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I. Compact model of organic field-effect transistors

We utilized the compact model of organic field-effect transistors (OFETs) developed by Estrada
et al.'? to simulate the transfer characteristics of a phototransistor. The model can well explain the
drain current (/ps) both in the above-threshold regime and the sub-threshold regime. The above-
threshold drain current (/above) 0of @ p-type OFET can be described as the product of three parts: channel
conductance (geh), effective drain voltage (Vpse) for a smooth linear-to-saturation transition, and a

modified asymptotic expression [1+4s(|V'ps|—as|V—Vi|)] for better describing the output conductance:
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where W and L are the channel width and length of the device, respectively, Ci is the unit-area
capacitance of the dielectric layer, urer is the field-effect mobility, VG is the gate voltage, Vi is the
threshold voltage, Vps is the drain voltage, Rc is the contact resistance, m is the linear-to-saturation
transition parameter, /s is the saturation coefficient, and os is the saturation modulation parameter. For
simplicity, we now consider an ideal case where R. = 0, and a VG-independent intrinsic mobility of the

active material (uin) 1s used instead of uret. Jabove can thus be written as:

w
_fciﬂin Vg =V Vsl + A (Vs | =, |V =V, D]
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The sub-threshold drain current (/sub) can be expressed as:
L =lyexp| 200, )| (53

where /o is the off-state current, SS is the subthreshold swing, and Von is the onset voltage. A hyperbolic

tangent transition function is used to combine the two regimes together. The total Ips is:
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Note that here two additional parameters, namely transition voltage (/8) and transition parameter (B)
are used for smooth transition between labove and Isub. Because labove exhibits a steep drop when

approaching V, VB is normally chosen to be a few volts away from Vi toward the above-threshold
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direction for a better transition. Supplementary Table 1 lists the values of the parameters used for
describing an ideal OFET, note that the values of W, L, Ci are based on the device structure of our
organic phototransistor (OPT), and other values were set carefully to ensure a smooth and ideal transfer

curve! (Supplementary Fig. 1).
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Supplementary Figure 1 | Model construction of an ideal OFET. Transfer characteristics of an ideal

OFET described by the compact model.



Supplementary Table 1 | Parameter settings for describing an ideal OFET.

Parameter Value Note
w 75 pm Channel width
L 25 um Channel length
Ci 1.8x10® F cm™ Capacitance of a 200 nm-
thick SiO2 layer
in lecm? Vit Intrinsic mobility
Vin ov Threshold voltage
Von ov Onset voltage
s -1x107 V! Saturation coefficient
Ois 1 Saturation modulation
parameter
m 1.8 Linear-to-saturation
transition parameter
SS 1V dec! Subthreshold swing
Io -1x10°1T A Off-state current
B 3vl Below-to-above-threshold
transition parameter
14 -1V Transition voltage




I1. Theoretical estimation of the anisotropic charge trapping effect

Generally, there are two working modes in a phototransistor, namely the photoconductive (PC)
mode and the photovoltaic (PV) mode®. The PC mode is related to the change of the channel
conductance due to the difference in charge carrier concentration upon light illumination. Therefore,
in an ideal PC mode where photogenerated electrons and holes are effectively separated under the
electric field, and are totally collected by the electrodes before recombination, the photocurrent (Zpnh)
increases linearly with the amount of light absorbed. Therefore, assuming the device is illuminated by
a parallelly ( || ) or perpendicularly (L) polarized light with the electric field E, or E, orienting to
the strongest or weakest light absorption direction, respectively, the anisotropic ratio of optical
absorbance (ain) should determine the upper limit of the dichroic ratio (DR) of the channel current
(Supplementary Fig. 2a).

In terms of the PV mode, light absorption will result in the trapping of photogenerated charge
carriers and the shift of Vin (Supplementary Fig. 2b). For an anisotropic photoactive crystal, the total

light power absorbed is determined by the product of optical absorbance and incident light power*:

P

abs

—A4, P (S5)

abs™ in

Therefore, the effect of polarization-dependent light absorption can be analogous to the result of
changing light power of an unpolarized light (i.e., assigning ainPefr and Pefr to represent Paps in the
parallel and perpendicular polarization states, respectively). Based on Equation 2 in the main text, we
utilized the values listed in Supplementary Table 2 to predict AV under polarized light (ideally
assuming quantum efficiency = 1). The value of the empirical parameter N was selected based on the
fitting curve for the experimental data in Supplementary Fig. 16d. Therefore, for E, we can write

down:

AV :775.6><(1.38><10’23JK’1)><(298.15K)1n - (1.6x10™C)x(365x10” m)xa, P,;
i 1.6x107°C (5x107" A)x(6.626x10*Js)x (3x10° ms™")

(S6)

for E, we have:

AV,

th, L

_ 775.6x(1.38x107 JK™)x(298.15K) nlis (1.6x107°C)x (365x10~° m)x P,
1.6x107°C (5x107" A)x(6.626 107 Js)x (3x10* ms™)

(87)



The threshold voltage difference between the two polarization states is thus:

