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Abstract: Following the rapid rise of organic metal halide perovskites towards
commercial application in thin film solar cells, inorganic alternatives attracted great
interest with their potential of longer device lifetime due to the stability improvement
under elevated temperatures and moisture ingress. Among them, cesium lead iodide
(CsPbls) has gained significant attention due to similar electronic and optical properties
to methylammonium lead iodide (MAPbI3), with a band gap of 1.7 eV, high absorption
coefficient and large diffusion length, while also offering the advantage of being
completely inorganic, providing a higher thermal stability and preventing material

degradation. On a device level however, it seems also essential to replace organic
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transport layers by inorganic counterparts to further prevent degradation. In addition,
devices are mostly fabricated by spin coating, limiting their reproducibility and
scalability; in this case, exploring all-evaporated devices allows to improve the quality
of the layers and to increase their reproducibility. In this work, we focus on the
deposition of CsPblz by CsI and Pbl, co-evaporation. We fabricate devices with an all-
inorganic, all-evaporated structure, employing NiO and TiO» as transport layers, and
evaluate these devices for both photodetector and solar cell applications. As a
photodetector, low leakage current, high EQE and detectivity, and fast rise and decay
times were obtained; while as a solar cell, acceptable efficiencies were achieved. These
all-inorganic, all-evaporated devices represent one step forward towards higher stability
and reproducibility, while enabling large area- compatibility and easier integration with
other circuitry and, in future, the possible commercialization of perovskite-based

technology.

1. Introduction

In recent years, the discovery and further emergence of methylammonium lead halide
perovskites (MAPbX3 where X =1, Br, Cl) as active layer for solar cells has pushed not
only their use in the energy sector, but has also helped uncover a wide range of
applications: photodetectors, light emitting diodes (LED), lasers, and radiation
detectors.! > 3 4 Their high absorption coefficient, large diffusion length and optimal
band gap make them excellent substitutes or counterparts for silicon solar cells,> °
leading to thinner active layers, and reducing the process temperature and cost.” ® The
further development of MAPbI3-based devices has made them attractive for visible-light
broadband photodetectors in imagers: the reduced thickness of the active layer
decreases the cross talk between adjacent pixels while high responsivities can be
achieved, and the band gap larger than that of silicon reduces the unwanted response to
infrared light.!> * 1% 1! However, MAPbI; devices can degrade over time, in presence of
moisture or at higher temperatures, which represents a big challenge in the scientific

community.> 2

In recent years, cesium lead iodide perovskites (CsPbl3) have been gaining more
attention, as the inorganic counterpart of MAPbI3, for both photodetectors and solar cell
applications.® !> 1* CsPbl; exhibits a direct band gap close to that of MAPbIs (Eg = 1.7
eV) and similar electronic and optical properties — large absorption coefficient over the
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whole visible range (300-720 nm), high mobilities and long diffusion lengths — while
offering the advantages of being all-inorganic: slower degradation at high temperatures
or in the presence of moisture.!> 16 17 18 19,20 Begjdes the perovskite cubic a-phase,

CsPbl; exists in other phases: an orthorhombic oJphase (or yellow phase), an
orthorhombic (or distorted cubic) j-phase, and a tetragonal S-phase.!* '8 21 22,23, 24
Among these, both / and y~ phases exhibit electronic and optical properties close to
those of the a-phase, and many reports refer to them in conjunction, and/or without
distinction, as the “black” phase.>* 2> 26 26:27 Nevertheless, it is not the black phase but
the “yellow” o-phase the most stable at normal conditions of temperature and pressure,
having a considerable larger band gap (2.8 eV), which makes it unattractive for solar
cell or broadband photodetector applications.!? >* 2 While the perovskite a-phase can
be achieved and maintained at higher temperatures (> 300 °C), it quickly transforms to
the o-phase when exposed to moisture or when slowly cooled down, (due to the small
size of the Cs cation, which cannot support the Pbls polyhedral frame in the cubic
perovskite structure, leading to a low Goldschmidt tolerance factor) 2! 2% 30. 31, 32
resulting in a different set of challenges, even when this transition is reversible.” % 33
However, CsPbl; can remain in the black phase when stored in nitrogen, if rapidly
cooled down after annealing — so-called thermal quenching — as the non-equilibrium
process prevents the transition to the yellow phase by introducing stress in the lattice.®
24 Several efforts have been made to “fix” the black phase and make it stable in air
atmosphere, such as: introducing stabilizing agents, passivating surfaces, doping with
other halides, replacing lead with indium, bismuth or tin, or reducing the grain size (i.e.
nanocrystals and quantum dots); ’» > 13 16:17. 22,29, 31. 3% \which results, in many cases, in
the black phase consisting of a mix of phases or simply exhibiting the - or y- phases,
even though is often reported as a-phase.?’> 3 3¢ Nevertheless, more work must be done
to position CsPblz- based devices at the level of the MAPbIz- based ones. So far, most
of the deposition methods involve spin coating of the perovskite, which limits the
reproducibility of the devices and their scalability over large areas. The use of organic
or polymer stabilizing agents brings back the disadvantages inherent to organic
materials, reducing the devices stability and limiting their operation in harsh
environments.** Furthermore, recent device work focuses mainly on the modification of
the perovskite layer, while using the same organic layers that are used in MAPbIz-based

