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Figure S1. Steady-state photoluminescence (PL) spectra of pristine TES-ADT and TES-ADT/IGZO 
heterojunction films. The pronounced PL quenching in the heterojunction indicates the presence of a 
nonradiative decay pathway due to interfacial charge transfer. 
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Figure S2. (a) Raw (green) and sampled (red dots) channel conductance traces of the TIPS-Tc/IGZO 
phototransistor operated in memory mode. Negative gate pulses alternating between −10 and 0 V (1 s each) 
were applied, with conductance sampled once per cycle at Vg = 0 V during the neutral interval. (b) Sampled 
channel conductance evolution under negative periodic gate pulsing (memory mode), and constant Vg = 0 
V (relaxation mode). (c) Sampled conductance under positive gate pulsing (–0.5 V to +10 V) corresponding 
to the forgetting mode. All gate pulses use a 1 s width and 2 s period, and conductance is sampled during 
the low-bias interval (0 V or -0.5 V). 

 

 

S2. Derivation of the Biexponential Trap-Dynamics Model 

S2.1. Population Dynamics and Continuity Equations 

Photogenerated holes in the organic layer exist as either free or trapped charges. The total hole density is 

𝑝଴ሺ𝑡ሻ ൌ 𝑝ሺ𝑡ሻ ൅ 𝑇ሺ𝑡ሻ ൅ 𝑀ሺ𝑡ሻ. 

where 𝑝ሺ𝑡ሻ is the free-hole density, 𝑇ሺ𝑡ሻ and 𝑀ሺ𝑡ሻ are the shallow and deep trapped-hole populations, 
respectively. The temporal evolution of the free hole population follows: 

𝑑𝑝ሺ𝑡ሻ

𝑑𝑡
ൌ 𝑔ሺ𝑡ሻ െ

𝑝ሺ𝑡ሻ

𝜏ோ
െ 𝛾்𝑝ሺ𝑡ሻሾ𝑇଴ െ 𝑇ሺ𝑡ሻሿ െ 𝛾ெ𝑝ሺ𝑡ሻሾ𝑀଴ െ 𝑀ሺ𝑡ሻሿ ൅ 𝛽்𝑇ሺ𝑡ሻ ൅ 𝛽ெ𝑀ሺ𝑡ሻ ሺ𝑆1ሻ 

where 𝑔ሺ𝑡ሻ is the volumetric photogeneration rate, 𝜏ோ is the free carrier recombination lifetime, 𝛾்,ெ and 

𝛽்,ெ are the trapping and detrapping rate coefficients, and 𝑇଴, 𝑀଴ the total available shallow and deep trap 

densities, respectively. The trapped hole population follows its own continuity relations: 

𝑑𝑇ሺ𝑡ሻ
𝑑𝑡

ൌ 𝛾்𝑝ሺ𝑡ሻ൫𝑇଴ െ 𝑇ሺ𝑡ሻ൯ െ 𝛽்𝑇ሺ𝑡ሻ,
𝑑𝑀ሺ𝑡ሻ

𝑑𝑡
ൌ 𝛾ெ𝑝ሺ𝑡ሻ൫𝑀଴ െ 𝑀ሺ𝑡ሻ൯ െ 𝛽ெ𝑀ሺ𝑡ሻ ሺ𝑆2ሻ 

 



 

3 
 

S2.2. Light Pulse Excitation and Quasi-Steady Approximation 

For a single optical pulse of duration 𝑡௣, the generation rate is given by 

𝑔ሺ𝑡ሻ ൌ ൜
𝑔଴, 0 ൑ 𝑡 ൑ 𝑡௣

0,                 𝑡 ൐ 𝑡௣
. ሺ𝑆3ሻ 

The photocarrier generation rate in organic is further described by 𝑔ሺ𝑡ሻ ൌ 𝛼𝑃଴ሺ𝑡ሻሺ1 െ 𝑅ሻ𝑒ିఈ௭/ℎ𝜐 and 𝛼 ൌ
4𝜋𝜅/𝜆௘௫ is the absorption coefficient at the excitation wavelength 𝜆௘௫, 𝜅 is the imaginary part of the 
complex refractive index, 𝑅 is the reflectivity, 𝑃଴ሺ𝑡ሻ is the incident optical power density, and ℎ𝜐 ൌ ℎ𝑐/𝜆௘௫ 
is the photon energy. For sufficiently thin organic layers such that 𝛼𝑧 ≪ 1, the generation rate is reduced to 
𝑔ሺ𝑡ሻ ൎ 𝛼𝑃଴ሺ𝑡ሻሺ1 െ 𝑅ሻ/ℎ𝜐. 

When recombination dominates over trapping or detrapping 

1
𝜏ோ

≫ 𝛾்𝑇଴, 𝛽், 𝛾ெ𝑀଴, 𝛽ெ, ሺ𝑆4ሻ 

the dynamic of 𝑝ሺ𝑡ሻ decouple from those of 𝑇ሺ𝑡ሻ and 𝑀ሺ𝑡ሻ, and the continuity equation for free holes 
reduces to 

𝑑𝑝ሺ𝑡ሻ

𝑑𝑡
ൌ 𝑔ሺ𝑡ሻ െ

𝑝ሺ𝑡ሻ

𝜏ோ
 

which yields 

𝑝ሺ𝑡ሻ ൌ ቊ
𝑔଴𝜏ோ൫1 െ 𝑒ି௧/ఛೃ൯,                      0 ൑ 𝑡 ൑ 𝑡௣ 

𝑔଴𝜏ோ൫1 െ 𝑒ି௧೛/ఛೃ൯𝑒ି൫௧ି௧೛൯/ఛೃ, 𝑡 ൐ 𝑡௣
. 

Due to the fast recombination dynamics, the free carrier concentration rapidly reaches a steady-state value 
of 𝑝ሺ𝑡ሻ ൎ 𝑔଴𝜏ோ during illumination and vanishes shortly thereafter. Therefore, over the timescales relevant 
to trapping and detrapping, the free hole concentration can be approximated by 

𝑝ሺ𝑡ሻ ൎ ൜
𝑔଴𝜏ோ,       0 ൑ 𝑡 ൑ 𝑡௣

0,                      𝑡 ൐ 𝑡௣
. ሺ𝑆5ሻ 

Substituting this steady-state approximation of the free hole concentration into Eq. (S2) gives 

𝑑𝑇ሺ𝑡ሻ

𝑑𝑡
ൌ 𝛾்𝑔଴𝜏ோ൫𝑇଴ െ 𝑇ሺ𝑡ሻ൯ െ 𝛽்𝑇ሺ𝑡ሻ,

𝑑𝑀ሺ𝑡ሻ

𝑑𝑡
ൌ 𝛾ெ𝑔଴𝜏ோ൫𝑀଴ െ 𝑀ሺ𝑡ሻ൯ െ 𝛽ெ𝑀ሺ𝑡ሻ. ሺ𝑆6ሻ 

Here, the product 𝛾்𝑔଴𝜏ோ and 𝛾ெ𝑔଴𝜏ோ represents the effective shallow and deep trap filling rate per trap 
(in units of 𝑠ିଵ) respectively under constant optical generation. We define this trap-filling rate as 

𝑘் ൌ 𝛾்𝑔଴𝜏ோ, 𝑘ெ ൌ 𝛾ெ𝑔଴𝜏ோ. ሺ𝑆7ሻ 
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S2.3. Analytical Solution for a Single Pulse 

Illumination phase (0 ൑ 𝑡 ൑ 𝑡௣ሻ: 

With this substitution and assuming an initial shallow trapped hole concentration 𝑇ሺ0ሻ ൌ 𝑇௜, and deep 
trapped hole concentration 𝑀ሺ0ሻ ൌ 𝑀௜  the solution for 𝑇ሺ𝑡ሻ and 𝑀ሺ𝑡ሻ is given by 

𝑇ሺ𝑡ሻ ൌ 𝑇௦௦ ൅ ሺ𝑇௜ െ 𝑇௦௦ሻ𝑒ିሺ௞೅ାఉ೅ሻ௧, 𝑀ሺ𝑡ሻ ൌ 𝑀௦௦ ൅ ሺ𝑀௜ െ 𝑀௦௦ሻ𝑒ିሺ௞ಾାఉಾሻ௧. ሺ𝑆8ሻ 

where the steady-state occupancies of shallow and deep traps are 

𝑇௦௦ ൌ
𝑘்𝑇଴

𝑘் ൅ 𝛽்
, 𝑀௦௦ ൌ

𝑘ெ𝑀଴

𝑘ெ ൅ 𝛽ெ
. ሺ𝑆9ሻ 

The equations reflect the equilibrium balance between the trapping and detrapping processes. In the early 
time limit, where ሺ𝑘் ൅ 𝛽்ሻ𝑡 ≪ 1, ሺ𝑘ெ ൅ 𝛽ெሻ𝑡 ≪ 1, the solutions can be approximated by their linear 
expansions: 

𝑇ሺ𝑡ሻ ൎ 𝑇௜ ൅ ሾ𝑘்ሺ𝑇଴ െ 𝑇௜ሻ െ 𝛽்𝑇௜ሿ𝑡, 𝑀ሺ𝑡ሻ ൎ 𝑀௜ ൅ ሾ𝑘ெሺ𝑀଴ െ 𝑀௜ሻ െ 𝛽ெ𝑀௜ሿ𝑡.  

At 𝑡 ൌ 𝑡௣: 

𝑇൫𝑡௣൯ ൌ 𝑇௦௦ ൅ ሺ𝑇௜ െ 𝑇௦௦ሻ𝑒ିሺ௞೅ାఉ೅ሻ௧೛, 𝑀൫𝑡௣൯ ൌ 𝑀௦௦ ൅ ሺ𝑀௜ െ 𝑀௦௦ሻ𝑒ିሺ௞ಾାఉಾሻ௧೛. ሺ𝑆10ሻ 

Dark phase (𝑡 ൐ 𝑡௣): 

Since 𝑝ሺ𝑡ሻ ൌ 0, the trapped hole concentrations decay exponentially: 

𝑇ሺ𝑡ሻ ൌ 𝑇൫𝑡௣൯𝑒ିఉ೅൫௧ି௧೛൯, 𝑀ሺ𝑡ሻ ൌ 𝑀൫𝑡௣൯𝑒ିఉಾ൫௧ି௧೛൯. ሺ𝑆11ሻ 

Thus, the total trapped hole concentration becomes: 

𝑄ሺ𝑡ሻ ൌ ൝
𝑇௦௦ ൅ 𝑀௦௦ ൅ ሺ𝑇௜ െ 𝑇௦௦ሻ𝑒ିሺ௞೅ାఉ೅ሻ௧ ൅ ሺ𝑀௜ െ 𝑀௦௦ሻ𝑒ିሺ௞ಾାఉಾሻ௧೛,            0 ൑ 𝑡 ൑ 𝑡௣

𝑇൫𝑡௣൯ 𝑒ିఉ೅൫௧ି௧೛൯ ൅ 𝑀൫𝑡௣൯𝑒ିఉಾ൫௧ି௧೛൯,                                                              𝑡 ൐ 𝑡௣

, ሺ𝑆12ሻ 

 

S2.4. Periodic Excitation and Recurrence Relation 

Under periodic excitation with period 𝑃 and light-on duration 𝑡௢௡, the hole concentration at the n-th pulse 
period is: 

𝑝ሺ𝑡ሻ ൌ ൜
𝑔଴𝜏ோ,             𝑛𝑃 ൑ 𝑡 ൏ 𝑛𝑃 ൅ 𝑡௢௡

0, 𝑛𝑃 ൅ 𝑡௢௡ ൑ 𝑡 ൏ ሺ𝑛 ൅ 1ሻ𝑃 .  

Based on Eq (S8), the trapped hole concentrations after the illumination sub-internal of the n-th pulse cycle 
(𝑡 ൌ 𝑛𝑃 ൅ 𝑡௢௡) follows: 
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𝑇ሺ𝑛𝑃 ൅ 𝑡௢௡ሻ ൌ 𝑇௦௦ ൅ ሺ𝑇௡ െ 𝑇௦௦ሻ𝑒ିሺ௞೅ାఉ೅ሻ௧೚೙, ሺ13𝑎ሻ 

𝑀ሺ𝑛𝑃 ൅ 𝑡௢௡ሻ ൌ 𝑀௦௦ ൅ ሺ𝑀௡ െ 𝑀௦௦ሻ𝑒ିሺ௞ಾାఉಾሻ௧೚೙. ሺ13𝑏ሻ 

The trapped-hole concentrations during the illumination and dark sub-intervals of the n-th pulse cycle can 
be expressed as follows. 

