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Nanoscale Film Thickness Gradients Printed in Open Air 
by Spatially Varying Chemical Vapor Deposition
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Nanoscale films are integral to all modern electronics. To optimize device per-
formance, researchers vary the film thickness by making batches of devices, 
which is time-consuming and produces experimental artifacts. Thin films 
with nanoscale thickness gradients that are rapidly deposited in open air for 
combinatorial and high-throughput (CHT) studies are presented. Atmos-
pheric pressure spatial atomic layer deposition reactor heads are used to 
produce spatially varying chemical vapor deposition rates on the order of ang-
stroms per second. ZnO and Al2O3 films are printed with nm-scale thickness 
gradients in as little as 45 s and CHT analysis of a metal-insulator-metal diode 
and perovskite solar cell is performed. By testing 360 Pt/Al2O3/Al diodes with 
18 different Al2O3 thicknesses on one wafer, a thicker insulator layer (≈7.0 nm) 
is identified for optimal diode performance than reported previously. Al2O3 
thin film encapsulation is deposited by atmospheric pressure chemical vapor 
deposition (AP-CVD) on a perovskite solar cell stack for the first time and a 
convolutional neural network is developed to analyze the perovskite stability. 
The rapid nature of AP-CVD enables thicker films to be deposited at a higher 
temperature than is practical with conventional methods. The CHT analysis 
shows enhanced stability for 70 nm encapsulation films.
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with a different film thickness, and this 
process must be repeated for each film 
present in the device. In addition to being 
time-consuming, this iteration of material 
synthesis and device fabrication results in 
experimental artifacts due to uncontrolled 
differences in experimental conditions. 
These challenges can be addressed by 
using combinatorial and high-throughput 
(CHT) techniques.[1] In CHT approaches, 
a thin film is produced whose proper-
ties (in this case, thickness) vary across 
its surface. Multiple devices can then be 
produced at different locations on the 
film surface and compared without batch-
to-batch variation, making the technique 
faster and more reliable. This approach 
also significantly reduces the time and 
material costs during experimentation. In 
addition to CHT analysis, films with thick-
ness gradients present an opportunity for 
novel functionality.

Nanoscale films with thickness gradi-
ents have been produced using vacuum-

based techniques. Physical vapor deposition has been used to 
produce thickness gradients,[2] and gas flows have been con-
trolled in chamber-based atomic layer deposition and chemical 
vapor deposition systems to produce nanoscale thickness gradi-
ents.[3–5] A summary of some reported combinatorial thickness-
gradient films and methods[2–4,6–12] are presented in Table S1 in 
the Supporting Information. While useful in some cases, these 

1. Introduction

Nanoscale coatings are integral components of all modern elec-
tronics, including display technologies, diodes, solar cells, bat-
teries, and smart windows. In R&D settings, researchers must 
vary the thickness of thin films to optimize device performanc e. 
This typically involves making several batches of devices, each 
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vacuum-synthesized films are not suitable for cost-effective and 
high-throughput nanomanufacturing in atmosphere.

In contrast, atmospherically processed films with nanoscale 
thickness gradients are less developed. This is despite the fact 
that atmospheric processing is desired for many emerging 
technologies (flexible electronics, low-cost solar cells, wear-
able electronics, smart windows, etc.). Combinatorial atmos-
pheric chemical vapor deposition and spray pyrolysis have 
been used to achieve composition and thickness gradients;[9,13] 
however, the thicknesses were in the range of several hundreds 
of nanometers and reproducibility is an issue with spray pyrol-
ysis, as the film quality depends on the droplet size and spray 
nozzle.[14] A flow coating technique has been shown to produce 
a thickness gradient on the order of 10  nm for polymer films 
in atmosphere,[10,11] but for most materials there are no demon-
strations of nanometer-scale thin film thickness gradients.

Herein we introduce large-area thin films with thickness 
gradients on the nanometer scale that are manufactured using 
spatially varying atmospheric pressure chemical vapor deposi-
tion (AP-CVD) techniques. We rapidly print metal oxide films 
(Al2O3, ZnO) with nanoscale thickness gradients in atmosphere 
and demonstrate their use in CHT studies of quantum-tun-
neling metal-insulator-metal (MIM) diodes and perovskite solar 
cells.

2. Results and Discussion

2.1. Atmospherically Printed Films with Nanoscale 
Thickness Gradients

Figure 1a illustrates the working principle of our dual atmos-
pheric pressure spatial atomic layer deposition/chemical vapor 

deposition (AP-SALD/CVD) system. Precursor and reactant 
vapors flow to a reactor head, which has parallel gas outlet 
channels along its bottom surface. The flows of the precursor 
and reactant vapors are isolated from each other by a curtain 
of inert nitrogen gas and exhaust channels (not shown in 
Figure 1a) located between the precursor and reactant channels: 
see ref. [15]. The substrate is placed under the atmospheric 
reactor with a small vertical separation (typically d  ≈ 50  µm) 
and is oscillated back and forth to expose the substrate to alter-
nating reactant flows. Each point on the substrate moves under-
neath the precursor and adsorbs a molecular layer, after which 
the flow of inert gas removes any excess precursor. When the 
substrate moves under the reactant gas, which reacts with the 
layer of precursor on the substrate, a monolayer of the desired 
film is formed. By oscillating the substrate back and forth, we 
can deposit pinhole-free films with nanoscale thickness con-
trol. Spatial atomic layer deposition has been demonstrated for 
a variety of materials, substrates, and applications.[16–19] When 
operating as an AP-CVD system, experimental conditions are 
selected such that the inert gas flow and exhaust strength are 
insufficient to prevent mixing of the precursor and reactant 
vapors during the oscillation of the substrate. Notably, this can 
be achieved by using a large reactor-substrate spacing.[20,21] 
In AP-CVD, the reactions are no longer surface self-limited. 
Higher growth per cycle values are obtained for AP-CVD (typi-
cally on the order of 1  nm/cycle), but conformal pinhole-free 
films are still produced.[22] This AP-CVD approach has been 
used to incorporate films into a variety of devices,[22] and has 
sometimes been referred to as spatial CVD.[23]

We have leveraged the fact that the AP-CVD deposition 
rate is influenced by the reactor-substrate spacing to produce 
nanoscale thickness gradients in ZnO and Al2O3 films. We 
varied the distance between the reactor head and the substrate 

Figure 1. Variable reactor-substrate spacing approach to produce nanoscale film thickness gradients. a) Close-proximity AP-SALD approach with 
uniform reactor-substrate spacing d that isolates the precursor and reactant gases, resulting in surface self-limited ALD and uniform film thickness.  
b) By inclining the reactor head, we produce a variable reactor-substrate spacing d1, d2, causing mixing of the precursor and reactant to a varying extent, 
which results in a spatially varying chemical vapor deposition rate and a film with a thickness gradient.
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along the length of the reactor so that we had a reactor-substrate 
spacing of 90 to 150 µm (d1) on one side and a larger spacing of 
150 to 250  µm (d2) on the other side, as shown in Figure  1b. 
More gas-phase mixing of the precursors occurs where the 
reactor-substrate spacing is larger, as shown on the left side 
of Figure  1b, resulting in an enhanced AP-CVD mode, which 
in turn yields a higher deposition rate. By varying the reactor-
substrate spacing continuously across the substrate, a spatially 
varying deposition rate is expected that will result in a thickness 
gradient. We performed Computational Fluid Dynamics (CFD) 
analysis to simulate the phenomenon (see Figures S1–S4 and 
Table S2 in the Supporting Information).