solar cell structures:  poly (3,4-ethylenedioxythiophene) polystyrene sulfonate



(PEDOT:PSS), 2,277, 7—tetrakis [N,N-di(4-methoxyphenyl)amino]-9,9’-
spirobifluorene (spiro-OMeTAD), poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine]
(PTAA), poly(3-hexylthiophene) (P3HT) as hole transport layers (HTL) and [6,6]-
phenyl-Csi-butyric acid methyl ester (PCBM) or 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) as electron transport layers (ETL).> > 7> 37 The application of
organic transport layers is limiting the advantages of using an inorganic perovskite. In
the case of inorganic transport layers, two main materials have been explored for both
MAPbX3 and CsPbX3 devices: mesoporous or compact TiO> as ETL, commonly
deposited by spin coating,® '7 2% 3% and NiO as HTL, mainly deposited by magnetron

38,3940 regardless,

sputtering or pulsed laser deposition and utilized in inverted devices;
the implementation of both TiO; and NiO in the same structure is not common. In this
paper, we evaluate the deposition of CsPbl; by thermal evaporation in a co-evaporation
approach, offering good thickness control and reproducibility. Post-deposition
annealing and fast cool down are subsequently combined to “fix” the black phase in a

37 Additionally, we investigate the use of evaporated

moisture-free atmosphere.
inorganic transport layers to obtain all-inorganic, all-evaporated devices with solar cell
and broadband — in the whole visible range — photodetector applications. The
introduction of all-evaporated layers in a simple structure allows for a better control of
the layers thickness, decreasing the number of defects and improving the quality of the
interfaces between layers, while increasing the reproducibility of the devices and
enabling their large area scalability.?”-3° On the other side, while being all-inorganic, the
devices could be operated in harsh environments and at higher temperature ranges with

limited degradation, while uniform inorganic contact layers can also act as effective

barrier layers to protect the active layer against moisture and oxygen.

2. Results and Discussion

For the fabrication of the perovskite films, we apply a co-evaporation approach of Csl
and Pbl; as described in the experimental section. As-deposited samples exhibit a dark
brown color, which has previously been attributed to the - phase; this phase is obtained
at low substrate temperatures and is a feature unique to the evaporation technique, for
stoichiometric or Csl-rich samples.® '® 37 Even when the j= phase (which has also been
referred as o’-phase) is present at room temperature under nitrogen atmosphere, it
exhibits a slightly larger band gap than the a-phase,® '? and it irreversibly transforms to
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the o~ phase at temperatures higher than 150 °C or when exposed to air and humidity.
To obtain the reversible black phase, samples were annealed inside a glove box in two
steps: first, at 150°C until they transition to the ¢~ phase, and second, at 335 °C to obtain
the desired black phase. Afterwards, samples were rapidly cooled down by placing them
on a metallic surface, to fix the black phase at room temperature. This annealing in a
temperature range between 310 — 330 °C, followed by a rapid cool down, has been

carried out for previously reported evaporated films, either by co-evaporation,® !

or by
a layer-by-layer approach.> 3’ ** Figure 1a shows the photographs of a film as it goes
through the different phases: the as-deposited films (bottom) are brown, transitioning to
yellow when they are annealed at 150 °C (middle) and then to a darker, almost black,
color (top) when annealed at 335 °C. The absorbance and photoluminescence (PL)
spectra for the different phases can be observed in Figure 1b. The as-deposited film and
the film annealed at 335 °C exhibit very similar spectra for both absorbance and PL,
with the latter having a slightly narrower band gap (1.7 eV, as calculated from the Tauc
plot) and a PL emission peak at 706 nm. These values are in agreement with values
previously reported in literature for spin coated and evaporated black CsPbls films.?! 3%
37 The difference between the PL emission peak and the band gap value is due to a
Stokes shift of ~47 meV, related to the vibrational relaxation of the lattice and is in
agreement with values reported for MAPbBr3 and CsPbBr3.* Films in the yellow phase
(annealed at 150 °C) have a considerably larger band gap (2.8 eV) and exhibit a
broadband (400-800 nm) emission spectrum. Absorbance spectrum agrees with values
previously reported.!® There is almost no information about the PL spectrum of the

