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ABSTRACT: Control over the electron density and conductivity is a cornerstone of semiconductor technology. Here, we report
electrochemical control over electron density and conductivity in films of InAs colloidal quantum dots (QDs) capped with
ethanedithiol ligands. The quantum-confined twofold degenerate 1S, ,,(e) electron state can be reversibly and completely filled.
Increasing the electron population yields four bleach features in the optical-absorption spectrum associated transitions to the
18, 5(e) state, and state-resolved electronic conductivity which follows the 1S, ,(e) density of states, reaching a maximum of 0.45 S/
m at 0.5 electrons per QD. The absence of 1P(e) bleach features and state-resolved conductivity imply a wide separation between
the 1S, ,(e) and 1P(e) states resulting in electronic transport between 1S(e) states exclusively. The reversible electrochemistry of
InAs QDs films allows determination of the absolute energy levels. InAs QDs of 4.2 nm in edge length and capped with ethanedithiol
ligands are natively n-doped with the Fermi level at —4.6 eV, the 1S, ,,(e) state at —4.28 eV and the 1S;/,(h) state at —5.54 eV vs
vacuum. This work establishes a way to precisely control the charge carrier density and conductivity and gives insights into the
charge transport properties and electronic structure of InAs QD films, opening the possibility of making devices with InAs QDs in
which the charge carrier density is precisely controlled electrochemically.

ncreasing automation, self-driving cars, smart appliances, We synthesized InAs QDs following Song et al,> ™ with
healthcare devices and security systems require the tris(trimethylsilyl)arsine and indium oleate precursors (Sup-
development of more efficient, cheaper, and environmentally porting Information (SI), section S1). This results in
friendly infrared photodetectors’ and light-emitting devices.” tetrahedral oleate terminated InAs QDs of 4.2 nm in edge

Colloidal quantum dots (QDs) meet these criteria because of length (Figure S6) with a band edge absorption at 926 nm
their cheap solution processability and excellent and tunable (Figure 1, red dashed line). We prepared InAs QD films by

optoelectronic properties.” Devices based on Pb*™° and Cd’™’ spin coating the oleate terminated QDs onto indium—tin-oxide
chalcogenide QDs have shown remarkable performance.'’ (ITO) coated glass substrates followed by a layer-by-layer
However, their use is restricted by the Restriction of solid-state ligand exchange with ethanedithiol (EDT) ligands
Hazardous Substances Directive (RHoS)."' In this regard, (Figure S7) to enhance carrier transport across the film.”*>’

InAs QDs offer a great opportunity as an RHoS-compliant The band-edge absorption of the InAs QD film with EDT

material.">"?
Crucial for the adoption of InAs QDs (and other QDs) in 2.0

future semiconductor technologies is controlling charge carrier

density, i.e. doping.'*™"* However, doping InAs QDs remains

challenging.'* Some works have reported the incorporation of

metals, but this usually results in only mild doping and has

detrimental effects on the electronic and structural properties --- Dispersion (InAs-oleate) “~ -\

of the QDs."*'7?°7*3 Electrochemical doping offers a more 6 08 A (um) 1.0 12

controllable and higher extent of doping.M_27 Electrochemical

doping has been demonstrated for several QD materials, Figure 1. Absorbance (A) spectra of InAs QDs of 4.2 nm in edge
including ZnO 28-33 Pb(S, Se) 34-37 Cd(Se, Te) 38—45 Hg(s length in an octane dispersion with oleate ligands (red dashed line)
) ) ) ) ) )

Se, Te),46_48 CstBr3,49 $i° and CuInSZ.Sl’SZ Here we and as a film with ethanedithiol ligands (black solid line).