𝑇௡ାଵሺ𝑡ሻ ൌ ቊ
𝑇௦௦ ൅ ሺ𝑇௡ െ 𝑇௦௦ሻ𝑒ିሺ௞೅ାఉ೅ሻሺ௧ି௡௉ሻ, 0 ൑ 𝑡 െ 𝑛𝑃 ൏ 𝑡௢௡

𝑇ሺ𝑛𝑃 ൅ 𝑡௢௡ሻ 𝑒ିఉ೅ሺ௧ି௡௉ି௧೚೙ሻ,               𝑡௢௡ ൑ 𝑡 െ 𝑛𝑃 ൏ 𝑃
, ሺ𝑆14𝑎ሻ 

𝑀௡ାଵሺ𝑡ሻ ൌ ቊ
𝑀௦௦ ൅ ሺ𝑀௡ െ 𝑀௦௦ሻ𝑒ିሺ௞ಾାఉಾሻሺ௧ି௡௉ሻ, 0 ൑ 𝑡 െ 𝑛𝑃 ൏ 𝑡௢௡

𝑀ሺ𝑛𝑃 ൅ 𝑡௢௡ሻ 𝑒ିఉಾሺ௧ି௡௉ି௧೚೙ሻ,                   𝑡௢௡ ൑ 𝑡 െ 𝑛𝑃 ൏ 𝑃
, ሺ𝑆14𝑏ሻ 

Defining the light- and dark-phase retention factors. 

𝜂௢௡,௜ ൌ 𝑒ିሺ௞೔ାఉ೔ሻ௧೚೙, 𝜂௢௡,௜ ൌ 𝑒ିఉ೔ሺ௉ି௧೚೙ሻ, 𝑖 ∈ ሼ𝑇, 𝑀ሽ ሺ𝑆15ሻ 

and combining Eq. (S13) and the dark sub-interval solutions in Eq. (S14) yields the following recurrence 
relations: 

𝑇௡ାଵ ൌ 𝑇௡ 𝜂௢௡,் 𝜂୭୤୤,் ൅ 𝑇௦௦൫1 െ 𝜂௢௡,்൯𝜂୭୤୤,், ሺ𝑆16𝑎ሻ 

𝑀௡ାଵ ൌ 𝑀௡ 𝜂௢௡,ெ 𝜂୭୤୤,ெ ൅ 𝑀௦௦൫1 െ 𝜂௢௡,ெ൯𝜂୭୤୤,ெ. ሺ𝑆16𝑏ሻ 

The total trapped hole concentration Q(t) after the (n+1)-th pulse cycle is: 

𝑄௡ାଵ ൌ 𝑇௡ାଵ ൅  𝑀௡ାଵ, ሺ𝑆17ሻ 

The factors 𝜂௢௡,ሺ்,ெሻ quantify how the previously trapped-hole populations influence the state after 

illumination, while 𝜂୭୤୤,ሺ்,ெሻ describe the degree of charge retention during the dark period governed by 

detrapping.  

Through the photogating mechanism, the trapped charge 𝑄ሺ𝑡ሻ modulates the IGZO channel potential and 
thereby the drain current: 

𝐼ௗ௦ሺ𝑡ሻ ൌ 𝑓ሾ𝑄ሺ𝑡ሻሿ 

allowing quantitative extraction of parameters 𝑘்,  𝑘ெ, 𝛽், 𝛽ெ, 𝑇଴, 𝑀଴ by fitting the measured 𝐼ௗ௦ሺ𝑡ሻ 
transients to Eqs. (S12) and (S16)–(S17). 
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Figure S3. Reversibility and repeatability of photoconductance modulation under repeated potentiation–
depression cycles. (a) Channel photoconductance of the TIPS-Tc/IGZO phototransistor plotted on a 
consecutive time scale over three successive optical potentiation–electrical depression (LTP–LTD) cycles. 
Each cycle consists of optical potentiation followed by electrical depression under pulsed positive gate bias 
(+10 V). (b) The same cycles overlapped for direct comparison. Three zoom-in panels highlight the onset 
of optical potentiation, the peak conductance state, and the voltage-induced conductance suppression during 
the forgetting process. The nearly identical responses in these regions across cycles demonstrate highly 
repeatable modulation dynamics. The peak conductance after each optical potentiation step remains 
unchanged, confirming that conductance suppression under pulsed positive gate bias (+10 V) is fully 
reversible and the observed “forgetting” behavior originates from reversible suppression of persistent 
photogating via redistribution and detrapping of photogenerated holes in the organic layer, rather than 
irreversible degradation of the IGZO channel due to bias stress. 

 

 


