
Ligand Exchange at a Covalent Surface Enables Balanced
Stoichiometry in III−V Colloidal Quantum Dots
Min-Jae Choi,§ Laxmi Kishore Sagar,§ Bin Sun,§ Margherita Biondi, Seungjin Lee,
Amin Morteza Najjariyan, Larissa Levina, F. Pelayo García de Arquer, and Edward H. Sargent*

Cite This: https://doi.org/10.1021/acs.nanolett.1c01286 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: III−V colloidal quantum dots (CQDs) are
promising semiconducting materials for optoelectronic applica-
tions; however, their strong covalent character requires a distinct
approach to surface management compared with widely inves-
tigated II−VI and IV−VI CQDs−dots, which by contrast are
characterized by an ionic nature. Here we show stoichiometric
reconstruction in InAs CQDs by ligand exchange. In particular, we
find that indium−carboxylate ligands, which passivate as-
synthesized InAs CQDs and are responsible for In-rich surfaces,
can be replaced by anionic ligands such as thiols. This enables the
production of inks consisting of balanced-stoichiomety CQDs; this
is distinct from what is observed in II−VI and IV−VI CQDs, in
which thiols replace carboxylates. The approach enables the
implementation of InAs CQD solids as the active layer in photodiode detectors that exhibit an external quantum efficiency of 36% at
930 nm and a photoresponse time of 65 ns, which is 4 times shorter than that of reference PbS CQD devices.
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III−V colloidal quantum dots (CQDs) offer a route to field-
effect transistors,1 photodetectors,2 short-wave infrared imag-
ing,3,4 and light-emitting diodes5 that avoids regulated Pb-,
Cd-, and Hg-based materials.
On the basis of previous models of II−VI and IV−VI CQDs,

these are composed of a stoichiometric core with a layer of
metal−ligand complexes on the surface.6−9 This leads to CQD
off-stoichiometry, which can deteriorate the optoelectronic
properties by generating intragap states.10,11 There have been
recent studies of the surface chemistry of InAs CQDs12 with
the goal of improving the charge carrier mobility in devices by
suppressing the surface traps observed in native InAs CQDs.1

However, the surface and ligand chemistry of III−V CQDs is
not thoroughly understood, limiting their implementation in
optoelectronic applications.13

In this work, we found that InAs CQDs synthesized using
carboxylate ligands exhibit an In-rich character, as indicated by
the presence of an In−carboxylate surface shell. We then
developed a ligand exchange method to control the
stoichiometry of InAs CQDs. We show that X-type ligands
(thiols) replace In−carboxylate ligands (Z-type), producing
covalent bonding with As atoms (Scheme 1). This enables
resurfacing of the In-rich CQDs and achieving balanced
stoichiometry in the final CQD solid. We implemented these
solids as the active layer in photodiode photodetectors, which
demonstrated an external quantum efficiency (EQE) of 36%
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Scheme 1. Example of Surface Ligand Exchange of CQDs
Having (A) a Covalent Surface or (B) an Ionic Surface
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under reverse bias (−1 V) with monochromatic illumination at
940 nm. The photoresponse time of these new InAs CQD
devices is 65 ns, which is 4 times shorter than that of reference
PbS CQD devices.
We began by synthesizing InAs CQDs via a modification of

a previous method using indium acetate, oleic acid (OA), and
tris(trimethylgermyl)arsine ((TMGe)3As) (see the Supporting
Information). The as-synthesized CQDs were capped with OA
and showed an absorption peak (1Smax) at 920 nm (Figure 1a).
We found that the lower reactivity of (TMGe)3As compared
with (TMSi)3As

14 enables a narrower CQD size distribution
compared with prior reports,15 resulting in a 60 meV half width
at half-maximum.
X-ray photoelectron spectroscopy (XPS) measurements

revealed that the as-synthesized CQDs exhibit an In-rich
stoichiometry (Figure 1b, As/In ≈ 0.7). We can account for
this via a model in which the OA-capped InAs CQDs consist
of an inorganic InAs core and an indium−oleate ligand shell
(Scheme 1), resulting in a metal-rich character similar to that
of OA-capped PbS CQDs.7,16 CQD off-stoichiometry is known
to lead to intragap states, which deteriorate charge transport,
promote nonradiative recombination, and preclude efficient
optoelectronic operation.10,11