yellow phase, as is not as interesting for the scientific community as the black phases

are; however, a broadband emission has also been reported.!® 4

X-ray diffraction (XRD) patterns corresponding to the three different phases observed
in the films were also obtained and shown in Figure 1c. For this, it was important to
understand how the films grow on the substrates used for the device fabrication, as
results can considerably differ from the growth of films on glass.*> * 47 Films were
deposited on glass/ITO/NiO substrates and subjected to the post-annealing as described
above. The XRD spectra are compared with references from literature; references for o-
and [~ phases correspond to previous reports that discuss the synthesis and
differentiation of - phase CsPbls,!* 2648 while patterns for both & and - phases have

been obtained from Straus et al. work.*” As it can be seen, the as-deposited films
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(bottom) exhibit two very broad peaks, related to their nanostructured nature and can be
mostly assigned to the CsPbl; j~ phase, as previously reported for as-deposited
evaporated films, with the main peak located at ~ 28°.!% 13 As the films are annealed at
150 °C, a shift in the main peak towards lower angles can be observed, corresponding to
the transition to &~ phase. The peak is still broad, indicating there is no considerable
change in the crystallite size of the films. This transition also agrees with previous
evaporation reports.'? ¥ Finally, when the films are annealed at 335 °C, a new transition
occurs. In this case, not only the peaks become sharper and narrower, a change in
preferential orientation is also present, when compared with as-deposited films. Two
double peaks can be observed, at around 14.5-15° and then again at 28-30°. These
features of double peaks - and a shift of peaks to larger angles due to stress generated by
the fast cool down that the films are subjected to or due to the substrates - complicate
the determination of the a-, /- or )~ phases in annealed films, as all phases share main
peaks at similar angles. It can be argued that, by rapidly cooling down the films after
annealing, a partial transition from the perovskite phase to quasi-perovskite - or »-
phases occur and the films are a mix of all the black phases; something that has been
discussed before.?**”* The origin of this mix is due to the transition of the a- phase to
the other black phases (/- or )~ phases) as it cools down, before converting back to
yellow.!* The crystalline structure of the “fix” black phase then depends on the cooling
method (in this case, a fast cooling using a metal surface) and the layers below the
perovskite. More importantly, no typical peaks corresponding to the yellow phase were
observed. When compared with other black CsPblz deposited by co-evaporation,
Burwig et al. observed the black phase and determined it to be - phase in films
deposited on glass and annealed, however, their films also exhibit some peaks which
they could not identify as belonging to the a-phase, and which angles seem to be
corresponding to the - phase. They also observed a shifting in the main peak towards
lower angles. This evidence agrees with our findings and is pointing to a mix of phases
instead of the o~ phase as they have claimed.'? Hutter et al. deposited CsPbls films on
quartz and, after annealing, besides a shifting of the peaks due to the stress while
cooling down, peaks corresponding to Pbl, could also be identified, indicating that they
had excess of Pbl, in their films.?’ It is worth noting that the XRD of the films reported

here is for films grown on top of glass/ITO/NiO, to represent the films that are used for



the devices and, as mentioned before, we do not observe any peak corresponding to the

yellow CsPbls phase nor to Pblz or Csl precursors.

To determine the thickness of the black CsPbl; films, variable angle spectroscopic
ellipsometry (VASE) measurements were performed, and the values of the refractive
index (n) and extinction coefficient (k) were obtained by fitting ¥ and A values to the
adequate model constructed using the commercially available software CompleteEASE
(J.A. Woollam). The resulting values of n and k are shown in Figure 2a. Although there
are not many reports in literature, these values agree with values recently reported by

Yan et al.?!

