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s ABSTRACT: Solar—fuel conversion depends on effective collec-
6 tion of photocarriers in the photoelectrode. In practice, however,
7 considerable photocarriers are lost in the bulk through recombi-
8
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nation due to the absence of a driving force. To overcome this,

herein, a full-space electric field is induced in BiFeO; photo-
10 cathodes by building a gradient homojunction through Fermi level
11 engineering. As expected, the BiFeO; photocathodes with forward
12 electric field show significantly enhanced performance: a state-of-
13 the-art photocurrent of —1.02 mA+-cm™ at 0.5 V vs RHE and H,0,
14 production of 380 mmol*(L-m?*)™" within 50 min. First-principles
15 calculations and experimental analysis suggest that the Bi vacancies
16 as shallow acceptors can significantly modulate the Fermi level of
17 BiFeOj;. The resulting internal electric field serves as an additional
18 driving force to promote charge collection. This work provides an approach to induce a full-space electric field in
19 semiconductor films through gradient defects modulation, which can be broadly applied to other optoelectronic systems.
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20 hotoelectrochemical (PEC) synthesis has received separation in both bulk and surface, while it is confined to

21 P growing attention as a green approach to produce ferroelectrics.””*" Thus, a universal approach to construct full-

22 hydrogen peroxide (H,0,)."~* This approach takes space electric field through the photoelectrode is the remedial

23 advantage of the charge-separation ability of semiconductor— approach to inhibit carrier recombination.

24 liquid junctions, which provides excited photocarriers to Gradient homojunction provides an alternative approach to

2s produce H,O, via dioxygen reduction or water oxidation.” creating a full-space electric field, which is often employed in

26 Despite great efforts, the practical application of PEC H,0, multijunction photovoltaic devices, like CulnGaSe (CIGS)

27 production is still challenging due to severe photocarrier losses solar cells.”” In these devices semiconductors with equal band

28 through recombination.””" For many emerging photoelectrode gaps but different Fermi levels are placed in contact.””**

29 materials, photocarrier diffusion. length is limited to 10—50 nm Compared to heterojunctions, homojunctions have the

3 and only 10% of photocarriers have been collected.” following advantages: (1) easier to prepare since only a single

31 Generally, photoelectrodes are separated into a space charge semiconductor material is required; (2) same material with less

3 region and a ‘natural region, “,’hﬂe recombination majorly lattice mismatch is beneficial to mitigate interfacial defects. For

33 (99%) occull;slzm the natural region due to the .absence O_f a instance, Berglund and co-workers developed a gradient self-

34 f;lrlve force. T}'lerefore, proglotmg photocarfler collection doped CuBi,O, photocathode with forward electric field to

35 in the natural region can provide measurable improvements hieve a charge separation efficiency of 34%.2%2¢ Therefore

36 toward realizing high-efficient PEC H,0, production. ac dient h ge sep 4 4 7 6 ) dulati f th !

37 Constructing an internal electric field in the natural region as gra .1ent OmO]}lnCthI‘.l epends .on fa ne mo .u ation o .t €
dditional drivine force is critical to promote photocarriers semiconductors” Fermi level, which is challenging to achieve

38 an a g p p

39 collection.'> So far, various strategies have been widely

40 employed to build an electric field, such as surface tailoring,"’ Received: ~ August 3, 2022

41 heterojunction,"”"* and facet junction.'®'” However, the Accepted:  September 16, 2022

42 influence of these electric fields is mostly spatially limited to

43 the surface or depletion area, rarely modulating the

44 recombination process in the field-free region.'”'®'” The

45 depolarization field is a typical way to promote charge
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Figure 1. Local structure for pristine BFO, Fe vacancy, and Bi vacancy (a); formation energies for neutral and charged Bi, Fe, O vacancies

(b); and defect transition levels (c).

64 without a deeper understanding of materials’ electronic
65 structure.

