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Abstract: In this study, we demonstrate a new hybrid three-dimensional (3D) nanostructure system as an efficient hole transport layer (HTL) by a facile design of a low-temperature solution process. It is realized by integrating high conductive chromium doped CuGaO2 nanoplates synthesized with choline chloride (denoted as Cr:CuGaO2-CC) into ultra-small NiOx nanoparticles. Firstly, we propose to incorporate Cr doped strategy in hydrothermal synthesis condition together with controllable intermediates and surfactants-assistance to synthesis fine size Cr:CuGaO2-CC nanoplates. Subsequently, these two-dimensional (2D) nanoplates serve as the expressway for improving hole transportation/ extraction properties. Meanwhile, the ultra-small size NiOx nanoparticles are employed to modify the surface for achieving unique surface properties. The HTL formed from the designed hybrid 3D nanostructured system exhibits the advantages of smooth and full-covered surface, remarkable charge collection efficiency, energy level alignment between the electrode and perovskite layer, and the promotion of perovskite crystal growth. Consequently, nearly 20% of power conversion efficiency with negligible hysteresis is achieved in inverted perovskite solar cells (PSCs). This work not only demonstrates the potential applications of 3D nanostructured Cr:CuGaO2-CC/NiOx hybrid HTL in PSCs but also provides a fundamental insight into the design of hybrid materials systems by manipulating electric behavior and morphology structure for achieving high-performance photovoltaic devices.
1. Introduction

