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A B S T R A C T   

This review is written to introduce infrared photon detectors based on solution-processable semiconductors. A 
new generation of solution-processable photon detectors have been reported in the past few decades based on 
colloidal quantum dots, two-dimensional materials, organics semiconductors, and perovskites. These materials 
offer sensitivity within the infrared spectral regions and the advantages of ease of fabrication at low temperature, 
tunable materials properties, mechanical flexibility, scalability to large areas, and compatibility with monolithic 
integration, rendering them as promising alternatives for infrared sensing when compared to vacuum-processed 
counterparts that require rigorous lattice matching during integration. This work focuses on infrared detection 
using disordered semiconductors so as to articulate how the inherent device physics and behaviors are different 
from conventional crystalline semiconductors. The performance of each material family is summarized in tables, 
and device designs unique to solution-processed materials, including narrowband photodetectors and pixel-less 
up-conversion imagers, are highlighted in application prototypes distinct from conventional infrared cameras. 
We share our perspectives in examining open challenges for the development of solution-processable infrared 
detectors and comment on recent research directions in our community to leverage the advantages of solution- 
processable materials and advance their implementation in next-generation infrared sensing and imaging 
applications.   

1. Introduction 

Photodetectors that convert photons to electrical signals are the 
foundation of light detection technologies. Depending on the range of 
electromagnetic radiation absorbed by the active material, photode-
tectors are given different classifications, these include e.g., X-ray de-
tectors, visible detectors and infrared (IR) detectors. Infrared light 
detection [1 7] underpins applications spanning diverse areas such as 
biomedical sensing, environmental surveillance, industrial inspection, 

among many other areas. Commercially available IR detectors are pre-
dominantly based on vacuum-processed inorganic compound semi-
conductors, which are structurally rigid, brittle, and require fabrication 
via complex epitaxial growth and costly processes. A new generation of 
solution-processable semiconductors have been reported in the past few 
decades including colloidal quantum dots (CQDs) [1,8,9], organic 
semiconductors (OSCs) [4,7,10,11], perovskites [1,12,13], and 
two-dimensional (2D) materials [5,14]. These materials offer sensitivity 
within the IR spectral regions and the advantages of ease of fabrication 

Abbreviations: 1D, 2D, one-dimensional, two-dimensional; BHJ, bulk heterojunction; BLA, bond length alternation; CCN, charge collection narrowing; CMOS, 
complementary metal oxide semiconductor; CP, conjugated polymer; CQDs, colloidal quantum dots; CT, charge-transfer; DA, donor-acceptor; FET, field-effect 
transistor; FP, Fabry Perot; FPA, focal plane array; FWHM, full-width at half-maximum; HOMO, highest occupied molecular orbital; IR, infrared; LHJ, layered 
heterojunction; LED, OLED, light emitting diode, organic light emitting diode; LUMO, lowest unoccupied molecular orbital; MCT, mercury-cadmium-telluride; NFA, 
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phototransistor. 
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at l o w t e m p er at ur e, t u n a bl e m at eri al s pr o p erti e s, m e c h a ni c al fl e xi bilit y, 

s c al a bilit y t o l ar g e ar e a s, a n d c o m p ati bilit y wit h m o n olit hi c i nt e gr ati o n. 

T h u s t h e y ar e pr o mi si n g alt er n ati v e s f or I R s e n si n g w h e n c o m p ar e d t o 

t h eir v a c u u m- pr o c e s s e d c o u nt er p art s t h at r e q uir e ri g or o u s l atti c e 

m at c hi n g d uri n g i nt e gr ati o n. 

