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Atomic Layer Deposition of ZnO on InP Quantum Dot
Films for Charge Separation, Stabilization, and Solar Cell

Formation

Ryan W. Crisp,* Fatemeh S. M. Hashemi, Jordi Alkemade, Nicholas Kirkwood,
Gianluca Grimaldi, Sachin Kinge, Laurens D. A. Siebbeles, J. Ruud van Ommen,

and Arjan J. Houtepen*

To improve the stability and carrier mobility of quantum dot (QD) optoelec-
tronic devices, encapsulation or pore infilling processes are advantageous.
Atomic layer deposition (ALD) is an ideal technique to infill and overcoat QD
films, as it provides excellent control over film growth at the sub-nanometer
scale and results in conformal coatings with mild processing conditions.
Different thicknesses of crystalline ZnO films deposited on InP QD films are
studied with spectrophotometry and time-resolved microwave conductivity
measurements. High carrier mobilities of 4 cm? (V s)™' and charge separation
between the QDs and ZnO are observed. Furthermore, the results confirm
that the stability of QD thin films is strongly improved when the inorganic
ALD coating is applied. Finally, proof-of-concept photovoltaic devices of InP
QD films are demonstrated with an ALD-grown ZnO electron extraction layer.

1. Introduction

Colloidal semiconductor quantum dot (QD) thin films have var-
ious applications in optoelectronic devices because of an easily
adjustable bandgap, solution-based processing, and the poten-
tial to overcome the Shockley—Queisser limit in solar cells by
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exploiting carrier multiplication.'””] Due
to their high surface-to-volume ratio many
QD materials suffer from oxidative and
photothermal degradation; this is detri-
mental to the material properties.B-11 One
way of improving the stability is synthe-
sizing core—shell structures, but this often
prevents extraction of one or both charge
carriers.1271]

An alternative method that circumvents
this problem is to encapsulate QDs after
film formation when they are already elec-
tronically coupled. Ideally, the infilling
material could provide both increased
stability and enhanced charge separa-
tion, as is the case in bulk heterojunction
solar cells. If a QD film is infilled with a
semiconductor material that is characterized by a type II band
offset with the QDs, as shown schematically in Figure 1, then
the resulting heterostructure can induce a separation between
the two carriers (electrons and holes) while improving the film
stability by blocking the diffusion of ambient oxidants to the
QDs. If the band offsets are engineered to the correct energy
levels it could also be possible to use this band alignment engi-
neering scheme to enhance carrier multiplication (CM)—a
process that creates multiple free electrons from one high-
energy photon.l'-21l It was recently shown that the use of het-
erojunctions provides a systematic way to reduce the threshold
energy for CM.22241 Here we seek to form type II infilled QD
films and focus on charge separation and transport in these
heterojunctions.

The encapsulation process should provide protection against
oxidation without hindering the electron transport proper-
ties or causing sintering of the QDs. Thus, a low-temperature
coating process with the ability to uniformly and conformally
cover the QDs would be of interest. A natural choice to accom-
plish those goals is atomic layer deposition (ALD).?>-?7l ALD
is a technique that allows for monolayer thickness control and
uniformly coated surfaces as the molecular species react and
attach to the surface and not to each other, thus limiting the
growth. This surface-limited reaction can be used to coat mate-
rials with high aspect ratios and penetrate into void spaces of
porous materials.[28-32

Metal oxide deposition via ALD can be achieved within
a wide range of temperatures, allowing to infill a QD film
while avoiding QD sintering. One drawback of ALD is that it
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Figure 1. A) Schematic of an InP QD film infilled with ZnO to form a type Il heterojunction. B) Cross-sectional TEM image showing over-coated InP
QDs—false color is only on the leftmost portion of the image. C) Proposed type Il heterojunction band level alignment.

is commonly a vacuum-based deposition technique, adding
expense, and exposure to vacuum might negatively affect the
properties of certain QD films due to evaporation of surface
species.?’l However, we have developed an ambient-pres-
sure ALD (AP-ALD) that uses only flowing N, to purge the
chamber.?¥ The benefits of this technique include scalability
and process ease and it broadens the scope of materials that
can be coated.>>3¢]