accomplish electrochemical charge carrier modulation in
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InAs QDs. We use in situ visible and near-infrared absorption Received: November 26, 2025 =JIACIS
spectroscopy during electrochemical doping to quantify the Revised:  January 15, 2026
charge-carrier density,”* and electrochemical transistor meas- Accepted:  January 16, 2026

urements”* to determine the electron conductivity and Published: January 22, 2026

electron mobility in InAs QD films with different doping
densities.
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ligands (InAs-EDT) red shifts to 980 nm (Figure 1, black solid A . B Dneey(Vaewe)
line). Subsequently, we measured the changes in the 04 ; 1.0} ' oot B
absorption spectrum of InAs-EDT while applying a potential } ;
via cyclic voltammetry (CV) in an electrolyte of 0.1 M LiClO, | 038 15
in propylene carbonate under strictly anhydrous and anaerobic “02 1 3
conditions (setup details in SI, section S2). ! 500 105
The CV of InAs-EDT shown in Figure 2A starts at the open- , 204_ o iz
circuit potential (OCP), which is at —0.2 V (all potentials are 0 ‘ s .
S 0.5
! 02{ 3 °
A Energy (eV vs. vac.) 5 \ / {,“&{g;ic Oj.o T
36 38 40 42 -44 46 | B W o] Voltage (V. o) oo
~ 0.0 s 06 08 10 12 -10 08 06 04 02
;<: A (um) Voltage (V vs. Fc/Fc')
= 05
5 1st scan Figure 3. Reversible spectroscopic changes upon electron injection
‘3 ~1.0+ %"g scan into InAs QDs. A) Absorbance (A) spectrum at OCP (red solid line,
rd scan top) and —1.3 V (black dashed line, top), differential absorbance
~L3 12 10 -08 -06 -04 -02 (AA) spectrum from OCP to —1.3 V (black solid lines, bottom) and
Voltage (V vs. Fc/Fe+) Gaussian fits to the spectrum at —1.3 V (dashed lines, bottom) of
B InAs-EDT films. The vertical dashed lines indicate the peak
g 0 wavelength of each Gaussian fit, labeled as transitions 1—4. B)
= ) Normalized AA at the peak position for transitions 1—4, respective
L: AA/A, (inset) and number of electrons per QD (n) at the 1§, ,(e)
2 -0.1 < level as a function of potential. The solid line is an error-function fit to
e the experimental data for transition 1.
o —0.
g -1 -0.2
S 0.
~ 706 0. 1.2

8 um)'

Figure 2. Reversible electron injection into InAs QDs. A) Cyclic
voltammetry (CV, solid lines) at a scan rate of 100 mV/s and B)
differential absorbance (AA) during the CV of the InAs-EDT QD film
showing reversible bleaching of several optical transitions. The dashed
line in A) is a blank measurement with a bare ITO electrode (Figure
S9).

reported against the ferrocene/ferrocenium couple), and goes
to —1.3 V and back to the OCP at a scan rate of 100 mV/s.
The potential scan is repeated two more times. The data
reported in Figure 2 and thereafter lie within the stable
electrochemical window (between +0.45 and —1.3 V), defined
as the potential region with reversible optical changes (see SI,
Section S5). The CV shows an anodic-to-cathodic charge ratio
(Q./Q.) of 25% for the first scan. We attribute the relatively
low Q./Q. to the presence of redox active impurities, as
previously reported.”* Q,/Q. is expected to increase with
(1) decreasing the cathodic vertex, (2) increasing the scan
number and (3) increasing the scan rate.* Figure S8 shows
that Q,/Q. increases to 35% for the second scan, to 55% for a
cathodic vertex of —1.0 V, and to 95% at 500 mV/s. The
differential absorbance (AA) spectra during the three CV scans
show a reversible decrease in the absorbance (bleach) of
several excitonic transitions (Figure 2B). The reversible bleach
is evidence of electron injection into the 1Se level as it results
from blocking of 1S transitions involving the 1Se level.*>¢"
Figure 3A shows the AA spectra as a function of potential
(black solid lines, bottom) featuring bleach features at 980,
855, 731, and 652 nm, referred hereafter as transitions 1—4,
respectively. The AA spectra can be described well (black
dashed line, bottom) with a sum of four Gaussian transitions
(red, blue, green, and pink dashed lines, respectively),
exemplarily shown for the AA spectra at —1.3 V, ie., at the
most negative potential. To interpret the spectroelectrochem-
ical data, we associate the observed spectral changes upon
electron injection with the absorbance spectrum at OCP
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(Figure 3A; red solid line, top) and with the reported
transitions calculated from multiband effective mass
theory.””** Following Banin et al,’”** we assign transition 1
to 1S;/,(h)—>1S;/,(e). The bleached transitions 2—4 can be
due to either electron filling of the 1S;/,(e) level or electron
filling of higher levels in the conduction band such as 1P;,(e).
Transitions to the 1S;/,(e) state would all bleach at the same
potential, while transitions to the 1P;/,(e) state would bleach
at more negative potentials because the 1P;,(e) state lies
higher in energy than the 1S, ,,(e) state. Figure 3B shows that
transitions 1—4 all have the same potential dependence, and
therefore, all correspond to transitions from an S(h) to the
1S,/,(e) state. Therefore, we assign transitions 2—4 to
285/,(h) =18, 5(e), 18,/5(h)=>18;/5(e) and 28,,(h)—
18, 5(e), respectively.