We deposited zinc oxide films in this manner on 7 × 7 cm 
borosilicate glass substrates and 1.6 × 1.6 cm indium-tin-oxide/
glass (ITO) substrates using diethylzinc (DEZ) and water. 
Figure 2a shows a 95  nm thick uniform ZnO film depos-
ited on glass using a uniform reactor-substrate spacing of 
100  µm and 75 substrate oscillations at an oscillation speed 
of 15 mm s−1. The final thickness indicated a growth per cycle 
(GPC) of ≈0.63 nm/cycle (≈0.28 nm s−1) (the DEZ precursor 
was flowed through one channel so one oscillation of the 
substrate back and forth was the equivalent of two precursor-
reactant cycles). This GPC is consistent with AP-CVD growth 
rates reported previously.[24] The properties of uniform ZnO 
films produced using similar conditions on this AP-SALD/CVD 
system have also been reported previously.[24] Figure 2b shows a 
thickness gradient film obtained by setting the reactor-substrate 
spacing to 150 µm on the left side and 90 µm on the right side, 

after 40 substrate oscillations at a speed of 15 mm s−1. A clear 
gradient in the film thickness is observed, which was measured 
by ellipsometry to be 70  nm thick on the left of the film and 
35 nm on the right, indicating GPCs of ≈0.87 and 0.43 nm/cycle, 
respectively. When depositions were repeated with the reactor-
substrate spacing set to 200 and 250 µm on the left side and  
100 µm on the right side, with 100 and 75 substrate oscillations 
at a speed of 15 mm s−1, the resulting thickness ranges increased 
to 200–160 nm (Figure 2c) and 180–100 nm (Figure 2d), respec-
tively, indicating GPCs from ≈0.7 to 1.2 nm/cycle, all consistent 
with AP-CVD. Figure  2e shows a 200–160  nm gradient pro-
duced on four ITO substrates using the same 200–100  µm 
reactor-substrate spacing, 75 substrate oscillations and an 
oscillation speed of 10  mm s−1. This demonstrates the ability 
of the technique to produce thickness gradient films on typical 
substrate sizes used for device studies (e.g., solar cells and 
LEDs). Figure  2f shows thickness profiles for the ZnO films 
in Figure  2c,d, as measured by ellipsometry. The film thick-
nesses are observed to decrease continuously across the glass 
substrates. This agrees with the CFD simulation results in the 
Supporting Information.

Al2O3 films with thickness gradients were produced on 
3 in. silicon substrates using trimethylaluminum (TMA) and 
water. The properties of uniform Al2O3 films produced on this 
AP-SALD/CVD system have been reported previously.[21,24] A 
reactor-substrate spacing of 150  µm was maintained on the 
right side and 150, 190, or 230 µm on the left side. In all cases, 
the substrate was oscillated 20 times at a speed of 10 mm s−1. 

Figure 2. ZnO and Al2O3 thickness gradient films deposited with a variable reactor-substrate spacing. a) 95 nm uniform ZnO film deposited on glass 
using a uniform 100 µm reactor-substrate spacing and 75 substrate oscillations. b) 70–30 nm gradient ZnO film deposited on glass using a variable 
150–90 µm reactor-substrate spacing and 40 substrate oscillations. c) 200–160 nm gradient ZnO film deposited on glass using a variable 200–100 µm 
reactor-substrate spacing and 100 substrate oscillations. d) 180–100 nm gradient ZnO film deposited on glass using a variable 250–100 µm reactor-
substrate spacing and 75 oscillations. e) Four ITO substrates coated together with a 200–160 nm thickness gradient. f) Thickness of gradient ZnO 
films shown in (c,d). g) Thickness of gradient Al2O3 films produced on Si substrates by different reactor-substrate spacings. h) Refractive indices of 
the gradient Al2O3 films, measured along the gradient.
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Thicknesses determined from ellipsometry measurements at 
various locations across the Al2O3 films are shown in Figure 2g. 
A uniform film thickness of 15  nm was observed when the 
reactor-substrate spacing was a constant 150 µm. When the left 
side of the reactor was raised to 190 µm, a thickness gradient 
ranging from 18–8 nm thick was produced. The gradient fur-
ther increased to ≈22–6  nm when the left side was raised to 
230  µm. Three thickness measurements were performed per-
pendicular to the intended gradient for each substrate position 
and the standard deviation is indicated by the error bars in 
Figure 2g. There is some thickness variability in the perpendic-
ular direction. This is expected as the reactor-substrate spacing 
may not stay perfectly constant throughout the travel distance 
due to how the substrate sits on the stage, non-uniformity in 
the substrate thickness, and/or levelling of the stage relative to 
the travel distance. But Figure  2g shows that the overall gra-
dient is still consistent. For Al2O3 depositions, the TMA pre-
cursor was flowed through two channels, thus one oscillation is 
the equivalent of 4 precursor-reactant cycles. These depositions 
took ≈300 s, had GPCs that varied from ≈0.37 to 0.51 nm/cycle 
(0.1 to 0.14 nm s−1) across the substrate, and demonstrate the 
ability of this approach to produce films with thickness gradi-
ents at the scale of nanometers in open-air in very short depo-
sition times. In Figure 2h, refractive indices at 630 nm meas-
ured along the gradient films by ellipsometry are shown. These 
matched well with the 1.53–1.78 range reported previously for 
Al2O3 [21] and were constant along the thickness gradient. An 
Al2O3 gradient film with a larger thickness variation (86–7 nm) 
that was deposited using a variable 400–100 µm reactor-sub-
strate spacing, 20 oscillations, and a speed of 30  mm s−1 was 
also characterized by ellipsometry and is shown in Figure S5 in 
the Supporting Information. For the larger thickness range, the 
refractive index decreases slightly with increasing thickness, 
consistent with previous reports for Al2O3 made by thermal 
ALD [25].