Previous studies on ALD coating of QD films have looked
at ALL,O; or ZnO growth on PbS(e) and CdSe QDs,25-27:37-41]
and have mostly focused on enhancing their (air) stability,
rather than on making a functional coating that results in
charge separation. Here we grow a functional electron trans-
port layer of either TiO, or ZnO via ALD on Pb- and Cd-free
InP QDs. The envisioned functions of these ALD coatings are
to (1) cause charge separation, (2) reduce recombination, (3)
enhance charge transport in the film, and (4) increase stability.
After deposition and physical characterization of ZnO and
TiO, on films of InP QDs, we measure with flash photolysis
time-resolved microwave conductivity (TRMC) the resulting
bicomponent films to investigate the charge carrier mobility
and lifetime.*>*8] We demonstrate that the addition of ZnO
coatings results in charge separation and a concomitant strong
increase in photoconductivity and carrier lifetime. Motivated by
these promising results, we demonstrate various QD solar cells
of either InP QDs, PbS QDs, or CdTe QDs that makes use of an
ALD-grown ZnO electron extraction layer.

2. Results and Discussion

Characterization of the ZnO film thickness versus the
number of ALD cycles deposited on Si substrates using die-
thyl zinc (DEZ) and H,0 in AP-ALD is shown in Figure 2a.
The film thickness was monitored with ellipsometry. The
observed growth rate of 2.8 + 0.1 A per cycle is in the range
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of reported literature values of 0.8-3.0 A per cycle for various
parameters.[42>0)

The absorption spectra of three thicknesses of ZnO films are
plotted in Figure 2b and show an onset of 375 nm (=3.31 eV),
in line with the expected bandgap of ZnO.P'%2 The X-Ray dif-
fraction (XRD) pattern shown in Figure 2c shows the expected
pattern for wurtzite ZnO, while the broad diffraction lines are
indicative of polycrystalline ZnO films. Scherrer analysis indi-
cated that the ZnO domain size is =<8-17 nm, as summarized
in Table 1. X-Ray photoelectron spectroscopy (XPS) measure-
ments of the ZnO film reveal an atomic ratio of 1:1.04 for Zn:O.

We investigated the photoconductivity upon excitation at
250 nm with a 3 ns laser pulse of the ZnO films with TRMC
measurements. Figure 2d shows the resulting yield-mobility
product which is the number of free charge carriers generated
per absorbed photon times the sum of the electron and hole
mobility calculated from the photoconductivity per absorbed
photon as described elsewhere.’3l We observe that the yield-
mobility product increases with increasing ZnO layer thickness,
likely associated to the formation of a more continuous film
and availability of an increasing number of charge transport
pathways with increasing film thickness. It is also evident from
Figure 2d that the signal decreases with increasing fluence. This
is attributed to higher order recombination of charge carriers,
such as Auger recombination.’* The lines are fits to the data (see
refs. [44,55-57]) and are used to extract the low-fluence mobility
when higher order recombination is negligible. For the film
thicknesses explored here, the mobility is 0.1-0.8 cm? (V s)7!
if we assume that the yield of free charges is 1, where higher
mobility correlates to thicker films. Such mobilities are suffi-
cient for many optoelectronic applications.[>8-¢0]

TiO, films produced at growth temperatures suitable for
preserving the QD properties are amorphous./®!l The absorp-
tion spectrum and photoconductance of a 27 nm (99 cycles)
thick film are shown in Figure S1 in the Supporting Informa-
tion. The absorption onset around 350 nm is in line with the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) Film thickness of ZnO at different cycles measured with spectroscopic ellipsometry. The red line is a linear fit through the origin where the
slope is the growth rate of the ALD process. The growth of this process is 2.8 + 0.1 A per cycle. B) Absorption spectra of ZnO films with an absorption
onset around 3.3 eV. C) X-Ray diffraction pattern of 24 nm thick ZnO film on Si substrate showing the expected reflections (blue bars) and fitted (red
line) to determine the crystal domain size. D) Time-resolved microwave conductivity measurements showing the yield times the sum of the electron
and hole mobility versus the absorbed photon fluence. The mobility increases with increasing film thickness and lower fluence.

expected bandgap; however, the photoconductance is at the
lower limit of the measurement, corresponding to a mobility
of 2 X 10™* cm? (V s)7!, hence more focus is placed on ZnO
due to its superior optoelectronic properties, when grown with
AP-ALD.