Figure 3B also shows the dependence with potential of the
number of electrons per QD (n) populating the 1S, /,(e) state
(red circles for the data and a line for the Gaussian fit). We
extract n from the fractional bleach of the 1S;,,(h)—1S,/,(e)
transition via n(V) = gAA(V)/A,, where g is the degeneracy of
the 1S;/,(e) level (g = 2 for InAs QDs). We observe that n
increases until leveling off at n = 1.95, close to the theoretical
value of n = 2.

Figure 4 shows the determined electronic structure, absolute
energy levels of the involved states, and density of states
(DOS) of the 1S, ,(e) level (red circles for experimental data
and black line for the Gaussian fit), obtained from the
derivative of n with respect to the potential (—dn/dV). The
maximum of this Gaussian is the 1S;/,(e) energy level, which is
at —4.28 eV. The 1S;,,(h) level is obtained by adding the
optical bandgap energy (1.17 eV) to this value, placing it at
—5.54 eV (assuming a negligible exciton binding energy).
Similarly, this allows us to infer the absolute energy level of the
rest of the involved transitions. Figure 4 also shows that the
Fermi level (Ep, red dashed line), determined from the OCP, is
0.32 eV below 1S, ,(e), indicating that these films are natively
n-doped, in agreement with literature.*® The blue bar in Figure
4 shows the ranges of doping levels reached in this work.

https://doi.org/10.1021/jacs.5c21128
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Figure 4. Electronic structure and absolute energy levels of InAs QDs
of 42 nm in edge length. Band diagram, electronic transitions
(vertical arrows), DOS of the 1S, ,(e) level (red circles for data and
black line for Gaussian fit), and doping level accomplished in this
work (blue bar) for InAs QDs.

Even at the most negative potentials, where the 1S, ,(e)
level is completely filled, we do not observe any signs of the
injection of 1P electrons. This implies that the separation
between the 1P(e) and 1S(e) level is kT, so thermal
population of 1P(e) levels does not occur when the Fermi level
is at 1S(e), and larger than the spread in energy due to size
disorder. This has important consequences for electron
transport in InAs films at different electron densities.
Therefore, we performed electrochemical transistor measure-
ments?#2028:34374647,4953,5464-69 o1 an T ACEDT QD film
with a band-edge absorption at 1065 nm (Figure S12), which
allows the film conductivity and electron mobility to be
measured as a function of potential or, equivalently, as a
function of electron density, as discussed in detail in Section S6
of the SI. Figure SA (black solid circles for data and dashed line

A Energy (eV vs. vac.) B 1 @18 (em™)
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Figure S. Electron conductivity and mobility of InAs QD films as a
function of the charge carrier density. A) Plot of the conductivity (o,
black solid circles) superimposed to the DOS (red empty circles) as a
function of potential. The lines are Gaussian fits to the experimental
data. B) Plot of the electron conductivity (o, black squares) and
mobility (y, red circles) as a function of the 1S;/,(e) electron
concentration (number of electrons per QD at the 1S, , level, n).