We therefore sought to control the stoichiometry of the InAs
CQDs. Our approach to achieve stoichiometric balance was to
remove the indium−oleate shell that renders the In-rich
character. We reasoned that thiol ligands could replace
indium−oleate ligands and make covalent bonds with the
surface As atoms, as reported in bulk InAs.17,18 To this end, we
designed solution-phase ligand exchanges based on 2-
mercaptoethanol (ME) molecules. OA-capped InAs CQDs
dissolved in octane were vigorously mixed with the ligand
solution in N,N-dimethylformamide (DMF). The CQDs were
then transferred from the octane phase to the DMF phase
(Figure 1c). The InAs CQD inks retained their homogeneity
after ligand exchange, as shown by absorption measurements

(Figure 1a), and remained stable as colloids for hours (Figure
S1). The formation of a stable colloid of CQDs in DMF
implies that InAs CQDs are stabilized by electrostatic
stabilization, similar to previous reports on PbS CQDs.19,20

The slight blue shift in the wavelength of the lowest-energy
absorption spectral feature (1Se → 1Sh) may be explained by
the exchange of indium−oleate ligands with thiols, which
results in a slight decrease in the effective size of the InAs
CQDs.21,22

Transmission electron microscopy (TEM) revealed a
reduced interdot distance following exchange (Figure S2),
which indicates successful ligand exchange on the InAs CQDs.
Fourier transform infrared (FT-IR) spectroscopy further
confirmed the complete exchange of oleic acid (Figure S3).
The S 2p XPS spectrum of ME-exchanged InAs CQDs shows
the presence of sulfur, indicating that the CQD surfaces are
passivated with thiol ligands (Figure S4). In addition, the ME-
exchanged CQDs exhibit stoichiometry between In and As
(Figure 1b). We found that other thiol molecules [1-
thioglycerol (TG)] show similar results. To study any change
of stoichiometry before and after ligand exchange, we
performed energy-dispersive X-ray (EDX) analysis of InAs
CQD solids (Figure S5 and Table S1). This revealed that
ligand exchange produces a balanced stoichiometry between In
and As, while the InAs CQD solids exhibit an In-rich
stoichiometry before ligand exchange.
To further understand the interaction between the CQD

surface and ligands, we analyzed the XPS spectra of other
elements, including C, In, and As. The C 1s XPS spectra
confirm that the ligand exchange results in complete removal
of the COO− peak at 288.8 eV, a signal of OA ligands (Figure
2a,d). This result agrees with the In 3d spectra showing the
disappearance of the indium−oleate peak after ligand exchange
(Figure 2b,e). Interestingly, no thiol shoulder peak is visible in
the In 3d spectra, while a thiol peak is present in the As 3d
spectra. Specifically, ME-exchanged CQDs exhibit an As−S

Figure 1. (a) UV−vis absorption spectrum of InAs CQDs before ligand exchange (black, OA ligands) and after ligand exchange (blue, ME
ligands). (b) XPS atomic ratios of InAs CQDs before and after ligand exchange. (c) Schematic illustration of InAs CQDs before and after ligand
exchange. The inset photographs show phase transfer of InAs CQDs from a nonpolar solvent (octane) to a polar solvent (DMF) after ligand
exchange.
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peak at around 43.5 eV23,24 that is not observed before ligand
exchange (Figure 2c,f). The XPS data support the hypothesis
discussed in Figure 1c that the initial In−oleate ligands are
exchanged with thiol ligands. This can be explained by covalent
bonding between As and thiol, which is consistent with the
covalent nature of InAs and not observed in ionic II−VI and
IV−VI CQDs (Scheme 1). In addition, a high concentration of
thiol ligands during ligand exchange may promote As−S
binding dominantly rather than In−S binding.17

To investigate the impact of the surface chemistry on the
CQD defect density, we sought to measure the Stokes shift of
the CQDs. The Stokes shift of CQDs allows a relative
comparison among trap densities of CQDs with different
surface ligands;25 in contrast, photoluminescence can decrease
after ligand exchange with shorter ligands,26,27 even in cases

where the ligand exchange provides lower trap densities.28−30

We measured the absorbance and photoluminescence of InAs
CQDs with different surface ligands (Figure 3a). Acetic acid
(AA) ligands were also used for comparison, since these have
the same length as ME but a different functional group. The as-
synthesized CQDs (OA ligands) exhibit a Stokes shift of 76
meV, which decreases to 47 meV after ligand exchange with
ME ligands (Figure 3b). Ligand exchange using AA leads to a
Stokes shift of 65 meV, which is larger than for ME-exchanged
CQDs. This suggests that surface chemistry modification with
ME minimizes the CQD defect density.25 In addition, the full
width at half-maximum (fwhm) of the CQD emission spectra
is preserved after ligand exchange with ME, indicating that
CQD homogeneity is retained.