Among various device configurations of perovskite solar cells (PSCs), the inverted structure (or p-i-n structure) has garnered special attention from researchers because of its negligible hysteresis effect and excellent photostability 
 ADDIN EN.CITE 
[1-2]
. While the record power conversion efficiency (PCE) of normal type PSCs has skyrocketed to 25.2% 
 ADDIN EN.CITE 
[3-4]
, the inverted type PSCs have a relatively low PCE of 22.3% [5], which asks for more efforts to further improving inverted PSCs’ performances for unlocking their full potential in photovoltaic applications. Hole transport layer (HTL), as an essential architectural component of inverted PSCs, which plays significant roles in selectively extracting holes and blocking electrons 
 ADDIN EN.CITE 
[6-9]
 and also greatly influences the crystallization and film quality of perovskite formed on it for improving device performances.
Inorganic metal oxide-based HTLs, such as CuOx [10], NiOx [11], NiCo2O4 [12], and CuCrO2 [13], featuring high hole mobility, good chemical stability, versatile deposition methods, and low-cost production, have been studied in PSCs. The metal oxide nanomaterials have different geometries such as two-dimensional (2D) nanoplates and zero dimension (0D) nanoparticles 
 ADDIN EN.CITE 
[14-16]
. The ultra-small 0D metal oxide nanoparticles can offer a unique advantage in forming a smooth and compact film by filling all the gaps and voids in the film. However, since the nanoparticles are typically very small with size < 15 nm, holes have to travel a tortuous pathway from the nanoparticle-based HTL to the electrode and thus increasing non-radiative recombination’s probability and limiting photovoltaic performances [17]. In comparison with the nanoparticles, nanostructures such as nanosheets, and nanoplates typically with less physical boundaries and lower surface defects, which can provide more direct conduction pathways for good charge transportation and collection 
 ADDIN EN.CITE 
[18-19]
. However, the film formed from the bare nanostructure only has to concern with realizing high-quality morphology (compact, full-coverage, smooth, etc.) compared with that of nanoparticle films. We, therefore, propose to take advantage of the 0D nanoparticles and 2D nanoplates to develop hybrid nanostructured HTL for simultaneously realizing effectively hole transportation and extraction as well as high-quality film morphologies.
Various 2D nanostructures such as nanosheets and nanoplates have attracted a lot of attention in nanoscale optoelectronic devices due to their unique and multi-functional properties 
 ADDIN EN.CITE 
[20-21]
. Delafossite CuGaO2 possesses 2D nanoplate geometric, and also is an interesting p-type semiconductor 
 ADDIN EN.CITE 
[22-23]
. Recently, it has emerged as a promising inorganic HTL material for solar cells, due to its large bandgap (~3.6 eV), relatively high hole mobility (10-2 to 101 cm2 v-1s-1), and low valence band maximum (~-5.3 eV) 
 ADDIN EN.CITE 
[23-27]
. Notably, CuGaO2 nanoplates synthesized from the conventional hydrothermal route usually yield large and agglomerated particles, where the diameters can be as large as from a few hundred nm to about 1 μm 
 ADDIN EN.CITE 
[23-26]
. However, big nanoplates will cause large roughness, poor contact, and large contact resistance with the adjacent layer, which hinder their usage in inverted PSCs.
Herein, we demonstrate a new 3D nanostructured hybrid HTL by integrating novel fine size Cr:CuGaO2 nanoplates synthesized with choline chloride (Cr:CuGaO2-CC) and ultra-small NiOx nanoparticle. We propose the Cr doped strategy in hydrothermal synthesis through controllable intermediates together with the surfactant-assisted method to synthesize CuGaO2 nanoplates with smallest size reported so far. In the meantime, the Cr:CuGaO2-CC nanoplates favor the integration with NiOx nanoparticles to achieve a smooth and compact surface morphology. These highly crystalline Cr:CuGaO2-CC nanoplates serve as the expressway for holes transportation in the hybrid HTL; while ultra-small NiOx nanoparticles provide a smooth and full-covered film morphology. The designed nanostructured Cr:CuGaO2–CC/NiOx hybrid HTL, therefore, displays a remarkable high charge extraction/collection efficiency which benefits from both the increased conductivity and suppressed recombination. Furthermore, this hybrid HTL provides good energy band alignment between the electrode and perovskite layer to diminish the potential barrier of the carrier extraction to the electrode. Meanwhile, the noteworthy feature of low surface energy in this hybrid HTL facilitates the formation of large perovskite grains and thus reduce film defects. By employing this hybrid HTL, a nearly 20% device efficiency with negligible hysteresis is achieved in inverted PSCs. This work not only demonstrates the potential applications of 3D structured hybrid HTLs in PSCs but also provides a new strategy to achieve highly efficient photovoltaic devices by manipulating electric behavior and morphology structure.
2. Results and discussion
Cr:CuGaO2-CC nanoplates synthesis and characterization
Figure 1a shows X-ray diffraction (XRD) patterns of undoped CuGaO2, Cr:CuGaO2, and Cr:CuGaO2-CC nanocrystals. All diffraction peaks can be indexed to the delafossite CuGaO2 phase (JCPDS card No. 41-0255) without other impurities. As shown in Figure 1b, the obtained nanocrystals possess the hexagonal nanoplate morphology with an average diameter of 39 nm and a thickness of 10 nm, which is much smaller than reported CuGaO2 nanocrystals (100-200 nm) 
 ADDIN EN.CITE 
[23-24, 28]
. The high-resolution TEM (HRTEM) image of an individual Cr:CuGaO2-CC nanocrystal reveals a clear crystalline structure with a lattice spacing of about 5.7 Å, which corresponds to the (110) plane of Cr:CuGaO2 [22]. The selective area electron diffraction pattern (SAED, insert in Figure 1b, also confirms the pure Cr:CuGaO2 phase. The elemental composition of as-synthesized Cr:CuGaO2-CC nanoplates are studied by using scanning electron microscopy (SEM-EDS) mapping technology. It can be observed that all of the Cu, Ga, and Cr elements are homogeneously distributed as shown in Figure S1a-c. X-ray photoelectron spectroscopy (XPS) displayed in Figure S1d-f further confirms the elemental composition of as-synthesized Cr:CuGaO2-CC. Importantly, XPS peaks located at 932.3, 1117.6, and 375.5 eV corresponds to Cu+, Ga3+, and Cr3+, respectively. All the above results can verify the Cr doped into CuGaO2 successfully.

