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Light-sensitive monolayer-thick nanocrystal skins
of face-down self-oriented colloidal quantum
wells¥
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Colloidal quantum wells (CQWs), a quasi-two-dimensional, atomically-flat sub-family of semiconductor
nanocrystals, are well suited to produce excellent devices for photosensing applications thanks to their
extraordinarily large absorption cross-sections. In this work, we propose and demonstrate a new class of
light-sensitive nanocrystal skins (LS-NS) that employ a monolayer of face-down orientation-controlled
self-assembled CQWs as the active absorbing layer in the UV-visible range. This CQW LS-NS platform
enables non-conventional photosensing operation that relies on the strong optical absorption of the
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monolayered assembly of CQWs and the subsequent photogenerated potential build-up across the
device, allowing for self-powered operation. Here such self-oriented CQWs reduce the surface roughness
in their monolayer-thick film, essential to high device performance. Owing to their ease of fabrication and

rsc.li/nanoscale low cost, these devices hold great promise for large-scale use in semi-transparent photosensing surfaces.
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Introduction

Colloidal quantum wells (CQWs), belonging to the quasi-two-
dimensional sub-family of semiconductor nanocrystals,
provide superior optical properties."®**?** CQWs possess a
well-defined vertical thickness owing to their atomically-flat
structure across the entire lateral extension.” "> With a verti-
cal thickness of few monolayers, such a quasi-two-dimensional
quantum structure leads to remarkably large absorption cross-
sections. Their customizable absorption spectrum further pro-
vides a degree of freedom to tune their absorption-based
photosensing functionality and performance in operation.
Synthesized using wet chemistry, these CQWs are solution-pro-
cessable to fabricate their devices, which significantly reduces
their processing costs.

Recent research on CQWs has showed ways to self-assemble
CQWs of a specific orientation.'**® Since a self-assembly
process can be employed to obtain only a single monolayer of
CQWs in one targeted orientation in the film, such an orien-
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tation-dictating approach provides us with the ability to
achieve excellent control also over the film thickness while
keeping the film’s roughness to a minimum to fabricate highly
reproducible, precisely-constructed devices.'* As long as the
sub-phase required for such a self-assembly method is chosen
to be compatible with the substrate (and the device layers if
any) in use, this approach is essentially applicable to any solu-
tion-based processing. Considering the capability to self-
assemble a monolayer film of CQWs, combined with their
favorable optical properties, CQWs offer great promise for
absorptive devices such as photodetectors.

Based on optical absorption, light-sensitive nanocrystal
skins (LS-NS) are constructed in a non-conventional photosen-
sitive device architecture that relies on the principle of photo-
generated voltage build-up, demonstrated to be a versatile and
efficient device platform.’® The concept of LS-NS can be
applied to different device architectures making use of
tandem”® and exciton funneling'® configurations as well.
Furthermore, this device structure has also been demonstrated
on various substrates, including semi-transparent and flexible
substrates.'®* Finally, since the photogenerated voltage
build-up allows for a self-powered operation mode, this device
platform does not require any external power supply, making it
highly attractive from the external power consumption point of
view.'®

In this work, to utilize the attractive properties of CQWs
and leverage on the orientation control in the self-assembly of
CQW, we propose and demonstrate the LS-NS device platform
of orientation controlled self-assembled 4.5 monolayers (ML)
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Fig. 1 (a) Transmission electron microscopy (TEM) image of 4.5 ML
CdSe CQWs (b) atomic force microscopy (AFM) of self-assembled 4.5
ML CdSe CQW film on top of ITO substrate coated with Al,Oz with
thermal atomic layer deposition (ALD) method with film roughness of
root mean square (RMS) 1.3 nm. (c) Process flow of oriented CQW self-
assembly.

CdSe CQWs in the face-down orientation as the active layer,
operating in the UV-visible range (Fig. 1). Although a variety of
LS-NS devices have been previously demonstrated using col-
loidal quantum dots,'®"* this is the first account of a LS-NS
device based on the colloidal quantum wells. This work is also
first proof-of-concept demonstration of the use of face-down
orientation-controlled CQWs in such an absorptive device.