Next, we used ambient pressure ALD to deposit ZnO on
films of InP QDs capped with (NH,),S ligands. We first inves-
tigate the elemental composition of the composite films using
XPS depth-profiling. Figure 3a shows the atomic percentage
of the main elements present in the films as a function of

Table 1. Crystal domain sizes for ZnO grown using AP-ALD calculated
using the Scherrer equation.

Crystal Plane ZnO reference 260[°] ZnO AP-ALD 20[°] Domain size [nm]

100 37.02 36.98 14.5
002 40.14 39.95 16.6
101 42.31 42.11 7.8

Adv. Mater. Interfaces 2020, 1901600 1901600 (3 of 8)

the etching time. Initially there is a strong Zn signal rapidly
decreasing in intensity as the In signal increases. Figure 3 also
shows the binding energy region for Zn 2p3 (panel B) and In
3d (panel C) XPS signals as a function of the etching time. It
is clear that an overgrown layer of ZnO is present on top of
the InP QD, and that Zn is present throughout the entire film,
showing that infilling of ZnO took place. Cross-sectional trans-
mission electron microscopy confirms a QD layer and over-
coating ZnO layer (Figure 1b; Figure S2, Supporting Informa-
tion). The amount of zinc inside the QD film is however small,
with a near constant In:Zn atomic ratio of 5.4 and a higher than
expected amount of oxygen perhaps due to partial oxidation of
the InP during the ALD process.

To determine the extent of infilling, let us approximate
the InP QD film by close-packed spheres. The volume frac-
tion of filled space is then fi,p = 0.7405. If we assume
complete infilling with ZnO (ie., fzno = 1 — fip) We can
deduce that the In:Zn ratio should be the ratio of the respec-
tive volumes divided by the volume per Zn or In atom in

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Depth-profiling of InP QDs coated with 30 nm of ZnO using X-Ray photoelectron spectra showing A) the atomic percentage of the main
elements in the film as a function of etching time and photoelectron count rate in the binding energy range of B) Zn 2p3 and C) In 3d, indicating a
clear spatial segregation of the ZnO and InP with slight in-filling of the voids between QDs.

ZnO and InP respectively, obtained as the unit cell volume
divided by the number of Zn or In atoms per unit cell:[6263

fup*#atoms Vi, 0.7405% 4/202.1
(1— fup)*#atoms [ Vyyo  0.2595% 6/143.0
See Note S1 in the Supporting Information for more details
on this calculation.l263] If the void space were larger (as it
most likely is for random close-packed QDs with short sulfide
ligands),12%4 then the In:Zn ratio would be smaller. The experi-
mental ratio of 5.4 thus shows that infilling does occur but that
it is quite incomplete.

Figure 4a shows the absorption spectrum of the starting QD
film (gray trace) and the spectra of QD films after deposition of
various amounts of ZnO. There is minimal bathochromic shift
of the first exciton peak indicating little change in the charac-
teristic size or composition of the QDs upon ZnO deposition.
The resulting spectra do exhibit some increased absorption
at shorter wavelengths, possibly caused by a reduction in the
reflectivity of the film where the ZnO acts as an antireflection
coating.

In Figure 4b, we compare the yield-mobility values of the
ALD-coated films for different ZnO deposition cycles with the
ZnO layer thicknesses measured using spectroscopic ellipsom-
etry on planar Si witness substrates. The initial growth rate of
ZnO on the InP QDs could be different than that of the Si wit-
ness and thus we report only the number of ALD cycles for the
QD + ZnO films. The ZnO-only films were excited at 250 nm,
while the InP QD containing films were excited at 500 nm to
prevent direct excitation of the ZnO. Exciting the ZnO at 500 nm
leads to =4 orders of magnitude lower signal (see Figure S3 in
the Supporting Information), indicating no significant sub-gap
absorption takes place. The ZnO-only films are shown as blue
circles and have mobility values well above that of the InP-only
QD film (the red triangle at 0 nm ZnO thickness). When ZnO is
deposited on the InP QDs the mobility increases and surpasses
that of the ZnO-only film for the thickest layers investigated
here (24-30 nm), indicating a synergistic effect of incorporating
ZnO into the films. Because the films are heated at 125 °C
during the deposition the increase in mobility could result

In:Zn = 1.34.