The fine size Cr:CuGaO2-CC nanoplates are synthesized in hydrothermal condition by doping the Cr element, adding the surfactant, as well as adjusting the intermediate, which is confirmed by the transmission electron microscopy and histogram of nanocrystal size from more than 100 nanoparticles (Figure S2). Clearly, by introducing Cr into CuGaO2, the obtained Cr:CuGaO2 nanocrystals with a diameter of 48.3 nm and a thickness of 10 nm are much smaller than the undoped CuGaO2 (diameter: 78.9 nm, thickness: 20 nm, Figure S2a-d), which is the smallest among reported doped CuGaO2 samples. The size reduction can be explained that part of Ga atoms (0.62 Å) are easily substituted by small ionic radius Cr (0.52 Å), which is similar to other doped CuGaO2 [29]. By employing a surfactant, namely choline chloride, a further decreased size with a narrow size distribution of Cr:CuGaO2-CC is observed from the statistical analysis of more than 100 nanocrystals (as shown in Figure S2e and f). The function of this surfactant is to create a barrier for nanoparticles by binding on particle surfaces and prevent the nanocrystals from growing into larger nanocrystals. Notably, from FTIR spectra in Figure S3, we observe a major peak at 3200 cm-1 for the Cr:CuGaO2-CC sample, indexing into the existence of remained choline chloride (N-H stretching vibrations). It may benefit for the interaction with the following spin-coated NiOx by forming N-Ni bonds 
 ADDIN EN.CITE 
[30-31]
. With the assistance of the surfactant, we tune the doping concentration and collected the diameter and thickness of Cr:CuGaO2 nanocrystals with different Cr doping content in Table S1. By increasing the Cr doping content, the diameter CuGaO2 decreases. Meanwhile, the thickness will enlarge to about 10 nm when the doping content increases to 7%.
We find that the aging time plays a critical role in determining the size of the synthesized Cr:CuGaO2-CC. Figure S4 are SEM images of the precursor before hydrothermal treatment and the corresponding final Cr:CuGaO2-CC nanocrystals under different aging time (2h, 6h, 10h). It is noted that the other parameters were controlled to be the same. As shown in Figure S3a-c, there is some nanoparticle aggregation together in the precursor before hydrothermal treatment. Moreover, as aging time increases, the size of the formed small granule nanoparticle grows to a thick nanosheet. XRD characterization of these precursors before hydrothermal treatment revealed that the beginning formed nanoparticles are Cu9Cl4(OH)10H2O intermediates (as shown in Figure S5). After a longer aging time, these intermediates transformed into CuO gradually (Figure S5). Notably, the gerhardtite-Cu9Cl4(OH)10H2O intermediates phase formed by adding Cl containing surfactant have a high degree of dispersion. From Figure S4d-f, it is easily seen that the aging time has a strong impact on the size of the finally-obtained Cr:CuGaO2-CC nanocrystals. Especially, when the aging time increase from 6h to 10h, the nanoplates gradually grow from 25 nm *45 nm to 30 nm * 100 nm. Typically, Cu2+ ions in weak alkaline conditions promote to form intermediates due to the hydrolysis and condensation reaction [32]. By controlling the reaction condition, the formation of intermediates with different morphologies could be adjusted. Those intermediates with aging time ranging from 2 to 6 h featuring small nanoparticle size and less aggregation morphology could convert to CuO/Cu2O seeds within a relatively shorter time [28] and favor to produce small size Cr:CuGaO2-CC nanocrystals in the subsequent hydrothermal treatment. Consequently, the above results illustrate that the strategy of (1) doping Cr, (2) adding the surfactant, as well as (3) adjusting the intermediate in the successful synthesis allow us to demonstrate fine size CuGaO2 nanocrystal nanoplates.
Inverted PSCs with 3D nanostructured hybrid HTL
Regarding the film of the hybrid nanostructured HTL, we first spin-coated Cr:CuGaO2-CC film on ITO, where the top SEM image is shown in Figure S6a. From the atomic force microscopy (AFM) image shown in Figure S6b, the Cr:CuGaO2-CC film exhibits a root mean square roughness value of 23 nm. Then, by integrating 2D Cr:CuGaO2-CC nanoplates with ultra-small NiOx nanoparticles, we prepare the proposed novel 3D nanostructured Cr:CuGaO2-CC/NiOx film via room-temperature solution process method, where the corresponding SEM image is shown in Figure S6c.

