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ABSTRACT: We demonstrate photovoltaic and photo-
conductive responses to near-infrared light in devices formed
by depositing a film of gel permeation chromatography
purified PbS quantum dots (QDs) on top of n-SiC epitaxial
layers with natively grown, low-leakage 10—15 monolayer
thick epitaxial graphene (EG) Schottky contacts. The QD film
layer was removable by selective chemical etching, resetting
the EG/SiC Schottky diode: the sub-bandgap response could
be restored in subsequent PbS-QD depositions. The EG in

these devices simultaneously forms Schottky contacts to SiC and ohmic contacts to PbS-QD, enabling electrical screening and
isolation of these interfaces from each other. After PbS-QD deposition, the diodes exhibit photovoltaic and photoconductive
responses at photon energies far below the SiC bandgap, extending to the NIR gap of the QD film. Scanning photocurrent
microscopy illustrates that this is due to charge transfer from the QD film to the n-type 4H-SiC through a trap-limited, rectifying
PbS-QD/SiC heterojunction with ideality # = 2 in parallel with the EG/SiC Schottky diode. The photoconductive gain at this
QD/SiC interface could be useful for IR detection in wide-bandgap platforms. Response times as fast as 40 ms are suitable for
imaging applications, although careful contact design is required to optimize work-function matching and spreading resistance.
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Bl INTRODUCTION

Colloidal semiconductor QDs such as PbS"? notably
demonstrate size-tunable luminescence and optical absorption
with effective bandgaps spanning from violet to mid-infrared.
These characteristics together with solution processability have
sparked interest in QDs as the absorber in thin film and hybrid
devices such as solar cells and infrared focal plane array
detectors.” The most successful QD solar cell designs currently
rely on photoinduced electron transfer across a heterojunction
with a reducible (n-type) wide-bandgap (WBG) metal oxide
(e.g., TiO, or ZnO) as a key driver of charge separation. The
demonstration of >10% efliciency in QD solar cells has shown
the promise of this approach,” but open circuit voltages and
short circuit currents remain below theoretical limits. It is thus
important to consider junctions between QD films and other
WBG semiconductors favorable for charge separation and
strategies for making ohmic contacts for high carrier extraction.
However, small variations in dimensional control and surface
termination during the synthesis of QDs and formation of QD
solids can have large effects on performance.™®

The goal of this work is to investigate charge separation due
to light at a wide-bandgap SiC/PbS QD film interface. The
introduction of narrow-gap materials such as PbS onto WBG
materials is compelling as it introduces the potential for
engineered near-infrared (NIR) optoelectronic functionality in
WBG devices. By using spin-coated QD-films, we eliminate the
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need for the constraints of epitaxial registry in more traditional
thin film crystal growth. Other nonepitaxial deposition
techniques such as chemical vapor deposition and sputtering
also suffer from high cost and restrictions with material
compatibility due to thermal budget and contamination
issues.

One challenge with electrical characterization of WBG/QD
structures such as PbS-QD/SiC is the difficulty in forming
reproducible contacts to composite materials such as the QD-
film. Depending on the morphology of the PbS-QD film on
SiC, contacts such as evaporated top metals have the potential
to short through the QD films and create uncertainties in
interpretation of optoelectronic data. Other challenges stem
from uncertainties in the work function of the PbS-QD film.
Depending on the ambient condition, the effective polarity of
QD films with the same nominal surface termination can vary
from n-type in vacuum photoelectron spectroscopy8’9 to p-type
after exposure to humid air.'”"" There may also be carrier
trapping at rectifying re%ions in the metal/QD film interface,
leading to poor ideality.'” These major issues present a serious
challenge in the choice of metallization for characterization of
QD/WBG heterojunctions.
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Figure 1. (a) Device assembly and architecture indicating continuous QD film and n-SiC epilayer with patterned EG mesa. Superimposed is an
equivalent circuit representation of the EG/SiC and QD/SiC interfaces indicating the spreading resistance of the QD film and shunt resistance
contributed by the QD/SiC interface (dashed box). (b) Dark DC IV characteristics for the bare and QD-coated devices. (c) Isolated QD/SiC
junction I—V behavior. (d) Energy band diagrams of the constituent diodes shown in (a) illustrating ohmic contact between QDs and EG.