Adv. Mater. Interfaces 2020, 1901600 1901600 (4 of8)

from fusing of the QDs. Even though the absorption spectra
indicate negligible particle growth, a control experiment was
performed by annealing the InP QD films at 125 °C and meas-
uring the yield-mobility product which unexpectedly decreased
(* symbol in Figure 4b). This shows that the increase in yield-
mobility product for ALD coated InP QD films does not arise
from QD sintering and can be attributed to the presence of
ZnO in the films.

To investigate this increased photoconductivity, we show in
Figure 4c photoconductivity transients for the films, normal-
ized at their early-time maximum around 12-17 ns (which is
approximately the instrumental response time). The InP-only
film and the ZnO-only films show the same order of magnitude
half-life times: =40 ns (InP) to =70 ns (ZnO). Coating the InP
QDs with 16 ALD cycles (corresponding to 5.6 nm of ZnO on a
witness planar substrate) results in more than double the yield-
mobility product for the composite film but with a half-life time
similar to the individual component films (65 ns).

Increasing the deposition of ZnO further, we see a drastic
change in the kinetics. The transient signal has an initial
increase that we attribute to the mobility of carriers within the
InP QD layer. There is then a second increase in signal as elec-
trons transfer to the over-coated ZnO film and become more
mobile. Furthermore, this charge separation between the InP
QD and ZnO leads to longer carrier lifetimes (in the range of
tens of microseconds, Figure S4, Supporting Information) due
to the reduced recombination of spatially separated carriers.
This causes the yield-mobility product of the ALD-ZnO coated
films to be even larger than of similarly thick ZnO only films.

These results show that ALD coating of InP QD films with
ZnO indeed results in a functional type II heterojunction, with
associated charge separation and enhanced carrier lifetimes. As
a side benefit, the ZnO coating helps prevent the degradation of
the InP QDs. InP QD exposed to air rapidly oxidize as indicated
by a blue-shifting absorption spectrum and loss of absorp-
tion strength (i.e., the film becomes more transparent), while
the ZnO coated film retains its optical properties (shown in
Figure S5 in the Supporting Information).

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. A) Absorption spectra of InP QD films normalized at the 1S peak with 5.6, 12, and 24 nm of ZnO deposition as measured on witness
substrates. The minimal peak shifting and broadening indicate the QDs retain their quantum confinement. B) The peak of the yield-mobility product
measured with TRMC for ZnO-only films directly photoexcited at 250 nm and InP QDs coated with various thicknesses of ZnO excited at 500 nm.
The * symbol indicates the yield-mobility product of InP QD films annealed/treated in the same manner as the films coated with ZnO to control for
heating effects. Lines are guides to the eye. C) Time-dependence of the yield-mobility product normalized at the maximum or =17 ns (the instrument
response-time) for films of ZnO and InP QDs with various ZnO thicknesses.

In contrast to the favorable electronic properties of ZnO
ALD coated InP QD films, deposition of TiO, at 125 °C on
InP QDs leads to only modest mobility improvements from
0.02 to 0.2 cm? (V s)7! (Figure S6, Supporting Information).
While the same charge separation could occur as in ZnO
coated films, the amorphous TiO, has a low mobility resulting
in little enhancement of the carrier transport in composite
films. If the deposition temperature were increased to yield
more crystalline TiO, this could possibly result in a larger
enhancement of the measured mobility.®!! However, the QDs
have a greater risk of sintering or morphological changes with
increased temperature.*%%! Therefore, ZnO appears to be the
material of choice for the formation of type II heterojunction
via ALD infilling.