Figure 2. XPS spectra of InAs CQDs (a−c) before and (d−f) after ligand exchange: (a, d) C 1s spectra; (b, e) In 3d spectra; (c, f) As 3d spectra.
Further information on these spectra is provided in Table S2.
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We then implemented the resulting InAs-ME CQD solids as
the active layer in photodiode photodetectors. The device
configuration comprises a transparent conductive indium tin

oxide (ITO) bottom electrode (∼160 nm); a ZnO electron
transport layer (∼180 nm); the photoactive layer of ME-
exchanged CQDs (∼100 nm); a MoO3 hole transport layer

Figure 3. (a) Normalized absorbance and photoluminescence spectra of InAs CQDs with different surface ligands in solution. (b) Stokes shifts of
CQDs calculated from (a). A 1 mg/mL CQD solution was used for all samples.

Figure 4. (a) Schematic illustration of InAs CQD photodiodes. (b) J−V characteristic of the device under dark conditions and under 1 sun
illumination. (c) External quantum efficiency (EQE) measurement of the device. (d) Dependence of the noise current on the frequency at 0 V. (e)
Specific detectivity spectrum under the operating conditions of 0 V and 1 kHz. (f) Photoresponse dynamics at 0 V with a 39 ns pulsed laser. The
inset image shows magnified photoresponse with fall time of 65 ns.
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(∼10 nm); and a Au metal top electrode (∼160 nm), as shown
in Figure 4a.
The devices show rectifying behavior, with a rectification

ratio [defined as Idark(1 V)/Idark(−1 V)] of 7050 under dark
conditions (Figures 4b and S6). At 0 V, the devices exhibit an
EQE of 18% at the excitonic peak. The EQE spectrum matches
the absorption of the CQDs. The dependence of the EQE
spectrum on the applied bias reveals that the devices are not
fully depleted under short-circuit conditions, as the EQE
gradually increased to 36% at −1 V reverse bias (Figure 4c).
To our knowledge, this is the first report of photodiodes based
on InAs CQDs.
To study the impact of the InAs CQD surface chemistry on

the device characteristics, we prepared InAs CQD photodiodes
using AA as a surface ligand. The devices exhibited a
rectification ratio of 7 under dark conditions and an EQE of
<1% (Figures S7 and S8) when the same device structure as
shown in Figure 4a was employed. XPS measurements showed
that InAs-AA CQD solids have a stoichiometry of ∼0.8 (Table
S3). The balanced stoichiometry of InAs-ME CQDs compared
with InAs-AA CQDs results in a reduced defect density, as
shown in Figure 3. This also leads to higher EQE values at all
wavelengths and lower leakage current under dark conditions.
We evaluated the sensitivity of the InAs CQD photodiodes

and characterized their noise under various operating
frequencies (Figure 4d). Under short-circuit conditions, the
noise current gradually decreases with increasing operation
frequency and flattens at around 10 kHz to a value of 2 times
the shot-noise limit. This behavior is typical of flicker noise, as
previously reported in CQD photodetectors.31,32

The measured specific detectivity reaches 1.6 × 1011 Jones at
the excitonic peak (1 kHz) (Figure 4e). We further
characterized the photoresponse of the InAs CQD photo-
detectors with a 39 ns width pulsed laser (repetition frequency
of 1 MHz). We observed stable photoresponse and a fall time
of 65 ns for a device with an area of 0.8 mm2 (Figure 4f).
To evaluate the performance of InAs CQD photodetectors,

we compare these results with best photodiodes based on PbS
CQDs operating at similar wavelengths (∼950 nm).33 The
InAs devices show an ∼4 times faster temporal response
following transient photoexcitation, with a fall time of ∼65 ns,
compared with 250 ns for PbS CQD devices (Figure S9). In
general, improved response times in photosensors can enable
both higher-frame-rate light sensors and also LIDAR for time-
of-flight applications. The results suggest the potential of InAs
CQDs as a heavy-metal-free active material in optoelectronic
devices and indicate routes for further progress in InAs colloid
management and devices.
In sum, here we have offered new insights into the surface

interactions of III−V CQDs and their impact on efficient
optoelectronic operation. Our findings reveal that covalent
bonding of InAs CQDs with ligands enables a different surface
configuration that is not shown in II−VI and IV−VI CQDs.
On the basis of this knowledge, we have demonstrated
stoichiometry-controlled InAs CQDs through ligand exchange.
This translates into photodiode detectors exhibiting a specific
detectivity of 1.6 × 1011 Jones and a photoresponse time of 65
ns. This work opens the door to the realization of high-
performance optoelectronic devices based on III−V CQDs.
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