for a Gaussian fit) shows the conductivity at potentials from
—0.15 V to —0.6 V. Figure SA (red empty circles for data and
solid line for a Gaussian fit) also shows the DOS of 1S, ,(e)
determined by spectroelectrochemistry (Figure S14). The
conductivity closely follows the DOS, as theoretically
predicted’”’ but not frequently observed.”**” Within this
potential range (from —0.1S V to —0.6 V) the changes in
conductivity are completely reversible (Figure S15), confirm-
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ing that the conductivity dependence is due to changes in the
electron density. Decreasing the potential below —0.6 V leads
to irreversible changes in conductivity (Figure S16), and
therefore we report here conductivity and mobility values
between OCP and —0.6 V.

Figure SB shows the dependence of the electron
conductivity (o, black squares) and mobility (u, red circles)
of the InAs-EDT QD film on charge carrier density (n). o first
increases with 1, reaches a maximum of 0.45 S/m around n =
0.5, and decreases for n > 0.5. 4 shows a maximum of 9 X 1073
cm?/V:s at the lowest carrier density (n = 0.005) and decreases
with increasing n. The electron mobility values are consistent
with previously reported electron mobilities of 107*—107>
cm2/Ves. =73

A maximum conductance at partial filling of the 1S(e) levels
and a decreasing mobility with increasing n are both consistent
with state selective electron transport that takes place
exclusively through the 1S(e) levels, combined with a narrow
spread in 1S(e) site energies. In that limit the rate of electron
transport, and hence the conductivity, scales as the product of
the density donor states (i.e. nig, ~ n) and the density as

empty acceptor states (i.e, 2 — nyg), giving 6 & n(2 — n) and

ﬂ = en
predicted features of a parabolic ¢ vs n relationship and an
increase in g with n. However, it also deviates in a few details:
(1) the o vs n relationship does not follow a symmetric
parabola, with an increase in ¢ more pronounced than its
decrease; (2) o reaches a maximum at # = 0.5 instead of the
theoretical n = 1; and (3) the decrease in mobility is not
perfectly linear over the whole charge carrier density range.
Nevertheless, the increase in y with n and the parabolic o vs n
relationship are usually not observed because of energy
disorder, resulting in activated transport that always grows
with increasing Fermi level, and the contribution of higher
energy levels (1P(e), 1D(e), . . .) to electron transport.”” The
observation of state selective transport is a testament to the
narrow spread in 1S(e) energy levels and the large 1P(e) —
1S(e) energy separation. In other words, these InAs QDs are
both highly monodisperse and show a very strong quantum
confinement of the electrons.

In summary, InAs QDs show reversible and stable
electrochemistry at potentials between +0.45 V and —1.30 V
vs Fc/Fc'. The reversible electrochemistry of InAs QDs opens
the possibility for obtaining InAs QD devices where the charge
carrier density is controlled electrochemically and the use of
electrochemistry as a standard characterization technique for
InAs QDs. Here, the combination of electrochemistry and
absorption spectroscopy allows determination of the absolute
energy levels of several valence and conduction band states and
doping level of native InAs-EDT QDs. Our measurements also
give insight into the electronic structure and state-resolved
electron conductivity and mobility of InAs QDs. Our
measurements are in line with the work of Saha and Guyot-
Sionnest that came out during the review of this work. Like
them, we find a reversible bleach of the interband transition
upon decreasing the voltage and state-resolved conductivity
and mobility.”* The combination of electrochemistry with
other in situ spectroscopic techniques can give further insights
into this material. For example, the combination of electro-
chemistry and photoluminescence spectroscopy’””> or tran-
sient absorption spectroscopy” has been used to study charge
trapping in other QD materials. Electrochemical doping is also

2 x2 —n. The experimental data follow the general

https://doi.org/10.1021/jacs.5c21128
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very promising as a means to access and use intraband
transitions for photodetection and light emission in the mid-
infrared region as recently demonstrated for InAs QDs.”*
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