Charge separation between the InP and ZnO leads to the pos-
sibility of forming a rectifying junction for use in either LEDs
or solar cells. To demonstrate the applicability of ALD infilling
for such applications we have fabricated prototype solar cells

Adv. Mater. Interfaces 2020, 1901600 1901600 (5 of 8)

with a device structure of glass/indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/
InP QDs/ALD-ZnO/Al Current-voltage curves of such a device
are shown in Figure 5a. This device shows clear photovoltaic
action with a power conversion efficiency (PCE) of 0.41%. The
device exhibits a low short-circuit current (J) and reverse bias
current leakage perhaps due to it being too thin: the presence of
cracks in the InP QD films means that the ZnO/Al layers can
contact the PEDOT:PSS and cause shunting. Applying the ALD-
ZnO on devices of PbS QDs with the same structure yields a
PCE of 0.77% (Figure 5b) mainly limited by the low open cir-
cuit voltage which is typical for this device structure.Nl Likewise,
CdTe solar cells made similarly but without the PEDOT:PSS
show an efficiency of 0.77% but are limited by the short-circuit
current (Figure 5¢). Although rigorous optimization is needed
to achieve higher efficiencies, these concept devices show great
potential for the integration of a functional ALD-grown metal-
oxide layer to provide charge extraction in solar cell devices.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Current density versus voltage (JV) curves of ITO/PEDOT:PSS/QDs/ALD-ZnO/Al solar cell with 50 cycles of ALD ZnO. A) InP QDs, B) PbS

QDs, and C) sintered CdTe QDs without the PEDOT:PSS layer.

3. Conclusions

Utilizing ambient-pressure ALD to infill and coat InP QD films
leads to high mobility films with efficient charge separation that
are an ideal platform for device applications. The ZnO depos-
ited acts as an electron accepting layer improving the carrier
mobility and lifetime by two and three orders of magnitude,
respectively. The air-stability of composite films is drastically
improved with no qualitative change in the optical absorption
of films stored in ambient conditions. Utilizing AP-ALD ZnO
in conjunction with InP QDs, PbS QDs, and sintered CdTe
QDs for prototype solar cells demonstrates optoelectronic func-
tionality with modest efficiencies from 0.4% to 0.8% PCE. With
more optimization, perovskite, PbS, PbSe, and/or CdTe QD
solar cells would all benefit from the improved charge carrier
separation, higher carrier mobility, and encapsulation offered
by the facile AP-ALD process presented here.[66-68]

4. Experimental Section

Chemicals were purchased from Sigma Aldrich at the highest purity
available and used as received unless stated otherwise.

InP QD Synthesis and Film Preparation: QDs were synthesized
following our previously reported procedure without incorporation
of Zn.%70 The palmitate on the surface of the washed InP QDs was
exchanged for S?~ in solution as described elsewhere.l®®7" Briefly,
1 mL of InP QDs in hexane was pipetted on top of 1 mL of neat
dimethylformamide (DMF). 100 pL of 1 m (NH,),S in formamide (FA)
(prepared by adding aqueous (NH,),S 48% in water to FA, sparging
under N, for 20 min, and adding 5 A molecular sieves to dry before
bringing into the glovebox). The solution was stirred until the QDs
completely transferred to the bottom DMF phase. The QDs were rinsed
three times with neat hexane by adding hexane, shaking the solution,
and pipetting off the hexane. The QDs were then precipitated by adding
acetonitrile and centrifugation at 1800 rcf before being dispersed in
0.5 mL of DMF. Films were drop-cast onto UV-ozone cleaned quartz
substrates at 50 °C yielding thicknesses around 100 nm as measured
with a Dektak profilometer.

Atomic Layer Deposition: The atmospheric pressure ALD experiments
were carried out in a home-built reactor operating at atmospheric
pressure as described elsewhere.l’? The AP-ALD chamber consists of
a glass column (50 mm in internal diameter and 200 mm in height).
The Zn precursor (DEZ) was contained in a stainless-steel bubbler and
kept at room temperature. The stainless-steel tubing connecting the
bubbler and the reactor was maintained at 80 °C. Water was used as

Adv. Mater. Interfaces 2020, 1901600 1901600 (6 OfS)

the counter-reactant and was kept in a stainless-steel bubbler at room
temperature. The reactor was heated at 125 °C by an infrared lamp placed
parallel to the column with feedback control to maintain a constant
temperature during AP-ALD. The precursor was carried to the reactor
column with a nitrogen gas flow of 0.5 L min~'. The process consisted
of sequential exposures of the substrates to 2 s of Zn precursor and
2 s of water, separated by a nitrogen purging step of 5 min. This process
resulted in a growth rate of 2.7 A per cycle for ZnO films which was
measured on a reference Si substrate with spectroscopic ellipsometry
(). A. Woollam M2000 D) at an incident angle of 75.68°. ZnO and TiO,
film thicknesses were fitted using Gen-Oscillator and Cauchy models,
respectively.

