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he ability to control the carrier type

and concentration in bulk semicon-

ductors with high spatial resolution
is of fundamental importance for device
fabrication. In contrast, the functioning of
the majority of semiconductor nanocrystal
(NC)-based devices is dictated by the intrin-
sic carrier density as determined by NC sur-
face states. For example, in the case of lead
chalcogenide NC-based Schottky junction
solar cells, the barrier height and depletion
region are determined by the hole carrier
density, which can be altered by changes to
the surface chemistry such as oxidation.' 3
The ability to control carrier type via the ad-
dition of stable donor or acceptor states to
nanocrystals has been a longstanding chal-
lenge.*

The addition of charge carriers to nano-
crystal films has been realized by several
distinct methods.>~® Direct charge addition
has been accomplished through cyclic
voltametry.®® Sodium biphenyl has been
used to introduce electrons into CdSe NCs,
but the nanocrystals are quickly oxidized,
which removes the electron.>'° Hydrazine
postdeposition treatments have been used
to switch the conduction of PbSe NC films
from p-type to n-type, with the materials re-
verting to p-type conduction when the hy-
drazine desorbs from the surface.® Binary
superlattices have been employed to re-
motely dope PbTe.” However, a stable pre-
deposition method to control the carrier
type in NCs has yet to be reported.

In this work, we demonstrate the ability
to switch InAs NC films from n-type to
p-type conduction through the incorpora-
tion of Cd. Cd is a stable transition metal
cation that can be added to the InAs NCs
prior to deposition. Films of InAs:Cd NCs
demonstrate fundamentally different dark
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ABSTRACT Nanocrystal (NC) films have been proposed as an alternative to bulk semiconductors for electronic

applications such as solar cells and photodetectors. One outstanding challenge in NC electronics is to robustly

control the carrier type to create stable p—n homojunction-based devices. We demonstrate that the postsynthetic

addition of Cd to InAs nanocrystals switches the resulting InAs:Cd NC films from n-type to p-type when operating

in a field effect transistor. This method presents a stable, facile way to control the carrier type of InAs nanocrystals

prior to deposition. We present two mechanisms to explain the observed switch in carrier type. In mechanism 1,

(d atoms are incorporated at In sites in the lattice and act as acceptor defects, forming a partially compensated p-

type semiconductor. In mechanism 2, (d atoms passivate donor-type InAs surface states and create acceptor-

type surface states. This work represents a critical step toward the creation of p—n homojunction-based NC

electronics.
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and photoconductive properties than InAs
NC films, indicating that the incorporation
of Cd has a large effect on the density of
states within the band gap. We also investi-
gate InAs/CdZnSe core/shell NCs, where
the lI=V core is surrounded by a shell of
II—VI atoms which passivate the surface and
may act as donors and acceptors if incorpo-
rated into the llI-V lattice. We find that
films of InAs/CdZnSe NCs exhibit ambipo-
lar conduction when gated after annealing.
The ability to switch carrier type using a
stable predeposition dopant is an essential
step toward the creation of p—n junction
nanocrystal solar cells and other
homojunction-based nanocrystal devices.

RESULTS AND DISCUSSION

Bulk InAs has been shown to have an
n-type surface accumulation region due to
electron-donating surface states.”" For high
surface area nanostructures, such as InAs
nanowires, this results in inherent n-type
conduction.'? These surface states also lead
to a large amount of Fermi level pinning at
the metal contact, causing InAs to form
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Figure 1. (a) Dependence of source—drain current on gate voltage for InAs NC
films showing n-type behavior. (b) Output curves from the same InAs device. (c)
Transfer curve for InAs:Cd NC films showing p-type behavior. (d) Output curves

from the same InAs:Cd device.

ohmic contacts with many metals including gold." Sul-
fur passivation or thiol treatment has been shown to re-
duce contact resistance and improve mobility in InAs
nanowires.'? This is attributed to the reduction in the
number of surface trap states.'? For these reasons,
ethanedithiol is chosen as the ligand for postdeposi-
tion ligand exchange treatment for all of the NC sys-
tems in this work.'4"16