X-ray photoelectron spectroscopy (XPS) was performed 
on one of the Al2O3 thickness gradient films from Figure  2g 
(230–150 µm reactor-substrate spacing) to clarify the film com-
position and bonding. The XPS data is presented in Table S3 in 
the Supporting Information. The O/Al ratio is fairly constant 
across the Al2O3 thickness gradient film, with a slight increase 
at the thicker end. A carbon signal is present across the gra-
dient and may be due to incomplete reaction of the trimethyla-
luminum or adventitious carbon on the surface of the sample, 

resulting from storage in air and/or the XPS instrument.[21,26,27] 
It is known that OH− defects in Al2O3 can act as electron traps 
that facilitate the transport of electrons.[21,28] We deconvoluted 
the O1s spectra for the different film thicknesses, as shown in 
Figure 3. The peaks at 531 and 532.3 eV correspond to Al-O 
and hydroxyl OH− groups[21], respectively. The contribution of 
the OH− peak is high, as expected, as H2O was used as the oxi-
dant[21]. Notably, the contribution of the OH− peak was similar 
across the gradient film.

In a second approach, instead of tilting the reactor head 
physically, we modified the geometry of the channel in the 
reactor head to control the flow profile of the precursor vapor. 
The reactor was designed to deliver different amounts of pre-
cursor gas to different locations on the substrate. When the 
system is operated in AP-CVD conditions, a larger GPC is 
then expected at locations where more precursor is delivered, 
due to a higher molar flow, which increases mixing of the pre-
cursor and reactant. Figure 4a illustrates the working principle 
of this method where the precursor channel (P) is designed 
with a slant to vary the rate of delivery of the precursor vapor 
(more precursor is delivered to the left side of the substrate in 
Figure 4a). This approach allows a specific gradient profile to be 
built into the reactor and simplifies the deposition process by 
allowing a uniform reactor-substrate spacing to be used. With 
this approach, we also avoid the loss of precursor that can occur 
with tilting of the reactor head in the first method.

Figure  4b shows an internal view of the reactor head 
design illustrating the distribution of the channels. The 
intricate design of the inner channels is complicated if not 
impossible to be produced using conventional machining. 
However, such customized reactor designs can easily be fab-
ricated owing to the possibilities offered by 3D printing.[29] 
The reactor head contains two different precursor channels 
– uniform and gradient. The uniform channel is based on 
the normal channel design and produces films with uniform 
thickness when the reactor-substrate spacing is uniform. It 
can be used to deposit a uniform film before switching the 
precursor flow to the gradient channel. This ensures that the 
reactor-substrate spacing is uniform and that any gradients 
produced are defined by the design of the gradient channel 
and not unintended tilting of the reactor. When depositing 
with either of the precursor channels, we flowed inert gas 
through the channel that was not in use to prevent precursor 
or reactant gas from entering it.

Figure 3. O1s XPS spectra of an Al2O3 thickness gradient film measured at different thicknesses: a) 6 nm, b) 12 nm, c) 22 nm.

Adv. Funct. Mater. 2021, 31, 2103271
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To model the variation in precursor delivery provided by the 
gradient channel, we performed CFD analysis to simulate the 
flow of the nitrogen carrier gas through the gradient channel 
at normal temperature and pressure (see Figures S6 and S7 in 
the Supporting Information). Figure  4c shows the simulated 
horizontal flow outward from the channel along the substrate 
surface. As the velocity is proportional to the precursor flow 
rate, the flow variation seen in Figure 4c would be expected to 
result in a variation in film deposition rate when operating in 
AP-CVD conditions.

The optimized channel geometry was then integrated into 
the custom-designed reactor head and 3D printed, as shown in 
Figure S6 (Supporting Information). We deposited ZnO films 
on borosilicate glass using the custom reactor head. Figure 4d 
shows 3 films with thickness gradients produced using a 
reactor-substrate spacing of 300 µm and 175 oscillations at a 
speed of 30 mm s−1. The film thickness was measured across 
the gradients using ellipsometry. A slight increase in the thick-
ness was observed when repeating the depositions (samples S2 
and S3), which is likely due to small variations in the saturation 
of the precursor lines. However, the 3 films have similar thick-
ness gradients, demonstrating the good reproducibility of the 
custom-designed reactor. In contrast, the reproducibility of the 
first approach (variable reactor-substrate spacing) was limited by 

the mechanical positioning of the reactor (the reactor-substrate 
spacing was adjusted using micrometers heads with a resolu-
tion of 20 µm). As was shown in Figure  2g, a 40 µm change 
in the spacing on one side of the reactor resulted in a clear 
change in the gradient produced. The measured thicknesses 
in Figure  4d indicated a GPC of 0.53 nm/cycle (0.39 nm s−1) 
on the side with higher flow rates (left side) and 0.23 nm/cycle 
(0.17 nm s−1) on the side with lower flow rates (right side). 
Notably, the variation in GPC was consistent with the simulated 
variation in flow velocity shown in Figure 4c.

One of the ZnO gradient films (S1) was characterized to 
identify any property variations across the gradient. Absorb-
ance measurements and bandgap calculations are shown in 
Figure S8 in the Supporting Information. The absorbance 
shows a slight increase with thickness, as expected, and the 
bandgap remains constant at ≈3.4 eV, indicating minimal varia-
tion in the position of the energy levels. X-ray diffraction (XRD) 
was performed to investigate the growth orientation and crys-
tallinity. Figure 5a shows that the ZnO grew in the [100], [002], 
[101], [102], [110], [103], and [112] directions, and that the rela-
tive height of the peaks remained similar across the gradient. 
The full-width-at-half-maximum (FWHM) of the 100 peaks was 
determined, and the crystallite size was calculated using the 
Scherrer equation. The FWHM has a larger value for 70–110 nm  

Figure 4. Deposition of gradient films with a custom-designed reactor. a) By varying the design of the precursor channel, more precursor is delivered 
to the left side of the substrate than the right side. If operating in AP-CVD conditions, a spatially varying deposition rate is expected. b) Design of 
reactor head with uniform and gradient precursor channels. The uniform channel can be used to ensure a uniform reactor-substrate spacing before 
switching to the gradient channel. c) CFD-simulated velocity of the gas flowing outward from the gradient channel along the substrate surface.  
d) Sample-to-sample variation of ZnO thickness gradient films deposited using the 3D printed custom-designed reactor. Error bars indicate the varia-
tion in film thickness perpendicular to the gradient direction.

