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U

A combina vel techniques such as a solvent-free thin-film deposition, perovskite patterning,

N

and 1°B back- chnique enabled the high neutron detection efficiency in a perovskite-based

microstrucfur rmal neutron detector. High-efficiency cesium lead bromide (CsPbBr3) perovskite-

d

based red detectors are demonstrated in this work. Trenches up to 10 um deep were

etched int bBr; thin films using a novel dry etching process involving a combination of HBr

M

and Ar plasma. The micro-structured diodes were then backfilled with isotopically enriched Boron as

[

neutron c material via a sedimentation process to preserve the perovskite integrity. The

fabricated uctured CsPbBrs; thermal neutron detectors show an efficiency of 4.3%. This

0O

represents >1.2x efficiency improvement over planar silicon (3.5%) and >2x efficiency improvement

over pl (2.1%) detectors, respectively. More importantly, gamma-ray discrimination of

h

107 was n CsPbBrs-based microstructured neutron detectors.

{

U
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Hybrid lead halide perovskites with a chemical formula of APbXs, where A is an organic cation and X is
Cl, Br, or I, have emerged as alternative semiconductors for photovoltaic (PV) devices M. These
perovskmm have also gained attention for other radiation-related applications>3! where the
stability of skites under ambient conditions is poor!*>!. Among several perovskites, CsPbXs3
(x=Cl, Br-, I)@ed more attention not only because it possesses excellent electric, electronic and
spectroscopjc preperties!®®®! but also because its endurance to humidity and temperature as it lacks

organic mo 181 It also showed good stability under extreme test conditions!*, making it an

ideal mateWh—energy radiation detectors(**1920,

The need Yof radiation detectors with high efficiency and wide-area coverage is of high

importance ations such as nuclear medicine, industrial imagining, environmental radioactivity

3,6,19

monitorin, aft applications, and homeland security®®!°). For these applications, the detector

material sl\mapable of strongly interact with high-energy particles, must withstand operation at
ric fie

high elect with negligible leakage current, possess high resistivity, and be industrially scalable

with IOVECtionm].
sPbBr3 1s a direct bandgap (2.3 eV) semiconductor with large diffusion lengths and high

carrier mol!itym, and excellent tolerance to structural defects when compared to other semiconductor
materials/!] # material maintains its semiconducting properties even when a large number of
defects (po ts, dislocations, grain boundaries, etc.) are present. Nonetheless, as in any other
semicorﬂ\igh defect density negatively impacts device performance by limiting carrier
mobility, life-timeg and reliability!®. In particular, charge collection efficiency decreases due to
increased ojombination caused by these defects®!. For example, neutron detection efficiency

of detector. icantly reduced due to poor charge collection®!. High defect tolerance of CsPbBr;

perovski vely impacts the radiation hardness of neutron detectors based on this material>>2¢!,

Commercially available radiation sensing materials such as CdZnTe (CZT) have been in

continuous development as y-ray detectors since the 1970s, but it still has unresolved issues such as
This article is protected by copyright. All rights reserved.
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nonuniform response due its inhomogeneity in composition. Furthermore, its high cost limits
widespread use*”. In comparison, CsPbBrs; along with low-cost, tunable stoichiometry and stability
possessﬁective atomic number (Zest = 65.9) than CZT (Zetr = 50.2)*7). Thus, the attenuation
coefficient f CsPbBrs is higher than CZT!*®!. So far, CsPbBrs detectors have shown energy
resolving cﬁgally under both X and y-rays, achieving 3.9% (4.8 keV, FWHM) energy resolution for
122 keV >’Cag/-ray'>*”! and more recently, 1.4% was achieved by a small single crystal for 662 keV *3’Cs
y-ray?’l. Be and y-rays, the quantitative detection of charged particles (o, B) is also important
as they oc€ur ih nlimerous nuclear decay and nuclear reactions®. The reported use of CsPbBrs for

heavily ch ticle sensing is limited to single crystals grown by methods such as anti-solvent
) Br

method (A idgman growth method?®, and inverse temperature crystallization method (ITC)

using Shottky diodes fabricated by depositing metals on the front and backside of the crystal?%2°!,