The gate dependence of nanocrystal films in a field
effect transistor (FET) is commonly used to determine
the film carrier type.2®'7'8 The gate dependence and
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output curves of InAs core NC films
are shown in Figure 1a,b, respec-
tively. The InAs channel is n-type
with clear hysteresis indicating trap-
ping of the added charge. To re-
duce hysteresis, the gate voltage is
pulsed to the measurement value
and then back to zero between each
data point.'””!° The NC film is on
SiOx, which is known to have elec-
tron acceptors at the surface, and is
therefore unlikely to give rise to the
observed n-type behavior, suggest-
ing this is a property of the NC film.
The observed n-type conduction is
in agreement with previous reports
on the surfaces of bulk InAs'" and
InAs nanowires.'? The positive
threshold voltage is consistent with
the filling of midgap trapping states
which may give rise to the observed
hysteresis. At low and negative gate
voltages, the output curves are su-
pralinear. Supralinear conduction is
commonly observed in nanocrystal
films.2172° At higher gate voltages, the source—drain
current increases sublinearly with voltage as the FET
nears the saturation regime.

InAs:Cd NC films are prepared identically to the
InAs core NC films, as described in the Methods sec-
tion. Figure 1c shows the effect of the gate voltage on
the source—drain current, and Figure 1d shows output
curves for the same device. A switch to p-type conduc-
tion is observed. For both InAs and InAs:Cd NC films, the
same gold contacts are used. The observation of n-type
conduction in InAs NC films indicates that it is possible
to inject electrons from the gold contacts into the NC
film. The p-type conduction in InAs:Cd NC films similarly
indicates that hole injection from the electrodes is pos-
sible. Therefore, the observed n-type and p-type behav-
ior is attributed to the carrier type of the NC film, rather
than the presence of blocking contacts for either elec-
trons or holes. A larger amount of hysteresis is observed
in the InAs:Cd films, indicating that holes are trapped
more quickly or more deeply in InAs:Cd NC films than
electrons in InAs NC films.

The switch of majority carrier from electrons to holes
is due to acceptor states generated by the Cd incorpo-
rated into the NCs. We present two mechanisms to ex-
plain the observed behavior. In mechanism 1 (Figure
2a), Cd occupies an In lattice position (Cdy,) as a substi-
tutional impurity. Cd assumes the same bonding con-
figuration as In in the lattice but due to its lower num-

Figure 2. Cartoon depiction of mechanisms for p-type doping
of InAs:Cd nanocrystals. In mechanism 1, the addition of accep-
tors by Cd over compensates the electron donors on the sur-
face, leading to a partially compensated semiconductor. In
mechanism 2, the surface states are altered by the addition of
a monolayer of Cd.
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ber of valence electrons creates an acceptor state
impurity. Diffusion doping of bulk InAs has previously
been accomplished using CdsAs,,>' which like
Cd(oleate), introduces the Cd into the lattice ina +2
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oxidation state. The diffusion constant of Cd in bulk
InAs at 300 °C is 5.9 X 10~ cm?/s.2223 Therefore, the
diffusion length will be longer than the nanocrystal di-
ameter even if the diffusion constant of Cd in the nano-
crystal is 3 orders of magnitude lower than the bulk
value. Substitutional incorporation of an impurity atom
in a nanocrystal has previously been shown with EPR
studies on Mn-doped CdSe.?* Cadmium? and zinc?¢
doping of InAs nanowires has been demonstrated. In-
corporation of copper into In,S; NCs has also been re-
ported.” In mechanism 1, the switch from n-type to
p-type conduction does not require the added Cd to
quench all of the donor sites (D1) on the InAs surface.
Instead, the Cd acceptor states (A1) overcompensate
the intrinsic donors, so that the number of acceptors is
greater than the number of donors, Ny > Np. At thermal
equilibrium, the donor electrons reside in negatively
charged filled acceptor states (A1—), which act as hole
traps, leaving behind positively charged empty donor
states which can act as recombination centers for pho-
toexcited electrons (D1+). In mechanism 2 (Figure 2b),
Cd atoms bound to the surface passivate the InAs donor
state and create an acceptor state. For PbS and CdTe
NCs, acceptor states have been associated with multia-
tom surface constructs such as PbSO; and PbSO, for
PbS NCs'® and TeO, and CdTeOs for CdTe NCs.?8 As sug-
gested for Cd-doped InAs nanowires,?® the change
from n-type to p-type may be a combination of mecha-
nisms 1 and 2, where surface state passivation lowers
the number of donor states and substitutional impuri-
ties create acceptor states.