To investigate the effects of this 3D nanostructured Cr:CuGaO2-CC/NiOx film as HTL, we fabricate inverted PSCs with the configuration of ITO/ Cr:CuGaO2-CC/NiOx/MAPbI3-xClx/PCBM:C60/ZrAcac/Ag (shown in Figure 2a). The energy levels diagram of various functional layers in the PSCs is shown in Figure 2b, where the energy level of CH3NH3PbI3-xClx, PC61BM:C60, ZrAcac, and Ag are collected from literature 
 ADDIN EN.CITE 
[33-34]
, and the energy level of Cr:CuGaO2-CC is calculated from the ultraviolet photoelectron spectroscopy (UPS) and ultraviolet-visible (UV-vis) spectroscopy, which will be discussed in detail later. The current density-voltage (J-V) characteristics of the optimized PSCs under the illumination of AM 1.5 G, 100 mW cm-2 are presented in Figure 2c. The champion PSCs with NiOx/Cr:CuGaO2-CC HTL offers a VOC of 1.08 V, a JSC of 22.93 mA cm-2, an FF of 0.81, and a PCE of 19.91% under a forward scan direction. It exhibits about 11% enhancement comparing to the control device based on NiOx, including a VOC of 1.08 V, a JSC of 22.02 mA cm-2, an FF of 0.75, and a PCE of 17.91% (shown in Figure S7). The improvement of the device efficiency is mainly attributed to significantly enhanced JSC and FF, which is contributed by the reduced transport path and enhanced hole extraction of Cr:CuGaO2-CC/NiOx HTL. The negligible hysteresis curves of Cr:CuGaO2-CC/NiOx-based PSCs, as shown in Figure 2d, indicates the good contact between HTL and perovskite layer [35], which is better than that of NiOx (17.91%) and Cr:CuGaO2-CC (14.96%) HTL-based PSCs (Table S2). Steady-state output efficiency measured at the maximum power point voltage (Vmpp) is then studied to verify the reliability of the device performance, as shown in Figure 2e. After the illumination under 1 sun for 200s, the stabilized photocurrent and PCE remain 21.61 mA cm-2 and 19.71% at 0.912 V, respectively, agreeing well with the value that measured from J-V curves (Figure 2d).
Effects of 3D nanostructured hybrid HTL on inverted PSCs
The incident photo-to-electron conversion efficiency (IPCE) spectra and the calculated JSC of the corresponding device are displayed in Figure 2f. The integrated JSC of the optimized devices is 21.90 mA cm-2 and 20.80 mA cm-2 for solar cells based on Cr:CuGaO2-CC/NiOx and NiOx, respectively, which are consistent with the value determined by the J-V measurement (see Figure 2d). Compared to NiOx based control devices, the IPCE of Cr:CuGaO2-CC/NiOx-based device is higher in the wavelength range from 350 to 500 nm. Similar results are obtained from the UV-vis absorption of the NiOx and Cr:CuGaO2-CC/NiOx coated perovskite films as shown in Figure 3a. The intensity of light absorption of the Cr:CuGaO2-CC/NiOx coated perovskite layers is slightly higher in the range of 300-500 nm, which is attributed to the light scattering effect of large size Cr:CuGaO2-CC nanocrystals inside the Cr:CuGaO2-CC/NiOx HTL, IPCE and JSC thus improve. Furthermore, a slightly enhanced transmission of Cr:CuGaO2-CC/NiOx HTL than NiOx also contributes to the increased JSC, shown in Figure 3b.
To dig out the reasons for the improved device performances, we investigate the electrical properties of Cr:CuGaO2-CC/NiOx HTL. From the photoelectron spectroscopy (UPS), the valence band maximum (VBM) of Cr:CuGaO2-CC film is estimated to be -5.22 eV as shown in Figure 3c. Interesting, introducing Cr:CuGaO2-CC into NiOx layer to form 3D structured Cr:CuGaO2-CC/NiOx could form band-alignment energy level between NiOx and ITO, favoring holes transfer from NiOx to ITO. Meanwhile, the corresponding CBM is deduced to be -1.68 eV by the UPS and UV-vis absorption spectroscopy. From the band alignment energy level diagram in Figure 2b, we observe the VBM of Cr:CuGaO2-CC/NiOx is a fairly well-matched energy level with the VBM of CH3NH3PbI3-xClx (-5.40 eV) [12], simultaneously the conducting band maximum (CBM) above the CBM of the perovskite film, which is prerequisite to achieving excellent device performance. Hence, the designed 3D nanostructured hybrid HTL not only makes it efficient to extract the photoinduced holes from the perovskite into HTL and then transport to the electrode but also beneficial for block electrons from injection into the HTL.

