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What is photodoping?

hv

Photoexcited electrons or holes trapped by defect levels



Why we want to study photodoping?

Long relax time with stable photoexcited state

X. Lin, nat. matt. 2017, 16 1209-1215
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Photostriction in FE CA thin film



Processes of recombination via traps

W. SHOCKLEY & W. T. READ, Jr, PHYS. REV. 1952, 87, 5



Electron capture rate

Probability of an electron be captured by traps in dE range per unit volume
𝑃𝑐𝑛 = 𝑓𝑝𝑡𝑁𝑡𝑐𝑛 𝐸 𝑓 𝐸 𝑁 𝐸 𝑑𝐸

Probability of an electron be emitted from traps in dE range per unit volume
𝑃𝑒𝑛 = 𝑓𝑡𝑁𝑡𝑒𝑛 𝐸 𝑓𝑝 𝐸 𝑁 𝐸 𝑑𝐸

From thermal equilibrium 𝐹𝑛 = 𝐹𝑡, 𝑃𝑐𝑛 = 𝑃𝑒𝑛;
Total rate of electron capture

𝑈𝑐𝑛 = 𝑃𝑐𝑛 − 𝑃𝑒𝑛 = 1 − exp
𝐹𝑡 − 𝐹𝑛
𝑘𝐵𝑇

𝑓𝑝𝑡𝑁𝑡න
𝐸𝐶

∞

𝑓 𝐸 𝑁 𝐸 𝑐𝑛(𝐸)𝑑𝐸

When 𝐹𝑛 > 𝐹𝑡, the electron density is larger in CB than in traps, so the electrons are captured

For nondegenerate statistics, 𝑓𝑝 → 1 in CB, so the expression is simplified

𝑈𝑐𝑛 = 𝐶𝑛𝑓𝑝𝑡𝑛 − 𝐶𝑛𝑓𝑡𝑛1, 𝑛 = 𝑁𝐶𝑒𝑥𝑝
𝐹𝑡 − 𝐸𝐶
𝑘𝐵𝑇

, 𝑛1 = 𝑁𝐶𝑒𝑥𝑝
𝐸𝑡 − 𝐸𝐶
𝑘𝐵𝑇

𝑈𝑐𝑝 = 𝐶𝑝𝑓𝑡𝑝 − 𝐶𝑝𝑓𝑝𝑡𝑝1



Recombination time
From steady state condition 𝑈𝑐𝑛 = 𝑈𝑐𝑝
Recombination rate
𝑈 = 𝑈𝑐𝑛𝑈𝑐𝑝 = 𝐶𝑛𝐶𝑝(𝑝𝑛 − 𝑝1𝑛1)/[𝐶𝑛 𝑛 + 𝑛1 + 𝐶𝑝(𝑝 + 𝑝1)]

𝑝1𝑛1 = 𝑁𝐶𝑁𝑣 exp
𝐸𝑣 − 𝐸𝑐
𝑘𝐵𝑇

= 𝑁𝐶𝑁𝑣 exp
−𝐸𝐺
𝑘𝐵𝑇

= 𝑛𝑖
2

When photoexcited density change 𝛿𝑛 is small,
𝑛 = 𝑛0 + 𝛿𝑛, 𝑝 = 𝑝0 + 𝛿𝑛

𝜏 =
𝛿𝑛

𝑈
= 𝜏𝑃0

𝑛0 + 𝑛1
𝑛0 + 𝑝0

+ 𝜏𝑛0
𝑝0 + 𝑝1
𝑛0 + 𝑝0

, 𝜏𝑃0 =
1

𝐶𝑝
, 𝜏𝑛0 =

1

𝐶𝑛

In n-type, 𝐹0 > 𝐸𝑖 , 𝑛0 ≫ 𝑝0

𝜏 = 𝜏𝑃0
𝑛0 + 𝑛1
𝑛0

= 𝜏𝑃0 1 + 𝑒𝑥𝑝
𝐸𝑡 − 𝐹0
𝑘𝐵𝑇

In p-type, 𝐹0 < 𝐸𝑖 , 𝑛0 ≪ 𝑝0

𝜏 = 𝜏𝑛0 + 𝜏𝑃0
𝑛1
𝑝0

= 𝜏𝑛0 + 𝜏𝑃0𝑒𝑥𝑝
𝐸𝑡 + 𝐹0 − 2𝐸𝑖

𝑘𝐵𝑇
,

When photoexcited density change 𝛿𝑛 is large, in n-type,
𝜏

𝜏0
1 +

𝛿𝑛

𝑛0
= 1 +

𝛿𝑛(𝜏𝑃0 + 𝜏𝑛0)

𝜏𝑃0(𝑛0 + 𝑛1)

Recombination rate linear to photoexcited charge carriers.



Dependence of recombination time 

𝐹0 < 2𝐸𝑖 − 𝐸𝑡, 𝑝0 ≫ 𝑛1
All traps are empty and the 
number of holes is large 
enough  that a hole will 
immediately recombine 
with every trapped electron

𝐹0 > 2𝐸𝑖 − 𝐸𝑡, 𝑝0 ≪ 𝑛1
Traps are mostly empty but 
there are not a sufficient 
number of holes to recombine 
with every trapped electron 
before the latter is re-emitted 
to CB

𝐹0 < 𝐸𝑡, 𝑛0 ≪ 𝑛1
Traps are largely empty, 
recombination is limited by 
that an empty trap cannot 
capture a hole.

𝐹0 > 𝐸𝑡, 𝑛0 ≫ 𝑛1
Traps are full, all set to 
capture holes, and sufficient 
electrons that an electron 
recombines at once with 
every hole is trapped.



Doping level and laser energy dependence

Y. Li, ACS Photonics 2015, 2, 1091−1098

J. Cho, PNAS 2014, 111, 2094-2099



Recombination resistances in various traps