Adv. Funct. Mater. 2021, 31, 2103271
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(Figure  5b), which may be due to mismatch strain between 
the ZnO film and the glass substrate, and then decreases 
with increasing film thickness, in agreement with Ref. [30]. 
As a result, the crystallite size increases with increasing film 
thickness.

2.2. CHT Study of Metal-Insulator-Metal Diodes

The growing “Internet of things” is pushing the integration 
of electronics, including electronics enabled by quantum phe-
nomena, to a broader variety of environments. This neces-
sitates the development of low-cost, scalable techniques for 
manufacturing quantum devices. MIM diodes, for example, 
are quantum-tunneling devices capable of rectifying high fre-
quency alternating current (AC) to direct current (DC) via the 
transport of electrons through a potential barrier in femtosec-
onds. MIM diodes are useful in many applications including 
rectennas for solar harvesting,[31] infrared detectors,[32] and 
wireless power transmission.[33] We recently demonstrated that 
rapid, open-air AP-CVD could be used to deposit the insulating 
layer for MIM diodes.[21]

The effect of the insulator layer thickness on the perfor-
mance of MIM diodes has been studied theoretically. Previous 
simulation work has varied the insulator thickness in the range 
of 0.5–2,[34] 1–4,[35] and 4–10 nm,[36] along with the metal work 
function difference, to optimize the diode figures of merit. In 
contrast, few experimental studies have been performed, which 
is likely due to the challenging and time-consuming nature of 
MIM diode fabrication. Slow vacuum-based deposition methods 
are traditionally used to produce the required ultra-thin insu-
lator layers. Krishnan et  al.[37] and Chin et  al.[38] examined the 
effect of NiO and Nb2O5 thickness, respectively. However, their 
studies were limited to only two insulator thicknesses.

In this work, we fabricated Pt/Al2O3/Al MIM diodes with 
an Al2O3 thickness gradient film, as illustrated in Figure 6a, 
to optimize the diode performance more rapidly and system-
atically. The variable reactor-substrate spacing approach was 
implemented to deposit the insulating Al2O3 film, with a 
spacing of 150 µm on one side of the reactor and 100  µm on 
the other. Six substrate oscillations (24 cycles) were used to 
deposit the gradient film. This deposition took about 45 s and 

had GPCs that varied from ≈0.11 to 0.41  nm/cycle (0.05 to  
0.22 nm s−1) across the substrate. Aqueous sodium hydroxide 
was used to etch a step edge in the Al2O3 film before depositing 
the second metal (Al), in order to measure the film thickness at 
various locations along the substrate using atomic force micros-
copy (AFM). The AFM images in Figure 6f show that the Al2O3 
thickness varied from ≈10 nm on one side to 2.5 nm on the 
other side of the substrate, clearly showing the ability of this 
technique to produce sub-10  nm thickness gradients. Finally, 
the top Al electrode was deposited using electron beam evap-
oration and lithography. There were 18 columns of diodes on 
the wafer such that the combinatorial approach allowed for the 
study of 18 different insulator thicknesses on a single substrate. 
Each column contained 20 diodes, enabling statistical analysis 
for each insulator thickness.

We performed current density–voltage (J–V) measurements 
on the MIM diodes to determine their figures of merit. The 
J–V curves were asymmetrical and nonlinear for the thicker 
diodes, as shown in Figure  6b for the diodes with insulator 
thicknesses of 8.5±1.9 and 6.5 ± 1.9 nm. In contrast, the J–V 
curve for a thinner insulator layer (2.5 ± 0.2 nm) in Figure 6b 
shows low asymmetry. We determined the turn-on voltage 
(TOV) by extrapolation in the linear region[39] and it is seen 
to decrease from ≈3.1 to 1.0 V in Figure  6b as the insulator 
becomes thinner. Figure  6c–e shows the dependence of the 
figures of merit (asymmetry, nonlinearity, and responsivity) on 
the Al2O3 thickness. We calculated the asymmetry (ratio of for-
ward to reverse current) at the TOV for each diode and it is 
seen to increase with Al2O3 thickness in Figure  6c, reaching 
a maximum value of 78 at an Al2O3 thickness of 6.5  nm and 
1.8 V. The asymmetry decreases for insulator thicknesses larger 
than 6.5  nm. This is attributed to an increase in the reverse 
current with increasing voltage for thicker insulators, which 
decreases the asymmetry ratio. The nonlinearity (a measure of 
the degree of variation from a linear J–V curve) and respon-
sivity (a measure of the ability of a MIM diode to generate DC 
current per input of AC electrical power) were calculated at 
the TOV and showed maximum values of 11.0 and 5.5 A W−1, 
respectively, for an Al2O3 thickness of 7 nm. Therefore, this 
CHT study indicates that the optimum figures of merit for 
the Pt/Al2O3/Al MIM diode can be obtained with an insulator 
thickness of 6.5 to 7.0 nm.

Figure 5. a) XRD measurements of the thickness gradient ZnO film S1 from Figure 4d. b) FWHM and crystallite size values measured for the 100 
diffraction peaks in (a).
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Figure 6. CHT study of MIM diodes. a) Pt/Al2O3/Al MIM diode architecture with Al2O3 thickness gradient film. Diodes with 18 different Al2O3 thick-
nesses were tested. b) J–V curves for 3 of the Pt/Al2O3/Al diodes. c) Asymmetry, d) nonlinearity, and e) responsivity of the diodes for the 18 different 
Al2O3 thicknesses (measured at the TOV). f) AFM measurements indicated that the Al2O3 film thickness varied from 10 to 2.5 nm and the RMS surface 
roughness increased slightly from 0.1 to 0.26 nm. g) Fowler–Nordheim tunneling plots at forward bias for Pt/Al2O3/Al MIM diodes with Al2O3 thickness 
gradient film. The legend indicates the Al2O3 thickness.
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For the thin Al2O3 gradient films, little variation in refrac-
tive index (Figure  2h), composition (Figure  3 and Table S3: 
Supporting Information), and surface roughness (Figure  6f) 
were observed across the gradient. Therefore, it is expected 
that the behavior of the MIM diodes depends mostly on the 
thickness of the Al2O3. To confirm this, the J–V curves of the 
MIM diodes with different insulator thickness were fitted to an 
expected conduction mechanism, Fowler–Nordheim tunneling, 
as shown in Figure 6g. Figure 6g shows that as the Al2O3 thick-
ness increased, the applied bias required to make Fowler–
Nordheim tunneling the dominant conduction mechanism 
increased and the forward current was reduced, as the thicker 
insulator results in a reduction in the tunneling probability.

