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and Edward H. Sargent*

111V colloidal quantum dots (CQDs) are of interest in infrared photodetection,
and recent developments in CQDs synthesis and surface engineering have
improved performance. Here this work investigates photodetector stability,
finding that the diffusion of zinc ions from charge transport layers (CTLs) into
the CQDs active layer increases trap density therein, leading to rapid and
irreversible performance loss during operation. In an effort to prevent this,
this work introduces organic blocking layers between the CQDs and ZnO
layers; but these negatively impact device performance. The device is then,
allowing to use a C60:BCP as top electron-transport layer (ETL) for good
morphology and process compatibility, and selecting NiOy as the bottom
hole-transport layer (HTL). The first round of NiOy-based devices show
efficient light response but suffer from high leakage current and a low
open-circuit voltage (Voc) due to pinholes. This work introduces
poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA) with NiOy NC to
form a hybrid HTL, an addition that reduces pinhole formation, interfacial trap
density, and bimolecular recombination, enhancing carrier harvesting. The
photodetectors achieve 53% external quantum efficiency (EQE) at 970 nm at
1V applied bias, and they maintain 95% of initial performance after 19 h of
continuous illuminated operation. The photodetectors retain over 80% of
performance after 80 days of shelf storage.

1. Introduction

Infrared (IR) photodetectors are of inter-
est in automotive and aerospace applica-
tions, industrial automation, home appli-
ances, and healthcare applications.'-% Sil-
icon is excellent in the near-IR but then
does not extend beyond 1100 nm; while III-
V semiconductor materials achieve impres-
sive performance but have limited applica-
tion due to their high production cost.[]
Colloidal quantum dots (CQDs) offer a
size-tuned bandgap, solution processing,
wavelength tuning, and integration onto
a variety of substrates, including read-out
integrated circuits.l'7®# In recent years,
significant research has focused on the syn-
thesis of I1I-V CQDs, resulting in progress
on increasingly high-performance photode-
tectors. Recent advancements in synthesis,
postsynthesis resurfacing of CQDs, and
device engineering have resulted in a rapid
rise to 37% external quantum efficiency
(EQE) at 1V bias.’** There remains room,
though, to devices' operating stability,
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Table 1. Comparison of operating and shelf stability of colloidal quantum dots (CQDs) based infrared (IR)-photodetectors.

Performance
Detectivity (D*) Frequency (f) Performance loss loss under
Types Materials [Jones] [Hz] upon storage operation
Phototransistor Pbsl17:24] 3.4x 102 40 60 days
PbS/IGZOI?] 1.1x 10 - 10% after 120 days
Photoconductor HgTel26] 2.0 x 107 -
Perovskite/PbSI?7] 2.6 x 102 5.8 x 103 10% after 150 days
Photodiode Pbs[28] 8.0x 10" - - 25% after 12 h
PbsI2] 2.1x 10" 1.4 % 10° 0% after 30 days
PbS/Perovskitel?°] 6.2 x 10" - - 5% after 0.5 h
This work InAs-conventional 1.9 x 10" 6.5 x 10° 50% after 6 days 50% after 1.5 h
InAs-hybrid HTLs 6.9 x 10" 6.5 x 10° 14% after 90 days 5% after 19 h

also an important metric when evaluating photodetectors
Table 1.

We assessed degradation in InAs CQD-based devices and
found evidence of zinc leaching from the ZnO electron-
transport layer (ETL). When we sought to use organic block-
ing layers to prevent this degradation, we were not able to
do so without negatively impacting performance. Turning to
charge transport layer engineering, we found that NiOy pro-
vided both high stability and also high optical transparency
beneficial; but that it led to high leakage currents, a finding
we linked to pinholes in CQD films. Inserting a poly[bis(4-
phenyl) (2,4,6-trimethylphenyl)amine (PTAA) interlayer over-
came these problems, and these enabled us to report a 53%
EQE at 960 nm. The resultant devices retain 95% of their ini-
tial performance over the course of 19 h of operation. The de-
vices also retained 80% performance following 80 days of shelf
storage.

2. Results and Discussion

In order to assess the operating stability of devices, we fabricated
photodetectors based on InAs CQDs using established meth-
ods (ITO/ZnO-NP/InAs-CQDs/MoOx/Ag, denoted as conven-
tional photodetector)!'®%] (Figure S1, Supporting Information).
These devices showed 40% external quantum efficiency (EQE) at
970 nm, a dark current of 4 x 10™* mA cm~? at a reverse bias of
1V, and a rectification ratio of 10° (Figure 1a,b). These results are
on par with recent InAs CQDs photodetector reports.[*°]

To evaluate operating stability, we investigated transient pho-
tocurrent (TPC) response under pulsed laser illumination, with-
out applying bias. The TPC showed a 90% loss in response fol-
lowing 8 h of illuminated operation (Figure 1c). The open-circuit
voltage (Voc) also decreased rapidly under uninterrupted illumi-
nation (Figures S1 and S2, Supporting Information). Both obser-
vations suggest the dissipation of the built-in electrical field over
time.