T h e r a pi d d e v el o p m e nt s i n s ol uti o n- pr o c e s s a bl e I R p h ot o d et e ct or s 

e nri c h d et e ct or f u n cti o n aliti e s o n a c c o u nt of t h e s y nt h eti c all y t ail or a bl e 

pr o p erti e s a n d t u n a bl e o pt o el e ctr o ni c c h ar a ct eri sti c s of t h e s e mi -

c o n d u cti n g m at eri al s. T h e s e s ol uti o n- pr o c e s s a bl e I R m at eri al s e n a bl e 

n e w c o n c e pt s f or p h ot o s e n si n g, i n cl u di n g u p c o n v er si o n pi x el e s s i m a g-

i n g [ 1 5 – 1 7 ], tr a p- a s si st e d p h ot o m ulti pli c ati v e g ai n [ 1 8 – 2 0 ], a n d 

n o n- pl a n ar f or m f a ct or s [ 1 6 ,2 1 ,2 2 ] i n I R s e n si n g s y st e m s. T h e pr o -

gr e s s e s i n s u c h I R s e n si n g t e c h n ol o gi e s will b e tr e m e n d o u sl y b e n e fi ci al 

f or b ot h ci vili a n a n d d ef e n s e a p pli c ati o n s. 

T hi s r e vi e w i s writt e n t o i ntr o d u c e i nfr ar e d p h ot o n d et e ct or s b a s e d 

o n s ol uti o n- pr o c e s s a bl e s e mi c o n d u ct or s, a s o p p o s e d t o i nfr ar e d t h er m al 

d et e ct or s. W e e x pl or e r e c e nt a d v a n c e s i n s ol uti o n- pr o c e s s e d I R d et e ct or s 

i n t er m s of f u n cti o n al m at eri al s, d e vi c e p h y si c s, a n d n o v el a p pli c ati o n s 

e n a bl e d b y t h e s e m at eri al s. I n g e n er al, t h er e ar e t hr e e t y p e s of p h ot o n 

d et e ct or str u ct ur e s: p h ot o di o d e s, p h ot o c o n d u ct or s, a n d p h ot otr a n si st or s 

[ 1 1 ,1 3 ]. T h e t hr e e t y p e s of d et e ct or s h a v e t h eir o w n c h ar a ct eri sti c 

f e at ur e s i n t er m s of p h ot o s e n siti vit y, r e s p o n s e s p e e d, n oi s e l e v el, a n d 

d e vi c e si z e. D eli b er at e d e vi c e c o n fi g ur ati o n s c a n e n a bl e s e n si n g f u n c-

ti o n s s u c h a s u p c o n v er si o n d et e ct or s [ 4 ,2 3 ] a n d m ulti s p e ctr al d et e cti o n 

a n d i m a gi n g [ 2 4 ,2 5 ]. W h e n c o m p ar e d t o pri or r e vi e w s [ 1 – 5 ], t hi s w or k 

f o c u s e s o n I R d et e cti o n u si n g di s or d er e d s e mi c o n d u ct or s, i n cl u di n g or -

g a ni c s, C Q D s, a n d l o w di m e n si o n al m at eri al s, t o arti c ul at e h o w t h e 

i n h er e nt d e vi c e p h y si c s a n d b e h a vi or ar e diff er e nt fr o m c o n v e nti o n al 

v a c u u m- pr o c e s s e d i n or g a ni c s e mi c o n d u ct or s. 

Fir st, w e pr e s e nt a bri ef i ntr o d u cti o n of I R d et e ct or s, i n cl u di n g a 

t e c h n ol o g y ti m eli n e, t o e x pl ai n t h e m oti v ati o n a n d n e e d f or t h e d e v el -

o p m e nt of n e w I R d et e cti o n m at eri al s. T h e a d v a nt a g e s a n d di s a d v a n -

t a g e s of tr a diti o n al v a c u u m- pr o c e s s e d s e mi c o n d u ct or s a n d s ol uti o n- 

pr o c e s s e d s e mi c o n d u cti n g m at eri al s ar e c o m p ar e d. T h e s e c o n d s e cti o n 

of t hi s r e vi e w d et ail s m e c h a ni s m s of o p er ati o n i n di s or d er e d m at eri al s, 

i n cl u di n g c h ar g e g e n er ati o n, tr a n s p ort, a n d c oll e cti o n. W e al s o di s c u s s 

t h e di v er sit y of d et e ct or c o n fi g ur ati o n s a n d m at eri al pr o p erti e s s u c h a s 

c h ar g e m o bilit y a n d tr a p d e n sit y t h at aff e ct t h e p erf or m a n c e c h ar a c -

t eri sti c s of I R d et e ct or s. I n t h e t hir d s e cti o n, t h e p erf or m a n c e m etri c s f or 

d et e ct or s ar e pr e s e nt e d, i n t er m s of r e s p o n si vit y, n oi s e, d et e cti vit y, 

r e s p o n s e s p e e d, a n d p h ot o- m ulti pli c ati v e g ai n. I n t h e f o urt h s e cti o n, w e 

s ur v e y t h e p erf or m a n c e of d et e ct or s b a s e d o n s ol uti o n- pr o c e s s a bl e 

s e mi c o n d u cti n g m at eri al s, i n cl u di n g C Q D s, 2 D m at eri al s, or g a ni c s, 

a n d p er o v s kit e s. T h e p erf or m a n c e of e a c h m at eri al f a mil y i s s u m m ari z e d 

i n t a bl e s. T h e fift h s e cti o n of t hi s r e vi e w pr e s e nt s d e vi c e d e si g n s u ni q u e 

t o s ol uti o n- pr o c e s s e d m at eri al s, i n cl u di n g n arr o w b a n d p h ot o d et e ct or s 

a n d pi x el-l e s s u p- c o n v er si o n i m a g er s, a n d hi g hli g ht s a p pli c ati o n pr o -

t ot y p e s di sti n ct fr o m c o n v e nti o n al I R c a m er a s. L a st, w e s h ar e o ur c o n -

cl u si o n s a n d p er s p e cti v e s a n d e x a mi n e o p e n c h all e n g e s t h at r e m ai n i n 

t h e d e v el o p m e nt of s ol uti o n- pr o c e s s a bl e I R d et e ct or s. F or e x a m pl e, t h e 

di s or d er i n h er e nt t o s ol uti o n- pr o c e s s e d s e mi c o n d u ct or s i ntr o d u c e s tr a p 

st at e s t h at i m p a ct t h e d et e ct or p erf or m a n c e. T hr o u g h o ut t h e r e vi e w, w e 

c o m m e nt o n r e c e nt r e s e ar c h dir e cti o n s i n o ur c o m m u nit y s o a s t o 

l e v er a g e t h e a d v a nt a g e s of s ol uti o n- pr o c e s s a bl e m at eri al s a n d a d v a n c e 

t h eir i m pl e m e nt ati o n i n n e xt- g e n er ati o n I R s e n si n g a n d i m a gi n g 

a p pli c ati o n s. 

1. 1. Hist or y of i nfr ar e d d et e ct ors 

T hi s s e cti o n i ntr o d u c e s i nfr ar e d d et e cti o n fr o m a u ni q u e hi st ori c al 

p er s p e cti v e, i nt e n d e d t o a d d b a c k gr o u n d i nf or m ati o n t o st a n d ar d d e -

t e ct or r e vi e w arti cl e s [ 2 ,2 6 ] or t e xt b o o k s [ 2 7 ]. 

1. 1. 1. Dis c o v er y of i nfr ar e d r a di ati o n 

T h e fir st i nfr ar e d d et e ct or w a s t e c h ni c all y a m er c ur y t h er m o m et er 

pl a c e d b e hi n d a pri s m. O n a s u n n y, s pri n g d a y i n A pril of 1 8 0 0, Willi a m 

H er s c h el m o u nt e d a r o c k s alt pri s m b e hi n d a h ol e i n a w all. T hi s s e p a -

r at e d i n ci d e nt s u nli g ht i nt o it s c o m p o n e nt w a v el e n gt h s. H er s c h el c ar e -

f ull y c o n str u ct e d a n arr a y of t h er m o m et er s a n d pl a c e d t h e m 0. 2 5 i n. 

b e hi n d t h e l o w e st e n er g y, b ar el y vi si bl e r e d w a v el e n gt h s tr a n s mitt e d b y 

t h e pri s m. H e i n cr e m e nt all y m o v e d t h e t h er m o m et er s f urt h er a w a y fr o m 

t h e b ar el y vi si bl e, r e d c ol or s. T a bl e 1 d e s cri b e s hi s o b s er v ati o n s, 

a dj u st e d f or a m bi e nt t e m p er at ur e [ 2 8 ]. 

H e w e nt o n t o d e s cri b e hi s o b s er v ati o n s: 

“ [ T ] h er e ar e r a y s c o mi n g fr o m t h e s u n, w hi c h ar e l e s s r efr a n gi bl e 

t h a n a n y of t h o s e t h at aff e ct t h e si g ht. T h e y ar e i n v e st e d wit h a hi g h 

p o w er of h e ati n g b o di e s, b ut wit h n o n e of ill u mi n ati n g o bj e ct s; a n d 

t hi s e x pl ai n s t h e r e a s o n w h y t h e y h a v e hit h ert o e s c a p e d u n n oti c e d. ” 

H e di vi d e d t h e s ol ar s p e ctr u m i nt o t w o r e gi o n s: t h e pris m ati c s p e ctr u m 

a n d t h e t h er m o m etri c al s p e ctr u m. T o d a y, t h e pris m ati c s p e ctr u m i s t h e 

vi si bl e r e gi o n, w a v el e n gt h s b et w e e n 0. 4 − 0. 7 5 μ m. T h e t h er m o m etri c al 

s p e ctr u m h a s b e e n s u b di vi d e d i nt o s e v er al diff er e nt r e gi o n s: t h e n e ar 

i nfr ar e d ( NI R, 0. 7 5 – 1 μ m), t h e s h ort w a v e i nfr ar e d ( S WI R, 1 − 3 μ m), t h e 

mi d w a v e i nfr ar e d ( M WI R, 3 – 5 μ m), t h e l o n g w a v e i nfr ar e d ( L WI R, 8 – 1 5 

μ m), a n d t h e f ar i nfr ar e d (> 1 5 μ m). T h er e ar e ot h er s u b- di vi si o n s of t h e 

I R p a st L WI R, b ut si n c e t h e y ar e n ot pr e s e ntl y a c c e s si bl e u si n g s ol uti o n- 

pr o c e s s e d p h ot o d et e ct or s, t h e y ar e n ot d e s cri b e d h er e. T h e c orr e -

s p o n di n g w a v el e n gt h s a n d fr e q u e n ci e s f or e a c h r e gi o n ar e s h o w n i n 

Fi g. 1 a, a n d b c o m p ar e s t h e d et e ct or r e s p o n s e of v ari o u s s e mi c o n d u cti n g 

m at eri al s. 

Diff er e nt m at eri al s a b s or b li g ht i n diff er e nt s p e ctr al r e gi o n s. F or 

e x a m pl e, i m a gi n g u n d er S WI R li g ht e n a bl e s t h e i n s p e cti o n of o bj e ct s 

b e hi n d a sili c o n ( Si) w af er, b e c a u s e Si i s o p a q u e i n t h e vi si bl e r e gi o n b ut 

tr a n s p ar e nt i n S WI R (Fi g. 1 c a n d d). F or a n y o bj e ct wit h a t e m p er at ur e 

a b o v e a b s ol ut e z er o, t h er m al e mi s si o n s ( M WI R a n d L WI R si g n at ur e s) 

e xi st. Fi g. 1 e a n d f c o m p ar e t h e S WI R a n d M WI R i m a g e s of t w o c u p s of 

w at er at diff er e nt t e m p er at ur e s, r e s p e cti v el y. W hil e vi si bl e or S WI R li g ht 

c a n n ot diff er e nti at e t h e t e m p er at ur e of t h e w at er, t h e M WI R i m a g e 

di sti n g ui s h e s o bj e ct s wit h diff er e nt t e m p er at ur e s [ 2 9 ]. T hi s d e m o n -

str ati o n u n d er s c or e s t h e diff er e n c e s i n d et e ct or s a n d t h eir s e n siti vit y t o 

diff er e nt w a v el e n gt h s. 

Fi g. 2 d e pi ct s t h e pri n ci p al t y p e s of s ol uti o n- pr o c e s s a bl e I R d et e ct or s 

i n u s e t o d a y, al o n g si d e t h eir c urr e nt- v olt a g e c h ar a ct eri sti c s. T h e s e d e -

t e ct or s i n cl u d e p h ot o c o n d u ct or s, b ol o m et er s, p h ot o di o d e s, a n d p h ot o -

tr a n si st or s. Bri e fl y, a p h ot o c o n d u ct or a b s or b s i n ci d e nt p h ot o n s a n d 

c o n v ert s t h e m t o el e ctr o n- h ol e p air s, w hi c h t h e n drift t o t h eir r e s p e cti v e 

el e ctr o d e s u n d er a n e xt er n al bi a s. A b ol o m et er u s e s t h er m all y i n d u c e d 

c h a n g e s i n r e si st a n c e t o d et e ct I R r a di ati o n. A p h ot o di o d e g e n er at e s 

c h ar g e c arri er s wit hi n t h e d e pl eti o n r e gi o n of t w o o p p o sit el y d o p e d 

s e mi c o n d u ct or s. A p h ot otr a n si st or i s b a si c all y a v er si o n of a p h ot o -

c o n d u ct or wit h a n a d diti o n al g at e el e ctr o d e t h at s er v e s t o e n h a n c e t h e 

p h ot or e s p o n s e. 

1. 1. 2. P h ot o c o n d u ct ors 

T h e p h ot o c o n d u ct or w a s a c ci d e nt all y di s c o v er e d i n 1 8 7 3 b y L ati m er 

Cl ar k a n d Will o u g h b y S mit h w hil e i n v e sti g ati n g m at eri al s f or u s e i n 

u n d er w at er t el e gr a p h c a bl e s [ 3 0 ]. I n a t y pi c al e x p eri m e nt, s el e ni u m 

b ar s 5 − 1 0 c m l o n g a n d 1 – 1. 5 m m i n di a m et er w er e s e al e d i n a gl a s s 

t u b e, wit h pl ati n u m wir e s att a c h e d t o eit h er e n d of e a c h b ar t o a ct a s 

el e ctri c al c o n n e cti o n s. T h e y b e c a m e c o nf u s e d w h e n t h er e w er e l ar g e 

di s cr e p a n ci e s i n t h e el e ctri c al r e si st a n c e of e a c h b ar w h e n m e a s ur e d b y 

diff er e nt p e o pl e. T hi s w a s e v e nt u all y d et er mi n e d t o b e c a u s e d b y t h e 

T a bl e 1 

H er s c h el ’s d at a f or t h er m o m et er n u m b er o n e.  

Li n e n u m b er P o siti o n b e hi n d R e d (i n c h e s) T e m p er at ur e Ri s e, N o. 1 

1 0. 2 5 6. 5 

2 0. 5 2. 7 5 

3 1 5. 2 5 

4 1. 5 3. 1 2 5  

N. Li et al.                                                                                                                                                                                                                                        
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a b s or pti o n of li g ht: 

“ [ W ] h e n t h e b ar s w er e fl x e d i n a b o x wit h a sli di n g c o v er, s o a s t o 

e x cl u d e all li g ht, t h eir r e si st a n c e w a s at i s hi g h e st, a n d r e m ai n e d v er y 

c o n st a nt. [ W h e n ] t h e c o v er of t h e b o x w a s r e m o v e d, t h e c o n d u cti vit y 

i n cr e a s e d fr o m 1 5 t o 1 0 0 p er c e nt. [ si c ] a c c or di n g t o t h e i nt e n sit y of 

t h e li g ht f alli n g o n t h e b ar. ” 

T h e eff e ct p er si st e d e v e n w h e n t h e d e vi c e w a s i m m er s e d i n w at er t o 

mi ni mi z e c h a n g e s i n e xt er n al t e m p er at ur e. Cl ar k a n d S mit h di d n ot 

n a m e t hi s eff e ct, b ut t o d a y t hi s i s r e g ar d e d a s t h e fir st d o c u m e nt e d c a s e 

of a p h ot o c o n d u ct or. 

A p h ot o c o n d u cti v e d et e ct or c o n si st s of a s e mi c o n d u ct or s a n d wi c h e d 

b et w e e n t w o el e ctr o d e s. A dir e ct c urr e nt bi a s i s t y pi c all y a p pli e d a cr o s s 

t h e s e mi c o n d u ct or w hi c h h a s a r e si st a n c e i n t h e M Ω r a n g e. A b s or pti o n 

of li g ht b y t h e s e mi c o n d u ct or g e n er at e s p air s of el e ctr o n s a n d h ol e s, 

w hi c h drift u n d er t h e a cti o n of a n e xt er n al bi a s t o t h e a p pr o pri at e 

el e ctr o d e. T h e s e mi c o n d u ct or el e ctri c al r e si st a n c e t e m p or aril y d e -

cr e a s e s, w hi c h i s m e a s ur e d t hr o u g h c h a n g e s i n c urr e nt. 

1. 1. 3. B ol o m et ers 

Fr u str at e d b y t h e l a c k of s e n siti v e I R d et e ct or s ( m ai nl y t h e 1 8 3 6 

t h er m o pil e) [ 3 1 ], S a m u el L a n gl e y i n 1 8 8 1 c o n n e ct e d i d e nti c al l e n gt h s of 

v ari o u s m et al s u si n g a W h e at s o n e Bri d g e wit h a g al v a n o m et er t o m e a -

s ur e c h a n g e s i n c urr e nt. M et al o n o n e si d e of t h e bri d g e w a s e x p o s e d t o 

h e at s o ur c e s, a n d t h e ot h er w a s s hi el d e d. H e n a m e d hi s d e vi c e t h e 

A cti ni c B al a n c e b e c a u s e it str o n gl y r e s e m bl e d i n s h a p e a n d p a c k a gi n g, 

t h e t y p e of a n al yti c al b al a n c e u s e d b y c o nt e m p or ar y c h e mi st s: [ 3 2 ] 

“ It m e a s ur e s r a di ati o n s a n d a ct s b y t h e m et h o d of t h e ‘ bri d g e’ or 

‘ b al a n c e,’ t h er e b ei n g al w a y s t w o ar m s, u s u all y i n j u xt a p o siti o n, a n d 

e x p o s e d ali k e t o e v er y si mil ar c h a n g e of t e m p er at ur e ari si n g fr o m 

s urr o u n di n g o bj e ct s, air- c urr e nt s, et c., s o t h at t h e n e e dl e i s (i n t h e or y 

at l e a st) o nl y aff e ct e d w h e n r a di a nt h e at, fr o m w hi c h o n e b al a n c e- 

ar m i s s hi el d e d, f all s o n t h e ot h er. It s a cti o n, t h e n, b e ar s a cl o s e 

a n al o g y t o t h at of t h e c h e mi st ’s b al a n c e. ” 

E v e nt u all y, t h e n a m e A cti ni c B al a n c e f ell o ut of f a v or a n d w a s 

r e pl a c e d b y t h e t er mi n ol o g y of b ol o m et er. T h e fir st e x a m pl e m a d e of 

ir o n g e n er at e d a c urr e nt of 0. 4 7 6 5 W b f or a 1 0 2. 3 ◦ C t e m p e r at ur e ri s e. I n 

t h e 1 9t h c e nt ur y, W e b er w a s a C G S u nit f or el e ctri c c urr e nt, n ot m a g -

n eti c fi u x a s it i s i n t h e SI s y st e m. 

I n a N at ur e arti cl e fr o m 1 8 9 8, [ 3 3 ] t h e d et e ct or s e n siti vit y h a d 

i m pr o v e d t o t h e p oi nt w h er e it c o ul d d et e ct t h er m all y i n d u c e d c urr e nt 

c h a n g e s of 1. 2 p A r e s ulti n g fr o m a t e m p er at ur e c h a n g e diff er e n c e of 

1 0 − 7 ◦ C. T h e d e v el o p m e nt of t h e b ol o m et er c o nti n u e d a n d i n a 1 9 0 7 

m e m ori al a d dr e s s t o t h e S mit h s o ni a n I n stit uti o n, t h e b ol o m et er w a s 

d e s cri b e d a s b ei n g a bl e t o d et e ct t h e pr e s e n c e of a c o w i n a fi el d — s ol el y 

b y t h e h e at it r a di at e d — at a di st a n c e of ¼ mil e [ 3 4 ]. 

1. 1. 4. P h ot o di o d es 

T h e fir st d e s cri pti o n of p h ot o di o d e s w a s n ot i n a j o ur n al arti cl e or 

a d dr e s s e d t o a s ci e nti fl c s o ci et y, b ut w a s fir st d e s cri b e d i n U nit e d St at e s 

P at e nt 2, 4 0 2, 6 6 2 b y R. S. O hl of B ell T el e p h o n e L a b or at ori e s i n 1 9 4 6. 

I niti all y d e s cri b e d a s a P h ot o E. M. F. C ell , it w a s di s c o v er e d w hil e 

d e v el o pi n g a pr o c e s s f or p urif yi n g sili c o n i n g ot s f or u s e i n p oi nt c o nt a ct 

r e cti fi er s. I n s o m e i n g ot s, i m p uriti e s r o s e t o t h e t o p of t h e m elt s t h at 

cr e at e d a p- n j u n cti o n u si n g o nl y w h at e v er i m p uriti e s w er e pr e s e nt i n 

t h e sili c o n r a w m at eri al [ 3 5 ]. 

“ I n a s m all pr o p orti o n of t h e m elt s, s a y 3 – 5 p er c e nt, t h e t o p of t h e 

m elt w a s c o v er e d wit h m at eri al w hi c h w a s e xtr u d e d fr o m t h e i nt eri or 

Fi g. 1. ( a) T h e s p e ctr u m of el e ctr o m a g n eti c w a v e s s p a n ni n g fr o m ult r a vi ol et ( U V) t o I R. ( b) T y pi c al s e mi c o n d u cti n g m at eri al s f or U V-I R li g ht d et e cti o n. ( b) T y pi c al 

s e mi c o n d u cti n g m at eri al s f or diff er e nt s p e ctr al r a n g e s. ( c) Vi si bl e a n d ( d) S WI R i m a g e s of o bj e ct s. ( e) S WI R a n d (f) M WI R i m a g e of t w o c u p s of w at er at diff er e nt 

t e m p er at ur e s. ( c-f) w er e r e pr o d u c e d wit h p er mi s si o n of R ef. [ 2 9 ]. 
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during the cooling process. The top surfaces of some such Ingots had 
a pale yellowish and greenish fluorescent appearance. It was 
discovered [ ] that if a contact were made to the top surface of such 
an ingot and some other point of the ingot, an electric current would 
flow if the top of the ingot were irradiated with infra-red or visible 
light.

The original description of this device Photo E. M. F. Cell cleanly 
describes how a photodiode operates. The junction of a p-type and n- 
type material generates a depletion region where incident photons can 
be absorbed. The detector generates an electromotive force (E.M.F.) 
upon absorption of light: a photovoltage. Alternatively, photocurrent 
can be measured. 

1.1.5. Phototransistors 
The phototransistor was developed just three years after the photo-

diode in 1949 by J. N. Shive of Bell Telephone Laboratories [36]. His 
goal was to utilize a photo-conductive property of germanium which 
combines high spatial resolving power with an over-all quantum effi-
ciency greater than unity. He modified the double surface transistor 
geometry common at the time so that when the side opposite the col-
lector electrode absorbed light, it ejected charge carriers. 

A double surface transistor can be envisioned as a square cut from a 
germanium crystal, with the collector electrode on one of the pol-
ished sides. Source and drain electrodes are deposited opposite each 
other across its thickness. Light up to 1.5 m was incident opposite 
the collector, producing a gain between 3 4.

1.1.6. Materials development 
Over time, the materials used for each of these detectors improved 

their performance. Today, the selenium Clark and Smith used in their 
first photoconductor has been replaced with lead salts [37], 
mercury-cadmium-telluride (MCT) [38] and indium antimonide (InSb) 
[39]. Bolometers have improved from the iron rods initially used by 
Langley to materials with strong insulator-semiconductor transitions 
such as vanadium dioxide [40]. Photodiodes have improved from the 
helpful impurities in the occasional silicon ingot described by Ohl to 
epitaxial gallium arsenide (GaAs) [41], InSb [42], MCT [43], and 
superlattices [44]. Gone are the days of Shive s germanium photo-
transistors for IR detection; today, heterogeneous integration with 
silicon-based complementary metal oxide (CMOS) transistors are com-
mon [3]. 

There is currently a third generation of improvements occurring in 
all of these detector technologies that revolves around lower overall 
cost, higher operating temperatures, and easier fabrication processes. 
Most of the materials described above, especially for photoconductors 
and photodiodes, only work at cryogenic temperatures and are typically 
epitaxially grown, single crystals. A new class of materials that are so-
lution processable, such as low-dimensional colloidal semiconductors 
and conjugated polymers, are being developed for the next wave of 
improvements to these IR detector technologies. 

The key feature of these materials their ability to be deposited from 
solution at low processing temperature ( 400 ◦C) results in funda-
mentally different active layer structures. The thin films formed at low 
temperature tend to be disordered, which contrast with crystalline 
structures in the more traditional vacuum-processed inorganic materials 

Fig. 2. Structures, current-voltage characteristics, and band diagrams for (a) bolometer, (b) photoconductor, (c) photodiode and (d) phototransistor. The photo-
transistor is depicted as an n-type device, but p-type is also readily available. 
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grown at high temperature. Semiconductors can be put into one of three 
different classes depending on their amount of long-range atomic order: 
single crystal, polycrystalline, and amorphous. Single crystal materials 
consist of an ordered atomic lattice extending over large distances. A 
polycrystalline material consists of a disordered network of small, highly 
organized crystal lattices. This can be commonly found in films depos-
ited using physical deposition techniques like high temperature reactive 
sputtering [45]. The amorphous materials have no long range ordering 
of atoms; most solution-processable materials fall into the amorphous 
category. For example, in a spin-coated film, most of the solvent evap-
orates within the first ten seconds after the substrate begins rotating, 
effectively setting the polymer chains in random orientations upon 
drying. Nonetheless, conjugated polymer films can be processed to in-
crease local ordering by mechanisms such as -stacking and solution 
shearing [46 48]. 

The amorphous structure of these films imparts properties not typi-
cally found in ordered semiconductors, such as bias stress and differ-
ences in electronic conduction mechanisms. Bias stress occurs in 
amorphous semiconductors because they typically have a very large 
amount of shallow and deep charge carrier traps [49 51]. As trap sites 
become filled, the device current changes for the same bias level. This 
can impart a pronounced hysteresis to current-voltage curves [52]. 
Because the materials are amorphous, charge carriers cannot drift over 
long ranges in valence and conduction bands, but rather use a charge 
hopping mechanism [53]. This has the consequence of significantly 
depressing charge carrier mobilities [54], although mobilities can be 
increased for polymers deposited using vapor phase techniques [55]. 
Current research efforts are targeted at understanding and mitigating 
these drawbacks so that low-temperature disordered materials can 
enable high-performance detectors scalable to large areas and with 
improved mechanical properties and novel form factors. 

2. