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6 ABSTRACT  Carbazole-based self-assembled monolayers (SAMs) at the interface 
  between the metal-halide perovskite (MHP) and the transparent conducting oxide 
8 (TCO) serve the function of hole-transport layers in p-i-n “inverted” perovskite solar 
9 cells (PSCs). Here we show that the use of an iodine-terminated carbazole-based SAM 

10 increases the interfacial mechanical adhesion dramatically (2.6-fold) and that this is 
11 responsible for substantial improvements in the interfacial morphology, photocarrier 
12 transport, and operational stability. While the improved morphology and optoelec-
13 tronic properties impart high efciency (up to 25.39%) to the PSCs, the enhanced 
14 adhesion suppresses nucleation and propagation of pores/cracks during PSC operation, 
15 resulting in the retention of 96.3% of the initial efciency after 1000 h of continuous-
16 illumination testing at the maximum power-point. This demonstrates the strong 
1  connection between judicious interfacial adhesion toughening and simultaneous 
18 enhancement in the efciency and operational stability of p-i-n PSCs, with broader 
19 implications for the reliability and durability of perovskite photovoltaics before they 
20 can be commercialized. 

21Although single-junction perovskite solar cells (PSCs)1,2 In p-i-n PSCs, carbazole-based phosphonic acids that form 44 

22 have achieved record power-conversion efciency monolayers or near monolayers (often described as self- 45 

23 (PCE) exceeding 26%,2,3 critical issues regarding assembled monolayers or SAMs), such as {2-(9H-carbazol-9- 46 

24 their operational stability and mechanical reliability need to yl)ethyl}phosphonic acid (2PACz) and {4-(3,6-dimethyl-9H- 4  
25 be addressed before they can be successfully commercialized.4 

carbazol-9-yl)butyl}phosphonic acid (Me-4PACz), have re- 48 
26 In this context, we recently demonstrated a positive correlation cently been used to replace the conventional hole-transporting 49 
2  between higher interfacial mechanical adhesion toughness and layer (HTL).9,10 Albrecht and co-workers have shown that the 50 
28 improved operational stability in rigid5,6 and fexible ,8 

carbazole fragment, which has a relatively low ionization 51 
29 “regular” n-i-p PSCs. The premise behind that efort was that energy and a low electron afnity, imparts excellent electron- 52 
30 stronger mechanical bonding between the various interfaces in blocking and, therefore, hole-selective properties to these 53 
31 a PSC can reduce the propensity for faw nucleation (pores, 

SAMs.9 Also, it is well-known that the phosphonic acid group 54
32 cracks) during operation and enhance the resistance to 

binds strongly to the underlying indium−tin oxide (ITO) 5533 propagation of any such faws at those interfaces, thereby 
transparent-conducting oxide (TCO) surface via a combina- 5634 preventing delamination.4 In comparison to the n-i-p 

35 architecture, “inverted” p-i-n PSCs show comparable efcien- tion of bi- and tridentate bonding.11 It has been suggested that 5  

36 cies, but are typically easier to fabricate, have improved 2PACz and Me-4PACz SAMs in PSCs provides favorable 58 

3  stability, and are better suited for tandem photovoltaic (PV) 
38 applications. However, the important issue of the mechanical Received  February 19, 2024 

39 adhesion of interfaces in p-i-n PSCs has not been addressed 
40 adequately. Here we are able to achieve a 2.6-fold increase in 
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41 the interfacial adhesion toughness via judicious selection of 
42 SAM, which is much higher than what we were able to achieve 
43 in n-i-p PSCs (1.5-fold) using a silane-based SAM.5 
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Figure 1. (A) Schematic illustration (not to scale) of the DCB “sandwich” specimen for measuring the interfacial adhesion toughness, GC 
(PMMA = poly(methyl methacrylate)). (B) GC of the ITO/MHP interface with 2PACz or I-2PACz SAM at the interface. Average and 
standard deviation of eight measurements. Schematic illustrations (not to scale) of possible interactions with ITO and MHP of SAM 
molecules  (C) 2PACz and (D) I-2PACz. DFT results showing interactions between the I-terminated α-FAPbI3 (100) surface and SAM 
molecules  (E) 2PACz and (F) I-2PACz. 