With the determined optical constants and the application of transfer matrix
simulations, we optimized the device architecture by targeting maximum light
absorption with a low active layer thickness. The optimum perovskite film thickness
was determined to 260 nm. Atomic force microscopy (AFM) was used to measure the
roughness of the films, deposited on glass/ITO/NiO and with a TiOz layer on top of the
perovskite, to prevent its conversion to the J&-phase during measurements in air.
According to the AFM images (Figure 2b), the grains are large in size with an average
diameter of 1 um, which helps decreasing the amount of defects and traps accumulated
in the grain boundaries.’® The average roughness was calculated as ~ 20 nm, which is a
considerable improvement from previously reported evaporated films, and closer to the

roughness reported for spin coated films.® 2137

Devices were fabricated using the CsPbls layer as the active layer. For this, ITO was
used as the bottom electrode, Ni1O was selected as HTL, TiO; as ETL and aluminum as
top contact, as described in the experimental section. Both TiO2 and NiO have been
explored for several MAPbX3- and CsPbXs- based devices, although independently and
usually not evaporated.’® In this case, NiO was deposited by reactive magnetron
sputtering on top of ITO, controlling the resistivity of the films by controlling the
amount of oxygen during deposition. This approach to obtain NiO films has been
reported before.’% 3! TiO, was deposited by reactive e-beam evaporation with an oxygen
partial pressure of 1x10* mbar, to compensate vacancies created during deposition as
previously used for MAPbI;<Clx-based solar cells.*” Figure 2¢ shows the band diagram
for the device. As it can be seen, NiO besides working as HTL, offers a high electron
);50. 53

affinity, working as electron blocking layer (EBL
as hole blocking layer (HBL).** 3° Using both, NiO and TiO,, allows to achieve low

at the same time, TiO> is acting

leakage current while keeping a simple structure. Figure 2d shows the full device cross
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section obtained by scanning electron microscopy (SEM). From the image, it is
observed that all layers are compact and continuous; with the perovskite having the
aimed thickness and being dense and without cracks. This is an improvement when
compared with spin coated devices without additives or ligands, where pin holes,
defects or low densities can be found.*® The image also shows that the deposition of
TiO2 by e-beam does not damage the perovskite below, with a clean interface between

layers.

Figure 3a shows the diode J-V curves in dark, for both forward and reverse sweep. Low
leakage current (~ 107 A/cm?) at low negative voltage (- 0.5 V) has been achieved,
which is necessary for the photodetector lower detection limit. However, devices exhibit
hysteresis, as is common with perovskite-based devices.’® In addition to low leakage
current, high EQE is also needed for high photodetector and solar cell performances.
EQE indicates the probability of generating a charge carrier in the photodetector upon
incident light** The EQE spectra (Figure 3b) show high EQE for all visible
wavelengths below the perovskite band gap, even at 0 V, and reaching saturation at a
negative bias of — 0.5 V. This means that no larger negative voltages are needed to
obtain a high EQE and, therefore, the device can perform in photodetector mode at a
low negative bias, where the leakage current is low, and low light intensities can be
detected. The obtained values of EQE are in agreement with values reported in literature

for both spin coated and evaporated devices.® % !7- 3

Besides EQE, for the application of the devices as photodetectors, responsivity R and
specific detectivity D* are important figures of merit. Responsivity tells how efficient
an optical signal is transformed into an electrical signal by the photodetector and is

defined as the amount of current that can be produced per Watt of incident illumination

at a given wavelength (A/W), which is given by:* 1%’
R= P (A/W) 0
Popt

Where /;n is the produced photocurrent and Pop is the optical power. Responsivity is

linked to EQE through the equation:** >’

e
R= hefA

+ EQE 2)

Where e is the electron charge, 4 is Planck’s constant, ¢ is the speed of light and 4 is the

incoming wavelength.



Specific detectivity describes the ability of a device to detect weak signals in presence
of noise and is determined by both, the device responsivity and the noise current, or
noise equivalent power (NEP), as D* = V(AAf)/NEP. Considering that shot noise is the
main contributor to the NEP in dark, and that the contributions of Johnson and flick

noise are insignificant, then D* can be defined as:*% 37 38

D" =R/(2e]gqrx)? (cmHz/ZW™1), 3)

where Jaark 1s the dark current density of the device. EQE, R and D* are plotted for the
device when biased at — 0.5 V (Figure 3c). Both R and D* values are considerably
higher than other CsPbls -based photodetectors, calculated as 0.4 A/W and 2.4 x10'?
cmHz!?W-! (or Jones), respectively, for wavelengths in the 650-680 nm range. These
values correspond to the obtained high EQE and imply a good conversion of photons to
charge carriers and their collection at the contacts. EQE higher than 100% (gain) is
impossible to achieve without the presence of traps that generate a multiplying effect
and is less common for a photodiode structure when compared with phototransistors or

