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Developing low cost and stable metal electrode is crucial for mass production of perovskite solar cells (PSCs). As an earth-
abundant element, Cu becomes an alternative candidate to replace noble metal electrodes such as Au and Ag, due to its
comparable physiochemical properties with simultaneously good stability and low cost. However, the undesirable band
alignment associated with the device architecture impedes the exploration of efficient Cu-based n-i-p PSCs. Here, we
demonstrated the ability of tuning the Fermi level (EF) of hole transport layer (HTL) to reduce the energy level difference
(Schottky barrier) between HTLs and Cu. Further, we identified that the balance of energy level difference between HTL and
adjacent layers (including perovskite and Cu) is crucial to efficient carrier transportation and photovoltaic performance
improvement in the PSCs. Under the optimized condition, we achieve a device power conversion efficiency (PCE) of 20.10%,
which is the highest on the planar n-i-p PSCs with Cu electrode. Meanwhile, the Cu-based PSCs can maintain 92% of their
initial efficiency after 1000 h storage, which is comparable with Au-based devices. The present work not only extends the
understanding on the band alignment of neighboring semiconductor functional layer in the device architecture to improve the
resulting performance but also suggests great potential of Cu electrode for application in PSCs community.

1. Introduction

Organic-inorganic hybrid PSCs have drawn enormous
attention in academia and industry due to their excellent
optoelectronic properties and low fabrication cost [1–3].
Up to now, the PCE skyrocketed from the initial 3.8% to
25.7% in the past few years [4–10]. However, most of the
high performance PSCs are employing expensive mental
(such as Au and Ag) as the back electrode, which not only
increase the fabrication cost but also bring into undesirable
instability issues in the resulting devices. For instance, Ag
electrode and iodide ions (originated from perovskite) could
easily diffuse and react with each other to form insulated
AgI, which was detrimental to the long-term stability of
PSCs [11]. Meanwhile, although Au was demonstrated to

be more chemically stable than Ag, the reaction with
perovskites under humidity was still found at the interface
level [12]. To solve this problem, some buffer layers (i.e.,
MoOx, Ta-WOx, etc.) were used to prevent the direct con-
tact of metal electrodes with the perovskite layer [13–15].
However, these buffer layers were only able to separate
the perovskite and metal electrodes in a short period, leav-
ing metal atoms still diffusing through the buffer layers
after under long-term operation, leading to unfavorable
degradation [16]. Moreover, the Au electrodes were esti-
mated to occupy over 75% of the total material cost of
the PSC module, which largely hindered the commerciali-
zation of PSCs [17]. Therefore, it is necessary to seek out
an ideal electrode with substantially low cost and inert
reactivity with perovskites.
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Cu as an earth-abundant element is the promising candi-
date to be electrode for its comparable physical properties
with Au and Ag and exhibits good stability with simulta-
neously low cost [18]. Firstly, Cu exhibits comparable work
function (~4.7 eV) with Au (~5.1 eV) and Ag (~4.6 eV)
[19]; the conductivity of Cu (5:96 × 107 Sm−1) is also similar
with Au (4:10 × 107 Sm−1) and Ag (6:30 × 107 Sm−1) at 20°C
[20], which is suitable for electrode application. Secondly,
Cu shows good environmental stability due to its excellent
corrosion resistance, especially contacts with halogens and
nonoxidizing acids (i.e., HI and HBr) [16]. In addition, Cu
is demonstrated to be more difficult to diffuse into the
perovskite layer even under 80°C annealing, owing to the
high formation energy and diffusion barrier of Cu impurity
[16]. Even if Cu can diffuse into the perovskite, the Cu
impurities only behave as the benign defects which are anal-
ogous with the intrinsic vacancies in perovskites, thus can-
not cause severe carriers trapping [21]. Thirdly, Cu has the
substantially cheaper price of ~0.009 $/g, compared to Ag
~0.8 $/g and Au ~55 $/g. All of these advantages indicate
that Cu has the great potential to be the commercially
adopted metal electrode in perovskite photovoltaics.