Al@le detection was recently reported using CsPbBr3 single crystals with hole and

ities of 49 and 63 cm?/Vs, respectively, resulting in an energy resolution of 15% for 5.5
articles®®). These results indicate that CsPbBr; possesses excellent charge transport
properties and great potential to be used as thermal neutron detectors if properly coupled with a neutron

conversionhevertheless, the large thickness (~1mm) of single-crystal detectors is a potential

issue as it e system highly sensitive to gammas. The perovskite single-crystal diode requires

high operating voltage (>100 V), limiting its portability. To overcome these issues, the thickness of

CsPbBr; cryistal must be significantly reduced. However, it becomes increasingly difficult to grow and
handle sHicknesses (<100 pm) of single crystals. Therefore, one alternative is to use CsPbBr3
thin-films. Despit@the easy deposition and low-cost that the solution-process offer, perovskite films
are not only more s@sceptible to degradation but also are limited in thickness because several cycles are
needed ve films with thickness above 1 um. To challenge such limitations, close spaced
sublimation (CSS) method was recently proposed as an alternative to grow stoichiometric films with

controllable thickness from sublimated CsPbBr; crystals*®l; Moreover, CSS allows to modulate film

This article is protected by copyright. All rights reserved.
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composition trough an ion-exchange recrystallization treatment that results in a enhancement of their
transport characteristics’®!!. The resulting planar thin-film CsPbBri/Ga,Os-based, p-n junction diodes,
coupledwutron conversion film, have been demonstrated previously by our group showing a
thermal né @ stection efficiency of 2.5%0P% with low voltage operation and high gamma
discrimimatiomm@um simulation results show that the theoretical thermal neutron detection efficiency of
planar dethpled with a '°B conversion layer is limited to ~4.5%. This is due to the self-

absorption @f reactlibn products within the neutron conversion layer®?. To achieve higher efficiencies,

C

micro-strumlicon diodes, backfilled with a neutron conversion material, have been
demonstratc@°# Semiconductor patterning greatly increases surface area, thus increasing neutron
capture probabilit§l: urthermore, thin-film-based microstructured detectors can be scaled for large-area

applicationccalability would be extremely difficult when using single-crystal semiconductors.

In this paper, we built upon our previously reported thin-film planar detectors to demonstrate
high themlﬁn detection efficiency using micro-structured thin-film CsPbBrs-based diodes .
We pat es of up to 10 um deep into the CsPbBr; layer via a HBr and Ar plasma dry etching
process t ckfill them with '°B using a sedimentation process designed to prevent any damage
to the perovskite layer. The fabricated microstructured CsPbBr; thermal neutron detectors show a
detection eSciencx of 4.3%. This represents >1.2x efficiency improvement over planar silicon (3.5%)
and >2x ef] improvement over planar CsPbBr; (2.1%) detectors, respectively. Given the much

lower thickni our thin-film detectors (13 pum), gamma-ray discrimination of 107 was measured in

CsPbBr;-based microstructured neutron detectors.

2. CsPbBr; Thin Film Deposition and Etching

FigEshows a schematic of CsPbBr3-based planar neutron detectors. The planar diodes
were fabri depositing a 13 um thick p-type CsPbBr; thin film by Closed Space Sublimation
(CSS) on a thick n-type sputtered Ga>O; thin film. ITO and Au were used as bottom and top
electrodes and isotopically enriched boron ('°B) was used as a neutron conversion layer. A lead chloride

(PbCl,) treatment was performed on the as-deposited perovskite layer to promote crystal growth and
This article is protected by copyright. All rights reserved.
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improve the electrical properties; additionally, such treatment results in a Cl containing perovskite with
the formula CsPbBr; . Cl,*! herein referred as CsPbBr; film. The detailed experimental methods for the
fabricationlo! planar CsPbBrs-based detectors are reported elsewhere*”. Figure 1(b) shows the

schematic @ tion of microstructured CsPbBr;-based detectors used in this work to increase

detectiom cfificieney

the etchin, CsPbBr3 films using different gases. The inset is a SEM image of the achieved

-
A etgh process was developed to enable microstructuring of CsPbBrs. Figure 1(c) shows
O
microstructir PbBr; film. The HBr+Ar mixture shows the highest etching rate (~230 nm/min)
while usin, ne shows a slightly lower etch rate (200 nm/min). The BCl;+Cly+Ar, HBr+Cl,, and
pure Argoﬁd significantly lower etch rates and were not considered for further analysis. The
slower etc@ure HBr plasma can be attributed to the slow formation rate of ions in the reaction

HBr + e — H" + Br + e during the plasma etching.