(S8)

t

1+5.88x10° xa,_P.
AVipp = AV =AV L = 19.94><1n[ b YU X4, effJ

1+5.88x10° x P,

According to the above equation, as Pefr increases, AVwmpp will gradually become saturated
(Supplementary Fig. 3a). Therefore, for a particular ain, we can estimate the upper limit of AV pp that
can be obtained. E.g., for C8-BTBT crystals we used for fabricating OPTs in following discussions,
the maximum AVmpp is estimated to be ~34.2 V with ain = 5.6 (Supplementary Fig. 3b). Since our
estimations are based not on the absolute value of Vi but on the change in Vi under polarized light,
the exact position of threshold/onset point in the dark does not impact our conclusions. Therefore, we
utilize the compact model in Section I and assign the threshold/onset point of fight,, as reference zero.
The relative value of fignt,; can be attained with AVinpp = AVonpp = AVepp = 34.2 V, and further the
ain-related DR can be predicted. Note that the subthreshold current /o may be higher under light
illumination due to the generation of excess charge carriers. Therefore, o is set to be 10 A for a more
accurate prediction in our case. The DR can reach over 10* in PV mode compared to the limited value
(DR <5.6) in PC mode (Supplementary Fig. 4a). Further, it is suggested that fabricating high-quality
photoactive crystals with a larger uin is favorable for attaining a much higher DR (Supplementary Fig.
4b).
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Supplementary Figure 2 | Different working modes of a phototransistor. Schematics of

polarization-dependent transfer curves of a phototransistor ideally working in a, PC mode and b, PV
mode.
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Supplementary Figure 3 | Estimations of the UV intensity-dependent anisotropic charge trapping
effect. a, Contour plot of predicted AVinpp versus ain and effective UV intensity. b, Predicted

relationship between AV pp and effective UV intensity with ain = 5.6.
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Supplementary Figure 4 | Estimations of the possible DRs obtained via the anisotropic charge

trapping effect. a, Predicted DRs in PC mode (blue curve) and PV mode (red curve) of a

phototransistor with zin = 1 cm? V! s and ain = 5.6. b, Predicted influence of uin on DR (ain = 5.6).

The relative VG represents the applied gate voltage relative to the reference onset/threshold point of

Tight, 1 .
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Supplementary Table 2 | Parameter settings for describing AV of an ideal organic phototransistor

under light illumination.

Parameter Value Note
WL 75%25 um? Device area
N 775.6 Empirical parameter
k 1.38x102* JK! Boltzmann constant
T 298.15 K Room temperature
q 1.6x101° C Elementary charge
A 365 nm Incident light wavelength
Ia 51071 A Dark current in the off-state
h 6.626x1034J s Planck’s constant
c 3x108ms™! Speed of light
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Supplementary Table 3 | Comparison of the C8-BTBT crystal with previously reported anisotropic

photoactive semiconductors. ain here refers to the anisotropic ratio of optical absorbance.

Material A (nm) ain Ref.

C8-BTBT 365 5.6 This work

GeSe 808 3.02 >

Te 2300-3300 ~10 6

Sbl3-3Ss 430 3.9 7

CsPbBr3 ~517 2.8 8

(BA)2(MA)Pb2Br7 405 1.9 ?

DPA 436 3.97 10
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I11. Fabrication and characterizations of C8-BTBT crystal array

3. RIE followed by

1. Spin-coating PMMA 2. E-beam lithography PMMA removal

5. Heating and 6. Formation of well-
liquid crystal flow aligned crystal arrays

4. Placing powder

Supplementary Figure 5 | Fabrication of aligned C8-BTBT crystals. Schematic illustrations of the

fabrication process of the C8-BTBT crystal array.
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Supplementary Figure 6 | Morphological characterizations of SiO; micro-channels. a, AFM and
b, SEM characterizations of the periodic SiO2 micro-channels. ¢, Corresponding height profile of the

Si02 micro-channels. The height and width of the channel are ~100 nm and ~1 pum, respectively.
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Supplementary Figure 7 | Determination of the heating temperature of C8-BTBT powder.
Difference scanning calorimeter thermogram of C8-BTBT powder. The heating and cooling speed is
set to be 5°C/min. The smectic liquid crystal phase and the isotropic phase of C8-BTBT appears at
112.4°C and 126.7°C upon heating, respectively. Therefore, a heating temperature of 130°C is used to

acquire free-flowing C8-BTBT liquid for channel-restricted growth.
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Supplementary Figure 8 | Comparisons of C8-BTBT arrays fabricated via different surface
modifications on SiO,. CPOM images of C8-BTBT grown on a and b, FTS-modified and ¢ and d,
Os3-modified SiO2 templates. Contact angle (CA) measurements of the C8-BTBT liquid droplet on e,
FTS-modified and f, O3-modified SiO2 templates. The surface modification was found to have a large
influence on the flow of C8-BTBT liquid. Lyophobic treatment by FTS (CA~81°) results in the pinning
of C8-BTBT liquid droplets on SiO2 and differently oriented C8-BTBT polycrystals after cooling,
while lyophilic treatment by O3 (negligible CA) can lead to free-flowing C8-BTBT liquid on SiO2 and

uniformly oriented C8-BTBT crystals after cooling.
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Supplementary Figure 9 | Characterizations of the C8-BTBT crystal array by TEM. a, TEM

image and b-f, the corresponding electron diffraction patterns of the C8-BTBT crystal array.
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Supplementary Figure 10 | Characterizations of the C8-BTBT crystal array by AFM. a-d, High-

resolution AFM images and e-h, the corresponding FFT patterns of the C8-BTBT crystal array.
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Supplementary Figure 11 | Lattice constant analyses of C8-BTBT. a and b, Histograms of lattice

constants a and b acquired from 45 FFT patterns of the C8-BTBT crystal array, respectively.
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IV. Optical anisotropy analyses of C8-BTBT

The optical absorption process in organic semiconductors is related to the excitation of charge
carriers from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). According to the Davydov theory'!, the anisotropic optical absorption of herringbone-
type organic semiconductor crystals is attributed to the orientation difference of adjacent molecules'>!3
The resonant interaction between two differently oriented adjacent molecules will lead to the Davydov

splitting of molecular terms. The Davydov components can be identified by the dimer energies of

exciton states:
E,=E,+E +D'+t1, (S9)

where Eo and E are the energies of ground and excited states, respectively, D' is the Coulomb
interaction energy in the excited state, and /12 is the resonance interaction energy between the two
adjacent molecules. Therefore, the energy exchange between two adjacent molecules will lead to the
energy shift and splitting of absorption peaks (Supplementary Fig. 12b). According to the measured
absorption peak shift in Fig. 2g, the energy difference caused by polarized absorption can be calculated

as:

AE:E_E:(6.262x10'3“Js)x(3x108ms-1)x( ! ——- 1_9 j
Ao Ay 356x10"m 360x107"m

=6.02x1021 J=0.04 eV (S10)
where Ao and Ao respectively refer to the wavelengths corresponding to 0° and 90° absorption peaks.
Meanwhile, the peak intensity can vary greatly in different polarization states. The polarization
dependence of the Davydov components can be determined by the transition dipole moments (p) from
ground to excited states'>. In a dimer system (two molecules in a crystal lattice), p can be expressed

as:

1 * * 1
R, = ﬁ[cplqu |qr | lIqujz>i<\yl‘{lz |qr | LPl\Pz>] = ﬁ(uz i"’l) (Sll)

where ¢ is the elementary charge, r is the net distance of charge displacement, ¥ and ¥~

respectively represent the wavefunctions of ground and excited states, and the subscripts 1 and 2 refer
to the two adjacent herringbone molecules (namely Molecule 1 and Molecule 2, respectively). The

directions of p in each molecule are marked by red arrows in Supplementary Fig. 12a according to the
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density function theory-calculated positions in Supplementary Table 4. For the transition from ground
to the first excited state, the angle between p and the molecular © plane is ~0.6°. Therefore, the
arrangement of the in-plane projections of p can be approximated to be the same as that of the
herringbone-stacked C8-BTBT molecules. Consequently, we can label pi and p2 respectively in two
adjacent C8-BTBT molecules of a crystal lattice (Fig. 2f). By simple geometrical addition of vectors,
we obtain the projections of p along a axis (pa = p2+pi) and along b axis (po = pe-pi). Since the
absorption intensity can be described by the oscillator strength (f), which is proportional to the dipole
strength (D = |u|*) (ref. '). The anisotropic ratio of the peak intensity can be roughly estimated as
1/tan*(a/2) = 3.8 with a herringbone angle a of 54.2°. Note that due to the Davydov shift of the
absorption peak, the absorption anisotropic ratio at a fixed wavelength can be larger (e.g., ~5.6 at 365

nm, Supplementary Fig. 13).
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Supplementary Figure 12 | Analyses of the anisotropic optical absorption of C8-BTBT. a,
Projections of p (marked in red arrows) in molecular 7 planes of two adjacent herringbone-stacked

C8-BTBT molecules. The calculated positions of p are shown in Supplementary Table 4. b, Schematic

illustrations of Davydov splitting in different systems!!.
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Supplementary Table 4 | Calculated components of p in orthogonal coordinate, with x and y axes in
molecular © plane and z axis normal to molecular  plane. The corresponding dipole strength and

oscillator strength are also listed.

Excited state Mx Ry 1P D f
1 +2.3547 1.1661 -0.0270 6.9053 0.6199
2 +1.9813 0.0321 0.2522 3.9903 0.3865
3 +0.0006 0.0000 0.0001 0.0000 0.0000
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Supplementary Figure 13 | Anisotropic light absorption of the C8-BTBT crystal on quartz
substrate. a, Light wavelength-dependent absorption anisotropy of the C8-BTBT crystal. The peak is
located at 365 nm. b, Angle-resolved absorbance of the C8-BTBT crystal under 365 nm polarized light.
The absorption anisotropic ratio of C8-BTBT is calculated to be ~5.6 according to (Acs.max-
Aquartz)/(Acsmin-Aquartz), where Acsmax and Acsmin respectively represent the maximum and minimum

absorbance of C8-BTBT, and Aquartz is the absorbance of the quartz substrate.
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V. Calculations of the device performance
The hole mobility (un) of the OPT in the saturation regime is calculated by:
2
2L a ]DS
= —| =4— S12

7 ( o, ] (12
where L and the effective I are respectively 25 um and 75 pm according to the device structure of the
OPT (Supplementary Fig. 14a-c). Ciis 1.2x10 F cm™ for a 300 nm-thick SiOz layer'#, and is ~1.8x10"

8 F cm™

in our device configuration with ~200 nm-thick SiO2 serving as the gate dielectric. un is
calculated to be 2.6 cm? V! s according to the slope of the black solid line in Supplementary Fig.
14d.

The figure-of-merit parameters of the OPT are calculated as follows. The photosensitivity is

defined as the ratio of the photogenerated current (/ph) to the dark current (Zaark). The responsivity (R)

of a photodetector is:

R= Ilight-ldark — IL}I (813)
P P

where Jiight 1s the drain current measured under light illumination, and P is the incident light power.

The noise equivalent power (NEP) is calculated by:

NEP = (S14)

in
R
where in is the noise density in A Hz*>. The specific detectivity (D) of a photodetector is extracted

according to:

. JAA
D e f
NEP

(S15)

where 4 is the effective device area determined by 75%25 um? in the channel region of the OPT, and

Afis the signal bandwidth.
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Supplementary Figure 14 | Device configuration and electrical characterization of the OPT based
on C8-BTBT crystal array. a, Schematic illustration of the bottom-gate top-contact OPT. b, Colored
cross-sectional SEM image of the OPT, indicating that ~100 nm-thick SiO:2 has been etched away and
the remaining 200 nm-thick SiO2 underneath the C8-BTBT crystal serves as the gate dielectric. ¢,
CPOM image of the OPT. The channel length is 25 um, while the effective channel width is ~75 um