61 Unfortunately, these SAMs are beset with drawbacks, such 2PACz SAM makes the ITO surface more polar and 94 

62 as those associated with the possibility of obtaining incomplete polarizable for better wettability. Also, the iodine termination 95 

96 

83 addressed. 

88 house synthesized iodine-terminated 2PACz {2-(3,6-diiodo- thin flms on 2PACz and I-2PACz SAMs, respectively. The 120 

91 p-i-n PSCs. (Br-2PACz SAM has been used in PSCs recently, Figure S4 presents indexed X-ray difraction (XRD) patterns of 123 

12189 9H-carbazol-9-yl)ethyl}phosphonic acid (I-2PACz) SAM 
90 molecule, which was recently used in organic solar cells,15 in 

MHP flm on I-2PACz SAM has slightly larger apparent grain 
size of  550 nm, compared to  500 nm in flm on 2PACz. 122 

85 brittle when the ITO surface is modifed by the 2PACz SAM, 

8  m−2. To mitigate this issue here, we have incorporated the in-
86 with an interfacial adhesion toughness, GC, of 0.49 ± 0.14 J· experimental procedures). Figure S3a,b presents scanning 118 

electron microscopy (SEM) images of top-surfaces of MHP 119 

84 In this Letter, we show that the ITO/MHP interface is quite solution-deposited on glass/ITO substrates with 2PACz 116 

(“control”) or I-2PACz (“target”) SAMs (see SI for 11  

81 issue of how carbazole-based SAMs afect the mechanical both SAMs, but of I in only the I-2PACz SAM. MHP thin flms 113 

82 adhesion of buried ITO/MHP interface has not been ( 850  nm  th ickness)  of  nomina l  compos i t ion  114 

Cs0.05FA0.85MA0.10Pb(I0.9 Br0.03)3, with 5% excess PbI2, were 115  

P and I, respectively, core level XPS spectra from 2PACz and I- 111 9 used, where an additional molecular “wetting” layer is 
80 introduced above the SAM.21,22 However, the important 2PACz on glass/ITO substrate, showing the presence of P in 112 

 6 terminal groups on 2PACz-based molecules such as {2-(3,6-
   dimethoxy-9H-carbazol-9-yl)ethyl}phosphonic acid (MeO-
 8 2PACz).9,10 Most recently, a bilayer approach has also been 

smaller contact angle in the latter is consistent with better 109 

wetting by these polar precursor solutions. Figure S2a and b is 110 

 4 the ITO/MHP interface in si u;20 processing approaches;14 etc. 
Figure S1a,b in the Supporting Information (SI) compares 106 

 3 precursor solution itself where these molecules segregates to 
°C). 105 

 1 solution;18 use of a porous alumina layer on ITO;19 after 1000 h of continuous-illumination testing at maximum 103 

 2 incorporation of the SAM-forming molecules in the MHP 
power-point (unencapsulated, fowing N2 atmosphere,  45 104 

 0 introduction of an additive in the SAM-forming molecule 
up to 25.39%, and retention of 96.3% of the initial efciency 10269 strategies for addressing the wettability issue include the 
The use of I-2PACz SAM has resulted in p-i-n PSCs with PCE 101 

66 additive;13 processing approaches;14 use of ITO surface 

68 layer;16 and reducing the ITO surface roughness.1  Various 

J·m−2), thereby reducing microscopic damage to the PSCs 99 

during their operation and improving the operational stability. 1006  treatments (UV-O3
9 and O2-plasma15); use of an oxide 

65 including coassembly with another SAM;12 use of an 
64 solutions. The coverage issue is being addressed via approaches SAM provides dramatically stronger (2.6-fold) mechanical 9  

63 coverage and the reduced wettability of MHP precursor provides a favorable dipole. But most importantly, I-2PACz 

59 dipole moments, which contribute toward efcient photo-
60 carriers extraction.9,10 

but the interfacial mechanical properties are not evaluated in 92 

those studies.14,22) This use of I-2PACz SAM in place of 93 

adhesion between ITO and MHP thin flm (GC of 1.29 ± 0.28 98 

the contact angle of the MHP precursor solution on glass/ITO 10  

substrates with 2PACz or I-2PACz SAMs, respectively; the 108 
 5 Alternatively, wettability can be improved by using methoxy 