The conductivity of the NiOx and Cr:CuGaO2-CC/NiOx is studied by measure the I-V curves across an ITO/HTL (NiOx or Cr:CuGaO2-CC/NiOx)/Ag test structure (as illustrated in Figure 4a). It is found that Cr:CuGaO2-CC/NiOx film shows enhanced conductivity compared to the NiOx film. It may because the fabricated 3D structured Cr:CuGaO2-CC/NiOx film can provide a direct channel for hole transfer rather than the zigzag pathway between NiOx nanoparticles, which accelerates the hole transport inside the HTL. Moreover, the increase of the hole transport properties was further proved from hole-only devices with the ITO/HTL (NiOx or Cr:CuGaO2-CC/NiOx)/MoO3/Ag device configuration by sing the SCLC model (Figure 4b). The J-V curves show that the Cr:CuGaO2-CC/NiOx film exhibited higher current density at the same forward bias than the NiOx film, indicating the better capability of hole extraction and transport of the Cr:CuGaO2-CC/NiOx.

To further illustrate the hole extraction ability of HTL materials, we conduct PL and TRPL for CH3NH3PbI3-xClx films coated on glass, NiOx, Cr:CuGaO2-CC/NiOx film substrates, respectively, as shown in Figure 4c. It is clear that both NiOx, Cr:CuGaO2-CC/NiOx interlayer quenched the perovskite emission, and the 3D nanostructured hybrid HTL depicts stronger quenching compared to that of NiOx film. These results demonstrate that the formation of 3D structure system with well band-alignment energy levels plays a positive role in facilitating the hole extraction and transfer from perovskite to the HTMs; thus superior hole-collection could be expected for a 3D nanostructured hybrid HTL based PSCs. The improved hole extraction properties can be further confirmed by the TRPL spectroscopy in Figure 4d. All curves are fitted by the two-component exponential decay model, according to previous reports [36]. The average PL lifetime (τave) of perovskite on Cr:CuGaO2-CC/NiOx is sharply reduced to 55 ns comparing to that on NiOx (86 ns), meaning a more rapid injection of holes into the Cr:CuGaO2-CC/NiOx HTL than that into NiOx HTL. As mentioned previously, holes may need more time to pass through NiOx nanoparticle film than 3D nanostructured CuGaO2-CC/NiOx layer and increase the possibility of unwanted internal recombination. The suppressed charge recombination in 3D structured Cr:CuGaO2-CC/NiOx HTL is beneficial for effectively improving device performance.

In order to examine the effect of the suppressed recombination process on the PSC performance, we compare the dark J-V characteristics of Cr:CuGaO2-CC/NiOx and NiOx based PSCs, as shown in Figure S8. The dark J-V characteristics show that the Cr:CuGaO2-CC/NiOx-based device achieved a lower leakage current density in the diffusion-dominated region at reverse bias and a lower positive bias compared with NiOx-based devices, indicating the excellent blocking electron injection from ITO to Cr:CuGaO2-CC/NiOx HTL. The blocking electron injection originates from the large electron injection barrier of 3.06 eV between ITO and Cr:CuGaO2-CC/NiOx HTL (shown in Figure 2b).

It is well known that film formation and surface morphology of the CH3NH3PbI3-xClx absorber layer is crucial for the device performance. From the top-view SEM image (Figure 5a and b), it can be seen that the average grain sizes of perovskite on Cr:CuGaO2-CC/NiOx is relatively larger than that grown on NiOx, which may be caused by the suppressed heterogeneous nucleation on the more hydrophobic surface (contact angle inserted in Figure 5c and d). The increased crystallinity can be further demonstrated by the XRD patterns in Figure S9. The intensity of two strong peaks at 14.5 o and 28.4 o, which are indexed to (001) and (220) of perovskite, are obviously higher on Cr:CuGaO2-CC/NiOx film than NiOx films. Consequently, these highly efficient PSCs based on Cr:CuGaO2-CC/NiOx HTL is mainly attributed to the promoted perovskite grains growth and very good electrical properties of the Cr:CuGaO2-CC/NiOx film, which supporting the superiority of 3D structured Cr:CuGaO2-CC/NiOx HTL for achieving high-efficiency PSC devices.