(half of the measured value) according to the structure of the periodic crystal array. d, Double-sweep
transfer curves of the OPT in the dark (Vbs = -40 V). The black solid line (i.e., tangent line of /7

versus VG curve) is used to extract Vm and calculate un in the saturation regime. The negligible
hysterisis in the dark is attributed to the high crystal quality and large bandgap of C8-BTBT, which

prohibit undesired electron injection in the dark'>.
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Supplementary Figure 15 | Noise measurements of the OPT based on C8-BTBT crystal array. a,
Noise power spectral density of the OPT at different VG (Vbs = -40 V). The data was collected by a
semiconductor parameter analyzer (Platform Design Automation, Inc. FS-Pro) in an optically shielded
probe station. b, Dependence of in on VG at a modulation frequency of 1 Hz, showing the low noise
that enables ultrasensitive photodetection. ¢, Dependence of NEP on VG under 365 nm light (Vs = -
40 V).
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Supplementary Figure 16 | Photoelectrical chatacterzations of the OPT based on C8-BTBT
crystal array. a, Transfer characteristics of the OPT in the dark and under the illumination of
unpolarized UV light with different intensities (Vps = -40 V). b, Dependence of Iph and R on UV
intensity. ¢, Dependence of R and D* on VG (UV intensity = 13 uW cm™). d, Dependence of AVin on
UV intensity, the empirical parameter N was fitted to be 775.6 with an ideal quantum efficiency # of
1. e, Double-sweep transfer curve of the OPT under the illumination of unpolarized UV light with an
intensity of 135 uW ¢cm? (scan rate = ~15.5 V 57!, Vs = -40 V). f, Time-related evolution of /ps upon
turning on/off unpolarized UV light with different intensities (Vbs =-40 V, V6 =25 V). The slow decay

of Ips after turnning off UV light is due to the gradual detrapping process.
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Supplementary Figure 17 | Factors that influence trap rates of the OPT based on C8-BTBT
crystal array. a, Time-related evolution of /ps upon turning on/off the unpolarized UV light with an
intensity of 135 uW c¢cm™ at different VG (Vps = -40 V). b, Transfer characteristics of the OPT measured
in the dark after the illumination of 135 uW c¢cm™ unpolarized UV light for 10 s at different VG (Vps =
-40 V). Applying a more positive VG under illumination helps facilitate electron trapping, leading to a
larger threshold voltage shift. ¢, VG-dependent average electron trap rates under 10 s of UV illumination.
The average trap rates were estimated according to ANwap/At = (CiAVin)/(qAD)'®, where At is the

illumination time, and AV is the corresponding threshold voltage shift after 10 s of UV illumination

in (b).

29



VI. Characterizations of interfacial trap sites on SiO:

To assess the critical role the SiO2/organic semiconductor interface played in charge trapping,
bottom-gate top-contact OPTs were fabricated based on different dielectric layers, including bare SiOz,
Os-treated SiO2, and SiO2 covered by active group-free divinyltetramethylsiloxane-
bis(benzocyclobutene) (BCB) and perfluoro(1-butenyl vinyl ether) polymer (CYTOP) layers. The
BCB and CYTOP layers were fabricated by a spin-coating method reported elsewhere!”!'8. 50 nm-
thick C8-BTBT film was then thermally deposited on the dielectrics to serve as the active layer, and
50 nm-thick thermally deposited Au electrodes functioned as the source/drain electrodes. The transfer
curves of the OPTs based bare SiO2 and Os-treated SiOz dielectrics exhibit pronounced positive drift
under illumination (Supplementary Fig. 18a,b), while the OPTs based on BCB and CYTOP dielectrics
exhibit much inferior photoresponse (Supplementary Fig. 18c,d). Since C8-BTBT was thermally
deposited simultaneously on the above-mentioned dielectrics to exclude the possible device deviation
caused by material growth, and the photoelectric measurements were conducted in a vacuum chamber
to exclude the external influence of water/oxygen, we infer that the remaining interfacial active groups
on SiO2 surface should be the main source of electron trap sites under illumination.

We further clarify the existence of electron trap sites on SiO2 by scanning kelvin probe force
microscopy (SKPM, Asylum Research Cypher S). 50 nm-thick Au electrodes were thermally deposited
on different gate dielectrics to function as the source/drain electrodes with heavily n-doped Si (n™" Si)
serving as the gate. SKPM measurements were conducted by scanning the channel between drain and
source electrodes (Supplementary Fig. 19a). During the scan, 10 V bias stress was applied at the gate
while the source/drain electrodes were connected to ground, and the time-related potential change
between the probe and the scanned surface was recorded. For SiO2 dielectric layer that is susceptible
to interfacial active groups such as —OH, a positive gate bias voltage can induce an electrochemical
change and lead to the trapping of negative charges (Supplementary Fig. 19b). A possible mechanism
can be expressed as 4-OH + Oz + 4¢—= 4-O" + 2H20 in ambient air or 2-OH + 2¢'= 2-O" + H
when oxygen is not available!”. The trapping of negative charges on SiOz can be evidenced by the
rapid potential drop with the increase of scanning time (left of Supplementary Fig. 19¢). Further, zero
gate bias voltage was applied after scanning the channel with 10 V bias stress for 255 s, a negative
potential difference of ~-2.5 V can be observed in the channel region of SiO2 (Supplementary Fig. 20a),

indicating the strong capability of negative charge retention on SiO: surface. In comparison, after
30



passivating the SiOz surface by active group-free CYTOP dielectric layer, the surface potential remains
quite stable with negligible potential drop with increasing the scanning time (right of Supplementary
Fig. 19c¢), and the potential quickly recovers to 0 V upon applying zero bias stress (Supplementary Fig.
20b), which confirms that the introduction of passivation layer can effectively eliminate the interfacial

trap sites.
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Supplementary Figure 18 | The influence of surface passivation on photoresponse behavior. UV
light intensity-dependent transfer characteristics of the OPTs based on the same batch of thermally
deposited C8-BTBT films on a, bare SiO2 dielectrics, b, O3-treated SiOz dielectrics, and active group-
free dielectrics including ¢, BCB and d, CYTOP (Vs =-40 V).
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Supplementary Figure 19 | SKPM measurements for confirming the existence of electron trap
sites. a, Schematic illustration of the device configuration for performing SKPM tests. b, Schematic
illustration of the electron trapping mechanism on SiOz dielectrics. ¢, Potential mapping of the channel

region on SiO:2 dielectrics (left) and CYTOP dielectrics (right) under a continuous gate bias voltage of

