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Outline

• What are the challenges in PSC monitoring?

• Hysteresis

• Impact of I-V conditions and interim loading conditions

• Degradation

• Performance Recovery, Diurnal Performance variation

• Lack of dedicated measurement protocols

• Outdoor monitoring of perovskite mini-modules at UCY

• Summary of Lessons learned
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Perovskites in the ‘PV arena’

M. Zendehdel, N. Yaghoobi Nia and M. Yaghoubinia, 
‘Emerging Thin Film Solar Panels’, IntechOpen, 2020.
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Why perovskites

5

Scalable: roll2roll, 
printing, paint!
→ Integration prospects

In 2021 (NREL):
• SJ Perov. cell: 25,7% cell
• Mono-Si cell: 26,1%
• Perov. Module: 17,9%

Flexible

Desirable & Tunable O/E properties Already high efficiencies

Low cost
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Why not yet perovskites

Small-area devices (<1cm2)
Stability measurements (<1500h; 
<0.1% devices tested outdoors)

→ Scalability issue →long-term stability issue

→Field reliability 

Ref: Thin Film 
Photovoltaics (Edited by 
B. Zaidi), Chapter 
‘Outdoor performance 
of perovskite 
Technology’, 2022
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Guidelines on perovskite testing- Status

‘..overview of current best practices for 
measuring the performance of [emerging] 
PV devices .. It seeks to highlight where the 
existing standards fail to accommodate the 
requirements of these technologies, to 
identify what additional measures may be 
needed for accurate determination of the 
device efficiency, and how these measures 
might be standardised in the future.’
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Challenges in perovskite testing: Hysteresis

Ref: N. K. Elumalai et. al, Solar Energy Materials and 
Solar Cells, Vol. 157, 2016, pp. 476-509
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Challenges in perovskite testing: Hysteresis 
& impact of I-V conditions

• Impact of voltage sweep rate
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Forward first measurements 
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Challenges in perovskite testing: 
Performance Degradation

Encapsulation

Drop in performance 
after outdoor aging
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Challenges in perovskite testing: Diurnal 
performance variation (overnight recovery) 

Ref: M. Khenkin et. Al, Energy Environ. Sci., 2018,11, 739-743

Indoors continuous illumination 
by simulated sunlightOutdoor exposure
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Outdoor monitoring – Measurement conditions

Electrical measurements taken: 
• I-V curves (forward and reverse voltage sweeps)

Electrical measurement frequency: 
• I-V data logged every 5 minutes 

Electrical measurement technique: 
• Sweep rate: 1V/sec, hold time: 0sec, forward/reverse 

sweep (forward-first measurements). 
Environmental measurements: 

• Solar irradiance (POA), ambient & device temperatures, 
wind velocity, humidity & precipitation levels.

Reference measurements
• Use of control modules indoors
• Collection of regular I-V measurements indoors

Visual checks / records
• Frequent inspection of the modules 

Module condition between measurements: Voc
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Preliminary field measurements

Fraunhofer ISE UCY FOSS

Ref: M. Norton et. al, 37th EUPVSEC, 2020, 3BO.10.4
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Observations - Interim loading effect

• Use of MPP loading improved 
performance (from 40% of initial 
power to 65%)

• However, using MPP loading does
not prevent eventual progression 
of performance degradation
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Observations - Recovery

• Reverse scans showed some overnight 
recovery

• To investigate possible performance 
recovery, module was:
• removed from outdoor setup

• kept in dark, uncontrolled conditions

• replaced outdoors after 2 weeks

• kept at Voc between scans

• Immediate improvement over last 
outdoor measurements.

• Within 2 hours, efficiency had returned 
to roughly prior performance.
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Observations: Performance Recovery

• reversible degradation (after weeks in dark storage conditions)
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Initial Efficiency 1.00

After 7 weeks exposure 0.32

After 2 months recovery 0.81

Initial Efficiency 1.00

After 12 weeks exposure 0.35

After 2 months recovery 0.99

Initial Efficiency 1.00

After 9 weeks exposure 0.50

After 2 months recovery 0.89

Ref: M. Norton et. al, 37th EUPVSEC, 2020, 3BO.10.4
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Impact of I-V sweep conditions on performance

• Development of ‘perovskite-appropriate’ test protocols: 
Impact of IV sweep conditions

V scan direction priority
(forward/reverse first) 
[only for Voc load conditions]

Interim loading (from Voc to 
MPP)

V scan sweep rate 
[for both Voc, MPP load 
conditions]

Apparent recovery of 
performance (by 60%)
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Effect of environmental conditions on performance

Efficiency degradation after 1 week outdoors.

Batch

1

Batch 2 • 4 identical modules tested in different seasons

• Monitoring: electr. Parameters, Tambient, irradiation 

• Efficiency degradation →mostly current losses

• Batch1: 
- mean Tmodule =28°C, 
- total weekly solar irradiation = 20.22 kWh/m2

• Batch2: 
- mean Tmodule = 49.6°C 
- total weekly solar irradiation = 41.25 kWh/m2

• For same total irradiance applied: higher degradation in 
higher temperatures → temperature major stressor 
outdoors

Ref: V. Paraskeva et. al, Seasonal dependence of diurnal 

efficiency degradation and recovery in perovskite mini-

modules during outdoor testing, IEEE PVSC 2022
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Long term monitoring

• 8+ months continuous 
monitoring

• Performance degradation 
(28%) over first 3 months

• Current losses are 
significant
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Monitoring failure development and evolution

BEFORE AFTER

PL

EL

After 3 months in the dark (recovery)  
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Dark Lock-In Thermography images

DLIT images of perovskite mini-modules before outdoor testing  

A68K A68J A68G
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Learning curves

• Encapsulation 

• Hysteresis in I-V scans → I-V conditions critical

→ both FW&REV scans @ optimal scan rate

• Degradation→ permanent vs reversible

→ nature, origin, evolution, recovery mechanisms??

• MPP loading →more representative result of instantaneous PCE

• Imperative to monitor environmental conditions in PSC field monitoring

• Standardized outdoor monitoring protocols for PSC

• Long-term outdoor studies to build experiences on monitoring of PSC 

→ large scale database of perovskite PV plant outdoor performance →
PR, performance loss rates, climate, and other stress-factor 
dependency → development of field reliability algorithms & models

→ development of field diagnostics for PSC in future
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