Actually, the adoption of Cu electrode in perovskite solar
cell has been evaluated previously for both p-i-n and n-i-p
architectures. For instance, Stolterfoht et al. have demon-
strated that Cu could be an excellent electrode for high per-
formance invert (p-i-n) PSCs, which showed the PCE of
21.6% (6mm2 aperture area) and 20.3% (1 cm2 aperture
area) [22]. In addition, Huang group developed a series of
efficient and stable invert PSC devices with Cu electrode,
including small area PSCs (<1 cm2) [23–25], perovskite solar
modules [26–28], and flexible solar cells [29]. Surprisingly,
Cu-based invert PSCs were proved to be stable under
Gamma-ray radiation [30], which provided prospects for
the application of radiation detectors and space solar cells.
However, when the Cu electrode was applied into n-i-p
PSCs, only few attempts were documented, and the corre-
sponding PCE were relatively low. For example, early work
achieved a PCE of 13.49% with open circuit voltage (Voc,
1.0V) and fill factor (FF, 69.1%) based on the mesoporous
n-i-p PSCs [31]. When using the traditional 2,2′,7,7′-Tetra-
kis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene
(Spiro-OMeTAD) as the HTL, a PCE of 9.2% was obtained
due to the internal resistance of HTL/Cu interface largely
increased [32]. Then, the PCE of Cu-based n-i-p PSCs was
elevated to 17.3% by using tBP as the HTL additive to
improve the charge selectivity at the interface [33]. Even
though, this value was much lower than the PCE obtained
in p-i-n PSCs with Cu electrode [22]. Given that the n-i-p
structured PSCs currently show the most state-of-art photo-
voltaic performance [1], the demand for high-cost Au
electrode makes the development of cheap and efficient
Cu-based n-i-p PSCs become an important commercializa-
tion direction.

Here, we developed a feasible method, namely, “balan-
cing energy level difference,” to optimize the band alignment
in n-i-p PSCs with Cu electrode. Through material charac-
terizations, we systematically adjusted the EF of HTLs to
match well with both perovskite and Cu electrode. Under

the optimized condition, we achieved a PCE of 20.10% with
the Voc of 1.084V and FF of 78.77%, which is the highest
PCE in n-i-p PSCs with Cu electrode. Deep study revealed
that a good balance of energy level difference between
perovskite/HTL and HTL/Cu interface could significantly
improve the charge collection and transport properties in
the resultant devices, leading to improved FF. Moreover, we
evaluated the stability of PSCs and found that the devices
with Cu electrode could remain 92% of their initial PCE after
1000 h storage. This finding broadens our understanding on
the band alignment of neighboring semiconductor functional
layers in high-performing devices, which also sheds light on
the application of Cu electrode in PSC commercialization.

2. Results and Discussion

In this study, the perovskite films were fabricated by the
two-step solution method, where the fabrication details
could be found in Supplementary Information. To obtain a
suitable energy level match between perovskite/HTL/Cu,
we mainly adjusted the EF of HTLs (combined with
Spiro-OMeTAD and Poly[bis(4-phenyl)(2,4,6-trimethylphe-
nyl)amine (PTAA)) through changing the relative content of
different hole transport materials. The corresponding precur-
sor solutions were prepared by adding PTAA into Spiro-
OMeTAD with varied mass ratio of 0%, 13%, 17%, and
25%, which were all dissolved in chlorobenzene. For conve-
nience, we defined these hybrid HTLs with 0wt%, 13wt%,
17wt%, and 25wt% PTAA as HTL-1, HTL-2, HTL-3, and
HTL-4 for further investigation, respectively.