We have recently explored optoelectronic properties of
Schottky diodes and bipolar phototransistors based on the
tetrafluorosilane (SiF,, TFS) grown contacts of epitaxial
graphene (EG) on a SiC substrate to form a graphene/WBG
interface."” ™" These devices are sensitive to ultraviolet light
based on the bandgap of 4H-SiC. Here, we demonstrate that
these devices respond to NIR light as a direct consequence of
the rectifying junction formed between the QD film and n-type
4H-SiC. The QD-graphene interface has been examined in
other recent studies wherein charge transfer FETs built with
QDs and exfoliated or deposited graphene®'® demonstrated an
optical responsivity up to 10° A/W. The QD-graphene
interface was also examined in similar devices utilizing single-
layer epitaxial graphene (EG),"°™'® and additionally in
barristor-type devices in which the graphene—Si Schottky
barrier height is modulated by charge transfer from QDs.'”*’
In many of these studies the varying carrier density in the
graphene is the key mode of operation. However, the lone
remaining junction of QD/WBG-SiC has not been isolated,
partly due to the complexity of the interplay between the
various junctions.

In this paper, we create spatially and electronically separated
QD/EG and QD/SiC junctions to isolate the remaining PbS-
QD/SiC interface. This enabled separate examination using
localized illumination for scanning photocurrent microscopy
(SPCM).'*"* The architecture presented in Figure 1 enabled
us to exploit the following phenomenological observations to
achieve this: (i) ohmic contacts of graphene to ethanedithiol
(EDT)-capped PbS QDs in air, consistent with p-type
conduction reported previously,”" which was also verified in
the current work; (ii) a robust and ideal Schottky diode of EG/
SiC*” that is shown in this paper to be completely recoverable
by selective chemical removal using hydrofluoric acid; (iii) a
10—15 monolayer (ML) EG film that achieves optical
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transparency for optoelectronic characterization,"* while
having a thickness greater than 1—-2 ML screening length,
such that electrostatic screening of the EG/SiC rectifying
junction from the ohmic EG/PbS-QD film junction is
achieved, precluding any potential barristor action.'””’ This
confluence of favorable conditions eliminates uncertainties
stemming from the reproducibility of contacts between
samples and between successive PbS-QD film depositions.

Our group has previously shown that gel permeation
chromatography (GPC) is a precise and repeatable method
for removing small molecule impurities from many types of
QD samples.”>~*° Here, we employ GPC-purified PbS QDs to
form spin-coated layers, in contrast to previous work on QD
optoelectronic devices that has relied on precipitation and
redissolution steps employing polar antisolvents.

B EXPERIMENTAL SECTION

The device structure (Figure la) starts with EG/SiC Schottky diodes
created by growing a homoepitaxial layer of n-type 4H-SiC,
unintentionally doped to 1.6 X 10" cm™ on a n*-SiC substrate by
chemical vapor deposition (CVD) in a hot wall reactor with SiF, and
propane precursors in a hydrogen atmosphere, as described
elsewhere.”*™° Graphene was then formed natively on the previous
homoepitaxial layer through exposure to SiF, in an Ar atmosphere.”®
EG showed the key Raman peaks at ~1580, ~1350, and ~2650 cm™"
with a D/G ratio of ~0.1, indicating good quality. The thickness from
X-ray photoelectron spectroscopy was ~15 monolayers.”** Individ-
ual circular device mesas with diameters ~250 ym were fabricated by
using standard photolithography and O,-plasma reactive ion etching.