3. Conclusion
In summary, we demonstrate a new 3D nanostructured hybrid HTL by introducing fine size 2D Cr:CuGaO2 nanoplates and ultra-small 0D NiOx nanoparticles, which offers the effective transportation and extraction of holes as well as high film quality. We propose the Cr doped strategy in a hydrothermal condition together with controlled surfactant-assist intermediates to synthesize the smallest size Cr:CuGaO2 nanoplates reported. By integrating with ultra-small NiOx nanoparticles, a room-temperature solution-processed 3D nanostructured Cr:CuGaO2-CC/NiOx film is formed. The HTL features enhanced conductivity, more efficient charge transport ability, more favorable energy level alignment, and promoted the perovskite crystal growth as compared to the pristine material counterparts of NiOx and Cr:CuGaO2-CC. The inverted PSCs based on this hybrid HTL obtain a PCE of 19.91% with negligible hysteresis, outperforming those of standard reference PSCs based on pristine NiOx nanoparticle HTL (the highest PCE =17.60%). Consequently, our work not only demonstrates a promising 3D structured Cr:CuGaO2-CC/NiOx HTL for high-performance PSCs but also provides a new strategy to design efficient metal oxide nanocomposite-based CTLs for high-efficiency photovoltaic devices.

4. Experimental Section

Materials
All chemicals with analytical reagent grade were used as received unless otherwise noted. Gallium nitrates hydrate (Ga(NO3)3·xH2O, 99.99%), Chromium (III) nitrates nonhydrate (Cr(NO3)3, 99%) were purchased from Strem Chemicals, Inc. Potassium hydroxide (KOH, 99.98%) was purchased from Alfa Aesar. Nitrate acid (HNO3, 69%) was purchased from International laboratory. Lead (II) iodide (PbI2, 99%), Lead (II) chloride (PbCl2, 99%), Zirconium (IV) acetylacetonate (ZrAcac, 98%), Ethylene glycol (EG, 99.8%) were purchased from Sigma-Aldrich. Choline chloride (CC, 98%), copper (II) nitrates trihydrate (Cu(NO3)2·3H2O, 99%), was purchased from JK Science. Ammonium hydroxide solution in water (28-30%), Dimethylformamide (DMF, extra dry, 99%), 1, 2-Dichlorobenzene (DCB, extra dry, 98+%), Chlorobenzene (CB, extra dry, 99.8%), isopropanol (extra dry, 99.8%) were purchased from Acros Organics. CH3NH3I was purchased from Dyesol. PC61BM and C60 were purchased from Solarmer Energy, Inc.
Synthesis of Cr:CuGaO2-CC nanoplates: 
0.6 mmol Cu(NO3)2·3H2O, 0.6-x mmol Ga(NO3)3·xH2O, x mmol Cr(NO3)3, and 240 mg CC were mixed in 3 ml deionized (DI) water and 3 ml EG with stirring of 10 min. Then 0.5 M KOH solution was added dropwise to adjust the pH value to 8 in an ice bath. After stirring at ambient for 2 hours, transferred the prepared solution into a 20 ml Teflon-lined autoclave and kept at 250 oC in an oven for 2h. Collecting the precipitate after cooling down to room temperature and washing with dilute aqueous ammonia solution and dilute HNO3 solution in sequence several times to remove the impurity. After washing with DI water and ethanol, the obtain nanocrystals were finally stored in isopropanol for further use.
Preparation of HTL films and fabrication of devices