66 In this work, a full-space electric field was induced in BiFeO,
67 (denoted as BFO) films by constructing a gradient
68 homojunction through Fermi level engineering. First-principles
69 calculations reveal that the Fermi level of BFO depends on the
70 density of Fe and Bi vacancies in the film, which are shallow
71 acceptors to define the p-type conductivity of BFO. These
72 results were validated by surface potential and ultraviolet
73 photoelectron spectroscopy (UPS) analysis. PEC perform-
74 ances of BFO films, including current—voltage (J—V) response
7s and H,O, production activity, confirm enhanced performance
76 for the forward gradient doped photocathode. Incident and
77 absorbed photon-to-current efficiency (IPCE and APCE) and
78 surface photovoltage (SPV) analysis proved that the enhanced
79 performance is primarily attributed to the improved charge
80 collection efficiency. Thus, this work demonstrated the
81 successful inhibition of photocarrier recombination by gradient
82 homojunction which can be broadly applied to other
83 optoelectronic systems.

84 Insight into the structural and electronic properties of Bi and
8s Fe vacancy defects and their effect on the Fermi level energy of
86 BFO was obtained by means of density functional theory
87 (DFT) based first-principles calculations at the DFT+U level
ss of theory. Band structure and total density of states
8o calculations for the R3c phase structure of BFO (Figure
90 Sla,b) predict a band gap of 1.95 and 2.30 eV for Hubbard U
o1 values of 3.0 and 4.5 eV, respectively, in line with previous
92 results and in good agreement with measured optical gaps of
93 2.10—2.86 eV.”’~*' Point defects are calculated for U = 3.0 eV
94 level of theory using the supercell method (see Supporting
95 Information) for ease of comparison with previous DFT

results.”’ ' Tables S1—S3 report computed chemical 96

potentials and formation energies for neutral defects. Neutral o7
and charged Fe and Bi vacancies distort the local geometry of 98
the R3¢ polar structure. For charged vacancies, V.~ and V", 99
bond lengths are slightly modified around the vacancy with 100
respect to the pristine structure (Figure 1a). The additional 1011
negative charge of the defects reproduces the charge provided 102
by Fe and Bi to the crystal and therefore promote their 103
stability. The stability of Bi, Fe, and O vacancies is further 104
studied by computing formation energies as a function of the 10s
Fermi energy (Figure 1b).”> For O-poor and O-rich 106
conditions, Fe and Bi vacancies both act as shallow acceptors, 107
with Bi vacancies more stable than Fe vacancies. Oxygen 108
vacancies act as donors, as shown by the defect transition levels 109
(Figure 1c). Our results are in good qualitative agreement with 110
previous first-principles results using different levels of 111
theory.”” ' 112

Notably, the position of the Fermi level is greatly affected by 113
the stability of O vacancies, suggesting that growth conditions 114
greatly modulate the Fermi level position. Different exper- 11s
imental Bi:Fe ratios for BFO are modeled using our theoretical 116
results for isolated point defects. For the case of Bi:Fe ratio of 117
1:095 in growth solution (see below), Fe vacancies are 11s
expected to be dominant in the solid. Hence, in this case, the 119
Fermi level is estimated as the intersection between the 120
formation energies of V>~ and V vacancies. In this case, the 121
Fermi level is set at 1.40 eV for O-poor conditions and at 0.61 122
eV for O-rich conditions, as shown in Figure 1b (SEp). 123
Similarly, for the case of Bi:Fe ratio of 0.95:1, where Bi 124
vacancies are dominant, the Fermi level is set at 1.26 and 0.49 125
eV for O-poor and O-rich conditions, respectively. Therefore, 126
our results suggest that the Fermi level can be modulated 127
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Figure 2. Schematic illustration of the fabrication procedure for gradient doped films (a); plane-view AFM images of the gradient doped
films, forward (left) and reverse (right) (b); TOF-SIMS depth profile of the thin film composition (c); TOF-SIMS 3D element distribution
of Fe, Bi, Sn and the overlay (d) in the gradient BFO film; the cross-section SEM image of BFO films (e); the XRD pattern (f), Raman

spectra (g) and XPS core-level spectra of gradient BFO films (h).

128 (through Fe and Bi vacancies) in the ranges indicated by SEg
129 in Figure 1b. Our results are qualitatively similar for different
130 values of the Hubbard U and hybrid functionals.

131 We can further estimate the position of the Fermi level as a
132 function of O vacancy concentration by solving the electro-
133 neutrality equation for charge balance.”> We use arbitrary
134 defect concentrations for Fe and Bi vacancy and the transition
135 levels obtained from DFT as input parameters. Figure Slc
136 shows our results for the extreme cases of 5% of Fe and Bi
137 vacancies. In both cases, the Fermi level changes from p-type at
138 O-rich to n-type under O-poor conditions, in agreement with
139 the results of Figure 1b.