The optimized figures of merit reported here are comparable 
to or better than those of previously reported diodes with a 
single Al2O3 layer[21,40–45], as summarized in Table S4 in the Sup-
porting Information. The use of this thickness gradient Al2O3 
film has enabled the identification of a slightly larger optimal 
Al2O3 thickness (6.5 to 7.0  nm) than what we reported previ-
ously for Pt/Al2O3/Al diodes deposited by AP-CVD (6  nm).[21] 
The greater Al2O3 thickness (≈7 nm) that was identified in this 
CHT study does result in a lower current density compared to 
some of the previous reports (a decrease in current density with 
insulator thickness is seen in Figure 6b). Hence this thickness-
dependence study experimentally demonstrates a fundamental 
trade-off between the figures of merit and current density 
(diode resistance) in Pt/Al2O3/Al diodes. One promising 
strategy to tackle this trade-off may be the use of multiple insu-
lator layers.[46,47] The CHT approach demonstrated here will be 
particularly useful for optimizing the figures of merit in diodes 
with multiple insulator layers.

2.3. CHT Study of Perovskite Solar Cell Thin Film Encapsulation

Organic–inorganic halide perovskite solar cells (PSCs) have 
attracted a great deal of attention due to their excellent absorp-
tion and charge transport properties as well as their low-cost 
and convenient fabrication techniques.[48] These properties led 
to an incredible device power conversion efficiency improve-
ment from 3.8% to over 25.2% in only a few years.[49,50] How-
ever, the most challenging issue in perovskite solar cells is 
the long-term stability.[51] Research indicates that the most 
significant source of external degradation in these cells is the 
decomposition of the perovskite after exposure to moisture 
and oxygen.[52] External encapsulation materials (e.g., epoxies, 
laminated plastics) and thin film encapsulation (TFE) materials 
deposited directly onto the device stack are being investigated, 
as detailed in several excellent review articles, including some 
specific to ALD and CVD.[53–55] ALD encapsulation is attractive 
since it provides conformal, pinhole-free barrier layers, but its 
slow speed hinders its practicality and prolonged heating and 
precursor exposure can damage the underlying layers.[53,56] As 
a result, most TFE implementations have used ALD film thick-
nesses on the order of 20  nm or less and efforts have been 
made to use lower processing temperatures (e.g., 60 °C).[53,56] 
However, for prototypical encapsulation films, such as Al2O3, 
lower processing temperatures have been reported to decrease 
the film density, increase undesirable hydroxyl content, and 

increase the water vapor transmission rate (WVTR).[57,58] In this 
regard, AP-SALD and AP-CVD are promising alternatives to 
PECVD and conventional ALD. They are capable of providing 
pinhole-free gas barrier layers at atmospheric pressure, and 
the rapid nature of AP-SALD and AP-CVD (can be more than  
100 times faster than conventional ALD) limits the required 
heating time of the perovskite and potential damage. It has 
been shown that TiO2, SnOx, and CuOx charge-transport layers 
can be deposited on top of perovskite films by AP-SALD/
AP-CVD at temperatures as high as 180 °C.[59,60] Hence, the 
higher deposition rate of AP-SALD and AP-CVD enables a 
larger TFE processing window (temperature and thickness 
range) to be explored for PSCs.

We demonstrate AP-CVD of an Al2O3 TFE, which is a pro-
totypical TFE material,[53,54,57,61] on top of a perovskite solar cell 
stack for the first time. Spatial ALD Al2O3 has been reported 
to have a WVTR on the order of 10−6  g  m−2  d−1 at room tem-
perature.[45] A gradient film of Al2O3, was used to study TFE 
thicknesses up to 70 nm, a larger range than has typically been 
tested with conventional ALD. Thicker Al2O3 layers may be 
expected to provide better encapsulation; however, practical 
considerations (deposition time and cost) favor thinner layers 
for commercialization. Furthermore, it has been demonstrated 
for ALD films that the improvement in barrier properties with 
thickness can be sub-linear[62,63] and can show low thickness 
dependence[64]. Klumbies et  al.[62] showed fast degradation for 
devices encapsulated with 100 nm of Al2O3 because of the for-
mation of the large cracks resulting from increased film stress 
with thicker films[62,65]. Hence thickness-dependent studies are 
essential to identify optimal thicknesses. PSCs often display 
significant performance variability, and our approach allows the 
influence of the TFE thickness to be studied in a single device, 
avoiding batch-to-batch comparisons. We used the variable 
reactor-substrate spacing method to deposit an Al2O3 film with a 
thickness gradient (70–40 nm) as an encapsulation layer on top 
of a 5 × 5 cm formamidinium-cesium lead iodide PSC. 60 sub-
strate oscillations (120 cycles) and a spacing of 200–100 µm  
were used to deposit the gradient film. The deposition took only 
5 min, such that no degradation of the perovskite was observed 
when heating the device to 130 °C for the deposition. The 
perovskite solar cell architecture is shown in Figure 7a and con-
sisted of glass/FTO/TiO2 (55 nm)/perovskite (315 nm)/Spiro-
OMeTAD (370 nm)/Al2O3 (70–40 nm). The top metal electrode 
was omitted to avoid known issues with iodine migration to the 
metal electrode[66] and to facilitate the absorbance as well as the 
neural network characterization discussed hereafter.

To study the effect of the larger Al2O3 TFE thickness on per-
ovskite stability, we placed PSCs with and without the Al2O3 
TFE in a humidity chamber with 60% RH at room tempera-
ture. The absorbance of the PSC was measured at different 
positions across the device (corresponding to different TFE 
thicknesses) after various durations in the humidity chamber. 
Figure 7b,c shows the absorbance versus H2O exposure time at 
wavelengths of 500 and 630  nm, respectively. A clear trend is 
seen after 25 h, where the absorbance drops more significantly 
for locations where the TFE is thinner, indicating more per-
ovskite degradation. The reduction in absorbance (and hence 
degradation of the perovskite) is greatest for the device with no 
Al2O3 TFE. The photoluminescence (PL) of the PSC (excitation 
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at 680 nm) was also measured after 28 h at various locations 
across the device with the Al2O3 thickness gradient TFE and for 
the device without a TFE, as shown in Figure 7d. As expected, 
the PL measurements show that the PL intensity of the perovs-
kite peak at 825 nm decreases with decreasing Al2O3 TFE thick-
ness, indicating that the perovskite degrades faster when the 
TFE is thinner. This is consistent with a previous study of ALD 
Al2O3 barrier films for OLEDs.[62] The smaller peak at 835 nm 
is attributed to the TiO2 film [67,68] in the device stack.