We firstly investigated the EF for different HTLs through
the UPS measurements, to obtain the band alignment
among perovskite/HTL/Cu, which would have a profound
influence on the device performance. The measured EF of
different HTLs are showed in Figure 1(a) (the experimental
details were shown in Figure S1). It was found that the EF
for pure Spiro-OMeTAD (HTL-1) matched well with
perovskite (Figure S2) with the lowest EF difference of
~0.11 eV, which is expected to deliver a higher Voc with less
energy loss along the HTL/perovskite interface. However,
the energy difference between HTL-1 and Cu was
significantly large (0.51 eV, Figure 1(b)), suggesting a higher
Schottky barrier (poor charge transportation) at the HTL/
Cu interface (illustrated in Figure 1(c)). To decrease the
energy difference between HTL and Cu electrode, the EF of
HTL should be increased, and in this work, we achieved it
through the mixed HTLs, as discussed in the above (the EF
for HTL-2, HTL-3, and HTL-4 is –4.31 eV, –4.40 eV, and –
4.54 eV, respectively). As a result, the corresponding energy
difference between HTLs and Cu was reduced to ~0.39 eV,
~0.30 eV, and ~0.16 eV (Figure 1(b)), respectively, which is
beneficial for charge transportation (Figures 1(d)–1(f)).
However, these changes would accordingly bring into
negative effects on the band alignment between HTL and
perovskite, with increased EF difference of ~0.23 eV,
~0.32 eV, and ~0.46 eV (Figure 1(b)), respectively, and this
may lead to larger energy loss during carrier extraction
process (Figures 1(d)–1(f)). Therefore, how to obtain a
balanced condition on these two types of energy differences
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at the interfaces, including perovskite/HTL and HTL/Cu, is
crucial to determine the device performance with
substantially lower energy loss and considerable charge
transportation. The balanced energy difference at different
interfaces (i.e., for HTL-3, with similar energy difference at
perovskite/HTL (0.32 eV) and HTL/Cu (0.30 eV) interfaces)
would potentially promote the hole extraction and
transportation across the device, thus improve the PCE of
PSCs.

We then assessed the potential of these HTLs for the
application in PSCs, by checking the corresponding mor-
phology, crystallization, and photogenerated carrier behav-
iors. Based on the uniform polycrystalline perovskite film
(Figure S3), the morphology of different HTLs (deposited
on the perovskite) were revealed by scanning electron
microscopy (SEM) images (Figures 2(a)–2(d)). Due to the
basically amorphous state of such organic molecules, the
morphology of HTLs was found to have no clear
crystallization state, and all HTLs (HTL1-4) exhibited good
coverage without appreciable pinholes. Moreover, we
characterized the thickness of these HTLs and found that
there was no obvious difference between HTL1-4 with the
average thickness of ~200nm. Then, we studied the
crystallization behavior of different HTLs via the X-ray
diffraction (XRD) measurements. While the pure Spiro-
OMeTAD partially crystallized with small full width at half

maximum (FWHM) of main diffraction peak and
contained some sharp diffraction peaks, the main
diffraction peak became broader (with larger FWHM), and
those sharp peaks gradually disappeared after the
incorporation of PTAA into the HTLs (HTL2-4,
Figure S4). This result indicates that the mixed HTLs
suppressed the crystallization of Spiro-OMeTAD in the
composites, which was beneficial for the optoelectronic
performance of PSCs. To further monitor the carrier
behavior of perovskite/HTL samples, we performed the
steady-state photoluminescence (PL) and time-resolved
photoluminescence (TRPL) measurements. As shown in
Figure 2(e), the perovskite/HTL-1 (only Spiro-OMeTAD)
heterojunction quenched the PL signal of perovskite most
efficiently than other heterojunctions, and the mixed HTLs
with higher EF (from HTL-2 to HTL-4) showed less
quenching effects, demonstrating that the hole extraction
and transportation from perovskite to the HTL were more
effective with lower EF difference at the perovskite/HTL
interface [34, 35]. Furthermore, the carrier lifetime
(obtained from TRPL results) of perovskite/HTL samples
increased from 81.07 ns (HTL-1), 126.54 ns (HTL-2),
147.20 ns (HTL-3) to 178.96 ns (HTL-4), as shown in
Figure 2(f) and Table S1, indicating the suppressed carrier
extraction, which were all in consistent with the PL results.
To be noted, the carrier lifetime difference between
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Figure 1: (a) Energy level of valance band for perovskite (PVSK), HTL1-4, and Cu. (b) Energy level difference of valance band for different
HTLs between PVSK/HTL and HTL/Cu. (c–f) The diagram of energy level difference between PVSK/HTL/Cu and corresponding hole
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Figure 2: (a–d) The SEM images of perovskite films cover with different HTLs: (a) HTL-1; (b) HTL-2; (c) HTL-3; (d) HTL-4. Inset: the
cross-sectional SEM images of corresponding samples. (e) The photoluminescence spectra of perovskites covered with different HTLs
(HTL1-4). (f) The time-resolved photoluminescence spectra of perovskites covered with different HTLs (HTL1-4). (g) The
photoluminescence spectra of perovskite solar cells at short-circuit state composed with different HTLs (HTL1-4). (h) Normalized
transient photocurrent decays of PSC devices with different HTLs (HTL1-4).
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Figure 3: The optoelectronic performance of PSCs based on different HTLs: (a) open-circuit voltage (Voc); (b) short-circuit current density
(Jsc); (c) fill factor (FF); (d) power conversion efficiency (PCE). (e) The calculated energy difference variation between perovskite/HTL and
HTL/Cu interface based on different HTLs and corresponding FF (average values). (f) J–V curve and corresponding photovoltaic
parameters of best performing PSCs based on HTL-3.
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different samples was not significant; thus, the mixed HTLs
still exhibited comparable carrier transfer properties with
pure Spiro-OMeTAD, which provides prerequisite for the
application in PSCs.