Sim quick decay of H" and Br™ ions due to the interaction with molecular HBr or Br»
species in a results in slow perovskite etching rate when using pure HBr plasmal®%. On the
other h: ition of Ar to HBr enhances the dissociation of H" and Br™ ions in the plasma by

delaying the decay of these ions®”). The presence of Ar ions in the plasma also increases the removal
by physica&ering the perovskite. Therefore, the enhanced presence of dissociated ions and

esults in the higher etching rate observed in HBr+Ar mixture. Nonetheless, excess

of Ar decre umber of reactive H" and Br™ species in the plasma, slowing the etch rate. Figure
1(d) sh t of Ar content in the HBr + Ar mixture on the etch rate of CsPbBr; films. The
maximuwls observed at 20% Ar content, as increasing Ar content results in dilution of reactive

ion species in the ;asma leading to a decrease in etch rate. 20% Ar content in HBr + Ar mixture was
found to be the mal value to etch microstructures in CsPbBrs thin films. The inset of Figure 1(c)
shows age of the microstructures achieved using the optimized mixture.

The proposed etch mechanism of CsPbBr3 using HBr+Ar plasma can be written as:

This article is protected by copyright. All rights reserved.
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CsPbBr3) + 4 HBrgy — CsBr) + PbHy) + 6 Br(g (D)

HBr produrs H* '1d Br™ species which acts as the primary etching species forming volatile cesium

bromide (C lead tetrahydride (PbHa4), which are easily removed from the etching chamber. The
microstruc ing process is discussed in detail in the Experimental Methods section.
I

3. Monte- imulations of Micro-structured CsPbBrs-based Detectors

Aft€r a suecessful CsPbBr; film patterning demonstration, and once we identified our

CE

experimentahliggitations, thermal neutron detection efficiency for microstructured CsPbBr; diodes was
theoreticalmted. The neutron detection efficiencies of microstructured CsPbBrs3-based detectors
can be increased Bot only by increasing the depth of microstructure but also by controlling the
microstruct-etry. Monte-Carlo nuclear particle code (MCNP) program was used to simulate the

neutron de

diode) to 6@ varying trench spacing from 3 pm to 7 um, while keeping the trench top opening
at 5 um and 4 um at the bottom, as depicted in the inset of Figure 2. The choice of trench dimensions
was basﬁperimenwl observations, as we could not achieve trenches below 5 um spacing. For

nsity of 4.56 g/cm® and 2.32 g/cm® was set for CsPbBr; and !°B, respectively.

ficiency of microstructured detectors with varying trench depths from 0 um (planar

the sim

AsSown in Figure 2, neutron detection efficiency increases when increasing trench depth and

reducing trccing. When the detector has a higher density (smaller spacing) of deeper trenches,

the neutron tion probability increases due to the larger interaction area. Neutron detection

efﬁcienﬂl CsPbBr3 diodes can be obtained with structures as deep as 60 um and 3 um spacing
while dropping to 28% when using a 7 um spacing at the same depth. The increase in neutron detection
efficiency i increased neutron interaction probability from 10% in planar diodes (0 pm) to 98%
in microst ensors®**!. Neutron detection efficiency decreases with increasing spacing between
microst{wlﬁch is a result of self-absorption of alpha particles by the '°B neutron conversion
layer® that fi microstructures. Therefore, smaller trench geometries with high-aspect-ratios are
preferred to enable high neutron detection efficiency.

This article is protected by copyright. All rights reserved.
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4. CsPbBrs/Ga;0s Diode Fabrication and Characterization

To demonstrate thermal neutron detection, p-n junction diodes with a p-type microstructured

CstBr;ﬁHtm thick) and an n-type Ga,Os film (120 nm) and ITO and Au bottom and top
electrodes, , were fabricated as described in the experimental section. Trenches of 6 um, 8
pm, and™ h and ~5 pm spacing were patterned into the 13 pm thick CsPbBr; layer to compare
both the el haracteristics as well as the thermal neutron detection efficiency with the planar

diode. The\ggsultiag I-V diode characteristics are shown in Figure 3(a), where all devices show good
rectificatiof” ¢ teristics. It is evident that the leakage current increases as a function of
microstructure deEth, from ~ 4x10? A for the planar device (13 um) to ~ 4x10® A for the 10 um deep

microstruc ice (Figure 3b). This results from the generation of surface states at the side-walls

of microstgue to defects created during etching. These surface states negatively impact the

electrical p ce of the CsPbBr; detectors by compromising charge collection. The recombination
is more lik@ly ur at the metal-semiconductor interface, which is enhanced due to the presence of
interfacy !. The side-wall etch damage significantly impacts the ability of the diodes to
transport the s generated in the depletion region without recombining. The increasing leakage

current of the diodes and recombination at the side-walls cause a decrease in charge collection efficiency
of the detegr diodes. Figure 3b shows both the leakage current and charge collection efficiency of the
studied dio reasing trench depth generates more surface defects that increase the diode leakage

current an es charge collection efficiency. For neutron detection, the diodes are used in the

reverse bia§’region; hence the increase in leakage current as a function of trench depth negatively

influences detection efficiency. Future experiments should focus on ways to passivate surface defects

and/or heal ged CsPbBr; patterned surface so that the leakage current of microstructured diodes

is closer to bserved in planar devices.

rostructured diodes were successfully filled with the thermal neutron conversion
material !°B via sedimentation process, as shown in Figure 4(a). Negligible differences in the I-V diode

characteristics were observed in all devices, confirming no damage to the perovskite layer after '°B

This article is protected by copyright. All rights reserved.
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sedimentation. Despite not achieving 100% trench filling, there is no presence of large voids. This is
mainly due to the wide opening of trenches (5 pm) that enabled '°B particles (~ 100nm average size)
to easilyMe microstructures. The irregular shape and different sizes of !°B powder particles
enable thed filling. In addition, the inclusion of PVP k-90 in the suspension provides
mechanieamstability to the back-filled '°B inside the trenches. However, tiny voids between the '°B

particles p&icrostructures from attaining the desired 100% fill density, as seen in the SEM

images of Kigure 4&).

C

5. Radiati te€tion Efficiency of Micro-structured CsPbBr3:/Ga,0; Detectors

S

Figure 4(D) shows the experimental thermal neutron detection efficiency of CsPbBr; based

U

detectors and the theoretical efficiency calculated by MCNP. The experimental and theoretical

efficiencie planar Si detector are indicated with a star symbol for comparison. As the

F

microstruc h increases, neutron detection efficiency increases from 2.1% in the planar

d

perovskite-bdsed*detector to 4.3% in the device with 10 um deep microstructures. This efficiency is

already hi n the experimental efficiency of planar Si diodes (3.5%), which highlights how

M

promisi ite-based diodes are for thermal neutron detection. Furthermore, the device stability

was evaluated for up to 30 days with no significant change in their performance.

T

Th ancy in experimental neutron detection efficiency compared with theoretical
efficiency 4(b) can be attributed to two major reasons: the packing density of '°B in the

microstructifes and poor charge collection efficiency in the detectors®!. In theoretical calculations, the

§

microstructures wege assumed to contain '°B with 100% filling density, whereas in the experiments, a

t

100% filli is unlikely to be achieved. Figure 4(a) shows the SEM cross-sectional images of

microstruc

U

bBr; diodes back-filled with 1°B powders for the three depths discussed here (6 um,

8 um, an where tiny gaps between particles can be seen. On the other hand, it is well-known

A

that the etc ss permanently damages the side-walls during trench formation. The surface
recombination of charges generated by incident alpha particles (emitted after neutron conversion in the

1B layer) at the surfaces defects created during dry etching is more pronounced and thus negatively
This article is protected by copyright. All rights reserved.
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impacts the charge collection efficiency of the diode when used as a thermal neutron detector*”. As
the etching depth increases, so does the number of surface defects as observed during diode

charactenztlon. dhen the diode is employed as a thermal neutron detector, it is used under reverse

P

bias, so the @ e number of surface states, the higher the diode’s leakage current and the lower the
detectiom cfifieiemey. This can be seen in the broadening discrepancy of experimental efficiency as a
function ofh:pth, where more surface states are present and observed by the increase in the diode

leakage cuftent (Figure 3a).

C

Finally§to demonstrate the y/n discrimination rate, the microstructured detectors were exposed

S

137,

to Cesium s) isotope. As shown in Figure 4(c), the lowest y/n discrimination of 5.6 x 107’

U

was obtain rostructured CsPbBrs-based detectors for 1332 keV gamma rays. This confirms the

superior y/@discrimination of thin-film-based micro-structured CsPbBr3/Ga,O; detectors, which is three

n

orders of magnitude better than the values observed in planar silicon detectors.

a

6. Conclusions

ccessfully fabricated diodes with the structure ITO/Ga,03/CsPbBr3/Au using a 13

N

pm thic yer deposited by CSS and patterned trenches into it with a 5 um spacing and 6 pm,

8 um, and 10 pm depth via a dry etching process using HBr+Ar plasma. A sedimentation process was

I:

developed 10 back-Till the microstructures with B neutron conversion material preserving the chemical

integrity o ructured CsPbBr; thin films. Microstructured CsPbBr; based detectors show a

thermal ne ection efficiency up to 4.3%, which is ~125% of planar silicon detectors. This

1

represe iciency improvement over planar silicon (3.5%) and >2x efficiency improvement

|

over planar®CsPbBr; (2.1%) detectors, respectively. Given the much lower thickness of our thin-film

J

detectors, gammadfay discrimination of 107 was measured in CsPbBrs-based microstructured neutron
detectors. T etching process created surface defects that negatively impact the diode charge

collection cy, thus decreasing neutron detection efficiency. Strategies to passivate the surface

A

defects and/or heal the patterned perovskite surface need to be explored to further improve device

performance and achieve microstructures with high aspect ratios. Neutron detection efficiency shown

This article is protected by copyright. All rights reserved.
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in this work is the highest intrinsic efficiency demonstrated in a non-silicon-based device to the best of
our knowledge. Overall, CsPbBr; and the etch method shown here indicate a great potential to achieve
high neuwon efficiencies comparable with silicon technology. The presence of heavy elements
in CstBromplete alpha particle absorption at lower thickness than silicon. Furthermore,
the depesitiommmethod used here is a wide area compatible manufacturing technique that enables the
fabricationLon detectors over large area (m? scale) at a cost point that would otherwise be

prohibitivefivhen uSing single crystal silicon devices.

7. Experirrmmods

Device simA commercially available 3-D finite element TCAD software package (Silvaco

C

Atlas) was the numerical simulations of the planar and microstructured CsPbBr; diodes!*!). The

electrical rssonse in the diode part of the detector was studied using this software. Then, the range of

alpha parti ated from the '°B(n,o)’Li reaction in the perovskite films was simulated using the
stopping aridyr of ions in matter (SRIM) and the transport of ions in matter (TRIM) software*?!,
TRIM ominantly used to calculate the range of alpha particles in the perovskite portion of the
detectorles ¢ neutron detection efficiency of the CsPbBr; perovskites was simulated using the

Monte-Carlo nuclear particle (MCNP) code. The neutron capture ion algorithm (NCIA) was used to

study the Mpture in the '°B that produces alphas according to the reaction '°B(n,a))’Li. The

pulse heig,ol of MCNP was used to determine the charge deposited by the alpha particles in
ru

the microstructured diodes***%],

PerOVS;atteming and diode fabrication. The diode fabrication includes pre-pattering

commermaly available indium doped tin oxide (ITO) on a 2.5 cm x 2.5 cm glass substrate. Patterned

9

ITO determines th@ active area of the diode (0.79 mm?) while serving as a cathode of the diode. The
next step wa osit a blanket of n-type layer, in this case, 120nm of Ga,Os by reactive sputtering
at room re. Next, for the p-type thin film layer, CsPbBrs; crystals grown by the antisolvent
vapor-assisted crystallization (AVC) method were used as a source. The crystals were sublimated on