10 V.
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Supplementary Figure 20 | Comparisons of the potential distributions in the channel regions of
different dielectrics. Potential distributions on a, SiO2 dielectrics and b, CYTOP dielectrics measured

under a gate bias voltage of 10 V (red curves) and after resetting the bias stress to zero (blue curves).
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Supplementary Figure 21 | The influence of testing environment on photoresponse behavior. UV
light intensity-dependent transfer characteristics of the OPT based on C8-BTBT crystal array on
Si02/Si substrate tested in a, vacuum and b, ambient air (V'ps =-40 V). In both cases the transfer curves
exhibit pronounced positive drift under light illumination, indicating the strong electron tapping
capability of the OPT. Note that the existence of water/oxygen in ambient air can result in the strong

p-type doping effect on organic semiconductors'”-%°

, thus causing a more positive shift of Vin. However,
water/oxygen can also lead to bias stress instability in OPTs (i.e., drift of transfer curves in the dark)?!.
In order to acquire stable and repeatable photoresponse, we conducted all photoelectric measurements

in vacuum unless otherwise mentioned.
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VII. Analyses of polarization-dependent photoresponse
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Supplementary Figure 22 | Stability measurements of the OPT based on C8-BTBT crystal array.
a, Double-sweep transfer curves of the OPT in the dark after preservation in ambient air for over 13
months (Vps = -40 V). b, Polarization-dependent transfer curves of the OPT after preservation in

ambient air for over 13 months (Vps = -40 V). The slight degradation of /bs is probably caused by

water/oxygen adsorption.
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Supplementary Figure 23 | The influence of active layer crystallinity on polarization sensitivity.
a, CPOM image of the OPT based on C8-BTBT array with varied crystal orientations in lyophobic
Si02 micro-channels treated by FTS. b, Polarization-dependent transfer curves of the device in (a) (Vbs
=-40V). ¢, CPOM image of the OPT based on 50 nm-thick thermally deposited amorphous C8-BTBT
in SiO2 micro-channels. d, Polarization-dependent transfer curves of the device in (c) (Vps = -40 V).
e, CPOM image of the OPT based on 50 nm-thick thermally deposited amorphous C8-BTBT on flat

Si0: surface. f, Polarization-dependent transfer curves of the device in (e) (Vps =-40 V).
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Supplementary Figure 24 | The influence of applied gate voltage on polarization sensitivity. a-d,

Polarization-dependent variation of /ps at V=20V, 10 V, 0V, and -10 V, respectively (Vps = -40 V).
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Supplementary Figure 25 | Analyses of the polarization-dependent transconductance behavior.

a and b, Gate voltage-dependent transconductance (gm = dv/ps/dV:) of the OPT before and under

polarized light illumination, respectively. c-e, Polarization-dependent Vi, Vsa, and peak gm, in the dark

(grey curves) and under polarized light illumination (red curves), respectively.
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Supplementary Figure 26 | The influence of available trap sites on polarization sensitivity. a,
Time-related erasing process in the dark to detrap electrons (Vo =-60V, Vbps =-40 V). Ips was reset to
the same level to ensure stable and repeatable transfer characteristics in the dark before the
measurement of polarized photoresponse (see Supplementary Fig. 28). b, Corresponding polarization-
dependent transfer curves of the OPT measured after the erasing process in (a). ¢, Time-related
programming process under the illumination of polarized UV light to fill trap sites (VG =25V, Vps =
-40 V). d, Corresponding polarization-dependent transfer curves of the OPT measured after the

programming process in (c).
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Supplementary Figure 27 | Explanations on the anisotropic charge trapping mechanism.

Schematic illustrations of the anisotropic charge trapping processes after a, erasing in the dark and b,

programming under light illumination.
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Supplementary Figure 28 | Dark-state stability of the OPT based on C8-BTBT crystal array.

Transfer curves of the OPT after erasing in the dark (Vg = -60 V, Vbs = -40 V), which are highly
repeatable with negligible Vi shift.
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Supplementary Figure 29 | Analyses of bias stress stability of the OPT based on C8-BTBT crystal
array. a, Time-related programming process in the dark (Ve =25V, Vps = -40 V). The inset energy
band diagram depicts that no additional electron injection occurs under a continuous gate bias voltage
of 25 V in the dark due to the high electron injection barrier. The HOMO level of C8-BTBT was
estimated from the onset of oxidation in voltammograms®?, with the LUMO level determined by the
difference between the HOMO level (~5.5 eV) and the optical bandgap (~3.3 eV) of C8-BTBT. b,
Transfer curves of the OPT in the dark before (black curve) and after (blue curve) 25 V gate bias stress
in (a), showing negligible Vi shift. The minority charge carrier injection phenomenon has been
observed in small-bandgap organic semiconductors or those with thermally damaged electrode/active
layer interfaces'>. Injection of electrons from electrodes can lead to positive drift of the transfer curve
and increasing /s under a continuous positive gate bias voltage. Thanks to the relatively large bandgap
of C8-BTBT and the careful tuning of Au deposition rate, the OPT exhibits remarkable bias stress