To further reveal the charge carrier dynamics within
PSC devices, we then collected the PL spectra of PSCs
(ITO/SnO2/perovskite/HTL/Cu) which were short-circuit
connected (so that the photo carriers could easily transport
into the external circuit). As shown in Figure 2(g), the PL
intensity gradually decreased from HTL-1 to HTL-4, which
was dramatically different from the tendency in electrode-
free samples (ITO/SnO2/perovskite/HTL, Figure 2(e)). This
phenomenon indicated that the carrier transport ability
from HTL to Cu electrode governed the PL emission
within the devices. Considering the gradually reduced
Schottky barrier at HTL/Cu interface from HTL-1 to

HTL-4, we inferred that most of the light-induced carriers
were conducted to the external circuits, thus decreasing PL
intensity. Moreover, we performed the transient photovol-
tage decay (TPV) and transient photocurrent decay (TPC)
measurements. As shown in Figure S5 and Table S2, the
charge recombination lifetime (τr) of device based on
HTL-3 (166.01μs) was longer than other devices. This result
suggested a substantially suppressed charge recombination in
the whole PSC device, including the perovskite bulk and
the perovskite/HTL-3/Cu interface. Meanwhile, it was
observed that the device with HTL-3 showed a shorter
charge transport lifetime (τt) than devices based on other
HTLs (Figure 2(h) and Table S2), indicating a much
more efficient charge transfer across the device. Therefore,
we can conclude that the balanced energy difference
between perovskite/HTL and HTL/Cu interface enabled
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N2 atmosphere at temperature about 25-40°C: (a) Voc; (b) Jsc; (c) FF; (d) PCE.
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the more effective carrier transportation in the device,
through avoiding the too much energy difference and
corresponding poor carrier transport behavior at either
interface.