140  The above mechanistic insights leveraged a path to build a
141 BFO film with continues homojunction through modulating Bi
142 and Fe vacancies. As shown in Figure 2a, the gradient self-
143 doped BFO films were fabricated using a three-step spin-
144 coating and annealing process. Typically, for a forward gradient
145 BFO film (defined as the Vg, at the surface and at Vj; the
146 bottom), the lower Bi:Fe mole ratio (0.95:1, Vj; dominated)
147 precursor was used for the first two spin-coating cycles, then
148 the moderate ratio (1:1) precursor for the following two cycles,
149 and finally the higher ratio (1:0.95, Vi, dominated) for the last
150 two cycles. After that, the films were annealed at 600 °C for 1 h
151 to improve the diffusion of Bi and Fe vacancies in films. The
152 reversed gradient BFO film is fabricated using the same
153 method but with a lower Bi:Fe ratio precursor introduced first.
154 Plan-view AFM images of the resultant film revealed a
1ss homogeneous, compact layer with granular morphology and
156 uniform grain size of around 50—200 nm. As shown in Figure
157 2b, the forward and reverse doped films show identical
158 morphology.

st

=

Gradient distribution of Bi and Fe through the thickness of 159
the BFO film was investigated by time-of-flight secondary ion 160
mass spectrometry (TOE-SIMS).” In the depth profile 161
(Figure 2c) of the gradient BFO film, the Fe concentration 162
monotonically decreased from the surface to 150 nm in depth, 163
while the Bi concentration increased and then dramatically 164
decreased. As a result, the Bi:Fe ratio continuously increased 165
from the surface to 150 nm depth in the bulk. In Figure 2d, the 166
3D element distribution images indicate layered structure and 167
the uniform spatial distribution of BFO film horizontally on 168
the FTO substrate. The cross-section scanning electron 169
microscopy (SEM) image in Figure 2e further confirmed the 170
layered structure of prepared films with BFO thickness of 171
around 150 nm. 172

X-ray diffraction (XRD) patterns of BFO films, in Figure 2f, 173
illustrates that all sharp and strong diffraction peaks are well- 174
matched to those of BiFeO; (JCPDS 86-1518) with good 175
crystallinity. Moreover, the well-matched diffraction peaks of 176
homogeneous BFO films with varied Vy; and Vg, density in 177
Figure S2 implies the excellent phase purity and defects 178
tolerance of BFO films. Likewise, Raman spectra shown in 179
Figure 2g are indicative of phase-pure BFO. Meanwhile, slight 180
shifts can be found for the Al-1 and Al-2 signals, which are 181
probably due to vacancies caused lattice distortion.”* The X- 182
ray photoelectron spectroscopy (XPS) in Figure 2h also 1s3
displays a binding energy shift in gradient doped films. The Bi 184
and Fe core-level spectra of the reverse BFO film show a higher 1ss
binding energy shift compared with the forward BFO film 186
(Figure 2h and Figure S3). Considering the forward film has 187
higher Vg, density at the surface than the reverse film, the shift 188
could generally be attributed to the increase of eguilibrium 189
electron density and hence the binding energy.”*" Thus, 1%
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191 taking the above results together, we claim successful
192 fabrication of the gradient BFO films. As the emphasis of

13 this work is to investigate the effect of gradient doping on the

194

195 evaluate and compare the forward and reversed gradient doped
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Figure 3. J—V responses of the reverse, homogeneous, and forward gradient BFO films under blue LED (430 nm, 60 mW-cm™?) illumination
in 0.1 M KHCOj; with 0.1 M Na,S,0; (pH 8.2) as an electron scavenger (a); IPCE spectra of BFO photocathodes at 0.58 V vs RHE (b);
standard curve of H,0, detection (c); PEC H,0, production activities (d) and FE (e) for H,0, production in KHCOj; solution.
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illumination (b); UPS Fermi level and valence band edge of BFO films (c); schematic band alignments of BFO films before contact (d) and
after contact (e), and the formed full-space electric field (f).

optoelectronic properties of BFO films, we elected to carefully

through a suite of characterization methods.