B https:// oi.org/10.1021/acsenergylett.4c00510 
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Figure 2. Steady-state PL spectra of MHP thin flms on SAMs from (A) top surface and (B) buried surface after delamination. Insets  
schematic illustrations (not to scale) of PL from (A) the top MHP surface and (B) the buried MHP surface (PMMA/epoxy/ITO/glass above 
the MHP are not shown). Time-resolved spectra of MHP thin flms on SAMs from the top surface  (C) TRPL and (D) TA. 

f1 126 Figure 1A is a schematic illustration of the double-cantilever 
12  beam (DCB) “sandwich” test5,23 used to measure the GC 
128 between ITO and MHP, as described in the SI. Figure S5 (X) anion, relative to the nature of the A-site cation in an 166 

132 SAM interlayer is replaced by an I-2PACz SAM. Figure S6a 

136 which indicate a clean fracture at the interface. Grain 
13  boundaries and pores are clearly visible in the MHP bottom 

141 grain boundaries, but no pores are seen on the MHP bottom 

146 ITO in the same way; however, stronger bonding of I-2PACz 

151 This was attributed to the interaction of the terminal iodo 
152 group bonding to undercoordinated Pb in the MHP and to 

156 bond donor strength of haloorganics follow the order I > Br > 
15  Cl > F,5,24 and it is compared with the control 2PACz with no 
158 halogen terminal group. 

161 molecule to MHP, density functional theory (DFT) calcu-

129 shows representative examples of measured load−displacement APbX3 MHP, and the very small amount (3%) of Br is 16  

133 and b are SEM images of the delaminated mating fracture groups of isolated 2PACz and I-2PACz molecules, respectively. 1 1 

134 surfaces of the ITO top side and MHP bottom side, (See Table S1 in the SI for a summary of numerical output 1 2 

respectively, of the interface with the 2PACz SAM interlayer, from the DFT calculations.) The iodo group of I-2PACZ has 1 3 

138 side SEM image in the 2PACz case (Figure S6b). The donate electron density. Accordingly, electron accumulation 1 6 

139 corresponding SEM images in the case of I-2PACz in Figure (yellow) and electron depletion regions (cyan) can be 1   

S6c and d show the same clean interfacial fracture and MHP distinctly identifed in Figure 1F, which indicate charge 1 8 

and I-2PACz SAM molecules, respectively, that bond to the 

over other halogens in the present study because the halogen-

hence, the higher mechanical adhesion of the I-2PACz 
159 To understand the nature of the stronger bonding and, with each other and are typically at an angle with the 19  

substrate.33 But since the Wsep calculations use the same areal 198 

153 halogen-bonding between the iodo group and iodide ions (and 
154 bromide ions) in the MHP.5 I-terminated I-2PACz was chosen 

the vertical axis and occupy an exclusive close-packed cylinder, 191 

148 expectation is our previous study showing stronger bonding 1E, the H−I separation (2.91−3.01 Å) is comparable to the 
149 between an I-terminated silane-based SAM and a MHP, which 

directly translates to higher mechanical adhesion toughness.5 
sum of van der Waals radii (3.0  Å), suggesting only a weak 18  

can be seen for the 2PACz interaction with the MHP in Figure14  to the MHP is expected (Figure 1D). The basis for this 
186 

144 Figure 1C and D are schematic illustrations of the 2PACz 
and the iodide ions for example in a 2D MHP (3.93 Å).32 In 183 

bonds. The I−I separation (3.30 Å) is considerably shorter142 side (Figure S6d), attesting to the improved quality of the 
143 MHP thin flm on I-2PACz SAM. than twice the van der Waals radius of two I atoms ( 3.96 181 

