
780 nm filter marked by a dashed line.

4. Experimental Section
Synthesis of Ti3C2Tx and PbS CQD: Ti3C2Tx and PbS CQD were pre-

pared by the acid-etching and hot-injection synthesis recipe, respectively,
as described in Experimental Section (Supporting Information).

Ligand Exchange: The solution-phase ligand-exchange process was
carried out in glove box7. Lead halides (0.10 m PbI2, 0.04 m PbBr2) and
0.06 m NH4Ac were dissolved in N, N-Dimethylformamide (DMF) as the
ligand solution. PbS CQD (20 mg mL−1 in octane) capped with 10 mL
oleic acid were added to a ligand solution (10 mL). The biphasic sys-
tem was vigorously vibrated for 3 min until the complete transfer of PbS
CQD from octane to DMF. The PbS CQD DMF solution was then rinsed
with hexane three times. The ligand-exchanged PbS CQD was precipi-
tated and separated by centrifugation with toluene and dried in a vac-
uum chamber for 30 min. The final CQD were redispersed in mixed sol-
vents (volume ratio of butylamine/DMF as 4/1) with a concentration of
400 mg mL−1.

Device Fabrication: For the fabrication of PbS CQDs photodiodes, a
ZnO sol–gel solution was deposited on the pre-cleaned Si/SiO2 substrates
by spin-coating as an electron transport layer and dried at 200 °C for 30 min
under the atmosphere. Next, the absorption layer of PbS CQDs was spin-
coated at 1500 rpm for 30 s using ≈400 mg mL−1 I−/Br−-capped CQDs
inks with film thicknesses of 300–500 nm. After the obtained absorption
layers were heated at 75 °C for 15 min in the glove box, a 50 nm PbS
CQD-EDT layer was fabricated onto it. The OA-capped PbS-CQDs were
deposited by spin-coating at 1500 rpm for 30 s, treated with 0.2% volume
ratio of EDT in isopropanol for 30 s, and then washed with isopropanol.
Notably, this additional PbS CQD-EDT layer enabled better absorber film
morphology and improved device reproducibility. Finally, the Ti3C2Tx MX-
ene films were manually spray-coated as the top conductive electrode. A
post-annealing step at 75 °C for 15 min within a glove box was applied to
eliminate H2O adsorbed by PbS CQDs. As a reference, the ITO electrodes
were deposited by magnetron sputtering at room temperature. The thick-

nesses of ZnO, PbS-EDT, PbS-I, Ti3C2Tx, and ITO layers were ≈50, 300,
50, and 15 nm, respectively.

Material Characterization: X-ray diffraction (XRD) was conducted on a
Bruker D8 Discover diffractometer operating with a Cu K 𝛼 energy source at
40 kV and 40 mA. Bright-filed TEM images of MXene were taken using Tec-
nai G2 F20 S-Twin (FEI) at 300 kV. Atomic force microscope (AFM) images
were collected using a commercial Asylum Research system. The optical
absorption spectra were collected using a Hitachi U-4100 Plus spectropho-
tometer. The sheet resistance of as-deposited MXene film was measured
using an ST-2258C multifunction digital four-probe tester. XPS and UPS
measurements were performed with the AXIS Ultra DLD in ultrahigh vac-
uum conditions (10−10 mbar) and measured with a monochromatic HeI
UV source (21.2 eV). The cross-section sample of PbS CQDs photodiode
devices was treated by a focused ion beam (FIB) lift-out technique with
Tescan GAIA3. The TEM images and EDS results were obtained through
a line sweep from the top layer to the down layer by Thermofisher TALOS
F200X.

Device Characterization: The C–V and DLCP curves were measured at
room temperature using a semiconductor analyzer (Keithley 4980) with
the frequency set at 10 kHz. For the C–V measurement, the amplitude of
the ac bias was 30 mV, and the dc bias was scanned from −1 to 1 V. The
DLCP measurement was conducted in the dc bias range of −0.5–0.5 V (or
0.7 V), whereas the amplitude of the ac bias ranged from 10 to 300 mV.
The J–V curves and time-resolved photocurrent measurements under
dark conditions and the illumination of the representative wavelength of
940 nm were characterized by an MS200 system using a semiconductor
analyzer (Keithley 6482). The transient response and −3 dB bandwidth
were recorded by an MS200 system using a PicoScope 4262 oscilloscope
and a low-noise current preamplifier (SR570, Stanford Research Systems).
The noise spectra of the PbS CQDs photodiode were measured up to
50 kHz using a signal analyzer (Keysight 35670A) combined with a low-
noise current preamplifier powered by electric batteries (SR570, Stanford
Research Systems). The EQE values at each wavelength were measured
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using a semiconductor analyzer (Keithley 6482) and a spectrometer
(Horiba iHR350) with a xenon lamp.
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Supporting Information is available from the Wiley Online Library or from
the author.
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