Results and discussion

We synthesized 4.5 ML thick CdSe CQWs (according to the
recipe given in the ESI, S1f). Transmission electron
microscopy of the as-synthesized CQWs is shown in Fig. 1a.
These CQWs provide an optical absorption cross-section of 9 x
107 em®.>® We conducted the self-assembly process of these
CQWs as explained in a previous study.'* Device fabrication
using the CQWs was carried out according to a previous
report.'® Here we utilized Al,O; instead of HfO, as the oxide
layer as the current-blocking layer and shortened the proces-
sing time, different than the previous work. In the fabrication,
we first coated ITO-precoated substrates having an ITO thick-
ness of around 100 nm and sheet resistance of 2.5 ohm/sq
with a 100 nm thick Al,O; film at 300 °C by atomic layer depo-
sition (ALD). After this deposition, we proceeded with the self-
assembly of CQWs on top of the dielectric layer. Finally, we
coated a 40 nm thick Al on top of the CQW layer to make the
final metal contact (Al) on the top by using thermal
evaporation.

The self-assembly is a critical aspect of this study, consider-
ing the significant reduction of the surface roughness (Fig. 1b)
along with the robust control of the CQW film’s thickness with
its conformality of the layer. In the self-assembly process, we
fixed the substrate on top of a holder using double-sided tape,
placed it into a Teflon Petri dish, and slowly poured the sub-
phase inside the dish. Here it is crucial not to leave any air
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bubbles inside the subphase, which can surface later and
distort the self-assembled film at the subphase interface. Also,
the subphase’s depth should be reasonable; if it is too shallow,
the substrate and holder start to interfere with the surface
interactions, and if subphase level is too high, interactions
increase with the edges of the well, making it challenging to
preserve conformality of the film during the draining process
(Fig. 1c). The height of the subphase above the substrate is
3-4 mm in this work. Subsequently we carefully dropped the
CQW solution on top of the subphase by using a micropipette
at a predetermined amount. We waited until the end of the
process of self-assembly while the solvent of CQWs evaporated
slowly. After evaporation, with the help of an injector, we
drained the entire subphase from the bottom of the container.
Finally, we placed the substrate under vacuum until residual
subphase further evaporated. At the end of this step, we have
the monolayer CQW film successfully placed on top of the sub-
strate. The surface roughness of the CQWs was found to be
1.3 nm thanks to their self-assembly on top of the ITO/Al,O3,
which also has reduced RMS roughness from 3.5 nm (for ITO
substrate (S2at)) to 1.8 nm (S2bt).

Fig. 2a shows the scanning electron microscopy image of
the monolayer face-down self-assembled 4.5 ML CdSe CQW
film used in the device architecture (Fig. 2b). Owing to the
device architecture of this LS-NS platform (Fig. 2c), charge car-
riers cannot pass through the device because of the current-
blocking dielectric film of Al,O;. Hence, when not connected,
the device is in open circuit and acts like a parallel-plate
capacitor to be charged upon optical excitation, starting from
uncharged state. Under optical illumination, electron and hole
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Fig. 2 (a) Scanning electron microscopy (SEM) image of monolayer
face-down self-assembled 4.5 ML CdSe CQW film. CQWs (b) Illustrative
schematic of the CQW LS-NS device, which shows each layer of the
device, additionally depicting the external circuitry that consisting of
contacts, the external circuit, connected shunt resistance, and volt-
meter, (c) simplified energy band diagram showing the carrier transfer
throughout the excitation phase of photovoltage build-up, (d) simplified
energy band diagram carrier transfer of the photovoltage build-up
throughout the phase which the excitation source is turned off, (e)
transmission electron microscopy of the cross section of the LS-NS
device, (f) voltage-time trace in standard device operation mode. Here
the photovoltage build-up is observed with “turn on” marking the point
in time at which the excitation source is turned on. “Turn off” marks the
point at which the excitation source is turned off.
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pairs are photogenerated in the self-assembled monolayer of
CQWs and dissociated at the CQW-Al interface. Holes are then
transferred to and accumulated on the Al side, whereas elec-
trons stay on the CQW side due to the workfunction of Al and
the valence and conduction bands of the CQW layer.
Therefore, in the LS-NS device, positive and negative charge
accumulations are internally on the opposite sides (in the Al
and CQW layers, respectively), as sketched in Fig. 2c. Those
dissociated electron-hole pairs at the CQW-Al interface are
held across the device capacitively as the stored charges.