PbS QDs with a diameter of ~4.5 nm and lowest energy exciton
peak position at 1280 nm (~0.97 eV) (Figure S1) were synthesized
by following Zhang et al! Following synthesis, the QDs, initially
protected by alkyl carboxylate (oleate) surface coating, were purified
by GPC.** A thin film was formed on the bare Schottky device by
spin-coating, followed by in situ ligand exchange with ethanedithiol
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Figure 2. (a) Dark and 350 nm (UV) illuminated I-V curves for the bare EG/SiC and hybrid QD film devices. (b) Dark and illuminated I-V
curves for the hybrid QD film device under 1550, 843, and 655 nm illumination at ~0.36 mW/cm® Inset: magnified view of power-generating
quadrant. (c) Responsivity vs wavelength at low frequency under wide-area illumination for EG/SiC Schottky diode before application of the QD
film, after QD film deposition, and after removal of QD film via chemical etching. All data were collected at V = —1 V.

(Figure S1)*" in a N-filled glovebox. Following QD film deposition,
contact was made to EG by locally puncturing the film with a tungsten
probe tip and contact to the n*-SiC substrate as made by using carbon
tape.

The resulting film had a thickness of 90 nm, determined from
atomic force microscopy (AFM) (Figure S1). Fourier-transform
infrared spectroscopy was employed to confirm removal of the initial
oleate ligand coating as has been reported previously for EDT solid-
state exchange.10’3l’ 2 We found the QD film could be removed using
51% aqueous hydrofluoric acid and a new QD-film respun with
qualitatively reproducible results (Figure 2c) where the device
responsivity at photon energies below the SiC bandgap is dependent
on the presence of the QD film.

Bl RESULTS AND DISCUSSION

The EG/SiC Schottky diodes prior to QD deposition were
evaluated by dc current—voltage (I—V) measurements (Figure
1b), and they displayed rectification in accordance with

thermionic emission:
()
b ] exp( ] - 1]
(1)

kyT

giving a Schottky barrier height of @, ~ 0.9 eV and an ideality
of n ~ 1.1.>* Upon the addition of the QD film, the hybrid
diodes demonstrated higher reverse leakage, ~10* more than
without QDs, suggesting the presence of trap states.’* The
current under forward bias indicated the presence of a second,
parallel barrier interface leading to additional forward current
at <0.2 V. We associate this with carrier transport through the
QD film at the diode periphery. Upon removal of the QD layer
with HF, this feature disappeared and the reverse leakage
reverted to the bare state, indicating the changes were due to
the QD film. We note that ultraviolet photoelectron spectros-
copy measurements have revealed an electron affinity of 3.6 eV
for 4H-SiC and a work function of ~4.5 eV for EDT-
exchanged PbS QDs in previous reports.”*>*® Consistent with
these findings, we propose band alignments as shown in Figure
lc.

To obtain the effective I-V curve of the parallel current, the
bare EG/SiC current was subtracted from the total current in

qv;
nkgT

I = AA*T? exp[
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the hybrid case (Figure Ilc), isolating the behavior of an
additional QD/SiC diode at the edge of the device (Figure 1a).
This parallel diode had a series resistance, R, qp, of 2.4 M, a
shunt resistance, Ry, op/sic; of 200 MQ attributed to trapping
at the interface and a diode element with a reverse saturation
current, Iy qp/sicy of 4 pA, and an ideality n = 2, obtained by
subtracting the R, o, voltage drop. This indicates that the QD/
SiC diode exhibits Shockley—Read—Hall (SRH) trap-assisted
recombination,®’ in contrast to the n & 1 ideal behavior from
the EG/SiC diode. At diode voltage V, < 0.2 V, Ry qp/sic
dominates the current and is likely due to a field-activated
trapping mechanism at the QD/SiC interface. Trapping effects
are further supported by the emergence of Lorentzian 1/f2
noise compared to 1/f flicker noise for the bare diode (Figure
S2). The 1/ f2 Lorentzian noise is an indicator of well-defined
trap levels causing noise from variations in carrier concen-
tration due to trapping/detrapping.”***~*

The bare EG/SiC diodes displayed a photovoltaic response
at photon energies above the 4H-SiC bandgap (3.2 eV)
(Figure 2a), giving an open circuit voltage (Voc) of ~0.25 V
with 13 nW of 350 nm illumination. This agrees with the I,
measured from the forward I-V curves:

] )

With the addition of the QD film, V¢ and I both decrease
under the same UV illumination conditions. This is expected
due to filtering of the incident light by the QD layer.
Additionally, the QD layer introduces parallel conduction via
Ry, qpysicy with Vi approximated by Ve ® IscRg, qpysic in the
limit of low Igc.