Å),31 and than the halogen bond between the organic iodine 182 

curves. Figure 1B shows a 2.6-fold increase in the measured 
131 GC, from 0.49 ± 0.14 to 1.29 ± 0.28 J·m−2, when a 2PACz 

expected to have a negligible efect on the DFT adhesion 168 

lations were performed, as described in the SI.25−30 Pure α- 162124 the MHP thin flms showing the high purity and crystallinity of 
the α-phase MHP. FAPbI3 is used in the DFT calculations to represent the MHP, 163 

adhesion behavior is dominated by the nature of the halogen 
which is a reasonable simplifcation. This is because the 164 

calculations. Figure 1E and F compare DFT results for I- 169 

terminated α-FAPbI3 (100) surface bonding to the functional 

pairs on the iodide ions in the I-terminated MHP surface could 

of isolated upright SAM molecules with no particular rotational 
orientation. In reality, arrays of SAM molecules may interact 196 

an electrophilic region (the C−I σ*-orbital), whereas the lone 1 4 

transfer in the interface region and the formation of halogen 1 9 

contrast, while electron accumulation and depletion regions 184 

hydrogen bond, as would be expected for an aromatic C−H 188 

hydrogen bond donor. Assuming a reasonable areal density of 189 

 1.5 mol·nm−2, where each SAM molecule can rotate about 

the work-of-separation (Wsep) for 2PACz and I-2PACz is 192 

calculated to be 0.62 and 1.29 J·m−2, respectively, a 2.1-fold 193 

increase. Note that the DFT calculations assume full coverage 194 

density for both SAMs and the aim is to calculate the relative 199 

C https:// oi.org/10.1021/acsenergylett.4c00510 
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Figure 3. Responses of “champion” PSC with I-2PACz SAM  (A) J−  in reverse and forward scans (inset  schematic illustration of the PSC 
structure (not to scale)) and (B) EQE and integrated JSC (BCP = bathocuproine). PV parameters (average and standard deviation) of 20 
PSCs with 2PACz or I-2PACz SAMs  (C) JSC, (D)  OC, (E) FF, and (F) PCE. 

diferences, these assumptions are reasonable. Results from 
201 DFT calculations for an alternative Pb−I-terminated α-FAPbI3 
202 (100) surface are presented in Figure S a,b, where the overall structure is the same, and it is depicted schematically in the 242 

243 

244 

203 Wsep values are lower and the diference is smaller (Table S1). inset (see SI for PSC fabrication procedure). The PV 
204 However, in reality, MHP thin flms are created on the SAMs- parameters are presented in Table S1, where the maximum 

coated substrates, and it is expected that the formation of the 
206 more strongly bonded I-terminated α-FAPbI3 (100) surface 

208 sterically accessible to the iodine ions. Thus, the signifcantly 
249209 higher measured GC in the I-2PACz case is attributed to the which is comparable to that from the J−V response. Figure S8 

20  will be favored insofar as the iodo groups of the SAM are quantum efciency (EQE) spectra, with a maximum EQE 24  

exceeding 92. %. The JSC from Figure 3B is 25.06 mA·cm−2, 248 

relatively stronger bonding of the terminal I group of the SAM 
211 to the MHP. 

f2 212 Figure 2A presents steady-state photoluminescence (PL) 3C−F presents PV parameter statistics for 20 PSC devices 252 

216 by that SAM. The corresponding time-resolved PL and 

the TRPL data, and the results are summarized in Table S2. 

PL spectra from the buried MHP surface (no hole quenching 

deposited on I-2PACz SAM, which could be due to the 

copy results in Figure 2 indicate overall improved optoelec-

213 spectra from the top surface of the MHP thin flm with the each with 2PACz or I-2PACz SAMs. A signifcant decrease in 253 

214 2PACz or I-2PACz SAM underneath. The lower PL intensity the standard deviations, together with an increase in the 254 

in the I-2PACz case indicates more efcient quenching of holes averages, is observed in all the PV parameters for PSCs with I-

21  transient absorption (TA) results presented in Figure 2C the increased VOC is primarily responsible for the increased 25  

218 and D, respectively, show a more rapid decay in the I-2PACz PCE of the PSCs with I-2PACz SAMs. 258 

219 case. The biexponential intensity-decay function was used to ft The improved VOC is attributed to the improved electron 259 

223 constant when the 2PACz SAM is replaced by the I-2PACz the MHP thin flm aforded by the I-2PACz SAM. Also, it has 263 

224 SAM, indicating improved hole quenching in the latter. The been suggested that halogen termination on a 2PACz SAM can 264 

228 relatively higher PL intensity in the case of I-2PACz than example due to a higher positive molecular dipole moment 268 

229 2PACz. This indicates better quality of the MHP flm (negative to positive pointing toward ITO) from the SAM, 269 