ITO-coated glass substrates were rinsed ultrasonically with deionized water, acetone, and ethanol for 15 min, respectively. Cr:CuGaO2-CC isopropanol suspension (~25 mg/ml) was spin-coated on ultraviolet ozone-treated ITO substrates at 2000 rpm by two times. The NiOx solution was prepared according to our previous report [11], and then spin-coated on top of Cr:CuGaO2-CC layer at 2000 rpm. For comparison, the bare NiOx film on ITO glass was also prepared with the same method. After transferring samples into the nitrogen-filled glovebox, the perovskite film was formed on top of Cr:CuGaO2-CC/NiOx or NiOx films and annealed at 100 oC for 10 min. Next, an electron-transporting layer was formed by spin-coating PC61BM/C60 dichlorobenzene solutions (20 mg/ml) at 700 rpm for 60 s and 4000 rpm for 40 s. followed by spin-coating one layer of ZrAcac film at 4000 rpm. Finally, the Ag electrode with a thickness of 120 nm was thermally evaporated on top of the device under a base pressure of 10-4 Pa with a device area of 0.06 cm2. The device structure is ITO/Cr:CuGaO2-CC/NiOx (or NiOx)/CH3NH3PbI3-xClx/PC61BM:C60/ZrAcac/Ag. The details of device fabrication after the HTLs formation were the same as our report [12].
Characterization and Measurement

X-ray powder diffraction was conducted by using Cu Kα radiation under λ of 1.54056 Å (XRD, Bruker D2 Phaser). X-ray photoelectron spectroscopy (XPS) was obtained by using Physical Electronics PHI 5802 with a monochromatic Al Kα X-ray source. The material morphology was studied by tapping mode atomic force microscope (AFM, NT-MDT NTEGRA), transmission electron microscopy (TEM, Philips Tecnai G2 20 S-TWIN), and scanning electron microscope (SEM, Hitachi S-4800, and LEO 1530 FEG). The thickness and transmittance measurement were characterized by a spectroscopic ellipsometer (J. A. WOOLLAM CO. INC.). The Fourier transfer infrared (FTIR) spectra were measured on a Bruker Tensor 27 Fourier transform infrared spectrometer from 4000 to 400 cm-1. Ultraviolet photoelectron spectroscopy (UPS) was obtained by using a He discharged lamp (He I 21.22 eV, Kratos Analytical). Using a Keithley 2635 sourcemeter to collect the current density-voltage (J-V) characteristics. Solar cells were tested by using a Newport AM 1.5 G solar simulator under a light intensity of 100 mW cm-2, calibrated with a standard silicon reference cell. The steady-state PCE, PCE (t) was recorded by setting the bias voltage to the VMPP (obtained from the J-V curve) and then tracing the current density. The incident-photon-to-current conversion efficiency (IPCE) measurement was conducted by a system combining xenon lamp monochromatic chopper, and a lock-in amplifier together with a calibrated silicon photodetector (Hamamatsu mono-Si cell). Time-resolved photoluminescence (PL) spectra were performed on PicoQaunt FluoTime 300 instrument. A picosecond 375 nm pulse laser (LDH-P-C-75) with a pulse width of < 40 ps and a repetition rate of 5 MHz was used to excite the samples. The electrochemical impedance spectroscopy (EIS) was carried out on a CHI660C electrochemical workstation (CH Instrument, Inc.) at the frequency ranging from 10-1 Hz to 106 Hz, applying 0.9 V voltage without illumination condition.
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Figure 1. (a) XRD patterns of the as-synthesized of CuGaO2, Cr:CuGaO2 and. Cr:CuGaO2-CC NPs. (b) HRTEM  image and Indexed SAED pattern of as-synthesized Cr:CuGaO2-CC NPs.
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Figure 2. (a) Device structure. (b) Energy level diagram. (c) J-V characteristics of the best NiOx and Cr:CuGaO2-CC/NiOx based PSCs measured under AM 1.5 G 100 mW cm-2 illumination. (d) J-V characteristics of devices extracted from forward and reverse sweeping based on Cr:CuGaO2-CC/NiOx HTL. (e) Steady photocurrent (red) and PCE (blue) under 1 Sun illumination of the best Cr:CuGaO2-CC/NiOx HTL based PSCs. (f) IPCE spectra and the calculated JSC of NiOx and Cr:CuGaO2-CC/NiOx HTL based PSCs.
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Figure 3. (a) Absorption spectra of perovskite growth on NiOx and Cr:CuGaO2-CC/NiOx HTLs. (b) The transmission spectra of NiOx and Cr:CuGaO2-CC/NiOx HTLs. (c) UPS spectrum of the spin-coated Cr:CuGaO2-CC/NiOx film.
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Figure 4. (a) I-V curves of ITO/NiOx/Ag and ITO/Cr:CuGaO2-CC/NiOx/Ag diodes. (b) The J-V curve of the hole-only devices with ITO/HTL(NiOx or Cr:CuGaO2-CC/NiOx)/MoO3/Ag structure. (c) PL and (d) TRPL spectra of the perovskite on NiOx and Cr:CuGaO2-CC/NiOx HTL, respectively.
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Figure 5. SEM images of perovskite formed on (a) NiOx and (b) Cr:CuGaO2-CC/NiOx HTL, respectively. SEM images and contact angles of (c) NiOx and (d) Cr:CuGaO2-CC/NiOx HTL, respectively.