In this work, we refer to the NC film carrier type,
rather than the NC carrier type, to distinguish that we
are measuring the property of a large number of nano-
crystals that have undergone specific chemical treat-
ments. The NC solution contains individual NCs that
vary in composition and defect states, and therefore, it
is misleading to assign a carrier type to the NC solution.
However, the properties of the NC film are governed
by the overall distribution of defect states present,
which can be altered prior to deposition, allowing for
control over the film carrier type.

InAs:Cd NCs were characterized by absorption spec-
troscopy, energy-dispersive X-ray spectroscopy (EDS),
and inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). EDS and ICP-AES are used to deter-
mine the amount of Cd present in the purified InAs:Cd
NCs and give relative concentrations of In:As:Cd of 2.0:
2.2:1.0 and 1.9:2.4:1, respectively (Figure 3a). On the ba-
sis of the lattice constant of InAs and the 4 nm diam-
eter of the NCs, we estimate that there are ~600 In and
~600 As atoms per NC. A monolayer of Cd atoms on
the surface of the NC would add ~320 Cd atoms and
would result in a relative concentration of In:As:Cd of
1.9:1.9:1, in good agreement with the observed ratios.

The absorption spectra of InAs NC and InAs:Cd NC
made from the same synthesis are shown in Figure 3b.
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Figure 3. (a) EDS and ICP-AES composition analysis compared to the es-
timated composition for a monolayer of Cd absorbed to the surface. (b)
Absorption spectra of InAs and InAs:Cd showing retention of the InAs fea-
ture after synthesis of InAs:Cd. (c,d) Photoaction spectra for InAs and In-
As:Cd devices on quartz demonstrating that confinement is retained in
the NC films.

The InAs:Cd NC 1S transition absorption feature broad-
ens and shifts slightly to the red after Cd addition. If
there was significant cation exchange and formation
of an InCdAs alloy, it is unlikely the spectrum would re-
main consistent given that the band gap of CdsAs; is
0.14 eV, less than half that of InAs (0.36 eV).?° The pho-
toaction spectra of InAs and InAs:Cd NC films are shown
in Figure 3c,d, respectively. The photoaction spectra
demonstrate that the nanocrystals retain their confine-
ment properties in the NC films after processing and
ligand exchange. The red shift in the photoaction spec-
trum relative to the solution phase absorption spec-
trum is due to the higher dielectric constant in the
film.3° For InAs:Cd nanocrystals, an external quantum ef-
ficiency greater than 100% is observed, indicating that
gain greater than unity is occurring in these films.

The comparison of the temperature dependence of
the photocurrent and dark current between InAs and
InAs:Cd NC thin films demonstrates the effect of Cd in-
corporation on the conduction properties of the film. All
temperature dependence data are taken on quartz sub-
strates with films prepared identically to the corre-
sponding field effect transistors. Figure 4a shows the
dark current of an InAs NC film plotted versus tempera-
ture for several voltages. Various mechanisms have
been proposed for charge transport in nanocrystal
films. We find our data to be best described by the
model proposed for CdTe NC films."” Similar to CdTe,
InAs NC films exhibit a voltage-assisted Arrhenius acti-
vation of the dark current. The increase in the dark cur-
rent is caused by a simultaneous increase in the mobil-
ity and the carrier density. The photocurrent, which is
proportional to the mobility, increases only by a factor
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Figure 4. Temperature dependence of InAs dark current (a) and
photocurrent (b) compared to InAs:Cd dark current (c) and pho-
tocurrent (d). NC films are measured on a quartz substrate with
gold electrodes. InAs:Cd NC films show qualitatively different
temperature characteristics from InAs, indicating a change in the
population of mid gap states.

of 2 over the same temperature region as the dark cur-
rent increases by 3 orders of magnitude. Therefore, the
increased carrier density due to thermal activation
dominates the dark current in this temperature range.
Fitting to a simple Arrhenius activation model at differ-
ent voltages, we find a strong voltage dependence on
the effective activation energy. The voltage depen-
dence derives, for the case of an n-type NC film, from
the lowering of the conduction band of the neighbor-
ing nanocrystal relative to the energy of the electron-
donating gap state due to the electric field. This
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Figure 5. Electrical characteristics of InAs/CdZnSe core/shell
NC films annealed at 300 °C. (a) Photoaction spectrum com-
pared to absorption in solution demonstrating confinement
of the exciton after annealing. (b) Ambipolar NC film with
p-type conduction at zero gate bias. (c) Dark current activa-
tion and (d) photocurrent activation curves shown on an Ar-
rhenius plot at different source—drain voltages.
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voltage-assisted activation mechanism is modeled by
eq 1, which gives a relationship between the effective
activation energy, AE,, the activation distance, g, and

the applied electric field, E.