In assessing the BFO films as photocathodes, the perform-
ance was evaluated using standard three-electrodes system
under blue LED (430 nm) illumination at 60 mW-cm™2 in 0.1
M KHCO; solution. An electron scavenger (0.1 M, Na,S,0g)

films to uncover the specific origins of these observations
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Figure 5. UV—vis absorption spectra (a), calculated APCE spectra (b), and the charge separation efficiency (c) of prepared BFO
photocathodes; EIS plots of BFO films measured at 0.68 V vs RHE under blue LED illumination (d); Mott—Schottky plots of BFO films at 2
kHz (e); contour maps of transient transmission spectrum of forward gradient BFO film in the range of —100 fs to 7.4 ns (f); representative
transmission spectra of forward gradient BFO film at various pump—probe delays (g); transient transmission decay and related fitting curves
of forward (h) and reverse (i) doped BFO films in the range of —100 fs to 7.4 ns. Excitation wavelength: 400 nm. Power: 1.5 uJ per pulse.

Beam diameter: 0.3 mm.

202 was added to the electrolyte to study the intrinsic properties of
203 photocathodes without the influence of surface activity. Figure
204 3a shows the J—V responses of homogeneous, forward, and
20s reverse gradient doped BFO films. The forward BFO film
206 exhibits the best PEC performance: a 16% increase in the
207 photocurrent to —1.02 mA-cm™2 at 0.5 V vs RHE and a 26%
208 improvement in the fill factor when compared with the
200 homogeneous BFO film (—0.88 mA cm™ at 0.5 V vs RHE).
210 The reverse gradient doped photocathode shows a negative
211 influence with photocurrent of only 40% of the homogeneous
212 BEO film. To further support defects modulated PEC
213 performance, three homogeneous BFO films with Bi:Fe mole
214 ratios of 1:0.95, 1:1, and 0.95:1 were prepared and evaluated
215 (Figure S4). The photocurrent significantly enhanced about
216 three times from —0.29 mA cm™2 to —0.88 mA cm™ at 0.5 V
217 vs RHE as the Bi:Fe ratio varied from 1:0.95 to 0.95:1. The
218 onset potential also displays a positive shift from 1.25 to 1.38 V
219 vs RHE (taken at —10 uA cm™2). Details of J—V response were
220 summarized in Table S4. Incident photon-to-current con-
221 version efficiency (IPCE) further confirmed the enhanced PEC
222 performance through forward gradient doping. As shown in
223 Figure 3b, forward gradient doping barely changes the onset
224 wavelength of BFO films (550 nm) but improves the IPCE
225 value by 43%.

226  PEC performance was further evaluated by testing the H,O,
227 production activity in a homemade two-compartment cell as