231 enhanced wetting of the MHP precursor. There is further 
232 room for improvement in the wetting by ensuring better I-
233 2PACz SAM coverage using the strategies mentioned earlier. I-2PACz SAM molecules were calculated using DFT (see SI 2 3 

234 Taken together, the steady-state and time-resolved spectros- for details), and indeed, the dipole moment for I-2PACz was 2 4 

D). (Note that Al-Ashouri et al.9 calculate a dipole moment of 236 tronic properties of the ITO/MHP interface with I-2PACz 
23  SAM. +2.0 D for 2PACz.) Also, it was confrmed that the efective ϕ 2   

vacancies in the MHP.14 Furthermore, it has been suggested226 by SAMs), created by delamination of the ITO/MHP from the 
22  above mechanical testing experiments, in Figure 2B, show a that increasing the efective work function (ϕ) of the ITO, for 26  

state PL, TRPL, and TA results in Figure 2, at the ITO/MHP 221 Note the  50% increase in parameter a (coefcient for the 
222 fast-decay component) and the  30% decrease in the τ2 time- interface enabled by I-2PACz SAM, and the higher quality of 262 

f3 238 Figure 3A presents current density (J)−voltage (V) 
2 9239 responses of “champion” PSCs with 2PACz or I-2PACz that with 2PACz (4.89 eV) using ultraviolet photoelectron 

SAM at the ITO/MHP interface (1-sun; AM 1.5G; 100 mW· 
cm−2; active area 0.0 9 cm2; in air); the rest of the PSC 241 

PCE (reverse scan) of PSC with I-2PACz is 25.39%. Both 

presents the maximum-power-output stability of the corre-

PSCs show a slight hysteresis. Figure 3B presents external 246 

sponding PSCs over 120 s and shows no PCE change. Figure 251 

2PACz SAMs compared to those with 2PACz SAM. However, 256 

blocking and/or hole extraction, as indicated by the steady-
261 

passivate the buried surface of the MHP by flling halide 

may aford a better energy-level alignment with the valence 

266 

band maximum (VBM) of the MHP, resulting in higher VOC in 2 1 

p-i-n PSCs.9 In this context, the dipole moments of 2PACz and 2 2 

found be much greater (+4.41 D) compared to 2PACz (+1.98 
2 6 

of ITO with I-2PACZ SAM is indeed higher (5.21 eV) than 2 8 

D https:// oi.org/10.1021/acsenergylett.4c00510 
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Figure 4. (A) Normalized PCE of PSCs with 2PACz and I-2PACz SAMs as a function of continuous operation duration at 1-sun illumination 
(unencapsulated; fowing N2 atmosphere;  45 °C). Dashed lines are linear fts of the data. Cross-sectional SEM images of 1000-h-tested 
PSCs with SAMs  (B) 2PACz and (C) I-2PACz. Dashed and solid arrows in (B) mark pores and delamination, respectively. SEM images of 
fracture surfaces (MHP side) of 1000-h-tested PSCs with SAMs  (D) 2PACz and (E) I-2PACz. Dashed ovals in (D) mark some examples of 
in-grain microscopic pores. 

spectroscopy (UPS) measurements (Figure S9), taking care to 

283 values is qualitatively consistent with previous values for SAMs damage in the PSC with 2PACz SAM is severe and it is 313 

sectional SEM images of the ITO/MHP interfaces in the PSCs 281 prepare the UPS specimens using exactly the same materials 
282 and processes used to prepare the PSCs. This diference in ϕ with 2PACz and I-2PACz SAMs, respectively. The interfacial 312 

286 lower in the present case; these diferences are presumably due 
28  to diferences in the ITO material and SAM preparation This is refected in the SEM images of the corresponding 31  

288 procedure used for our PSC work and the previous organic 
289 solar cells studies. Since the VBM of our MHP is −5.40 eV,35 

delaminated fracture surfaces (MHP bottom side) in Figure 318 

291 alignment with ITO/I-2PACz substrate for hole transport. The 
292 tentative energy-levels schematic diagram for our p-i-n PSCs is boundaries (Figure S6b). Such porosity at MHP grain 322 