For CHT study of the PSCs, we developed a simple con-
volutional neural network (CNN) to determine the effective-
ness of the Al2O3 TFE, the architecture of which can be seen 
in Figure S9 in the Supporting Information. CNNs have been 
used to perform many image processing tasks in materials sci-
ence, such as detecting 2D materials in microscope images,[69] 
improving X-ray diffraction test speed,[70] and predicting chem-
ical properties.[71] CNNs are designed to mimic the human eye 
in function, recognizing how colors, shapes, and edges build 

Figure 7. CHT study of perovskite solar cell thin film encapsulation. a) Perovskite solar cell architecture with Al2O3 gradient TFE. b,c) Plots of PSC 
absorbance versus time at different positions across the PSC (corresponding to different TFE thicknesses) and for a PSC with no TFE at wavelengths 
of 500 and 630 nm. d) PL spectra of the PSCs at 28 h. e) Spatially resolved classification of the PSC degradation by a convolutional neural network. 
Red coloration indicates perovskite degradation. The onset of PSC degradation is observed to occur at different times for different TFE thicknesses.
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to form a complete picture,[72] which makes them robust to 
changes in lighting or image orientation when well trained. In 
our work, the effectiveness of the TFE is directly correlated with 
the rate of decay of the perovskite layer. As per Figure  7a, as 
the perovskite reacts with water, lead iodide is formed, turning 
the perovskite from black to translucent yellow. In this case, the 
CNN need only to identify the color of the input image, and 
identify any abrupt edges, such as cracks or holes in the film in 
order to classify the image as either “degraded”, “intact”, or “no 
film” present.

Images of the PSCs were taken at various intervals, from var-
ious angles and under different light conditions over the ≈100 h 
it took for the films to degrade in the humidity chamber. These 
were then subdivided into smaller 50 × 50-pixel images, as can 
be seen in Figure 7e, which serve as the input to the CNN. This 
subdivision serves three purposes, firstly it boosts the training 
data size by several orders of magnitude, secondly it simplifies 
each input sample so a smaller and faster CNN can be used, 
and thirdly it spatially resolves the degradation of the perovskite 
layer. It is the third advantage that allows us to compare and 
evaluate the various Al2O3 TFE thicknesses. The colors are 
coded according to the three possible predictions provided by 
the Neural Network. A red overlay is placed on a 50 × 50-pixel 
image if the probability that the sub-section is degraded is 
greater than the other two possibilities (there is no correlation 
to the degree of degradation). In Figure 7e, the Al2O3 TFE thick-
ness increases from right to left. After 25 h H2O exposure time, 
a clear hole appeared in the area with thinner Al2O3, indicating 
that water had penetrated through the TFE and Spiro-OMeTAD 
into the perovskite layer. After 28 h the CNN identified that the 
perovskite started to degrade wherever the Al2O3 was thinnest, 
as indicated by the red coloration in the pixelated images. This 
is consistent with the lower absorbances and PL intensity for 
Al2O3:40 nm in Figure  7b–d. The degradation, which is indi-
cated in red, progresses from parts of the device with thinner 
TFE to thicker TFE with increasing H2O exposure time, as 
shown from 28 to 94 h. The insets in Figure 7e shows the PSC 
at different H2O exposure times. It is seen that the degradation 
begins earlier for the bottom row of pixels than the top row. 
This is attributed to the presence of some thickness variation 
in the perpencidular direction, which was shown in Figure 2g. 
The thickness gradient across the top of the sample appears to 
be slightly thicker than the gradient across the bottom.

The superior performance of the thicker TFE suggests that 
the thicker AP-CVD Al2O3 maintains its compactness and 
is free of stress-induced cracking[62], at least up to the 70  nm 
thickness examined here. This is consistent with the uniform 
refractive index (1.78–1.8) measured for the 70–40 nm thickness 
range (Figure S5, Supporting Information), as well as micro-
scope images of a 75–45  nm Al2O3 thickness gradient film in 
Figure S10 (Supporting Information), which showed no cracks 
for thicknesses up to 75 nm. In contrast, the micrographs indi-
cated the presence of some film regions with pinholes at the 
45 nm gradient thickness and to a lesser extent at 55 nm, con-
sistent with the faster degradation observed.

Table S5 in the Supporting Information details some previous 
AlOx TFE studies for PSCs[56,57,73–75], including the deposition 
time, temperature, TFE thickness, and degradation time. While 
these studies reported longer degradation times for similar 

humidity conditions to those examined here, they make use 
of conventional ALD to deposit the TFE. As shown in Table S5  
(Supporting Information), the deposition rates and deposition 
times (e.g., >100 min) associated with ALD are impractical for 
manufacturing TFE for PSCs. Here we have demonstrated 
AP-CVD of an Al2O3 TFE, on top of a PSC stack for the first 
time. While stability optimization of the AP-CVD Al2O3 films is 
needed in the future, the short deposition time (5 min) avoids 
damage to the perovskite layer and is compatible with large-
scale manufacturing.

These nanoscale film thickness gradients will provide a 
useful platform to further optimize the thicker TFE layers 
that are practical with AP-SALD/CVD. Al2O3 has also been a 
key component in TFEs based on oxide[61] and organic–inor-
ganic[54,57,76] multilayers/nanolaminates. The gradient films will 
be particularly useful for optimizing the thicknesses of multiple 
oxide films simultaneously, although the complexity, cost, and 
industrial practicality of the nanolaminate films should be kept 
in mind.

3. Conclusion

In this work, we produced thin films with nanoscale thickness 
gradients in open-air by spatially varying the CVD rate across 
a substrate. We deposited ZnO and Al2O3 films with nm-scale 
thickness gradients (including sub-10 nm films) in as little as 
45 s. The GPCs were observed to vary from as little as 0.23 nm/
cycle to as much as 1.2 nm/cycle across the substrate, providing 
precise control over film thickness at different substrate loca-
tions. The achievable GPC range can be increased in the future 
and the techniques can be applied to deposit a range of semi-
conductors, insulators, and metals that are compatible with 
similar ALD and CVD methods.

We used rapidly printed Al2O3 films with thickness gra-
dients to perform CHT studies of quantum-tunneling MIM 
diodes and PSC encapsulation. In the case of the MIM diodes, 
an Al2O3 film with thickness varying from 10  to 2.5  nm was 
used to test 360 diodes with 18 different insulator thicknesses 
on a single substrate. No other open-air technique currently 
exists to produce a sub-10 nm gradient Al2O3 film such as this, 
and this work represents a significant advancement compared 
to previous studies that examined a limited number of insu-
lator thicknesses. To our knowledge, more Al2O3 thickness-
dependence data is obtained from this single CHT wafer than 
all previous experimental reports combined. The diode figures 
of merit were strongly influenced by the Al2O3 thickness and 
the best diode performance was found for a larger thickness 
than reported previously (6.5 to 7 nm), for which the asym-
metry, nonlinearity, and responsivity were 78, 11, and 5.5 A W−1 
respectively. This CHT study also experimentally highlights the 
fundamental trade-off between the figures of merit and diode 
resistance in a Pt/Al2O3/Al diode.