 A facile design of solution-processed hybrid 3D nanostructured HTL with the features of effective hole transportation and high-quality film morphology is demonstrated for achieving high-performance inverted PSCs. Importantly, it is realized by integrating high conductive Cr:CuGaO2 nanoplates into ultra-small NiOx nanoparticles, where fine size Cr:CuGaO2 nanoplates are used as the expressway and NiOx nanoparticles are employed to modify the surface.
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	Table S1. The average diameter and thickness of Cr:CuGaO2-CC nanocrystals with different Cr doping concentrations.

	Cr doping content
	Average diameter (nm)
	Thickness (nm)

	1%
	63
	8

	5%
	39
	8

	7%
	32
	10


	Table S2. The champion photovoltaic performance based on NiOx and Cr:CuGaO2-CC/NiOx based PSCs.

	HTL
	Scan direction
	JSC
(mA/cm-2)
	VOC (V)
	FF
	PCE (%)

	Cr:CuGaO2-CC/NiOx
	Forward
	22.93
	1.08
	0.80
	19.91

	
	Reverse
	22.67
	1.08
	0.80
	19.49

	Cr:CuGaO2-CC
	Forward
	21.06
	1.02
	0.70
	14.96

	
	Reverse
	19.60
	1.01
	0.68
	13.46

	NiOx
	Forward
	22.02
	1.08
	0.75
	17.91

	
	Reverse
	21.45
	1.07
	0.73
	16.75
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Figure S1. SEM-EDS images of Cr:CuGaO2-CC film on ITO (a) Cu, (b) Ga, (c) Cr. XPS spectra of Cr:CuGaO2-CC film on ITO (d) Cu 2p, (e) Ga 3d, (f) Cr 2p, respectively.
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Figure S2. TEM images of (a) CuGaO2, (c) Cr:CuGaO2 and (e) Cr:CuGaO2-CC nanocrystals. Size distribution of (b) CuGaO2, (d) Cr:CuGaO2 and (f) Cr:CuGaO2-CC nanocrystals.
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Figure S3. FTIR spectra of as-synthesized of CuGaO2, Cr:CuGaO2, and Cr:CuGaO2-CC nanocrystals.
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Figure S4. SEM images of the precursor before hydrothermal treatment under (a) 2h, (b) 6h, and (c) 10h aging time and the final Cr:CuGaO2-CC nanocrystals under (d) 2h, (e) 6h, and (f) 10h aging.
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Figure S5. XRD patterns of the precursor before hydrothermal treatment at different aging times.
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Figure S6. (a) AFM and (b) SEM image of Cr:CuGaO2-CC film. (c) SEM image of 3D structured Cr:CuGaO2-CC/NiOx hybrid film.
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Figure S7. J-V characteristics of devices extracted from forward and reverse sweeping based on NiOx HTL.
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Figure S8. Dark current curves of the devices with NiOx and Cr:CuGaO2-CC/NiOx HTL, respectively.
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Figure S9. XRD patterns of perovskite crystals growth on (a) NiOx and (b) Cr:CuGaO2-CC/NiOx HTL, respectively.
21
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