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ABSTRACT: Halide perovskites are promising optoelectronic n Energy bands U
semiconductors. For applications in solid-state detectors that e
operate in low photorux counting mode, blocking interfaces are j . .
| I PCmap I

+

essential to minimize the dark current noise. Here, we investigate
the interface between methylammonium lead tri-iodide (MAPbI

Ot -

single crystals and commonly used high and low work funct[on Laoln PC line scan | |
metals to achieve photon counting capabilities in a solid\state £ 200

detector. Using scanning photocurrent microscopy, we observe a o - £ of /
large Schottky barrier at the MAJ®b interface, which = = gjz i
e ciently blocks dark current. Moreover, the shape of the O T T B

photocurrent prde indicates that the MARDbsingle-crystal Distance (um)
surface has a deep fermi level close to that of Au. Rationalized by

rst-principle calculations, we attribute this observation to the defects due to excess iodine on the surface underpinning emergenc
deep band-edge states. The photocurrent deckyyypetds a charge carrierusion length of 1®5 m. Using this knowledge,
we demonstrate a single-crystal MAd#éctor that can count singley photons by producing sharp electrical pulses with a fast
rise time of <2 s. Our study indicates that the interface plays a crucial role in solid-state detectors operating in photon counting
mode.

KEYWORDS:perovskite, scanning photocurrent microscoggnmetatiuctor interface, Schottky junction, solid-state detector

INTRODUCTION 10% resolution at 122 k&\However, the exact nature of the
Q_rrier and energy band bending at the npetedvskite
Interface, which is essential forient -ray detector design, is
not fully understood.
To analyze the interfaces in perovskite devices, techniques
uch as photoemission spectro$éoplyand Kelvin probe
orce microscopy’ have been used. Here, we present an in-
depth study of interfaces between single-crystal methylammo-
To further improve device performance, it is essential t%:ugigena?n'ggfﬁémggglaga {c;ogvcgkr?ir?gogl)m?tgc(é#c)emor%cros-
understand the interface between perovskite and subsequen . .
device layers. Interfaces are especially critical in low phot Py (SPCM). SPCM s a nonde_strucuve method used to
= . : . . probe the local energy band bending and transport properties
ux applications likeray detectors, which typically operate in

) ; A N across interfaces, which has been successfully applied to
single-photon counting mode (i.e., each individuay arious materials such as semiconductor nanowitéeso-

photon interactipn is measured as an glectrical pu'lse Imensional (2D) materidfsquantum dot thin Ims*® and
Accurately counting the number and measuring the amplitu &0 perovskitds.** In this technique, a laser iic, scanned

of -ray-induced electrical pulses is m step towards. pcross the surface of a lateral device and photocurrent as a
energy-resolved-ray spectroscopy. Since small electrica

pulses can be easily suppressed by background noise, tie—

acceptable noise level is much lower-fay detectors than Received: June 29, 2020
solar cells that operate at higher photon Leakage current Accepted: September 4, 2020
or dark current is a major source of noise, and blockingtPlished: September 4, 2020
contacts are often used to minimize the dark current. Using

asymmetric Schottky barrier contacts in Mfghimle-crystal

devices, He et al. suppressed the dark current and obtained

Halide perovskites are excellent semiconductors for optoel
tronic applications such as photovoltaidgght-emitting
diodes’”* lasers? photodetectorg,18 and ionizing radiation
detectors? ?’Over a short period of time, halide perovskite
single-junction solar cells have reached power conversi
e ciencies above 25%approaching amorphous silicon
devices.
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function of the laser position is measured to obtain a spatiatigference ifrigure &. The plot shows that the pulse shape of
resolved photocurrent map. It provides information about locBMAPbk is comparable to the CZT reference with a fast rise
energy band bending, charge transport, and recombinatitme of 7 s. However, the rise time of the MARIBtector
(provided that the laser intensity is kept low enough so that thie much slower. The rise time statistics over 24 pulses is plotted
locally photoexcited charge does not disturb the interfacias a histogram Figure b, which shows that the rise time of
electric eld). Typically, if a Schottky barrier exists at a metalMAPbL has a mean value oft53 s. In a sharp contrast,
semiconductor interface, the band bending direction (upwattose of MAPbBrhave a wider spread with a much larger
or downward) and the barrier height will determine theaverage value of approximately 313 s. The mobility of
polarity and magnitude of the local photocurrent extracteddAPbBg is, on average, lower than MAPIhich could
respectively. Moreover, carrierugiion length can also be explain the slower rise tifieMoreover, although MAPRLBr
estimated from the photocurrent decay if at least one of theas a higher band gap than MARbIlour previous report, we
interfaces forms a Schottky barrier with the semiconductor.found that MAPbBrhas electronic impurity that can inject

By analyzing the shape of photocurrentlggoobtained  electron at room temperature resulting in a higher dark
from SPCM measurements, we that the energy band atthe cyrrent®

MAPbL/metal interface bends downwards for both Pb and Au The promising results of sharp pulseBignre & thus
contacts. This indicates that the surface of the perovskite singlgtivate an in-depth investigation of thece of metal
crystal has a deeper Fermi level th&wRivk function and is  contacts to optimize MARbkingle-crystal devices. We
close to that of Au. The appearance of these deep band-eggiricate lateral MARMingle-crystal devices with (1) Pb
states is further rationalized by quantum-chemical calculatigmg, (2) Au Au, and (3) AuPb contactsFigure S}l and
suggesting that the p-type doping emerges due to the excgfisasure the dark currembltage characteristics of the devices
iodine defects on the surface. Moreover, we show thak shown ifigure B. The S-shaped curve for Pb contacts
perovskits band edge energies depend on the speaface  (pjye) indicates the presence of a double Schottky barrier at
chemical composition; for instance, Réimination being  the two Pb/MAPhinterfaces, while the nearly linear curve for
commensurate with our synthetic protocol. Although they; Ay contacts (red) indicates that there is an ohmic contact
energy bands bend downward for both Pb and Au contacts, W small or no Schottky barrier at the Au/MARterfaces.

nd that the barrier height at the Au contact is much loweljence, the devices with asymmetricRucontacts (black)
resulting in Ohmic-like currenbltage characteristics. Utiliz- \yith an ohmic-like Au and blocking Pb contacts show a
ing the decay of the photocurrent pge at the perovskite/ rectifying behavior.
metal interfa(_:e, we further extract cqrriershﬁn .Iength in To probe the local energy band bending witirefit metal
MAPDE to be in the range of 185 m. Finally, using Auand  cqniacts, we investigate the metal/MARrface using the
Pb contacts, we fabricate vertical MARMmgle-crystal — gpcwp. A typical SPCM photocurrent map and corresponding
devices. Owing to the large barrier height at the MPRPbI otocurrent line scan for a lateral MARdimgle-crystal
interface, we are able to reduce the dark current to 280 n’@/;vice with PbPb contacts and a channel width 180 m

cnf at a eld of 700 V/cm (reverse bias) whilec@ntly isshown irFigure 2. (Note red and blue indicate maximum
extracting the-ray-induced charge carriers with fast rise UmMegg minimum current, respectively.) The photocurrent
of <2 s at room temperature. maxima and minima appear near the metal contact edges,
where charge collection is the mostient. Locally
RESULTS AND DISCUSSION photoexcited charge carrieraigié in all directions. However,
We start by comparing two commonly used halide perovskitéhen the laser is close to the contacts, electrons wse tdi
single crystals, MARband MAPbRBr made into vertical the depletion region near the contact and be swiftly extracted
devices with an Au/perovskite/Au structure and test theiby the interfacial built-in potential. Since Pb is a low work
response under-ray photonsFigure & compares the function metal\Vqp, ( 4.25 eV) >E- yappy), We anticipate a
normalized photocurrent pulse response ¥Ca source  gownward band bending at the interface, as shown in the inset
from the MAPhJ and MAPDBy detectors. A typical pulse of Figure 2. The direction of the photocurrent peak is indeed
from a commercial Cadmium Zinc Telluride (CZT) detectorongjstent with the bands bending down toward Pb contacts.

measured under the same conditions is also plotted asggce we are measuring current from source to drain, this
results in a positive photocurrent peak near the source contact

‘i’ (b) and a negative peak near the drain contact. Holes, on the other
j‘; o/cZT MaAPbI, | 45/~ ESNMAPDL hand, will be blocked near this interface and recombine in the
£ || SMAPbBr3 bulk. As the laser moves away from the contacts, fewer
5 ‘§1o< electrons will be collected, resulting in an exponential
£°° | L3 I photocurrent decay.

s ; ) 5] For devices with AlAu contacts, an upward band bending
Soof® NS | 0; -y at the interface is expect®lic(eia ( 5.1 €V) <Eemapoy)-

z 0 100 200 300 O 10 20 30 40 50

Time (s) Rise time (us) This would result in a photocurrent peowith a negative
(positive) peak at the source (drain) contact. In contrast, the

Figure 1. -ray-induced pulse response. (a) Normalizggtinduced measured line scans have a positive (negative) peak at the
photocurrent pulses under3Cs (661.7 keV) source at room source (drain) cqntadF(_qure #), which is Slm."a.r tq what we
temperature from the CZT reference (gray), MARbBre), and obtained for devices with F®b contacts. This indicates that
MAPb} (red) detectors with gold contacts at 50 V bias taken at roonUr MAPD} crystals have a surface Fermi level deeper than the
temperature. (b) Statistical distribution of pulse rise time for MAPbIwork function of Au. Notably, MARRIith p-type character-

and MAPbBydetectors when operated under the same conditions.istics has also been observed in literature on both single
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Figure 2.Scanning photocurrent microscopy. (a) Schematic of the experimental setup. For all measurements, bias voltage is applied to the sou
electrode on the left and the drain electrode on the right is grounded. (b) Dark current as a function letldacivi&Ph] single-crystal

devices with PtPb (blue), Au Au (red), and AuPb (black) lateral contacts. Two-dimensional photocurrent map (top) and line scan (bottom)

at 0 bias voltage (right electrode grounded) for MARlglle-crystal devices with (c) Pb, (d) Au Au, and (e) AuPb electrodes (red and

blue correspond to the maximum and minimum currents, respectively). (f) Schematic energy band diagramy(frAdMARDtier height

and built-in potential at the Au/MARIiterface (,an il @re lower than that at the Pb/MAPRDBiterface (,pp i p-

crystals and thinlms, suggesting such surface doping is In agreement with previous studfés,the electronic
favorable in the MAPRpsysteni>*44%47 density of states (DOS) does not have any surface-localized
Although the direction of the photocurrent |@® in mid-gap states for either termination type of the MARDbE
devices with PlPb and AuAu contacts are similar, their considered Kigure SB Importantly, band diagrams of
magnitudes are vastly etient. To compare directly the MAPb plotted with respect to the vacuum level exhibit that
interface of MAPbWith Au contacts to that with Pb contacts, the band edge positions strongly depend on the surface
we measure asymmetric devices with Au as the source contanhination Figure @). The Phiterminated surface has
and Pb as the drain contact. The SPCM maps of tHebAu deeper band edge states compared to that for the MAI-
device Figure 2) show a large negative photocurrent near theerminated one. Consequently, the valance band (VB) edge for
drain Pb contact. If we zoom in on the photocurrent line scathe Pbj-terminated surface is 5.56 eV whereas the MAI-
near the source (Au contadgjdure 2 inset), we can see that terminated one has a VB edge of 4.88 eV. Surkriie in
a small positive photocurrent peak does exist and that thiee band edge positions is related to the variation of the
magnitude is comparable to that of the Awu device. e ective surface dipole appearing due to distinct chemical
However, the photocurrent peak near the drain (Pb electrodepmposition. During the sample preparatiog;t&biinated
is about two orders of magnitude higher. The built-in potentiaurfaces could have been the energetically favored phase. Thus,
(1), which can be approximated as therdihce between the MAPbL with Pb}, termination should feature deep band-edge
MAPDL Fermi level and metal work function% E- yapp,, states, matching with our curremltage Figure b),
Wk ea), at the Pb/MAPh]interface is larger than that at the ultraviolet photoelectron spectroscopy (BRfsye Sy and
Au/MAPbL interface, as showrfilgure £ Hence, the locally ~ X-ray photoelectron spectroscopy results ({@8e Sp
photoexcited electrons can be moreiently extracted Moreover, from our SPCM results wd downward band
resulting in a larger photocurrent peak. This larger bankending at the metademiconductor interface for both Au and
bending at the Pb/MAPpinterface also leads to a higher Pb metals, indicating a surface Fermi level deeper than that of
barrier for holes, which explains the s-shaped cuniage Au. To nd the atomistic origin, we further investigate the
curve observed for PBb contacts ifigure B. defect properties of the perovskite surface. As previous studies
To understand the electronic properties of the MAPbIdemonstrated, defects with excess iodine on the dyréaee (
surface at the atomistic level, we further perfstrprinciple-  energetically the easiest to form and thus we consider this
based computations. Details of the computational approach gefect as the dominant one in our samplesie Sp°> We
provided in theSupporting InformationTo construct a  further investigate theeets of these defects on the electronic
realistic computational model, we consider a slab of MAPkproperties of MAPRIThe plotted projected density of states
with two dierent types of terminations, methylammonium(pDOS) inFigure B shows that thigdefect states are located
iodide (MAI) and Pl for the (001) surface. Notably, (001) between the valence and conduction bands, that is, mid-gap
is also the surface used as electrical contacts in tistates arise with the introduction of this defect. More
experimental part and previous studies consistently indicatietportantly, as shown kfigure B, the defect state appears
that it is the most stable surface for MABBT However, the  just above the valence band maxinde26 eV from VBM), a
exact chemical composition of the terminating layer can vasignature of p-type doping in a semiconductor. Furthermore,
depending on the synthesis conditions. Thus, we consider bdkte charge density distribution of the defect state plotted in
MAI and Pbj terminations in this work. After complete Figure 8 is strongly spatially localized, indicating thiwet
relaxation of the internal coordinates of these MARIbis carrier trapping ability of this defect stafdwe charge density
(Figure SR we do not observe any considerable surfacplot also reveals that the p-orbitals of the excess surface iodine
reconstructions, which is also supported by recent microscopye the dominant contribution to this p-type defect state.
based studies>* Details of charge densities of band-edge states are included in
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Figure 3.Surface energetics and electronic structure of Mid)lEnergetically aligned valence band maxima and conduction band minima
energies and work functions for MARIith Pb}, and MAI termination. (b) Projected density of states (pDOS) of MAHblodine interstitial

defect on the surface. The p-type defect state appears near the valence band edge. (¢) Charge density distribution corresponding to the ioc
interstitial defect state. The charge density has been represented by yellow isosurface (density)=Th@0dray#hd purple colored spheres

are Pb and | atoms; MA molecules are not shown for clarity.

Figure 4.Electric eld dependence. (a) SPCM maps ardnt electricelds (bias is on the source electrode (left), and drain electrode (right) is
grounded) for MAPBIsingle-crystal devices with Au contacts (Red and blue correspond to maximum and minimum currents, respectively.
Note the color scales areatient). Schematic of the corresponding band bending whli Aantacts at dérent elds are shown on the left. (b)

Linear and (c) semilog plot of line scans of photocurrent maps for devices Aitlt@xiact.

the Supporting Information (SIyigure S) Thus, our shorter than the photocurrent decay length, electron drift in
computational investigation indicates that easy-fo-form the depletion region alone cannot account for the long
defects can be the reason for the deep fermi level of tipdotocurrent decay and consequently electrasiath should
MAPbDL surface. be the limiting factor for the photocurrent f&o

We performed further investigations of photocurrerépro We obtained electron dsion lengths in the range of 10
at di erent electricelds. At zero bias, band bending at the25 m, which is within the realm of values reported in
interface is due solely to the interface built-in potenfjal ( literaturé'®*%°” Although there is some variation, an electric
but when a voltag¥/y) is applied, the potential at the interface eld dependence was not observed as shokiguire ¢,
equals to ; + V, Figure & shows the electriceld which suggests a dsion-limited transport in the system.
dependence of the photocurrent map for devices with AuSimilar results have also been reported for perovskitenthin
Au contacts. With a positive (negative) bias, the photocurreint this low electriceld rangé? At higher elds, drift could
peak near the source electrode increases (decreases) whilestag playing a more dominant role in transport. Dynamic
peak near the drain electrode decreases (increases). Tdmange in the built-in electrigld attributed to ion migration
normalized photocurrent line scan Figure 4 clearly in MAPDL thin Ims at high eld has also been studied with
demonstrates this trend. (Absolute photocurrent magnitud&PCM:*
in S| Figure SB The externally applied bias reinforces From SPCM and currentoltage measurements, we
(diminishes) the interface built-in potential at the sourcahat due to the higher band bending at the Pb/MAPDI
(drain) resulting in an increase (decrease) in photocurrennterface, devices made by Pb/MARDI show a rectifying
peak as shown by the energy band schenfaticiia 4. This behavior. Utilizing this knowledge, next we fabricate vertical
behavior is consistent with previous reports on perovskite thitevices for-ray detection with a blocking Pb contact on one

Ims*? and Si nanowirés. side and an Ohmic Au contact on the other side of a MAPbI

From the slope of the photocurrent decaylggpwe can  single crystal. Due to the rectifying nature of the Pb/MAPDI
obtain the minority carrier dision length L) using the Au device, the dark current in reverse bias is lower by more
relationl  exp( x/ L), wherexis the distance from the metal than an order of magnitude in comparison to that of the Au
interface as explained in detail and modeled by Fd'et alAu devices, as shownFigure &. For example, at ald of
Brie y, the three main components that contribute to charg260 V/cm, the AuPb devices have a dark current of 84
transport are (1) drift, (2) dusion, and (3) thermoelectric cn?, and at a reverse bias, the dark current dramatically
e ect. For low laser intensities, both thermoelecéat and reduces by 3 orders of magnitude to 84 nA/Ewven at a
minority carrier drift can often be ignored. For Schottkyhigher reverse bias of 700 V/cm, the dark current is 280 nA/
contacts, the majority drift and whion cancel out and, cn? and is stable for a few hours allowing for pulse counting
therefore, the minority carrier aéion dominates the for alonger timeRigure SP As a result, the devices with Au
photocurrent. The depletion region near the contacts foPb contacts showed clean pulses in respoff$eno*Ba,
perovskites has been estimated tolbem>° Since this is and**"Cs -ray sources at room temperatéigire 5). The
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diode structure, which eiently blocks out the dark current
and detect$*Am, *Ba, and®*'Cs -ray sources at room
temperature with rise times of a few microseconds.

Overall, our study reveals the importance of understanding
the surface of the crystal and the interface barriers when
making contact with metals. They play a key role when
designing an eient solid-state device using perovskite single
crystals with clean baselines for law photon detections.

Our work is thus meaningful for the design of next-generation

-ray photon counter and also provides guidelines to new type
of photon counting devices made with perovskite semi-
conductors.

EXPERIMENTAL METHODS

. . Single-Crystal Growth and Device Fabrication. MAPbk

Figure 5.MAPb} single-crystatray detector. (a) Dark current for singleg crystgls were grown using the inverse temperature crystal
devices with AuAu (gray) and AuPb (blue) contacts. (b)-ray — growth method reported in literattit@rie y, an equimolar ratio of
(**Am, *Ba, and*Cs sources)-induced photocurrent pulse from methylammonium iodide (MAI) and lead iodide (Pbl) is dissolved in
the MAPDJ detector with AuPb contacts under room temperature butyrolactone (GBL) to obtain a 1 M solution. By heating 2 mL of
and a 680 V/cm reverse bias. (c) Normalized pulse of a 2.2 mm thigKis solution at 146C for a few hours, a small MAPtTystal (<1

MAPbkL dewce_ Wl3th AuPb contacts and a 5 mm th_lck C_:ZT mm) is obtained. These small crystals are further used as a seed and
reference de,V'Cel Cs _SOUrce, 900 Vicm) and (d) rise time gjowed to grow overnight in a fresh precursor solution to obtain large
distribution histogrant{Cs source, 900 V/cm). (1 cm) MAPb) single crystals. Finally, E-beam deposition (Au) or
thermal deposition (Pb) is used to deposit 100 nm thick metal
baseline is clean and stable, which allows for resolving the I(i\I/\%—:,:itrrg (:nezs?(niéot?qle)nsﬂggg ?Oow giﬁtifﬂgz{ewisdﬁ tggtvsvgén a
energy -ray photon induced by a low-amplitude pulse sign&|ain and a source metal electrode.

from the?*’Am source. The rise time of the devices measured SPCM MeasurementsA Kiethley 2400 is used to measure the
with our electronic setup was less thas igure 8). This dark and photocurrent. We always apply voltage bias on the source
value is comparable to melt grown CsRleBices reported in  electrode and ground the drain electrode. For the SPCM measure-

literaturé®* and our CZT reference device measured under theents, devices are illuminated by a continuous 405 nm laser focused

same conditions. on the sample by a NA 0.5<50bjective lens. The diameter of the
laser spot is approximately21 m as determined by our camera.
CONCLUSIONS Neutral densitylters are used to reduce the laser intensity 2080

. . o . Wi/cn?. Devices are mounted on a piezo-electric stage (Nano-Drive,
In summary, this work has ideed a promising material McCL Inc.) and are moved in in increments from source to drain.
(MAPDbL) as a -ray single-photon counter and providesphotocurrent as a function of laser position is recorded to obtain a
guidelines for other solid-detector technologies operatinghotocurrent map. A schematic of the experimental setup is shown in
under low photonux condition. The high-quality MAPbl  Figure &. All measurements are done in ambient conditions.
crystals cer e cient single-photon counting with clean and  -Ray Detector Measurements A Kiethley 6487 Picoammeter/

; ; amplied with a ORTEC 142PC charge sensitive preampli
detectors, which resolves problems in the MARBpEtEm calowed by further amptiation and Itering by a SR530 amggli.

with noisy and slow pulses. From our in-depth experiment a'k Tektronix DPO4104 oscilloscope is used to record the transient

theory investigations, wed that it is crucial to understand gjgnai5 and a Pixie-Net multichannel digital pulse processor for pulse
both the nature of the perovskitsurface and the interface gjiection and processing. Radioactive sources usedGiréaen,

barriers when making contact with metals to desigrcieme 45 Ci¥Ba, and 226Ci B*Cs.

solid-state detector. By directly imaging the device using

scanning photocurrent microscopy on the MAfPstal, we ASSOCIATED CONTENT

observe a downward band bending when it is contacted by

both Pb and Au, suggesting that the Fermi level at theMAPBI  Supporting Information

single-crystal surface is deeper thawRitk function and is The Supporting Information is available free of charge at
close to that of Au. Such observation holds for both the singlettps://pubs.acs.org/doi/10.1021/acsami.0c11805

crystal device and the thim device, consistent with
literature, which is thus related to the nature of the MAPDbI
surface grown from the solution. First-principle calculations of
the perovskite surfaces suggest that iodine-rich cofrditions
near the surface lead to a stable Bmiface termination,
which signicantly aects the work function of the material.
Furthermore, the appearance of the deep band-edge states and
p-doping are linked to the existence of iodine interstitial
defects. From the photocurrent decay curves, we conclude that
the MAPDJ electron diusion lengths are in the range of 10

25 m. We observe a large barrier at the MARbinterface,

which acts as a blocking contact. Subsequently, we
demonstrate asymmetric devices with the Pb/MARBDI

Optical microscope image of the MARbDigle-crystal
sample; line scans of photocurrent maps for devices with
Au Au and AuPb electrodes in absolute scale;
photocurrent map and line scans of devices with Au
Pb contacts; photocurrent line scan for a device with
Au Au contacts at 0.5 V bias measured as the laser spot
was moved from left to right, right to left, and left to
right for a second time in the end; laser intensity
dependence of photocurrent pes; photoemission
yield spectroscopy data; pulse rise time for devices with
Au Pb and AuAu contacts; and schematic of the
energy band diagram of Au/MA#Bb (PDRH
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