293 presented in Figure S9. boundaries in buried interfaces in PSCs have been observed 323 

previously,3  but interestingly, Figure 4D shows smaller pores 324 

one would expect based on the ϕ values a better energy-level 
4D,E. Figure 4D shows many more pores in the 1000-h-tested 319 

f4 294 Figure 4A presents operational-stability results for PSCs with 
2PACz and I-2PACz under continuous 1-sun illumination with 

298 testing, the PSCs with 2PACz and I-2PACz SAMs retain  0.0% SAM, no pores of any kind are observed in the initial state 328 

2PACz SAM shows initial “burn-in,” which is not observed in 
301 the PSC with the I-2PACz SAM. Thus, linear fts (dashed 

extrapolated T80 for the PSC with 2PACz SAM is estimated at 

299 and 96.3%, respectively, of the initial PCE. The PSC with the (Figure S6d) and after operation for 1000 h (Figure 4E). 329 

302 lines) are used to calculate T80 (duration at 80% of the initial fracture surfaces. The XRD pattern shows evidence for PbI2 in 332 

308 To understand the longer operational lifetime of PSC with I- the I-2PACz SAM allows the deposition of a higher quality 338 

309 2PACz SAM, the 1000 h tested PSCs were carefully cross- MHP thin flm to begin with, and the signifcantly higher 339 

higher binding energy in the PSC with 2PACz SAM is306 663 h, whereas the PSC with I-2PACz SAM is considerably 
30  more stable (over 6-fold), with an extrapolated T80 of 4062 h. indicative of the presence of PbI2,

38 and also δ-FAPbI3.39 Thus, 33  

303 PCE retained), employing the extrapolation procedure from 
304 the literature,5,36 and it is described briefy in the SI. The 

the PSC with 2PACz SAM indicating degradation of the MHP 333 

the initial state. This indicates that smaller in-grain pores were296 maximum-power-point (MPP) tracking (unencapsulated; 
29  fowing N2 atmosphere;  45 °C) At the end of 1000-h generated during the PSC operation. In the PSC with I-2PACz 32  

sectioned and examined in an SEM; Figure 4B and C are cross-
311 

microscopic pores. In contrast, the ITO/MHP interface in the 

Figures S11 and S12 present the corresponding XRD patterns 

with I-2PACz SAM. The XPS Pb 4f core level peak shift to 

284 of the same two molecules in the context of organic solar 
cells,15,34 but the values of ϕ for both modifers are signifcantly 

characterized by extensive delamination and the presence of 314 

1000-h-tested PSC with I-2PACz SAM appears almost pristine. 316 

PSC compared to that seen in the initial state that has mostly 
larger pores (200−400 nm diameter) and only at grain 321 

(50−100 nm) within MHP grains, which are not observed in 
326 

and X-ray photoelectron spectra (XPS), respectively, from the 331 

at the interface, but there is little evidence of that in the PSC 334 

336 
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adhesion at the ITO/MHP interface resists the nucleation of 
341 faws (pores, cracks) and arrests the propagation of those that 
342 may nucleate, during PSC operation. The net result is 
343 signifcantly improved T80 lifetime of PSCs with I-2PACz 
344 SAM. 

In closing, in this Letter, we have shown that by judicious 
346 interfacial engineering using SAMs the mechanical adhesion of 
34  the buried ITO/MHP interfaces in p-i-n PSCs can be increased 
348 dramatically. This results in a substantive improvements in the 
349 operational stability of the PSCs. The choice of SAM with an 

appropriate dipole moment also results in the enhancement of 
351 optoelectronic properties at the interfaces and, therefore, an 
352 improvement of the PSC PCE. While this study focused on the 
353 critical ITO/MHP bottom interface in p-i-n PSCs, there are 
354 vast opportunities for tailoring diferent types and combina-

tions of SAMs for engineering other important interfaces (e.g., 
356 MHP/ETL top interface) in p-i-n PSCs simultaneously for 
35  improved performance. This work indicates that it is possible 
358 to align improvements of efciency, stability, and reliability 
359 critical to the success of p-i-n PSCs in which the improvement 

of mechanical adhesion may be decisive. Thus, it is 
361 recommended that all three design criteria, mechanical, 
362 chemical, and optoelectronic, should be considered in the 
363 development of SAMs for p-i-n architecture PSCs for single-
364 junction PV, tandem PV, and PV modules of the future. 
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