photoconductors.>” 3

The device performance as solar cell is shown in Figure 3d. In similarity to the J-V in
dark, the J-V curves in light also present normal hysteresis — when FF and/or Vo values
are higher for reverse sweep — with devices exhibiting an efficiency of 8.84% for
reverse sweep and 7.90% for forward sweep.>® This difference in the efficiency is due to
the difference in the open circuit voltage (Vo) values, measured as 0.93 V and 0.86 V,
respectively. CsPbls-based devices fabricated by spin coating or co-evaporation exhibit
the same hysteresis, with higher Vo values for the reverse sweep curves.® !’ Besides
Voe, short-circuit current (Js) and fill factor (FF) values were obtained as 14.3 mA/cm?
and 59% for forward sweep and 14.3 mA/cm? and 68% for reverse sweep. Even when
Jse values are in agreement with values reported for CsPbls, they are lower than values
obtained for MAPDbI3, which is mostly related to the difference in the band gap of the
materials.® !7-37 Statistics for different devices are shown in Figure 4, for both forward
and reverse sweep. The average efficiency was calculated as 7.3% for forward sweep
and as 7.9% for reverse sweep, with a standard deviation of 0.3% and 0.4%,
respectively. Despite the fact that these efficiencies are lower than efficiencies reported
for spin coated devices using organic transport layers and organic surface passivating
agents or by partially replacing Pb with other elements such as In (10-17%),!7- 2% 30 31

results agree with spin coated devices without further treatment (n = 8%, Jsc = 16
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mA/cm?, Voo = 0.89 V, FF = 57%),%° and with devices using an evaporated CsPbls but
with organic layers (7-9%).> % 37 4! Talking about the exhibited hysteresis, this
phenomenon has been attributed to the device architecture, the materials used and even
to the test conditions. For example, the use of planar TiO, when compared with
mesoporous TiO2 has been discussed as source of hysteresis, as mesoporous TiO; offers
a larger contact area with the perovskite, which leads to more efficient electron transfer
and separation.’® Similar hysteresis has been observed when using e-beam evaporated
TiO, for MAPbI;<Cls solar cells.>? However, the use of mesoporous TiO; also leads to
higher leakage current, which is unwanted for photodetector applications.> Another
reason for hysteresis might be related to the presence of traps, leading to non-radiative
recombination. In this case, non-radiative recombination loses should be further
minimized, by both improving the quality of the perovskite and by passivating the
interface between layers.® This will also lead to a larger Voc, and to achieve higher
efficiencies.?” * However, the devices reported here show promising results for being
all-inorganic, all-evaporated devices based on CsPbls. More importantly, these devices
can be operated as solar cell or photodetector without any change in the device structure

or fabrication.

The application of the devices as photodetectors was further evaluated by obtaining
their response to a 530 nm wavelength LED while varying the light intensity (Figure
5a). As expected, the photocurrent of the devices increases as the light intensity
increases, with a linear response, indicating a stable responsivity (inset). From these
curves, the responsivity of the device to different light intensities and at different
voltages was obtained (Figure 5b). Responsivity values are in agreement with the
obtained EQE for the 530 nm wavelength. The responsivity of the devices remains
fairly constant regardless of the light intensity and the applied negative voltage, which
is a good indicator of the quality of the devices. However, responsivity slightly
decreases towards low light intensities, explained by traps being filled, although this
effect is rather small. The larger decrease of R towards larger negative voltages for low
light intensities is linked to the larger leakage current at said values. However, for V > -
1.5 V, the devices are well-behaved. Moreover, as the devices exhibit a saturated EQE
at — 0.5 V, there is no need to bias them at even lower voltages. Figure 5c shows the
values of R, EQE and D* for the device biased at — 0.5 V and under different light

intensities. As it can be seen, the device is well-behaved throughout the whole range of

10



light intensities, with high values of EQE and R for the 530 nm wavelength. The values

of D* are also high, showing the ability of the device to respond to low light intensities.

Finally, it is important to also determine the speed of the devices. Besides exhibiting
high responsivity and detectivity, fast response times broaden the application range. The
speed of the devices is determined by their rise (7, 10 - 90%) and decay time (zq4, 90 -
10%).> Figure 5d shows the multi-cycle transient photoresponse of the devices while
being illuminated with a 530 nm wavelength LED at low light intensities. For a device
with an active area of 0.025 cm?, z; and 74 were calculated as 7 and 8 ps, respectively.
From z; values, the 3 dB cut-off frequency (f34s) can be calculated. This f34s corresponds
to the input light frequency at which the output signal is 3 dB lower than the signal of

the continuous wave modulation,” and is given by:®% ¢!