top of the Ga,Os layer to deposit 13 um thick CsPbBr; thin films using the close-spaced sublimation
This article is protected by copyright. All rights reserved.
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(CSS) technique following a solid-state ion-exchange process also done in the CSS chamber, using a
PbCl, precursor. Finally, Au contacts were deposited by e-beam on top of the perovskite to serve as the
anode. Med process for the perovskite deposition step was demonstrated elsewhere by our
groupl*¥ aion—exchange treatment!®!!, A thin layer of metallic chromium was deposited on
the peromslitesayen to serve as the hard mask for microstructure etching. This layer is designed to be
self—sacriﬁh that it was completely removed at the end of microstructure etching using the
HBr+Ar pl@e etch rate of Cr in the HBr+Ar plasma was found to be 17 nm/min, therefore 600
nm of Cr w, as a hard mask to etch 8§ pm of CsPbBr3;. A 200 nm thick TiN layer was used as a
secondary }mk to transfer the photoresist pattern to the Cr layer. Standard photolithography was
used to pattern the inotoresist layer that was spin-coated on top of the Cr/TiN hard mask. Then, the TiN
layer was e ing a Cl, plasma for 220 seconds. The Cr layer was dry-etched using a 4:1 Cl, + O»
plasma. P pletely removed during this step as the plasma contains Oxygen, as well as the TiN

layer due msence of Chlorine in the mixture. At the end of the process, we end up with a Cr

layer that is going to be used as the hard mask for the perovskite patterning step.

To ¢ microstructures into the perovskite layer, plasma-based etching was explored.
Several types of gases, including hydrogen bromide (HBr), boron chloride (BCls), chlorine (Cl),
hydrogen (! i, and argon (Ar), were used to identify the best combinations to etch microstructures in
CsPbBr;. T ized mixture of HBr + Ar was performed using a 4:1 gas ratio at 10 mTorr, 750 W
ICP powerQ W bias power. The tapering seen in microstructures is mainly due to the limited

directionalg in the etching process. It can be attributed to the removal of the hard mask along with

CsPbBr; during etghing. Typically, hard mask removal occurs when the physical sputtering component

of plasma i in this case presence of Ar in the plasma). The last step of the microstructured diode
fabrication was to deposit gold contacts on the top using a shadow mask that acts as an anode
of the di r the planar diode fabrication, the hard mask deposition and the etching steps were

skipped to direc eposit gold contacts immediately after the perovskite deposition step.

Microstructure back-filling process. To fill the neutron conversion material ('’B powder) in the
This article is protected by copyright. All rights reserved.
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microstructured CsPbBr; diode, a sedimentation technique was implemented. The back-filling process
by sedimentation was enabled using boron nanoparticles having an average particle size of 100nm. The
process Mxepaﬁng a mixture of boron nanoparticles (27 mg), acetone (7g), isopropyl alcohol
(8.7 g), and@p Png). A suspension is made by dissolving the boron in the solvents using sonication.
In the next stepmthessuspension was dispersed onto a Petri dish with the microstructured CsPbBr; device.

Then the Lwere allowed to evaporate over 6 hours inside a fume hood to let the boron

nanopartic@down by gravitation.

Device ch%ﬁon. The current-voltage (I-V) and capacitance-voltage (C-V) characteristics of the
diode wer d using Keithley 4200 and Agilent 4284, respectively. The -V measurement
included v eep from -5 V to 5 V and the C-V measurement performed at 100 kHz. Since the
detector oﬁreverse bias, sweeping to -5V was done to ensure complete depletion of the diode.
For radiation measurement, the devices were first tested for alpha particles using Polonium-210 (>'°Po)
with the safapl unted on a printed circuit board (PCB). The detector was placed 1.5 cm away from
a dark aluminum chamber to replicate the 1.4 MeV alphas from the '°B(n,a)’Li

for neutron testing using Californium-252 (***Cf), the sample mounted on a PCB

was placed in a dark stainless-steel chamber under vacuum. The thermal neutron flux at the

measureméfit position was 9900 thermal neutrons/mm? /h. An Ortec 142A preamplifier was used to

[

apply bias Q’ode and pre-amplify the pulse generated by the alphas in the diode. Pulse shaping
was done i ec 575 shaping amplifier. An Ortec EASY-MCA-2K multi-channel analyzer was

used to m@asure the pulses/channel. The setup for neutron detection used in this work is shown

I

elsewhere! 3.

{
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Figure 1: ( atic image of planar CsPbBr;/Ga,0s3 neutron detector, (b) Schematic image of

micro-structured CsPbBr3/Ga,0s neutron detector back-filled with °B, (c) Etch rate of CsPbBrs

perovskite in v s plasma, and (d) Effect of Ar addition to the HBr on etch rate of CsPbBrs.
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