We used solar cell capacitance simulator (SCAPS) with a pre-
vious reported model to study how trap density and n-doping im-
pact performance (Figure S3, Supporting Information)!'®! From
device cross-sections (Figure 1f) using scanning transmission
electron microscopy (STEM) coupled with energy-dispersive X-
ray spectroscopy, we found that zinc had traveled from the ETL
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into the CQDs layer, with a 3% atomic abundance at a depth of
100 nm inside the active layer (Figure 1le and Figure S4, Support-
ing Information).

We used density functional theory simulation to look at how
zinc may affect the electronic structure of InAs CQDs. We first
built the InAs CQDs models passivated with bromide (Br, passi-
vating the surface In atoms) and indium bromide (InBr,, pas-
sivating the surface As atoms) species as reported previously
(Figure 1g).'1 We introduced Zn at different positions (inter-
stitial, antisite central, and antisite surface) in InAs CQDs. Zn
in the interstitial position generates additional deep energy lev-
els within the bandgap. This is in agreement with previous stud-
ies which show that interstitial substitution of In with Zn in InP
CQDs produces in-gap-states.['718] Conversely, the gap remained
unaltered when Zn was incorporated at the antisite central and
antisite surface sites.

In an effort to impede ion migration from the ZnO into the ac-
tive layer, we introduced polymer-based blocking layers, polymer-
PDIN (N,N’-Bis[3-(dimethylamino) propyljperylene-3,4,9,10 -
tetracarboxylic diimide), and also phenyl-C61-butyric acid methyl
ester (PCBM) between the active layer and ZnO ETL; however,
each of these led to loss in device performance (Figure S5, Sup-
porting Information), as did our attempts to change the ETL
to SnO, (Figure S6, Supporting Information). Among candidate
causes of the loss of performance, we propose: (1) the materi-
als processing of the CQD layer, which may compromise the in-
tegrity of the blocking layer; (2) the modest charge carrier mobil-
ities in such layers.

We considered applying the device structure to replace the cur-
rent charge transport layers (CTLs) with Zn-free materials. For
the bottom hole-transport layer (HTL), we focused on NiOy for
its high charge carrier mobility, stable composition, and high op-
tical transparency in the near-IR range (Figure 2a). Specifically,
we employed NiOy NCs annealed at 270 °C.["21] For the ETL,
C60:BCP is chosen due to its good electron mobility and ther-
mal stability.') However, the wettability of InAs QD on C60 film
is poor (Figure S7, Supporting Information). Therefore, we in-
verted the device structure from n-i-p (NIP) to p-i-n (PIN), al-
lowing using C60:BCP on the top of CQD. The current density
characteristics of photodetectors are reported in Figure 2b. The
current density characteristics of photodetectors are reported in
Figure 2b.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Investigations of causes of performance losses in InAs photodetectors: a) External quantum efficiency (EQE) of InAs quantum-dot-based
photodetectors in the conventional NIP (n-i-p) structure; device stack in Figure 1f. b) Current-voltage characteristics at various illumination powers; and
c) transient photocurrent (TPC) stability under 850 nm laser light irradiation. d) Simulated EQE of InAs colloidal quantum dots (CQDs) photodetectors
from SCAPS simulation with different InAs CQDs trap densities. e) Elemental distribution (In, As, and Zn) across the photodetector. f) Scanning
transmission electron microscopy (STEM) image of photodetector cross-section and schematic of the device structure. g) Electronic structures (top)
and the associated calculated energy diagrams for the passivated InAs CQDs (gray) and those with one Zn ion in different positions within the InAs

CQDs.

These devices exhibited good light response and thermal sta-
bility (as evidenced by time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) analysis reported in Figure S7a, Support-
ing Information); but they suffered from high leakage current
and low Voc. Atomic force microscopy (AFM) analysis of CQDs
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films on HTL revealed both high surface roughness and the pres-
ence of pinholes in the film. These factors contribute to electrical
shunting, leading to current leakage and a reduction in Voc.
Pinholes have previously been seen in NiOy NC layers
and InAs CQDs (Figure 2e),2223] increasing leakage current.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Engineering charge transport layers in InAs colloidal quantum dots (CQDs) photodetectors. a) Transmittance of different metal oxide hole-
transport layers (HTLs) at 970 nm (see details in Figure S8, Supporting Information). b) Current—voltage characteristics of the photodetector with NiOy
NC as HTL at various illumination powers. c) Atomic force microscopy (AFM) analysis of the NiOy NC film. d,e) The PIN (p-i-n) architecture photode-
tector with and without poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine (PTAA) as the modifier revealing the electrical shunting caused by pinholes in

the NiOy film (d) and their filling and smoothing by the PTAA modifier (e).

f) The energy diagram of the hybrid-HTLs-based PIN photodetectors. g) The

behavior of current density versus voltage under varying illumination for an improved photodetector with hybrid HTLs. h) AFM of hybrid NiOy and PTAA

film.