illustrated in Figure SS. The BFO photocathode and counter 228
electrode were separated by a Nafion membrane. The 229
electrolyte was 0.1 M KHCO; solution and purged with O, 230
(99.9%) gas for 30 min before and during the measurement. 231
Figure 3c shows the standard curve of H,O, detection with 23,
excellent linear correlation. Figure 3d displays the production 233
of H,0, as a function of time under AM 1.5 irradiation at an 234
applied bias of 0.6 V vs RHE. The corresponding I—t curve is 235
available in Figure S6. Constant with J—V responses, the 236
forward gradient doped BFO photocathode exhibited better 237
performance with an average H,0, concentration of around 238
380 mmol-(L-m?) ™! within S0 min, about 1.7 times higher than 230
the reverse gradient doped BFO (90.6 mmol-(L-m*)™"). 240
Additionally, recyclability tests revealed that the system could 241
be used for stable H,O, generation for three cycles without 242
significant decay (Figure 3d). Finally, the faradic efficiency 243
(FE) was calculated based on the equation described in the 244
Supporting Information. As shown in Figure 3e, the similar FE 245
with an average value of 19% indicates that gradient doping 246
rarely influences the reaction selectivity. However, the low FE 247
of BFO films indicates that a highly efficient cocatalyst is a 243
critical need, which may be investigated in the following 249
work."*** In summary, the forward gradient doped BFO films 250
show the best PEC performance both in J—V response and 251
H,0, production activity. 252
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253 The constructed full-space electric field corresponds to the
254 enhanced PEC performance, as identified by Fermi level
255 analysis, including surface potential and ultraviolet photo-
256 electron spectroscopy (UPS).'” Figure 4a displays the
257 schematic illustration of SPV setup, which is based on Kelvin
258 probe force microscopy (KPFM) and light illumination
259 system.”® " For data collection, the film was illuminated
260 from the back side with an LED light source and through
261 optical fiber. Figure S7a illustrated the origin of the contact
262 potential difference (CPD). Under illumination, photogen-
263 erated minority carriers will shift the Fermi level upward at the
264 interface and the resulting average potential difference
265 (ACPD) in the dark and under illumination is defined as
266 the surface photovoltage (SPV). Figure 4b and Figure S7b
267 show the CPD maps and plots through BFO films. In the dark,
268 the reverse gradient BFO has significantly lower CPD
269 (approximately —126 mV) than the forward gradient BFO
270 (approximately —85 mV), indicating that reverse BFO has a
271 larger work function than the forward BFO at the surface.
272 Under illumination, both films show clear enhanced CPD, and
273 the SPV of forward BFO is nearly three times as large as that of
274 reverse BFO. Since the SPV is mainly determined by the
275 density of photogenerated minority carriers (electrons in p-
276 type BFO), such an enhanced SPV indicates that the forward
277 gradient is beneficial for photocarriers’ separation. UPS results
278 further confirmed the Vy; and Vg, adjusted Fermi level and
279 valence band (VB) edge position of BFO films. As shown in
280 Figure 4c, the work function of BFO films significantly
281 increased from 4.60 to 4.84 €V, and the distance between the
282 Fermi level and VB edge decreased from 1.25 to 1.09 eV, as the
283 V; concentration increased. These results matched well with
284 first-principles analysis and confirmed the Vy; and Vg, as
285 acceptors to modulate the position of the Fermi level.

286 Altogether, our results illustrate how the gradient Vg; and
287 Vg, and the resulting gradient of Fermi level lead to an internal
288 electric field. Before contact, BFO films with different
289 vacancies density possess different Fermi levels, as shown in
200 Figure 4d. After contact, the Fermi level will equilibrate by
201 redistributing the free carriers between the different regions so
202 that the CB and VB bend at each interface, as illustrated by
203 Figure 4e. A forward gradient BFO photocathode will contain
204 a full-space electric field shown in Figure 4f, which would
205 promote photocarrier separation by field-enhanced diffusion
296 (drift) of the photogenerated electrons toward the BFO/
297 electrolyte interface and drift of photogenerated holes toward
298 the back contact.

299 The full-space electric field through the film will have an
300 influence on the carrier dynamics of semiconductors. To verify
301 it, other effects should be excluded through suitable character-
302 izations. First, light-harvesting capacities of gradient doped
303 films have been measured and compared. As shown in Figure
304 Sa, the direction of gradient doping barely influences the light-
305 harvesting capacity of BFO films. Additionally, absorbed
306 photon-to-current conversion efficiency (APCE, Figure Sb)
307 calculated from IPCE and related UV—vis spectrum shows a
308 similar improvement trend as that of IPCE (Figure 3b),
309 indicating that the enhanced PEC performance with forward
310 gradient doping is mainly attributed to improved charge carrier
311 separation and transport. This enhancement was further
312 confirmed by the calculated charge separation efficiency. As
313 shown in Figure Sc, the forward gradient doped photocathode
314 shows a significant improvement of 7, 3 times larger than
315 that of the reversed one.
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Electrochemical impedance spectroscopy (EIS) plots in 316
Figure 5d indicate that the forward gradient doped BFO film 317
shows better charge transport capacity than the reverse BFO 318
film, as proved by the significantly reduced charge transport 319
resistance. Moreover, Mott—Schottky analysis (Figure Se) 320
indicates that the flat-band potential (Eg) of BFO films was 321
significantly modified by the gradient self-doping process. As 322
summarized in Table S1, the Eg, of forward gradient BFO film 323
is a round 1.32 V vs RHE, 100 mV larger than that of reversed 324
gradient film (1.22 V vs RHE). Such a positive shift of the E, 325
is a direct evidence of the Fermi level shifting toward the VB 326
edge. The similar carrier density in the films indicates that 327
forward or reversed gradient does not affect the overall carrier 328
density in the film. 329