E — AE,
E  a 0) M

_E
lclark - Poexp(Eo + kT

Here py is the intrinsic temperature-independent resis-
tivity of the film and E, is an empirically derived value
that accounts for the supralinear current—voltage char-
acteristics of both the dark current and photocurrent.
Fitting the InAs data to eq 1 gives an activation energy
of 350 meV and an activation length of 2.4 nm (see Sup-
porting Information). The activation length is on the or-
der of the interparticle spacing, consistent with the val-
ues obtained for CdTe. The activation energy reveals
the energy of the closest electrons to the conduction
band and gives a measure of the position of the Fermi
level in the band gap. When the dark current activation
for InAs and InAs:Cd at higher temperatures is com-
pared, the dark current in the InAs NC films continues
to increase while the current saturates for the InAs:Cd
samples. This saturation is attributed to complete ion-
ization of the Cd acceptor states.

Figure 4b,d shows the temperature dependence of
the photocurrent for InAs and InAs:Cd, respectively.
For InAs, the photocurrent increases with temperature.
This is due to thermal activation of electrons out of shal-
low trap states. As the temperature is increased, the de-
trapping time is reduced, increasing the effective mobil-
ity by increasing the fraction of free carriers.' For InAs:
Cd, clear temperature-dependent quenching of the
photocurrent is observed at higher temperature. This
photocurrent quenching is explained by the standard
model for thermal quenching of a photosensitizing cen-
ter.! In this model, the gain of a photoconductor de-
creases with increasing temperature as the minority car-
rier is thermally excited out of a recombination center.
This gives rise to an Arrhenius decay in the photocur-
rent with increasing temperature. Fitting the photocur-
rent in the quenching region (see Supporting Informa-
tion), we determine an activation energy between 110
and 170 meV.

The third InAs-based NC system studied is annealed
films of InAs/CdZnSe core/shell NCs. In order to improve
photoluminescence properties, InAs particles are com-
monly overcoated with a shell composed of CdZnSe.*
As-deposited core/shell NC films exhibit reduced con-
ductivity compared to core NC films because the shell
increases the core to core tunneling distance. However,
thermally annealed CdSe/CdZnSe core/shell NC films
with a 2—3 monolayer thick shell have been shown to
maintain quantum confinement of the exciton and
demonstrate improved photocurrent response over
CdSe core NC films.3
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InAs/CdZnSe core/shell NCs are prepared from 4.1
nm cores and overcoated to reach a final size of 5.9
nm as determined by TEM. This is consistent with three
monolayers of CdZnSe. Figure 5a shows the photoac-
tion spectrum of an InAs/CdZnSe NC film after anneal-
ing at 300 °C under vacuum of 24 Torr for 30 min, com-
pared with the solution phase absorption spectrum.
Confinement of the exciton is maintained, and the pho-
tocurrent response is similar in magnitude to the core
NC films. The transfer curves for a 300 °C annealed NC
film (Figure 5b) show ambipolar behavior, with the NC
film being p-type at zero bias. The ambipolar behavior
indicates that the density of midgap states is low
enough that the Fermi level can be raised from near
the valence band to near the conduction band by the
applied gate voltage, which we attribute to surface pas-
sivation by the shell. The dark current temperature de-
pendence shown in Figure 5c¢ fits well to the same
model used for InAs NC, with an activation energy of
410 meV and activation length of 1.4 nm. The photocur-
rent temperature dependence (Figure 5d) resembles

METHODS

Synthesis. InAs core and InAs/CdZnSe core/shell NCs were syn-
thesized according to published procedures (see Supporting
Information).3%343 To synthesize InAs:Cd NCs, a 0.2 M solution
of Cd(oleate), with oleylamine is prepared by adding 514 mg of
CdO, 2.5 mL of oleic acid, and 2.5 mL of oleylamine to 14.8 mL of
octadecene. This solution is put under vacuum for 1 h at 100
°C, heated under nitrogen to 280 °C until the reddish CdO tint
disappears, and then placed under vacuum for 1 additional hour
at 100 °C. Sufficient Cd(Oleate), was added to the InAs growth
solution to form approximately 1 monolayer of Cd on the sur-
face of the InAs NCs, similar to the SILAR technique for
overcoating.3**” This solution is heated to 290 °C for 3 h. The re-
sults of heating at a lower temperature is discussed in the Sup-
porting Information.