In the second example, an Al2O3 encapsulation film was 
deposited by AP-CVD on a PSC stack for the first time. A 
70–40 nm thickness gradient was employed on top of a 5 × 5 cm 
PSC. Deposition of these thicknesses would be prohibitively 
slow with conventional ALD. In contrast, AP-CVD is roll-to-roll 
compatible and the rapid nature of the spatially varying CVD 
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technique enabled deposition of the TFE without causing deg-
radation of the underlying perovskite film. The degradation 
timescale of the PSC in a humid environment, as characterized 
by spatially resolved absorbance and PL measurements, was 
observed for multiple TFE thicknesses on a single substrate. 
A high-throughput method using CNNs was also developed to 
analyze the Al2O3 TFE, which identified the areas of the perovs-
kite that had degraded, and therefore the efficacy of the protec-
tive layer. By constantly analyzing the visual characteristics of 
the film, the point at which the film degrades was identified 
at various locations on the device. Compared to conventional 
methods, this CNN method requires no special equipment and 
can be used for combinatorial study of multiple films and their 
effect on the perovskite layer. While it does not identify specific 
degradation mechanisms, it can continuously monitor the film 
and therefore provide excellent spatial and temporal informa-
tion about the degradation. From this CHT study it can be con-
cluded that Al2O3 TFEs deposited by rapid, open-air AP-CVD 
slow water-induced degradation, and that the effectiveness of 
the TFE increases with thickness, at least up to 70  nm, as no 
stress-induced film cracking was observed. Thicker Al2O3 TFEs, 
both single and multilayer, can be optimized in the future, but 
the impact of a longer TFE deposition on the cost and perovs-
kite stability would need to be considered.

The nanoscale thickness gradient films introduced in this 
work can be used to optimize different device architectures 
(e.g., metal-insulator-insulator-metal diodes, different perov-
skite materials and TFEs) and measure different device prop-
erties (e.g., TFE water vapor transmission rates) in the future. 
More generally, the nanoscale film thickness gradients can be 
used for CHT studies of a wide range of devices, such as solar 
cells, LEDs, flexible electronics, and batteries, among others.

4. Experimental Section
AP-CVD Film Deposition: For all depositions, the reactor-substrate 

spacing was adjusted using micrometer heads with a resolution of 
20 µm. For the deposition of ZnO films using the variable reactor-
substrate spacing method, N2 was bubbled through the DEZ precursor 
at 15 sccm and combined with an 85 sccm N2 carrier gas. The H2O 
was bubbled at 30 sccm and combined with a 170 sccm N2 carrier flow. 
The resulting flow per outlet channel was 100 sccm. A 600 sccm flow of 
N2 inert gas was used to partially separate the precursors and remove 
excess unreacted precursors or reaction by-products. The substrate was 
heated to 150 °C. For the deposition of ZnO films using the custom-
designed reactor head, N2 was bubbled through the DEZ at 25 sccm 
and combined with a 75 sccm N2 carrier flow. The H2O was bubbled at 
32 sccm and combined with a 298 sccm N2 carrier flow. The resulting 
flow per outlet channel was 100 sccm for the 1 gradient precursor 
channel and 110 sccm for the 3 reactant channels. A 660 sccm flow of 
N2 inert gas was used, resulting in a flow per channel of 94 sccm (6 inert 
curtain channels and 1 uniform channel). The substrate was heated to 
100 °C and oscillated at a speed of 30 mm s−1. For the deposition of 
Al2O3 gradient films on the Si substrate and the MIM diodes, N2 was 
bubbled through the TMA precursor at 15 sccm and combined with 
a 235 sccm N2 carrier gas. The H2O was bubbled at 100 sccm and 
combined with a 275 sccm N2 carrier flow. The resulting flow per outlet 
channel was 125 sccm. A 750 sccm flow of N2 inert gas was used. The 
substrate was heated to 150 °C. For the deposition of Al2O3 films for 
PSCs, both TMA and DEZ precursors were employed. The DEZ was 
bubbled throughout the deposition to facilitate film nucleation at a lower 

substrate temperature of 130 °C, to prevent damage to the perovskite 
film. N2 was bubbled through the TMA and DEZ precursors at 38 and 
10 sccm, respectively, and combined with a 235 sccm N2 carrier gas. The 
H2O and N2 inert gas flows were the same as for the Al2O3 deposited for 
the MIM diodes.

Film Thickness Measurements: A Woollam M-2000 DI ellipsometer 
with a wavelength range of 200–1800 nm was used to measure the 
thicknesses and refractive indices of ZnO and Al2O3 films, which were 
modeled using the Cauchy formula.

Atomic Force Microscopy: A dimension 3100 atomic force microscope 
(AFM) was used to measure the film thickness and roughness.

UV–Vis Absorption Spectroscopy for PSC: The samples were placed 
inside a humidity chamber and moved to measure different locations on 
the surface of the samples. An Ocean Optics DH-2000 lamp was used 
as a light source and an Ocean Optics HDX spectrometer was used to 
measure the transmitted light.

Photoluminescence Spectroscopy for PSC: A Quanta Master 8000 
Fluorometer by HORIBA was used to perform PL on PSCs by exciting at 
680 nm in a spectral range of 810 to 850 nm. The sample was moved to 
different locations for measurements.

X-Ray Diffraction: XRD measurements of ZnO films that were 
deposited on glass substrates were performed by a XPERT-PRO 
diffractometer with Cu Kα radiation (X-ray wavelength 0.154 nm).

X-Ray Photoelectron Spectroscopy: A VG Scientific ESCALAB 250 system 
was used to examine the surface of the films using Al Kα X-rays.

Optical Microscopy: Optical microscope images of an Al2O3 
thickness gradient film were obtained with an OLYMPUS MX61A optical 
microscope.