To reveal the relationship between interface energy level
difference and optoelectronic performance in PSCs, we fab-
ricated the PSC devices with the configuration of ITO/
SnO2/perovskite/HTL/Cu (as shown in the cross-sectional
SEM image in Figure S6). The fabrication details could be
found in Supporting Information. As shown in Figure 3(a),
the Voc gradually decreased with the energy deference at
perovskite/HTL interface increased (the averaged Voc for
HTL-1-, HTL-2-, HTL-3-, and HTL-4-based PSCs are
1.100, 1.091, 1.088, and 1.085V, respectively), which may
be due to the enlarged interface energy loss (Figures 1(c)–
1(f)). Meanwhile, the Jsc showed opposite variation trend
of Voc, with the gradually increased value of 21.85, 22.88,
23.21, and 23.38mA/cm2 for HTL1-4, respectively
(Figure 3(b)). This result was basically in consistent with
the TPC measurements, and we contributed it to the better
carrier transportation at HTL/Cu interface with the
reduced Schottky barrier. Considering the opposite
tendency of Voc and Jsc, the trade-off between them still
could not guarantee the device performance by different
HTLs, while it further count on the FF. Interestingly, the
averaged FF increased from 63.31% (HTL-1) to 74.25%
(HTL-2), and up to the highest value of 77.98% based on
the HTL-3, then decreased to 75.24% with HTL-4
(Figure 3(c)). This tendency was just fitted with the energy
level difference at different interfaces (summarized in
Figure 1(b) and Table S3), where the more balanced energy
difference (meaning the less variation between perovskite/
HTL and HTL/Cu interface energy difference) would lead
to the higher FF in corresponding PSCs (Figure 3(e)).
Notably, the Cu-based PSC with pure Spiro-OMeTAD
(HTL-1) exhibited the poorest FF due to the largest energy
difference variation between perovskite/HTL (~0.11 eV)
and HTL/Cu (~0.51 eV) interface, which was in consistent
with other work based on the same device structure [36].
From these results, we could conclude that the “energy
level difference balance” between perovskite/HTL and
HTL/electrode interface indeed exhibited crucial influence
on the PSC performance (especially FF), through altering
the charge collection and transfer behavior at these
interfaces. Eventually, the HTL-3-based PSCs showed an
average PCE of 19.57%, which was higher than other HTLs
based PSCs (Table S4). And the variation trend of PCE
was exactly the same as that of FF (Figure 3(d)), suggesting
that the FF was a key factor to influence the Cu-based PSC
performance.

The best performing PSC with HTL-3 achieved a high
reverse scan PCE of 20.10% with the Voc of 1.084V, Jsc of
23.54mA/cm2, and FF of 78.77%, as shown in Figure 3(f).
In addition, the forward scan PCE of this device was
18.88%, with the Voc of 1.075V, Jsc of 23.58mA/cm2, and
FF of 74.48% (Figure S7). The stabilized power output of
this device was 19.53% (Figure S8). To our best knowledge,
this was the highest PCE of n-i-p PSC with Cu electrode.
The external quantum efficiency (EQE) measurement

exhibited an integrated Jsc of 23.03mA/cm2, as shown in
Figure S9, which was in good agreement with the J-V
measurements.

Furthermore, we monitored the stability of the PSCs
based on HTL-3 and different metal electrodes (Au, Ag,
and Cu), and these devices were kept under N2 atmosphere
at temperature about 25-40°C. As shown in Figures 4(a)–
4(d), the PSCs with Cu electrode exhibited comparable per-
formance loss compared to the PSCs with Au electrode,
which were all kept over 90% of their initial PCE after over
1000 h storage. Meanwhile, the optoelectronic performance
of Ag-based PSCs dropped dramatically after 300 h storage,
mainly due to the unfavorable metal diffusion and reaction
with perovskite components [9]. Therefore, the n-i-p PSCs
with Cu electrode could be a promising candidate toward
for efficient and stable devices after further improvement.

3. Conclusion

In summary, we innovatively provided a method, called
“balancing energy level difference,” to optimize the band
alignment across perovskite/HTL/Cu interface in n-i-p PSCs
with Cu electrode. Combined with the material characteriza-
tion and device performance, we systematically investigated
the energy difference at perovskite/HTL and HTL/Cu inter-
faces with different HTLs and built a relationship between
interface energy difference and corresponding photovoltaic
parameters. Accompanied with the investigation on carrier
behavior, we concluded that the balanced energy difference
at these interfaces could significantly improve the charge
collection and transportation properties in resultant devices.
Under the optimized condition, we achieved a high PCE of
20.10% with Voc of 1.084V and FF of 78.77%, which was
the highest PCE in n-i-p PSCs with Cu electrode. Besides,
we monitored the stability of PSCs with different metal elec-
trodes and found that the devices with Cu electrode could
remain 92% of their initial PCE after over 1000 h storage.
The present work not only expanded our knowledge on
seeking a balanced band alignment at different interfaces to
improve the performance of devices but also ensured the
application of Cu electrode in further PSC industrialization.

Data Availability

The authors declare that the main data supporting the find-
ings in this study are available within the article and its sup-
plementary information. Additional data are available from
the corresponding authors upon reasonable request.