fzag = 0.35/7, (Hz) 4

From this, f3aqg was calculated as 50 kHz, which is fast enough for imagers
applications.!! However, to obtain faster response and, therefore, larger fias, the
dimensions of the photodetectors can be further decreased from these large area devices,
by reducing the capacitance values of the photodiode and, in result, reducing the RC

time constant of the detector.®? 6>

The performance of the photodetectors reported here is comparable with spin coated
MAPbI3-based devices, exhibiting similar leakage current, detectivity, EQE and
responsivity values.” 3% ® Moreover, the promising performance is also demonstrated
when comparing with other CsPbls-based detectors. Devices based on polymer-wrapped
CsPbl; exhibit a breakdown voltage of — 0.4 V, considerably lower responsivity and
EQE, with values of 0.1 W/A and 25%, respectively, and similar rise and decay times.>*
CsPbls photodetectors based on metal-semiconductor-metal (MSM) interdigitated
structures exhibit considerably higher rise and decay time, measured as 24 and 29 ms,
respectively.!® For phototransistors, even when the obtained responsivity is orders of
magnitude higher, the required voltage applied at the gate (V) goes up to — 60 V, and
the response time can be in the range of seconds. Furthermore, the devices exhibit gain
at low light intensities, which results in a non-constant responsivity.!> Comparing with
CsPbls photodiodes reported by Sim et al., both devices exhibit similar leakage current;
however, their devices are 2x thicker than the devices reported here, while their

responsivity is 10x smaller and their figg about 7x smaller.” Table 1 shows a



comparison between the devices reported here and other CsPbls-based photodetectors
previously reported. A comparison of different device structures based on the device
rise time vs responsivity is also displayed in Figure 6, demonstrating that devices with
higher responsivity are also considerably slower while devices that exhibit a faster
response have lower responsivity. As it can be seen, the devices reported in this work
show promising results as photodetectors, with high responsivity, specific detectivity

and fast response.
3. Conclusions

Summarized, we have demonstrated all-inorganic all-vacuum-evaporated CsPbls
perovskite-based devices and their application as broadband photodetectors and solar
cells. The different layers were deposited either by sputtering, thermal, or e-beam
evaporation, enabling integration in large area electronics by precise process parameter
control and high through-put. Films are dense with a low roughness of ~20 nm,
according to AFM images. Devices show low leakage current, ~ 107 A/cm? at — 0.5 V,
with EQE higher than 70% over the entire visible range. Additionally, devices show
high responsivity, 0.2 - 0.4 A/W, and high specific detectivity, 1 - 2 cmHz"?W!, in the
visible light range. Of special interest for imagers are the high detectivity for low light
intensity detection and a constant responsivity over a broad range of light intensities.
The speed of these devices was also measured, with a rise and decay time of 7 and 8 ps,
respectively, which can be further improved by decreasing the detector area.
Benchmarking with already existing CsPbls photodetectors exhibits the potential of this
fabrication and architecture concept. Finally, the versatility of the exact same devices
has been demonstrated by evaluating their performance as solar cells, with efficiencies
in the range of 7 - 8%. Even though, this efficiency is lower than CsPblz-based solar
cells that are deposited by spin coating and passivated using organic ligands, it can be
further improved by tuning the interfaces between layers. We believe that these full-
evaporated CsPbls-based devices can in the future combine high performance with long

term stability due to their fully inorganic nature.
4. Experimental section

Perovskite deposition: CsPblz thin films were deposited by thermal evaporation from
the co-evaporation of Csl (abcr, ultra-dry) and Pbl, (TCI Chemicals) precursors,
calibrating the deposition rate of each precursor based on a 1:1 CsI to Pbl, molar ratio
for stoichiometric films. The precursor deposition rates were calibrated by ellipsometry
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(RC2, J.A.Woollam). The evaporation system was fabricated in-house, with a source to
substrate distance of ~ 30 cm and shutters for both sources and substrate. During
deposition, the substrate was fixed in one position and heated up to 60 °C. After
deposition, brown as-deposited samples were obtained, linked to the j~phase. To obtain
and fix the cubic a-phase, samples were annealed inside a glovebox first at 150 °C and
then at 335 °C until they transition to yellow and then to black, respectively. After that,
samples were cooled down rapidly by placing them on a metallic surface in order to fix

the black phase.