Upon illumination with visible light below the SiC bandgap,
parallel conduction via Ry, qp/sic similar to the UV case is seen,
but a photovoltaic effect is retained, attributed to the low-
barrier rectifying QD/SiC junction after QD deposition. To
confirm that the photocurrent was associated with light
absorption in the QD layer, three LEDs were used with 4,
= 655, 843, and 1550 nm, adjusted so ~180 nW fell within the
EG mesa. The measured I (Figure 2b) were 50, 15, and <1
PA, respectively, with the trend in photocurrent matching the
absorption spectrum of the QD film, which shows an effective
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bandgap of ~1350 nm corresponding to the lowest-energy
electronic transition of the QDs (Figure Sla).

The QD film also exhibits significant photoconductivity with
reverse bias. Both the dark current (I,,) and photocurrent
(In = I(A) = Ig,q) of the hybrid device increase monotonically
with voltage, indicating the presence of carrier traps and
leading to the observed photoconductive gain.’* This increase
in I, was accompanied by an increase in the lifetime measured
by transient photocurrent decay under wide-area illumination
at 444 nm (Figure S3). For short circuit conditions, a lifetime
of ~40 ms described the decay well (Figure S3). As the reverse
bias was increased, an additional slower lifetime emerged,
increasing to 4.1 s at —1.0 V, but the faster component
continued to dominate the photocurrent decay amplitude,
increasing to 130 ms over the same bias range.

Figure 3 shows SPCM maps of a representative hybrid
device, measured with 444 nm light chopped at 113 Hz.
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Figure 3. (a) Current—voltage response under localized 444 nm
excitation (~1S5 yW) for hybrid device; SPCM maps recorded at —1.0
V (b), 0.2 V (c), and 0 V for a short circuit (d) illustrating the
spatial dependence of ac photocurrent from chopped light. Color
scale is normalized to peak ac value at the edge of the mesa. The
dashed line indicates the location of tungsten probe contact. White
scale bars: 50 ym. Characteristic lifetimes and relative amplitudes for
photocurrent decay accompany each image. (e) Transmission line
model for series and shunt resistance contributions of the QD film.

Without the QD layer, the SPCM signal was confined to the
EG mesa (Figure $4). After QD deposition, there was a sharp
increase in I, near the periphery that was much greater than
within the EG/SiC mesa. Outside the mesa, I, decays slowly
with distance, retaining half its value at ~80 pm at short circuit.
The decay in I, with distance was accompanied by only a
small change in phase (Figure SS), suggesting the decay is not
of capacitive origin.
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The diminished signal from on-mesa excitation indicates
that the QD/EG junction is not responsible for the I, and Isc
under wide-area illumination: instead, the junction between
the QD film and the n-type 4H-SiC epilayer is the active
region. This effect is particularly notable at short circuit and
under ac excitation as employed in SPCM, where photo-
conductive behavior is less significant. The considerable
distance over which charge can be collected and the
insensitivity of the decay length to applied bias (Figure 3b—
d and Figure S6) suggest that the decay is not the minority
carrier diffusion length but instead reflect an increasing series
resistance for excitation further away from the EG contact. In
this case, a transmission line model (TLM, Figure 3e)*' can be
applied to describe the equivalent circuit in Figure 1. Here, we
assume that currents are low enough that Ry, op/sic and R;qp
dominate the behavior, meaning the diodes have not turned
on. Under these conditions the TLM predicts an exponential
decay of photocurrent with distance from the EG mesa
contact, with characteristic (1/e) length L%