Conflicts of Interest

The authors declare no competing interests.

Authors’ Contributions

H.Z., Z.X., and N.L. conceived the idea. H.Z., Z.X., N.L., and
X.N. designed the experiments. Z.X., N.L., and X.N. were
involved in all the experimental parts. G.L. performed the
TPC and TPV measurements. Z.X., X.N., N.L., and H.L.

6 Energy Material Advances



contributed to the fabrication of high performance perov-
skite solar cells. H.Z., Q.C., Z.X., N.L., and X.N. wrote and
revised the manuscript. All authors were involved in the dis-
cussion for data analysis and commented on the manuscript.
Z.X., N.L., and X.N. contributed equally to this work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant No. 51972004), the National
Key Research and Development Program of China (Grant
Nos. 2020YFB1506400 and 2017YFA0206701), and the
Tencent Foundation through the XPLORER PRIZE.

Supplementary Materials

Figure S1: secondary electron cut-off regions of UPS spectra
for different HTLs (HTL1-HTL4). Figure S2: secondary
electron cut-off region of UPS spectrum for perovskite film.
Figure S3: the SEM images of perovskite film under low
magnification and high magnification. Figure S4: the XRD
patterns of different HTLs (HTL1-HTL4). Figure S5: nor-
malized transient photovoltage decays of PSC devices with
different HTLs (HTL1-HTL4). Figure S6: the cross-
sectional SEM image of perovskite solar cells. Figure S7:
the J-V measurements under reverse scan (1.2~–0.2V)
and forward scan (–0.2~ 1.2V) of device-based different
electrodes (Cu, Ag, and Au). Figure S8: steady-state power
output of best Cu device under max power point tracking.
Figure S9: external quantum efficiency spectrum together
with the integrated current density for the HTL-3-based
PSC device. Table S1: the fitted carrier lifetime of perovskites
with different HTLs (HTL1-HTL4) which obtained from the
TRPL measurements (Figure 2(b)). Table S2: the fitted
charge recombination lifetime (τr) and charge transport
lifetime (τt) of perovskite solar devices which obtained
from the TPV and TPC measurements (Figures 2(c) and
2(d)). Table S3: the calculation on energy difference varia-
tion in different samples based on Figure 1(b). Table S4:
the averaged photovoltaic parameters for the PSCs with
different HTLs (HTL1-HTL4). (Supplementary Materials)

References

[1] N. Li, X. Niu, L. Li et al., “Liquid medium annealing for fabri-
cating durable perovskite solar cells with improved reproduc-
ibility,” Science, vol. 373, no. 6554, pp. 561–567, 2021.

[2] J. S. Manser, J. A. Christians, and P. V. Kamat, “Intriguing
optoelectronic properties of metal halide perovskites,” Chemi-
cal Reviews, vol. 116, no. 21, pp. 12956–13008, 2016.

[3] Z. Li, Y. Zhao, X. Wang et al., “Cost analysis of perovskite tan-
dem photovoltaics,” Joule, vol. 2, no. 8, pp. 1559–1572, 2018.

[4] A. Kojima, K. Teshima, Y. Shirai, and T. Miyasaka, “Organo-
metal halide perovskites as visible-light sensitizers for photo-
voltaic cells,” Journal of the American Chemical Society,
vol. 131, no. 17, pp. 6050-6051, 2009.

[5] H. Zhou, Q. Chen, G. Li et al., “Interface engineering of highly
efficient perovskite solar cells,” Science, vol. 345, no. 6196,
pp. 542–546, 2014.

[6] H. Zai, J. Su, C. Zhu et al., “Sandwiched electrode buffer for
efficient and stable perovskite solar cells with dual back surface
fields,” Joule, vol. 5, no. 8, pp. 2148–2163, 2021.

[7] Y. Chen and H. Zhou, “Defects chemistry in high-efficiency
and stable perovskite solar cells,” Journal of Applied Physics,
vol. 128, no. 6, article 060903, 2020.