CFD Simulation: All meshing and simulations were performed 
using ANSYS CFX. The CFD model uses hexahedral cells throughout 
the structured mesh to preserve flow physics and to reduce inherent 
numerical errors in the analysis which are common when using a 
tetrahedral mesh. The mesh was constructed based on a y+ value of 
1, where the first layer height is 0.045 mm, and at least 15 cell layers 
are maintained in the buffer layer (y+ below 30) as shown in Figure S5 
in the Supporting Information. The SST model was used, which solves 
the near wall viscous effects numerically, preserving the simulated flow 
as much as possible without presuming or forcing the flow to be in 
the turbulent regime. The simulation uses an inlet mass flow rate of 
2 × 10−6 kg s−1 which translates to ≈100 sccm based on the inlet area. 
A symmetry boundary condition along the midplane of the channel was 
used to reduce computational resources. High-resolution advection 
and turbulence schemes were chosen for a more accurate result. MAX 
iteration residuals of 1 × 10−4 was used as the results did not vary much 
compared to MAX residuals of 1 × 10−5. A grid convergence study was 
also performed on the mesh and found that the grid converged at 4× 
grid refinement, from 31  668 to 126  600 elements. A total of 89 and 
133 iterations were needed for the simulations to converge for the 
laminar and SST cases, respectively.

Design and 3D Printing of the Reactor Head: The reactor head was 
designed using Siemens NX. The design was 3D printed using Form 
2, a stereolithography (SLA) based 3D printer by Formlabs. The SLA 
3D printing process builds the part layer by layer using a 140 µm laser 
source in the XY-direction to cure solid parts from a liquid photopolymer 
resin as the part moves in the Z-direction. High Temp V2 resin from 
Formlabs was used for the print since the cured resin provides a 
high heat deflection temperature of 142 °C according to its datasheet. 
The print layer thickness resolution was set to 50 µm. In addition to 
standard washing of the printed reactor in a sonicated isopropanol bath 
(Form Wash by Formlabs), a blade and an air compressor gun was used 
to scrape and blow the excess uncured resin out from the channels, 
respectively. Isopropanol was also injected through each channel at 
least 3 times to thoroughly clean and flush out residual resin that 
may be stuck in the channels. The cleaned reactor was then cured by 
exposing it to UV light in Form Cure by Formlabs at 70 °C for 120 min. 
A lower curing temperature of 70 °C was decided to be used as opposed 
to the recommended 80 °C to prevent warpage of the reactor that was 
observed on previous iterations.
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MIM Diode Fabrication: The diodes were produced on a 3 in. SiO2 
wafer. A layer of negative photoresist maN-1410 was spin-coated onto 
the wafer. The photoresist was then patterned using a mask aligner 
to pattern the first electrode with device areas measuring 100 µm2. 
After that, the sample was developed in Ma-D 533/S. The bottom Pt 
electrodes with 100 nm thickness were deposited using an E-beam 
evaporation system with a base pressure set to 4 × 10−6 Torr and a 1 Å s−1 
deposition rate. The photoresist was lifted off, forming the bottom Pt 
electrode of the MIM diode. A thickness gradient film of Al2O3 was then 
deposited as described above. To deposit the Al top contact of the MIM 
diode, a process similar to that used to deposit the bottom contact was 
used. The bottom Al contact on the sample was aligned with another 
mask and photoresist was exposed. Reactive ion etching was used to 
remove any oxidant on top of the electrodes.

Perovskite Solar Cell Fabrication: Fluorine doped tin oxide (FTO) 
glass substrates (5 × 5 cm) were washed in a 2% aqueous extran  
300 detergent, deionized water, and 2-propanol (20 min each), then, 
dried using a hotplate at 150 °C for 0.5 h, after which they were allowed to 
cool. A titanium dioxide (TiO2) layer was prepared by dissolving a 0.1 m 
solution of titanium diisopropoxide bis(acetylacetonate) in 1-butanol and  
then spin coating three times at 4000 rpm for 10 s in a fume hood. In 
between each spin-coating, the samples were annealed at 125 °C for 
5–10 min then allowed them to cool down for 1 min. Organic residues 
were eliminated by increasing the temperature (from 125 to 450 °C), 
holding at 450 °C for 0.5 h, and then decreasing the temperature from 
450 °C to room temperature, using ramp rates of ≈15 °C min−1. The 
perovskite layer was made by preparing an anhydrous stock solution 
of 1.4 m PbI2, 1.25 m formamidinium iodide (FAI), 0.0987 m CsI, and 
0.0833 m GAI in 76:24 ratio v/v in DMF/DMSO solvent in a nitrogen 
glovebox. Then, it was passed through a 0.45 µm polytetrafluoroethylene 
syringe filter and stirred for 30 min. The solution was deposited on the 
substrates by spin-coating at 1000 rpm for 10 s followed by 6000 rpm for 
20 s in the glovebox. In the last 5 s of spin-coating, 200 µL of a 50/50 v/v 
anhydrous solution of chlorobenzene and chloroform was dispensed as 
an antisolvent. Immediately after spinning, the samples were annealed 
at 140 °C for about 0.5 h in the glovebox and allowed to slowly cool 
down to room temperature. For the hole transport layer, a solution of 
70.0 × 10−3 m Spiro-OMeTAD was prepared in chlorobenzene in the 
glovebox by adding 18 µL of 4-tert-butyl pyridine and chlorobenzene 
(60:40 v/v) and 18 µL of a 1.0 m Li-TFSI solution in acetonitrile to 1000 µL 
of the Spiro-OMeTAD solution. After filtering the solution through a 
0.45 µm polytetrafluoroethylene syringe filter, it was spin-coated at  
4000 rpm for 15 s. Lastly the Al2O3 thickness gradient film was deposited 
on top of the Spiro-OMeTAD layer, as described above.

Convolutional Neural Network: Over 5,000 50 × 50-pixel sub-images 
were labelled and used to train the CNN, combining samples with intact 
and degraded films, as well as some where no film was present. The 
CNN was created using MATLAB’s Deep Network Designer and trained 
using stochastic gradient descent with a learning rate of 0.01. Due to 
the relatively small set of training data, the size of the network was 
kept to a minimum, trading prediction accuracy for a reduced risk of 
overfitting and faster computation time. A network with three blocks of 
convolution, batch normalization and ReLU (Rectified Linear Unit) layers 
separated by max pooling layers was found to strike the best balance 
between efficiency and accuracy. For training the network, 20% of the 
images were reserved for later testing, and the remaining images were 
split 80% training and 20% validation, with the images in each set 
shuffled after every training epoch to minimize overfitting. At the output 
layer, a Softmax activation function provides the relative probabilities of 
the sub-image belonging to each of the three classes (see Figure S9 in 
the Supporting Information). Using the 20% of the samples that were 
reserved for testing, the CNN was able to predict the class to which 
the sub-image belonged with 89.9% accuracy. Each Perovskite solar cell 
image takes less than a second to pass through the CNN, meaning that 
this method can be applied to video data, providing real-time data on 
the status of the solar cell. The ability to constantly monitor the cells 
will offset any loss of accuracy using this method compared to more 
detailed absorbance measurements which cannot be performed as 

frequently and often require exposing the solar cell to an uncontrolled 
environment.

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