Ly= \/psh,QD/SiC(tQD/ps,QD) (3)
where tqp is the thickness of the QD film, p,qp is the (3D)
resistivity of the QD film, and py, op/sic is a specific interface
resistance at the QD/SiC interface, defined such that Ry, qp/sic
= pPaapssic/Aqpssic, With Aqpsic the effective interface area.
The SPCM maps in Figure 3 give Ly ~ 115 ym near V, =0 V.
To approximate the effective interface area, we consider a ring
of width Ly surrounding the mesa of radius  so that Aqp,sic =
27rLy + alr’. Using Ry, op/sic ~ 200 MQ (Figure 1), pg qp/sic
~ 260 kQ-cm?, tqp ~ 90 nm (Figure S1), and solving eq 3 for
Psap gives psqp ~ 18 kQ-cm, which is consistent with lateral
I-V measurements of the resistance between two neighboring
EG mesas, conducting through the QD film (Figure S8).

In measurements of PbS QD films prepared using the same
procedure on insulating substrates, we found ohmic contacts to
evaporated top electrodes composed of high-workfunction
metals, notably Au (Figure S8). Taken together, these
observations identify the PbS QD film as a p-type semi-
conductor. Considering that field-effect hole mobilities u
~107% ecm?/(V s) have been reported for EDT-capped PbS
QD films,"" the bulk resistivity identified from Ly corresponds
to a hole concentration ~10""—10"® cm™ in the present case.

Based on the above insights, there are design considerations
that emerge for making practical solar cells and detectors from
hybrid QD/EG/SiC devices: First, the highest Iy comes from
the QD/SiC junction, and designs should aim to maximize the
incident light on this junction while maintaining charge
collection via contacts. In this study, the EG forms an effective
ohmic contact to EDT-terminated PbS, while forming a
Schottky junction to the SiC substrate with a very high shunt
resistance. The observation of minimal charge separation at the
PbS QD-EG junction is consistent with some previous work on
PbS QD-EG that found photoinduced charge transfer to be
localized to the first few QD layers,'® but we also observe
lateral charge transport within the QD film over large
distances. This indicates that EG electrodes in an interdigitated
or grid structure separated by ~Ly could maximize both light
absorption and charge collection. Third, the QD film thickness
affects light absorption and charge transport but has not been
optimized in the present devices. Films thinner than the
diffusion length of carriers will collect the majority of
photogenerated carriers, but if too thin, surface recombina-
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tion"** effects may suppress charge collection, particularly

given the observed recombination in the presence of the QD
film. The measured absorbance of ~0.1 AU at 4 = 655 nm for
the 90 nm thick film indicates an absorption length ™' ~ 390
nm. Assuming L” scales linearly with tp, as described by the
TLM model in eq 3, a larger tqp could enable a larger pitch
between contacts. Finally, the measured lifetime ~40 ms at
short circuit would yield an electron diffusion length of ~10
um for a typical carrier mobility (#) of ~107> cm?/(V s) in
PbS-EDT. Independent measurement of carrier mobilities and
diffusion lengths in QD films as a function of surface
passivation and film deposition methods is an important target
for future study.

B CONCLUSIONS

We have shown that by integrating cheaply synthesized and
tunable PbS QDs with a wide bandgap support, visible and IR
functionality can be achieved in contexts previously not
envisioned. By using QD films with EG/SiC Schottky diodes,
we demonstrate photovoltaic action from IR to UV, both
above and below the bandgap of SiC. The below-bandgap
photovoltaic action is due to the formation of a parallel QD/
SiC diode at the edge of the EG mesa, displaying above
bandgap photovoltaic action. Because of the unoptimized
nature of the QD/SiC interface, the specific interface resistance
limits the open circuit voltage, attributed to trapping at the
interface. Improvements can be made by increasing charge
separation at the QD/SiC interface through optimized band
alignment and surface treatment, reducing the resistivity of the
QD film and increasing its thickness while maintaining a
sufficiently large diffusion length. Importantly, new strategies
are emerging for deposition of wide-bandgap materials of high
quality including SiC** as well as patterning of EG films of
sufficient quality to display quantum transport behavior,'®*®
With these insights, useful photovoltaic devices and photo-
detectors may be realized for QD/EG/SiC hybrid architec-
tures, particularly in the IR, where wide-bandgap materials’
advantages cannot often be exploited.
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