stability in the dark.
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Supplementary Figure 30 | Dependence of polarization sensitivity on illumination time. Time-

related evolution of DR under continuous illumination of 110 uW ¢m™ polarized UV light. The peak

of DR appears after illuminating the OPT for ~5s (VG =25V, Vps =-40 V).
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Supplementary Figure 31 | Dependence of decay curve on polarization angle. a-g, Enlarged
polarization-dependent decay curves of Fig. 3d, showing the persistent photoconductivity upon turning
off 110 uW cm UV light with polarization angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90°, respectively.
The decay curves were fitted by Ips = lo + Aiexp(-t/71) + A2exp(-t/t2) with fitting curves plotted in

dashed lines, where /o is the drain-source current before illumination is removed, 41 and 4> are positive
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fitting constants, and 71 and 72 are fast and slow decay time constants, respectively.
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Supplementary Figure 32 | The applied erasing program for resetting the OPT. Applied time-
dependent Vs corresponding to Fig. 3g (Vps = -40 V). Polarized photoresponse of the OPT was

obtained at a continuous VG of 25 V, and an erasing gate bias voltage (V6 = -100 V) was applied to

reset the OPT in the dark. The interval between two erasing VG was ~22 s.
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Supplementary Figure 33 | Dependence of polarized photoresponse behavior on UV intensity. a-
e, Time-dependent polarized photoresponse of the OPT under different UV intensities of 110 pW cm’
219 uW cm™2, 8 uW cm™?, 2 uW cm?, and 0.68 uW cm, respectively (Vo =25V, Vps = -40 V). The
delay of Ips increase (step-shaped curve) upon illumination is probably caused by the competitive
effect between electron-hole recombination and electron trapping under relatively weaker light

illumination.
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Supplementary Figure 34 | Dependence of polarization sensitivity on UV intensity. a, Time-

dependent evolution of DR under different UV intensities. b, Estimated time for reaching a maximum

DR (DRmax) under different light intensities.
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Supplementary Figure 35 | Universality of the proposed anisotropic charge trapping strategy. a,
Molecular structure of C10-BTBT. b, CPOM image of C10-BTBT microribbons on SiO2/Si substrate.
¢, Polarization-dependent transfer curves of the OPT based on C10-BTBT microribbons under 365 nm
polarized light with an intensity of 110 pW cm™ (Vbs = -40 V). d, Molecular structure of dif-TES ADT.
e, CPOM image of dif-TES ADT microribbons on SiO2/Si substrate. f, Polarization-dependent transfer
curves of the OPT based on dif-TES ADT microribbons under 525 nm polarized light with an intensity
of 11.6 uW cm? (Vbs = -40 V). g, Molecular structure of BSB-Me. h, CPOM image of a BSB-Me
flake on Si0O2/Si substrate. i, Polarization-dependent transfer curves of the OPT based on a BSB-Me
flake under 365 nm polarized light with an intensity of 110 pW cm™? (Vps = -40 V). In all these
measurements, the maximum photoresponse direction is set as the 0° reference. Both C10-BTBT and
dif-TES ADT microribbons were prepared by a blade-coating method®*, and the narrow-bandgap dif-
TES ADT microribbons were decorated with 10 nm wide-bandgap C8-BTBT via thermal evaporation
to block undesired electron injection in the dark'®>. The BSB-Me flake was acquired though drop

casting the saturated solution on SiO2/Si substrate.
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Supplementary Figure 36 | Demonstration of the polarization-sensitive OPT with low operation
voltage. a, Device structure of the low-operation voltage OPT based on blade-coated C8-BTBT
microribbons on Al203. 50 nm Al2O3 gate dielectric was directly grown on heavily n-doped Si through
atomic layer deposition, and 1.5 nm MoOs3 layer was thermally evaporated in the electrode contact
region to facilitate hole injection and improving device ideality'’. b and ¢, CPOM images of the low-
operation voltage OPT at different sample rotation angles. d, AFM characterization and e, the
corresponding height profile of the Al203/Si boundary, showing ~50 nm thickness of the Al2O3; gate
dielectric layer. f, Frequency-dependent capacitance of the AloOs gate dielectric layer at room
temperature. The inset is a photograph of the n"" Si/Al203/Ag sample with an electrode area of 0.9x0.9
cm?. g, Transfer curves of the low-operation voltage OPT in the dark (Vps = -2 V). h, Polarization-
dependent transfer curves of the low-operation voltage OPT under 365 nm polarized light with an
intensity of 110 uW e¢m™ (Vs =-2 V). i, Dependence of AVin on polarization angle of the low-operation

voltage OPT, showing a small AVinpp of ~2.1 V.
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Supplementary Table S | Polarization sensitivity comparison of our organic phototransistors with

other state-of-the-art polarization-sensitive photodetectors.

Device composition A (nm) DR Ref.
C8-BTBT crystal array 365 ~12,000 This work
C10-BTBT microribbons 365 ~37,000 This work
dif-TES ADT microribbons 525 ~20,000 This work
BSB-Me flake 365 ~6,400 This work
CdSe NWs 488 1.3 2
Si NW 900 ~2.48 2
Carbon nanotubes 650-1100 6.14 26
InP NW 514 49 27
GeSe flake 400-950 2.16 >
TiS3 nanoribbon 532-808 4 28
GeAs flake 400-2000 4.4 2
WTe: flake 514 4.9 30
a-MoOs crystal 254 5.2 31
Te flake 520-3000 8 6
SbaSes nanosheet 633 16 32
MAPbI; NWs 400-750 1.3 33
CsPbBr3; NW array 470 2.6 8
(BA)2Pbls NWs 492 3.62 34
Perovskite ferroelectrics 405 15 33
TiS3/Si 405-1050 4.6 36
BP/WSe: 637-1550 5.9 37
PdSe2/FA1-xCsxPbls 200-1550 6.04 38
BP/plasmonic Au 1550 8.7 39
BP/InSe 455-950 10.8 40
PdSe2/Si NWs 200-4600 75 4
BP/MoS: 2500-3500 ~100 42
Graphene/PdSe2/Ge 265-3043 112.2 43
BP/ferroelectrics 1450 288 4
BizSe»S integrated with OFET 532 375 3
PBnDT-FTAZ:P(NDI2OD-T2) 350-800 1.4 46
Pt-complex (10) 532 2 47
DPA microsheet 450 1.9 10
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Supplementary Table 6 | Comparisons of other figure-of-merit parameters of the state-of-the-art

polarization-sensitive photodetectors®.