The photovoltage build-up highly depends on the capacitive
charging of the metal-semiconductor contact as the device
itself is in a transient state. This LS-NS device can be con-
sidered as an RC circuit element. When connected externally
through a shunt resistor of a predetermined value, the LS-NS
device is able to discharge the photovoltage at a desired rate
(Fig. 2b). As can be seen in Fig. 2c, externally circulating elec-
trons neutralize the charged device. As a result, one observes a
transient voltage response (voltage vs. time) as presented in
Fig. 2f (during the excitation phase), which grows exponen-
tially due to the continuous excitation and simultaneously
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Fig. 3 Photovoltage build-up and RC decay of LS-NS device, upon
turning on and off the excitation source (for 5 times as displayed) at
different excitation power levels at 405 nm: 2.7, 5.2, and 7.6 mW cm™2.
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decays due to the RC decay. After the excitation source is
turned off, the photogenerated electron-hole pairs are no
longer separated; instead, electrons on the CQW side start
recombining on the aluminum side, as illustrated in Fig. 2d.
This situation leaves externally neutralizing electrons as
additional charges on the aluminum side (leaving behind
holes alone as the positive charges on the ITO side). This leads
to an inverse voltage build-up (Fig. 2f) with a magnitude corre-
lated to the intensity of optical illumination and the exposure
time, which can be interpreted as a memory effect."®

We use eqn (1) to predict the photovoltage build-up over
time. Here, the term A represents the upper capped value of
the build-up voltage, which purely depends on the number of
photogenerated excitons available for separation. The first
term of eqn (1) is an inverse exponential process in time. The
second term on the right-hand side of eqn (1) is the RC decay
term of a parallel plate capacitor. This represents the dischar-
ging process of the device via the external circuitry through the
parallel shunt resistor connected to the device. These first and
second terms of eqn (1) are multiplied because they are simul-
taneous processes competing each other. In eqn (1), Rs
denotes the resistance of the externally connected shunt resis-
tor. C stands for the effective capacitance of the device
between the ITO and aluminum contacts. Finally, G stands for
the generation rate. Here note that G and A are both empiri-
cally measured.

V(t) :A(l _ e—G(tfto)) % e*R%g(t*fu) (1)

Next we investigate the relation of the excitation power to
the device operation by systematically varying it. We observe
here with the self-assembled CQW monolayer as the device’s
active film that the RC decay mechanism is profoundly
affected in the LS-NS devices (Fig. 3). We find that the RC
decay time constant of the device is decreasing as we repeat
the turn-on and turn-off cycles consecutively. This decrease
can be attributed to the change in the device’s capacitance,
and it is considered to be a consequence of the change in the
effective dielectric constant of the CQW layer."® The overall
capacitance is decreased throughout the device for consecutive
measurements (repetition numbers 2,3 and 4) (Table 1). As the
excitation power changes, we observed a slight variation in the
RC decay time, a critical parameter for calculating the capaci-
tance and effective dielectric constant. Here we obtain signifi-
canly larger capacitance for CQW LS-NS devices around 55 nF
for each power setting, whereas for the colloidal quantum dot
(CQD) based LS-NS devices this value is averaged at around 38

Table 1 RC decay times calculated at the turn-off points in Fig. 3 at the corresponding excitation power level

2 2

2.7 mWcm— 5.2 mWcm—
RC (s) C (nF) €cdse RC (s)

1 5.42 54.2 0.26 5.51

2 4.57 45.7 0.23 4.54

3 3.97 39.7 0.20 3.91

4 3.46 34.6 0.18 3.31

5 3.07 30.7 0.16 3.00

This journal is © The Royal Society of Chemistry 2023

2

7.6 mW cm—
C (nF) £cdse RC (s) C (nF) £cdse
55.1 0.28 5.48 54.8 0.27
45.4 0.23 4.58 45.8 0.23
39.1 0.20 3.92 39.2 0.20
33.1 0.17 3.47 34.7 0.18
30.0 0.15 3.08 30.8 0.16
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nF for each power setting. More significantly, if we look at the
values of capacitance per unit area, we find 24.44 nF cm > for
CQW LS-NS (2.25 cm?® of active area) and 0.79 nF cm > for
CQD LS-NS (48 cm” of active area).'®