[8] H. Zai, Y. Ma, Q. Chen, and H. Zhou, “Ion migration in halide
perovskite solar cells: mechanism, characterization, impact
and suppression,” Journal of Energy Chemistry, vol. 63,
pp. 528–549, 2021.

[9] X. Niu, N. Li, Q. Chen, and H. Zhou, “Insights into Large‐Scale
Fabrication Methods in Perovskite Photovoltaics,” Advanced
Energy and Sustainability Research, vol. 2, no. 2, article
2000046, 2021.

[10] R. Fan, W. Zhou, Z. Huang, and H. Zhou, “Defect suppression
and passivation for perovskite solar cells: from the birth to the
lifetime operation,” EnergyChem, vol. 2, no. 3, p. 100032, 2020.

[11] Y. Kato, L. K. Ono, M. V. Lee, S. Wang, S. R. Raga, and Y. Qi,
“Silver iodide formation in methyl ammonium lead iodide
perovskite solar cells with silver top electrodes,” Advanced
Materials Interfaces, vol. 2, no. 13, p. 1500195, 2015.

[12] A. Guerrero, J. You, C. Aranda et al., “Interfacial degradation
of planar lead halide perovskite solar cells,” ACS Nano,
vol. 10, no. 1, pp. 218–224, 2016.

[13] E. M. Sanehira, B. J. Tremolet de Villers, P. Schulz et al., “Influ-
ence of electrode interfaces on the stability of perovskite solar
cells: reduced degradation using MoOx/Al for hole collection,”
ACS Energy Letters, vol. 1, no. 1, pp. 38–45, 2016.

[14] Y. Hou, X. Du, S. Scheiner et al., “A generic interface to reduce
the efficiency-stability-cost gap of perovskite solar cells,” Sci-
ence, vol. 358, no. 6367, pp. 1192–1197, 2017.

[15] K. Domanski, J.-P. Correa-Baena, N. Mine et al., “Not all that
glitters is gold: metal-migration-induced degradation in
perovskite solar cells,” ACS Nano, vol. 10, no. 6, pp. 6306–
6314, 2016.

[16] J. Zhao, X. Zheng, Y. Deng et al., “Is Cu a stable electrode
material in hybrid perovskite solar cells for a 30-year life-
time?,” Energy & Environmental Science, vol. 9, no. 12,
pp. 3650–3656, 2016.

[17] N. L. Chang, A. W. Yi Ho-Baillie, P. A. Basore, T. L. Young,
R. Evans, and R. J. Egan, “A manufacturing cost estimation
method with uncertainty analysis and its application to perov-
skite on glass photovoltaic modules,” Progress in Photovoltaics:
Research and Applications, vol. 25, no. 5, pp. 390–405, 2017.

[18] J.-W. Xiao, C. Shi, C. Zhou, D. Zhang, Y. Li, and Q. Chen,
“Contact engineering: electrode materials for highly efficient
and stable perovskite solar cells,” Solar RRL, vol. 1, no. 9,
p. 1700082, 2017.

[19] H. B. Michaelson, “The work function of the elements and its
periodicity,” Journal of Applied Physics, vol. 48, no. 11,
pp. 4729–4733, 1977.

[20] H. Lu, X. Ren, D. Ouyang, and W. C. H. Choy, “Emerging
novel metal electrodes for photovoltaic applications,” Small,
vol. 14, no. 14, article 1703140, 2018.

[21] W. Ming, D. Yang, T. Li, L. Zhang, and M.-H. Du, “Formation
and diffusion of metal impurities in perovskite solar cell mate-
rial CH3NH3PbI3: implications on solar cell degradation and
choice of electrode,” Advancement of Science, vol. 5, no. 2,
p. 1700662, 2018.

[22] M. Stolterfoht, C. M. Wolff, J. A. Márquez et al., “Visualization
and suppression of interfacial recombination for high-

7Energy Material Advances

https://downloads.spj.sciencemag.org/energymatadv/2022/9781073.f1.docx


efficiency large-area pin perovskite solar cells,” Energy, vol. 3,
no. 10, pp. 847–854, 2018.