Device composition A (nm) R(AWY D* (Jones) tr Ref.
C8-BTBT ~4 s
365 1.7x10° 1.1x10" (M) This work
crystal array @ 300 pW cm™
SiNW 900 2.56x10% ~10"3 (E) N/A %
GeSe flake 400-950 4.25 N/A N/A >
GeAs flake 400-2000 N/A N/A 52 ms 2
a-MoOs crystal 254 67.9 N/A N/A 31
Te flake 520-3000 1.36x10° | 1.15x10'° (M) 48.7 ps 6
MAPDIz NWs 400-750 4.95 2x10" (M) <0.1 ms 3
CsPbBrs NW array 470 1377 N/A 21.5 ps 8
TiSa/Si 405-1050 | 3.48x102 | 1.04x10'°(E) <20 ms 36
BP/WSe2 637-1550 ~10° ~10' (E) 0.8 ms 37
PdSe2/FA1-xCsxPbls | 200-1550 0.31 ~10"3 (E) 3.5 us 38
BP/InSe 455-950 1.17x1072 N/A 24 ms 40
PdSe2/Si NWs 200-4600 ~0.73 3.19x10" (E) 3.4 s 4
BP/MoS: 2500-3500 ~0.9 7x10° (M) 3.7 us 42
Graphene/PdSe2/Ge | 265-3043 0.69 1.73x10" (M) 6.4 us a3
BP/ferroelectrics 1450 1.06 1.27x10'" (M) 0.36 us a4
DPA microsheet 450 <10? ~10' (E) N/A 10

iNote: (M) represents for D* values that were extracted from measured noise spectra, and (E)

represents for D* values that were estimated based on the dark current.
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VIII. Theoretical estimation of partially polarized light detection

Conventionally, polarization navigation sensors require polarizers integrated with polarization-
insensitive photodetectors for the detection of partially polarized skylight. To evaluate their detection
ability, we now consider a simplified case where the partially polarized incident light is composed of
two orthogonally polarized parts, and the light intensities along these two directions are respectively
denoted as Ipol,; and Ipol, .. The degree of linear polarization (DoLP) of the incident light is thus (Zpol,
-Ipo, 1 )/(Ipol, 1 +1pol, ). For a linear polarizer, we define that the light transmittance along its optical axis
is 7'y, and perpendicular to the optical axis is 7., its extinction ratio (ER) is thus 7';/T.. If the partially
polarized light passes through the polarizer (Supplementary Fig. 37a), the finally measured DR by a

polarization-insensitive photodetector should be limited by the ratio of transmitted light intensity:

1+ DoLP 1+ DoLP
DR < ([POI,IITIVI + [pol,LTL) / (Ipol,HTL + [pol,iﬂ\) = (I—I)OLP ' ER+1)/(1—])OLP + ERJ (816)

In practical measurements, the DoLP of skylight is only about 60% (or even lower than 30% in UV
spectral range)*®, which results in Zpol, /Ipol,. of only ~4 (or ~1.9 in UV spectral range). Therefore, the
increase of ER is favorable for more sensitive detection of partially polarized light (Supplementary
Fig. 37b), while a small ER will lead to a degraded DR (Supplementary Fig. 37¢) or even
indistinguishable signals when DoLP is quite small. Although the emerging anisotropic photoactive
materials have provided new opportunities for on-chip polarizer-free polarimeters, their application in

partially polarized light detection remains unexplored due to the low polarization sensitivity (DR <

10).
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Supplementary Figure 37 | Estimations of conventional partially polarized light detection by
using a polarizer. a, Schematic illustrations of the detection of partially polarized light. b, Predicted
relationship between ER of a polarizer and the finally measured DR under a partially polarized light
with a DoLP of 60%. ¢, Enlarged plot of (b) with ER in a range of 1-10.
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IX. Polarization navigation measurements

According to the single-scattering Rayleigh model*’, the polarization mode of ideal skylight is
symmetrical about the solar meridian (SM), and the e-vector (E) of skylight at zenith remains steadily
perpendicular to the SM despite the change of time and location, which forms the basis of polarization
navigation. By measuring the direction of E relative to the heading direction, one can deduce the exact
orientation relative to the north. Particularly, although the DoLP in UV spectral region is relatively low,
it maintains most reliable under complex weather conditions compared with that of visible light, which
makes UV light advantageous for polarization navigation™.