Composition Analysis. Energy-dispersive X-ray spectroscopy
(EDS) was conducted with a JEOL 6320FV SEM equipped with
an EDS detector. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) is performed with an Activa system from
Horiba Scientific. Samples were prepared by dissolving purified
nanocrystals in a 3:1 mixture of hydrochloric acid and nitric acid
(aqua regia) for 36 h at 75C. Aqua regia was prepared from Trac-
eSelect ultragrade chemicals from Sigma Aldrich to avoid sample
contamination.

Film Processing. All NC film deposition and treatment was done
in a nitrogen-filled glovebox. Nanocrystals were purified from
the growth solution according to published procedure with
slight modification.'!” The nanocrystals are precipitated three
times by adding a mixture of ethanol and acetone to the nano-
crystal solution and centrifuging. After each precipitation, the
NCs were redissolved in hexane and filtered through a 0.1 um
PTFE filter. The NC films were drop cast from a 10:1 hexane/oc-
tane mixture. Postdeposition ligand exchange was done with
100:1 volume ratio of acetonitrile and ethanedithiol for 30 min,
after which the NC films were rinsed with pure acetonitrile and
baked at 100 °C for 30 min. To fill in cracks created in the NC film
during the first treatment, a second layer was drop cast and
treated identically to the first layer.® For annealing studies, NC
films were annealed under vacuum in a nitrogen glovebox. The
NC films were held for 30 min at the specified temperature.

Substrates and Measurement. All data were taken using symmet-
ric gold electrodes with a 5 nm chrome adhesion layer. Gold elec-
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that of InAs and does not exhibit a photocurrent
quenching regime.

CONCLUSION

We have presented electrical characterization of
thin films of InAs, InAs:Cd, and InAs/CdZnSe nanocryst-
als. In each case, the photoaction spectrum demon-
strates that the NC films are photosensitive and retain
the quantum confined properties of the NC. Consistent
with the bulk and nanowire forms of InAs, InAs NC
films exhibit n-type conduction attributed to electron-
donating surface states. The incorporation of Cd atoms
prior to deposition results in p-type InAs:Cd films. This
provides a facile, stable route for controlling carrier type
of InAs NCs. We attribute the switch in carrier type to ei-
ther generation of acceptor states when Cd substitutes
for an In site in the NC lattice or creation of acceptor sur-
face states by Cd. Ambipolar behavior is observed in an-
nealed InAs/CdZnSe core/shell NCs. The results pre-
sented here motivate further investigation of transition
metal impurity incorporation for carrier control in
nanocrystal-based electronics.

trodes were deposited prior to nanocrystal deposition. For the
photocurrent temperature dependence measurements, a quartz
substrate was used. The electrode width was 800 pwm, the height
was 200 nm, and the channel length is as specified in the text.
For gate effect measurements, the NC films were deposited on
SiOx on a p+-doped Si substrate. Unless otherwise noted, the
electrodes were interdigitated fingers. Each interdigitated elec-
trode had 60 channels of 1 mm channel width for a total chan-
nel width of 60 mm, a height of 50 nm, a channel length of 10
pm, and a 950 nm SiOx layer.

The dark conduction data were measured with an Ithaco
1211 transimpedance amplifier connected to an Agilent 34401A
multimeter. Photocurrent was measured using mechanically
chopped (15 Hz) 514 nm laser excitation and a Stanford Re-
search System 830 lock-in amplifier. The NCs were kept under ni-
trogen or vacuum throughout the synthesis, processing, deposi-
tion, and measurement steps.

External quantum efficiency measurements were taken us-
ing a Spectra Pro SP2150 equipped with a tungsten lamp to gen-
erate monochromatic light. For each spectral region, appropri-
ate long pass filters were used to isolate the monochromatic
light. The intensity of light in the visible was measured with a
calibrated Newport 818-UV Si photodiode and in the infared with
a Newport 818-IR Ge photodiode.
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