After scanning the suitable band-alignment polymers includ-
ing poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PE-
DOT:PSS) and PTAA (Figure S8, Supporting Information), we
chose PTAA as an interlayer achieving a threefold reduction in
dark current and improved Voc of 0.4 V. We measured the op-
tical transmittance of PTAA on NiOy, film and found this to be
unchanged in the infrared spectral range (Figure S8b, Support-
ing Information). GISASX indicates better dot ordering on the
hybrid HTLs in comparison to conventional ZnO-based film (see
Figure S9, Supporting Information).

AFM analysis indicates improved film roughness and reduced
pinholes when PTAA layer is added (Figure 2h). The valence band
(VB) of NiOy NC shifted upwards by 0.2 eV, facilitating hole ex-
traction from the InAs CQDs layer (Figure S10, Supporting In-
formation). Power-dependent Voc and short-circuit current (Jsc)

Adv. Mater. 2023, 2310122 2310122 (4 of 7)

revealed a reduced bimolecular recombination rate (Figure S11,
Supporting Information). Pump-probe transient absorption (TA)
spectroscopy revealed that in NiOy /PTAA CQDs films, the exci-
ton peak returned to its ground state faster than in NiOy films
alone, potentially due to fewer interfacial defects and improved
band alignment (Figure S12, Supporting Information). SCAPS
device modeling agreed with these findings, suggesting a better
band alignment in NiOy /PTAA and fewer interface traps (Figure
S13, Supporting Information).

We then examined the compositional stability of charge trans-
port layers in the optimized photodetector stack using ToF-
SIMS. We saw no measurable evidence of ion migration into
the active layer following 80 days of storage (Figure 3a and
Figure S14, Supporting Information). Composition was also sta-
ble after subjecting the films to annealing at 120 °C for 10 h.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Optimization of hybrid hole-transport layer (HTL) based photodetectors: a,b) Time-of-flight secondary ion mass spectrometry (ToF-SIMS) ion
depth profile obtained from a p-i-n (PIN) photodetector with and without heating at 120 °C for 10 h. The NiOy NC layer and the colloidal quantum
dots (CQDs) layer are indicated on the profile. ¢) External quantum efficiency (EQE) of the PIN photodetector devices; d) Detectivity, calculated with
noise at 10 kHz using a signal analyzer. ) Normalized signal response as a function of the light modulation frequency, showing that the f3dB bandwidth
of the device is 6.5 MHz. The pixel size is 0.03 mm?, and the response is measured without bias. f) The transient photocurrent (TPC) of 0.049 cm?

photodetectors.

Frequency-dependent capacitance measurements of devices
showed minor variation for NiOy /PTAA compared to ZnO-based
photodetectors (Figure S15, Supporting Information).

We further optimized the active layer thickness in the detec-
tors, reaching an EQE of 53% with a thickness of 150 nm (Figure
S16, Supporting Information) and Figure 3c,d shows respon-
sivity and detectivity, with values of 0.4 A W~! and 6.9 x 10"
Jones (threefold higher than the conventional NIP devices) at
970 nm photoexcitation wavelength. The 3-dB bandwidth (f3dB)
was 6.5 MHz (Figure 3e).

We studied operating stability under 850 nm laser light in a
nitrogen environment (Figure 4c). Conventional devices fabri-
cated using NIP architectures lost 95% (retained 5%) of the ini-
tial photocurrent after 8 h. In contrast, hybrid-HTL-based devices
retained 95% of the initial photocurrent following 19 h of contin-
uous, unbiased operation. This is, to the best of our knowledge,
the highest operating and shelf stability reported among infrared
II1-V CQD-based devices (Figure 4e).

3. Conclusion

In summary, we examined the instability issues in conventional
CQDs-based photodetectors and identified ion migration from
a Zn-containing ETL into the active layer as one leading cause
of degradation. We inverted the devices and added a hybrid hole
transport layer consisting of NiOy and PTAA. Devices reached
53% EQE at 970 nm and a detectivity of 6 x 10'! Jones as well
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as improved operating stability, retaining 95% of initial perfor-
mance after 20 h of continuous illuminated operation. The high
surface-to-volume ratio of CQDs makes them susceptible to exter-
nal factors such as ion migration and oxidation.***! The results
of this study underscore the critical role, in device stability, of a
unified emphasis on transport layers and the CQD active layer.

4. Experimental Section

See Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 4. Operating and shelf stability of conventional versus hybrid hole-transport layer (HTL) based photodetectors. a,b) External quantum efficiency
(EQE) and dark current of photodetectors upon aging. The devices were stored in a nitrogen-filled glovebox. ¢) Transient photocurrent (TPC) stability test
of conventional and hybrid-HTL-based InAs colloidal quantum dots (CQDs) based photodetectors for continuous 19 h of operation under 850 nm laser
excitation (J-V before and after TPC measurement is shown in Figures S17 and S18, Supporting Information). d) Open-circuit voltage (Voc) stability of
conventional and hybrid-HTLs photodetectors under 850 nm light. ) Comparison of operational stability of CQDs-based infrared (IR) photodetectors
reported here versus prior studies (Table 1). TPC measurements are conducted without bias.
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