Device fabrication: For the devices, 3x3 cm? glass substrates with pre-patterned ITO
strips (15 Q, Colorado Concept Coatings) were cleaned in an ultrasonic bath using
Extran, water, acetone, and isopropanol, in that order, and dried out using a nitrogen
gun. As HTL, 15 nm thick NiO films were deposited on top of the substrates by reactive
sputtering in a Nebula system from Angstrom Engineering Inc., with a metallic nickel
target and introducing oxygen during deposition. Samples were then annealed at 300 °C
in air for 30 min and annealed again for 30 min at 150 °C inside a glovebox, to remove
any adsorbed humidity before the perovskite deposition. Afterwards, 260 nm thick
CsPbl; films were deposited and annealed as described above. As ETL, 85 nm thick
Ti10; films were deposited by e-beam evaporation in a high vacuum system (Angstrom
Engineering Inc.), introducing oxygen during deposition to compensate oxygen
vacancies, and keeping the deposition rate at 0.3 A/s to prevent damage to the
perovskite film. Finally, 80 nm thick Al contacts were deposited by thermal evaporation
and using a shadow mask, keeping a low deposition rate of 0.3 A/s. After the perovskite
deposition, devices were always kept under nitrogen atmosphere to prevent the

perovskite conversion to the yellow phase when exposed to air and humidity.

Device characterization: To characterize the perovskite films, absorbance, ellipsometer,
and PL measurements were performed in air to obtain band gap, absorption spectra,
refractive index and extinction coefficient, thickness, and PL spectra. Absorbance
spectra were obtained using a Shimadzu UV1601 spectrophotometer. Ellipsometry
measurements were performed in a Woollam RC2 ellipsometer and PL spectra for both
films exhibiting black phases were performed using a Hamamatsu Quantaurus-Tau
Fluorescence lifetime spectrometer and using a green (530 nm) excitation laser.
Because the Hamamatsu system was not equipped with a laser with shorter

wavelength, to obtain the PL spectrum for the yellow CsPblz phase (with a band
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gap of 2.8 eV) a different set-up was used. In this case, the PL spectrum was
captured by applying 355 nm pump light from a CryLaS FTSS 355-300 laser onto a
spot of 600 um diameter. The laser was pulsed at the rate of 20Hz and was attenuated to
an energy of 62 wJ per pulse. The resultant PL spectrum was captured by sending this
light into the Princeton Instruments SpectraPro HRS-500 Spectrograph. To obtain the
XRD patterns, measurements of the as-deposited films, films annealed at 150 °C and
films annealed at 335 °C were recorded with a Malvern PANalytical Empyrean
diffractometer in reflection mode, using a PIXcel3D solid-state detector and a Cu anode
(Cu Kql: 1.5406 A; Cu Ki2: 1.5444 A). The measurements were performed in a 20
range between 10 ° and 40 °, with a step size of 0.026 ° at 200 s/step, in nitrogen
atmosphere and at room temperature. AFM images were obtained using a Bruker
Dimension Edge system to evaluate the films roughness; the measurements were carried
out in air, using TiO; as capping layer, to prevent the perovskite transition during the
measurement. SEM images were obtained using an FEI Nova 200 system to evaluate
the cross section of the full devices, and images where artificially colored for easier

identification of the layers.

For the electrical and optical characterization of the devices, all measurements were
carried out in a nitrogen atmosphere. J-V curves in dark and under illumination were
obtained by measuring the devices using a probe station in a glove box, connected to an
Agilent 4156C Semiconductor Parameter Analyzer. To obtain the response of the
devices under different light intensities, a M530L2 green (530 nm) LED from Thorlabs
was used, at ~ 20 cm from the device and varying the light intensity with a Thorlabs
DC2200 LED driver. The light intensity was calibrated using a Si photodiode. The
performance of the device as solar cell was evaluated by using an Abet solar simulator
under 100 mW/cm? (1 sun) simulated AM 1.5G illumination. For the rise and decay
time, devices were encapsulated to be measured in air. The devices were biased at — 0.5
V and illuminated with a M530L2 green (530 nm) LED from Thorlabs, 5 cm from the
device, and controlled by the Thorlabs DC2200 LED driver. In this case, a light
intensity of 30%, a frequency of 10 kHz and a 50:50 duty cycle were used. The output
signal was converted to voltage and amplified using a Femto DHPCA-100 variable gain
high speed current amplifier and collected using a Keysight DSO6102A oscilloscope.

EQE measurements were performed using a Bentham PV300 spectral response system,



with a Xenon/Quartz halogen lamp and a Bentham TMc300 single monochromator.