During polarization navigation measurements, the crystallographic a axis of C8-BTBT crystal
array was first aligned towards the north direction with the aid of a compass, and this direction was set
as the 0° reference direction. Angle-resolved Ips was then collected stepwise by rotating the OPT
clockwise in 15° increments and scanning its transfer curve after exposure to skylight for ~10 s. To
eliminate the influence of light intensity change caused by the westward movement of the sun for a
better fitting, we set two base lines (namely base line 1 and base line 2) according to the valleys and
peaks of the sinusoidal curve, respectively (Supplementary Fig. 39a,c). The normalized /bs is obtained
after the subtraction of base line 1 by (/ps-/base line 1)/(Ibase line 2-Ibase line 1), Where Ibase line 1 and Ibase line 2
represent the current at base line 1 and base line 2, respectively. (Supplementary Fig. 39b,d). The
normalized polarization-dependent /ps is fitted by:

Ips(0) = I, cos’(0+p)+1, sin*(0+p) (S17)
where 7, and [, respectively refer to the drain current along and perpendicular to the strongest
photoresponse direction, @ is the angle with respect to the 0° reference direction, and ¢ is the angle
between the 0° reference direction and the strongest photoresponse direction. The fitted strongest
photoresponse directions are marked by red arrows in polar coordinates (Supplementary Fig. 40a,c),
which are ~-14° and ~-16° relative to the 0° reference direction (compass-pointed north), respectively.
We then look for the real-time solar azimuth angle (®s) to determine the theoretical orientations of E
at zenith. The location of the measurements is in Suzhou Industrial Park, China (120.7°E, 31.3°N), the
measuring time period is 3:42-4:17 p.m., 23/09/2021 and 3:27-4:07 p.m., 24/09/2021 corresponding
to Fig. Sh.k, respectively. Therefore, @s is in a range of 252° to 257° and 249° to 255°, respectively.
The theoretical orientations of E at zenith are thus -18° to -13° and -21° to -15° relative to the north

(marked by red arrows in Supplementary Fig. 40b,d). Therefore, both the navigated directions of E (~-
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14° and ~-16° relative to the compass-pointed north) are located right in the range of the real-time
theoretical values, indicating the high accuracy of our simplified celestial compass. More polarization
navigation measurements at different times and in different weather conditions are presented in

Supplementary Fig. 41 and Supplementary Table 7.
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Partially polarized
light from zenith

Supplementary Figure 38 | Experimental setup for outdoor polarization navigation. Schematic
illustration of the experimental setup for the polarization navigation measurements. The OPT was fixed
into a dark chamber with a drilled circular window (~1.3 cm in diameter) located right above the device

area to receive skylight at zenith and exclude light from the surrounding environment.
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Supplementary Figure 39 | Data processing for polarization navigation. a, Polarization-dependent
Ips measured under clear sky during a time period of 3:42-4:17 p.m., 23/09/2021 (Vs =-10V, Vps = -
40 V). b, Normalized polarization-dependent /ps (blue curve) and the corresponding fitting curve (red
curve) after base line subtraction in (a). ¢, Polarization-dependent /ps measured under cloudy sky
during a time period of 3:27-4:07 p.m., 24/09/2021 (VG = -10 V, Vps = -40 V). d, Normalized

polarization-dependent /ps (blue curve) and the corresponding fitting curve (red curve) after base line

subtraction in (c).

58

Rotation angle (°)



270

240 \

300 /" A
270 H———

240 \.

Supplementary Figure 40 | Comparisons of the navigated polarization directions of skylight with
theoretical values. a, Polar coordinate plot of normalized polarization-dependent /ps measured under
clear sky at 3:42-4:17 p.m. (23/09/2021). The angle between the 0° reference direction and the fitted
strongest photoresponse direction is ~-14°. b, Corresponding real-time orientations of SM and E at
zenith. @s is in a range of 252° to 257°, resulting in an E direction of -18° to -13° relative to the north
direction. ¢, Polar coordinate plot of normalized polarization-dependent /ps measured under cloudy
sky at 3:27-4:07 p.m. (24/09/2021). The angle between the 0° reference direction and the fitted
strongest photoresponse direction is ~-16°. d, Corresponding real-time orientations of SM and E at

zenith. @s is in a range of 249° to 255°, resulting in an E direction of -21° to -15° relative to the north

direction.
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Supplementary Figure 41 | Polarization navigation results at different times and in different
weather conditions. a, Real-time photograph of the clear sky at 5:03-5:36 p.m. (23/09/2021). b,
Corresponding polar coordinate plot of normalized polarization-dependent /ps. The angle between the
0° reference direction and the fitted strongest photoresponse direction is ~-8°. ¢, Corresponding real-
time orientations of SM and E at zenith. @s is in a range of 263° to 268°, resulting in an E direction of
-7° to -2° relative to the north direction. d, Real-time photograph of the cloudy sky at 4:23-4:53 p.m.
(24/09/2021). e, Corresponding polar coordinate plot of normalized polarization-dependent /ps. The
angle between the 0° reference direction and the fitted strongest photoresponse direction is ~-13°. f,
Corresponding real-time orientations of SM and E at zenith. @s is in a range of 258° to 262°, resulting
in an E direction of -12° to -8° relative to the north direction. g, Real-time photograph of the cloudy
sky at 3:53-4:31 p.m. (25/09/2021). h, Corresponding polar coordinate plot of normalized polarization-
dependent /ps. The angle between the 0° reference direction and the fitted strongest photoresponse
direction is ~-18°. i, Corresponding real-time orientations of SM and E at zenith. @s is in a range of

253° to 258°, resulting in an E direction of -17° to -12° relative to the north direction.
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Supplementary Table 7 | Summary of polarization navigation measurements conducted at different

times and in different weather conditions.

Real-time E | Navigated E
Weather Real-time
Time Date relative to | relative to the
condition D
the north 0° reference
Cloudy | 3:27-4.07 p.m. | 24/09/2021 | 249°to255° | -21°to-15° -16°
Clear 3:42-4:17 p.m. | 23/09/2021 | 252°to 257° | -18°to-13° -14°
Cloudy | 3:53-4:31 p.m. | 25/09/2021 | 253°to0258° | -17°to-12° -18°
Cloudy | 4:23-4:53 p.m. | 24/09/2021 | 258°t0262° | -12°to-8° -13°
Clear 5:03-5:36 p.m. | 23/09/2021 | 263° to 268° -7° to -2° -8°
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