[23] W.-Q. Wu, P. N. Rudd, Q. Wang, Z. Yang, and J. Huang,
“Blading phase‐pure formamidinium‐alloyed perovskites for
high‐efficiency solar cells with low photovoltage deficit and
improved stability,” Advanced Materials, vol. 32, no. 28,
p. 2000995, 2020.

[24] S. Yang, S. Chen, E. Mosconi et al., “Stabilizing halide perov-
skite surfaces for solar cell operation with wide-bandgap lead
oxysalts,” Science, vol. 365, no. 6452, pp. 473–478, 2019.

[25] W.-Q. Wu, P. N. Rudd, Z. Ni et al., “Reducing surface halide
deficiency for efficient and stable iodide-based perovskite solar
cells,” Journal of the American Chemical Society, vol. 142, no. 8,
pp. 3989–3996, 2020.

[26] Y. Deng, Z. Ni, A. F. Palmstrom et al., “Reduced self-doping of
perovskites induced by short annealing for efficient solar mod-
ules,” Joule, vol. 4, no. 9, pp. 1949–1960, 2020.

[27] S. Chen, X. Xiao, H. Gu, and J. Huang, “Iodine reduction for
reproducible and high-performance perovskite solar cells and
modules,” Science Advances, vol. 7, no. 10, article eabe8130,
2021.

[28] Y. Deng, X. Zheng, Y. Bai, Q. Wang, J. Zhao, and J. Huang,
“Surfactant-controlled ink drying enables high-speed deposi-
tion of perovskite films for efficient photovoltaic modules,”
Energy, vol. 3, no. 7, pp. 560–566, 2018.

[29] C. Bi, B. Chen, H.Wei, S. DeLuca, and J. Huang, “Efficient flex-
ible solar cell based on composition‐tailored hybrid perov-
skite,” Advanced Materials, vol. 29, no. 30, p. 1605900, 2017.

[30] S. Yang, Z. Xu, S. Xue, P. Kandlakunta, L. Cao, and J. Huang,
“Organohalide lead perovskites: more stable than glass under
gamma‐ray radiation,” Advanced Materials, vol. 31, no. 4,
p. 1805547, 2019.

[31] L. Wang, G.-R. Li, Q. Zhao, and X.-P. Gao, “Non-precious
transition metals as counter electrode of perovskite solar cells,”
Energy Storage Materials, vol. 7, pp. 40–47, 2017.

[32] F. Behrouznejad, S. Shahbazi, N. Taghavinia, H.-P. Wu,
E. Wei-Guang Diau, and J. Mater, “A study on utilizing differ-
ent metals as the back contact of CH3NH3PbI3 perovskite solar
cells,” Journal of Materials Chemistry A, vol. 4, no. 35,
pp. 13488–13498, 2016.

[33] S. N. Habisreutinger, N. K. Noel, H. J. Snaith, and R. J.
Nicholas, “Investigating the role of 4-tertbutylpyridine in
perovskite solar cells,” Advanced Energy Materials, vol. 7,
no. 1, p. 1601079, 2017.

[34] B. B. Cui, Y. Han, N. Yang et al., “Propeller-shaped, triaryla-
mine-rich, and dopant-free hole-transporting materials for
efficient n–i–p perovskite solar cells,” ACS Applied Materials
& Interfaces, vol. 10, no. 48, pp. 41592–41598, 2018.

[35] Y. Chen, J. Gu, R. Fan et al., “A general approach for nanopar-
ticle composite transport materials toward efficient perovskite
solar cells,” Chemical Communications, vol. 53, no. 80,
pp. 11028–11031, 2017.

[36] F. Behrouznejad, S. Shahbazi, N. Taghavinia, H.-P. Wu,
E. Wei-Guang Diau, and J. Mater, “A study on utilizing differ-
ent metals as the back contact of CH3NH3PbI3perovskite solar
cells,” Journal of Materials Chemistry A, vol. 4, no. 35,
pp. 13488–13498, 2016.

8 Energy Material Advances


	Balancing Energy-Level Difference for Efficient n-i-p Perovskite Solar Cells with Cu Electrode
	1. Introduction
	2. Results and Discussion
	3. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