Also, we study the excitation power dependence of the
photovoltage build-up (Fig. 4a). As the excitation power
increases, we observe a decrease in the sensitivity (Fig. 4b) due
to the saturation of the active layer. Furthermore, we con-
ducted spectral sensitivity measurements to understand the
spectral response of the CQW LS-NS device. For this character-
ization, using a monochromator, we scanned the optical exci-
tation spectrum from 450 to 550 nm. We recorded incident
optical power while carrying out the photovoltage build-up
measurements at each wavelength. Next, we calculated the
peak sensitivity for each measurement (Fig. 4c). On the
measured spectral sensitivity curve, we observe the first (heavy-
hole) and second (light-hole) excitonic absorption peaks of the
CQWs as this curve mimics the spectral profile of the optical
absorbance of CQWs. This similarity provides another oppor-
tunity for the device to utilize; with the right design and filter-
ing, one can simultaneously utilize the same active material
(CQWs) as an active layer in multiple different spectral
windows. Finally, we observe a cut-off wavelength near 512 nm
for these CQWs. Similarly, we do not read any signal from our
device beyond this spectral point. Thus, the sensitivity is prac-
tically zero above the cut-off wavelength of 512 nm.

Another critical aspect is that optical absorption levels out
in the spectral range shorter than 375 nm on the absorbance
spectrum, while what we observe in the sensitivity spectrum is

0.08
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quite the opposite since the spectral sensitivity keeps growing.
Because each absorbed photon with a higher photon energy
than the band gap creates an electron-hole pair independent
of their energy. However, excess energy is also transferred into
the photogenerated pair; conventionally, this energy is ther-
mally lost as the electron and hole relax towards the band
edge. However, in the device’s operation, we utilize the hopping
of the charges across the aluminum interface and the CQW
layer, for which we reckon excess energy becomes helpful as hot
carrier for this process. Effective separation occurs at the inter-
face, and effective separation at the contact leads to a larger
voltage build-up, hence the increased sensitivity.

Furthermore, we investigate the photocharging effect. We
found out that, as the time of illumination increases, we
observe a larger negative peak once the excitation source is
turned off (Fig. 4d) (when we use a constant excitation power
during the excitation time). This effect is directly proportional
to the total number of collected electrons from the external cir-
cuitry during the excitation phase. This phenomenon is
explained as a memory effect.'® If we compare our CQW LS-NS
device with its CQD counterpart in terms of the photocharging
capability, we can see that CQW-based devices have a larger
photocharging capability. The CQD LS-NS reaches a maximum
negative peak of 20 mV after 30 min of illumination, however
our CQW LS-NS reaches the similar negative peak of 20 mV
only after 5 min of illumination and later a maximum of
30 mV after 35 min of illumination."®

Our final characterization is the photovoltage build-up of
the CQW LS-NS device with different values of shunt resistance
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Fig. 4 (a) Photovoltage build-up measurements at different excitation power levels at 405 nm. (b) Photosensitivity calculated using the photovol-
tage build-up curve divided by the excitation power. (c) Spectral absorbance plotted together with spectral photosensitivity. (d) Photocharging
effect shown through photovoltage build-up measurements by turning the excitation source off at different time marks at the same excitation
power at 405 nm. (e) Photovoltage build-up utilizing 405 nm excitation source at the same power while parallel shunt resistors being connected

with varied resistance.
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(Fig. 4e). The signal amplitude grows as the shunt resistance
increases. This trend of increasing voltage complies with the
predictions of eqn (1). Since the generation parameter is con-
stant (the first term of eqn (1)), the RC time constant that is
growing larger with increasing the shunt resistance exposes
the device to a slower decay. As a result, we obtain an increas-
ing trend in the photovoltage build-up at the cost of a slower
response.

Conclusions

In conclusion, we have developed and demonstrated an LS-NS
device employing the face-down oriented self-assembled
monolayer of all solution-processed CQWs as the active layer
of the device platform. We reduced the surface roughness of
the CQWs to 1.3 nm via their self-assembly. These devices are
highly efficient in terms of power consumption during oper-
ation since they work on the principle of their own photogene-
rated voltage build-up. This operation principle requires
neither external biasing nor externally applied current running
through the device. We found that spectral sensitivity mimics
the absorption spectra of CQWs at the excitonic peaks as
expected. However, at the lower end of the spectrum, we found
a sharp rise of sensitivity different from the absorption spectra
of CQWs. This difference is attributed to the more effective
separation of excitons at the CQW-Al interface due to the
excess energy provided by the higher-energy photons. The
effect of shunt resistance is vital to a balanced operation; as its
value increases, the voltage build-up increases at the cost of a
slower response, which also complies with the computational
predictions we made. For future work, we intend to investigate
the impact of the orientation of the CQW active layer since we
can change the orientation of such a self-assembled monolayer
CQW film to edge-up.
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