Measurements were calibrated using a Si photodiode.
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Figure 1. a) Photographs of 3x3 cm? substrates of the transitions CsPbl; films: the as-
deposited film (bottom) exhibits a dark brown color, which transitions to yellow as the
film is annealed at 150 °C (middle); finally, when the film is annealed at 335 °C (top) it
exhibits a darker, almost black, color. b) Corresponding absorbance and
photoluminescence spectra for each of the phases: the as-deposited film and film
annealed at 335 °C show very similar absorbance and PL spectrum, while the annealed
film has a slightly narrower band gap. The films annealed at 150 °C have a notably
larger band gap and a broadband emission spectrum. ¢) Comparison of the XRD spectra
for the three CsPbls phases. The as-deposited film has very broad peaks that indicate a
nanocrystalline structure, and that corresponds to the y-phase. The film annealed at 150
°C also exhibits broad peaks but corresponding to the d-phase. Finally, the spectrum for

the films annealed at 335 °C show sharper, narrower peaks, indicating larger crystallite
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size. The presence of a double peak at ~ 15° and again at ~ 28°, indicates that this film

does not belong completely to the o- phase but to a mix of phases.
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the roughness of the perovskite films, with an average root mean square roughness of 22
nm. c) CsPblz-based device band diagram, using NiO and TiO; as transport layers. d)
Device SEM cross section, the interface between layers is clean and the perovskite is

dense and without short circuits.
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exhibits hysteresis, as commonly happens with perovskite-based devices. Inset shows a
photograph of a finished sample. b) EQE vs wavelength for the device when biased at
different voltages. Saturation is reached at a negative bias of — 0.5 V. c¢) EQE, R and D*
for the device when biased at — 0.5 V. d) Solar cell performance for both forward and

reverse sweep. Efficiency of 7-8% was achieved.
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Figure 5. a) CsPbls photodetector performance when illuminated with a 530 nm LED at
different light intensities. Inset shows the linear behavior of the current density with the
light intensity, exhibiting a constant responsivity at — 0.5 V. b) Responsivity vs voltage
curve for different light intensities. Responsivity values are constant in the range of 0 to
— 1.5 V. ¢) Photodetector R, EQE and D* values for different light intensities when
illuminated with a 530 nm LED and biased at — 0.5 V. Devices are well-behaved
throughout the whole range of light intensities. d) Time-dependent photoresponse when
the device is biased at — 0.5 V. Rise and decay time are in the range of 7-8 us for a size

0f 0.025 cm?.
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Figure 6. Comparison of the performance, in terms of rise time and responsivity, of the

CsPbls-based photodetector reported here with other CsPblz-based photodetectors

reported in literature (references are added to each graph point). As it can be seen, the

responsivity is higher than most MSM and photodiodes while the rise time is faster than

most of the devices previously reported.
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Table 1. Comparison of the performance of the CsPbls-based devices reported here

with other CsPblz-based photodetectors previously reported in literature. (PV = CsPblz)

Ja R EQE D*
Device Method Structure Tr/Td Ref.
(A/em?) (A/W) (%) (cmHz!2W-D
Au/PV/Au SC MSM -- -- -- 6.29x10" 24/29 ms 13
~0.05
Au/CsPbL:Br/Au SC MSM -- -- ~5.5%10""  90/110 ms 63
@ 520 nm
FTO/PV/FTO SC MSM -- -- -- -- 100/100 ms ¢
Si/SiO2/PV/C8BTBT/ ~2@-30V
DC photoTFT ~ ~10' A - - seconds 15
Au (white light)
drop ~10° A ~0.75
Si/SiO2/PV/Au ) photoTFT -- ~3.5x10!0 -- 65
casting @-02V @530 nm
Si/Si02/MoS2/CsPbl ~100 @ -60
SC photoTFT ~ ~10' A 10 ~10° 0.59/0.32s %6
«Brx /Au V (532 nm)
0.1 25
ITO/SnO2/PV/Au SC  photodiode -- 1.0x10'2 5.7/6.2 us 4
@550 nm @ 550 nm
ITO/ZnO/PV/P3HT/ 107 0.028
SC  photodiode - 1.6x1012 - 9
MoOs/Ag @-0.5V @ 550 nm
FTO/TiO2/PV/Spiro- ) 107 0.09
SC  photodiode - 1x108 @ 0V - 67
OMeTAD/Ag @-0.8V @ 550 nm
ITO/ZnO/PbS/TBAI/ 107 ~2@-1V
SC  photodiode o -- ~4x1012 0.68/0.45s 8
PV/Au @ -1V (white light)
evapora ) 107 0.34 80 this
ITO/NiO/PV/TiO2/Al photodiode 2x1012 7/8 us
tion @-0.5V @530nm @ 530 nm work

* SC = Spin Coating, DC = Dip-coating
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