Figure 5f and Figure S8a show the transmission contour 330
maps of BFO film that contain two main peaks located at 460 331
nm (2.65 eV) and 520 nm (2.38 eV) which decrease over time. 332
These peaks are attributed to the ligand-to-metal char%e 333
transition between O-to-Bi (2.27 V) and O-to-Fe (1.82 €V)."” 334
Figure Sg and Figure S8b are the transmission spectra 335
extracted from the contour maps of BFO films in the visible 336
region at different delay times. The ratio changes in BFO films 337
rarely influence the sharpness of spectra. It should be noted 338
that the sharp signals from thin film semiconductors are related 339
to a modification of the optical properties (the complex index 340
of refraction) of the semiconductor as a result of the 341
perturbation of the charge carrier band population by the 34

pump pulse according to eq 1,°>*'~** 343
292
A AN AP
An(N,P,/l)z—ez—2 —+ —
8 ceqn \ m, my (1) 344

where An is the change of complex refractive index; AN and 345
AP are the photogenerated electrons and holes density; 4 is the 346
wavelength of incident light; ¢ is the speed of photons in 347
vacuum; m, and my, are the effective mass of electrons and 348
holes. 349

The carrier lifetimes of BFO films were extracted from 3s0
reflection decay, as shown in Figure Sh,i. The kinetic traces at 351
520 nm with 400 nm excitation were well fitted via eq 2: 352

AA(t) = kie™ 7 + kye /2 4 ke (2)

where 7, 7,, and 7; are time constants and k;, k,, and k; are 3s4
weightings (amplitudes). The first time constant (7;) is related 3ss
to hot carrier cooling through carrier—carrier scattering and 3s6
momentum relaxation, which is commonly less than 1 ps. The 357
second time constant (7,) is associated with energy relaxation 3ss
involving carrier-phonon scattering. The third time constant is 359
attributed to the trapping and recombination of charge 360
carriers.” ™" The final carrier lifetime was calculated by 361
summing these three time constants with weights. Table S5 362
shows the fitting parameters of BFO films. The total carrier 363
lifetime of forward BFO film (201 ps) is almost 1.3 times as 364
large as that of reversed film (153 ps), which further indicates 365
that the forward gradient doping is an efficient approach to 366
prolong the carrier lifetime and inhabit carrier recombination. 367
Thus, we conclude that the full-space electric field through the 368
BFO films improved PEC performance by enhanced carrier 369
dynamics, including improved charge separation, transport, 370
and prolonged lifetime. 371

In summary, a BFO-based photocathode with improved 372
photocarriers collection was achieved by constructing a full- 373
space electric field through the film. First-principles calcu- 374

https://doi.org/10.1021/acsenergylett.2c01750
ACS Energy Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c01750/suppl_file/nz2c01750_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c01750/suppl_file/nz2c01750_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c01750/suppl_file/nz2c01750_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c01750/suppl_file/nz2c01750_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c01750/suppl_file/nz2c01750_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c01750/suppl_file/nz2c01750_si_001.pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c01750?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

375 lations revealed that Fe vacancies act as acceptor impurities in
376 BFO, which can modulate the Fermi level. TOF-SIMS depth
377 profile and XPS analysis showed the gradient distribution of Fe
378 vacancies within BFO films and illustrated that its concen-
379 tration can be modified by varying the Fe ratio in the
380 precursor. The J—V response and H,O, production tests show
381 clearly enhanced PEC performance by forward gradient
382 doping, which improved the photocurrent by 2 times, the
383 onset potential by 130 mV, and H,0, production by 69%,
384 compared to the reverse gradient doping approach. SPV and
38s UPS analyses show the modified Fermi level and reveal the
386 construction of gradient homojunction and full-space electric
387 field. EIS, Mott—Schottky, and transient spectroscopy analyses
388 indicate the forward full-space electric field as additional
389 driving force that significantly promoted photocarriers
390 collection and prolonged carriers’ lifetime. These results
391 demonstrate that deeper understanding of electric structures
392 of materials and constructing full-space electric field through
393 gradient self-doping are a viable approach to promote
394 photocarriers collection, which deserves great attention and
395 wide applications.
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