AP-ALD of TiO, was done using TiCl, as the reactant and water
as the oxidizer, both were stored in stainless still bubblers at room
temperature. The reactor temperature was kept at 125 °C. During each
ALD cycle, 2 s pulses of TiCl, and water were applied separated by a
purging step of 5 min.

X-Ray Diffraction: XRD was performed on a Bruker D8 Advance using
a Co-Kax source on samples prepared on glass or ITO/glass substrates.

Transmission Electron Microscopy: TEM cross-sections were made
using a FEI Helios G4 CX to ion mill a lamella that was then imaged
on a JEOL JEM3200-FSC operating at 300 kV with a Gatan K2-Summit
camera in counting mode. Energy dispersive X-ray (EDX) analysis was
performed on a JEOL-JEM1400 plus microscope operating at 120 kV.

X-Ray Photoelectron Spectroscopy: XPS was done on a Thermo
Scientific K-Alpha system with a spot size of 400 um and 1486.7 eV.
Depth profiling was performed using Ar* beam. Peak fittings and depth
profiling analyses were done using Thermo Avantage Software.

Time-Resolved Microwave Conductivity: TRMC is a contactless
spectroscopic technique relating the change in microwave probe power
to the sum of electron and hole mobility, (1. + tn) multiplied by the
yield of charge carrier generation, ¢(t), which is a function of time as the
photoexcited charges recombine. TRMC measurements were performed
in a microwave cavity and photoexcited with a 3 ns laser as described in
detail elsewhere.[#4:53.69

Solar Cell Fabrication: Solar cells were fabricated on ITO-coated glass
substrates purchased from Ossila and sonicated in ethanol, acetone,
and DI water each for 5 min then UV-ozone treated and spin coated
with PEDOT:PSS (Al 4083, purchased from Ossila) at 2000 rpm. The
PEDOT:PSS was heated on a hotplate at 125 °C for 10 min. InP QDs
solution-phase ligand exchanged with (NH,),S were drop-cast from
DMF on the substrates and dried at 50 °C. Two layers of PbS QDs
(fabricated as discussed in Refs. [67,73,74]), were spin-coated from
octane at 2000 rpm and treated with 10 X 1073 m ethane dithiol (EDT) in
acetonitrile for 10 s and rinsed with neat acetonitrile. Four more layers
were deposited via spin coating and treating with Pbl, in DMF and
rinsed with acetonitrile. CdTe solar cells were made on ITO glass without
the PEDOT:PSS (which would not withstand the annealing process)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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using the recipe given in Refs. [75-77] Briefly, eight layers of CdTe QDs
were spin coated at 1000 rpm with a CdCl, treatment and annealing on
a hotplate at 350 °C for 10 s between each layer. After coating with ALD
ZnO, 200 nm of Al was thermally evaporated at a rate of 1.5-2 A s7".
Devices were measured under simulated AM 1.5 conditions (OAI class
AAA solar simulator) in a N,-filled glovebox.

Transient Absorption: TA measurements were performed using a
Yb:KGW oscillator (Light Conversion, Pharos SP) with the fundamental
beam sent through an Optical Parametric Amplifier (OPA) with a second
harmonic module (Light Conversion, Orpheus) to produce an output
beam. Part of the fundamental beam is used to generate a broadband
probe spectrum (450-1600 nm) through a sapphire crystal. Pump and
probe beam overlap at an angle of =8° at the sample position, with
the time delay controlled by an automated delay-stage. The differential
absorbance is calculated via AA = In(l,,/lo5), where [ is the light power
incident on the detector with either pump-on or pump-off.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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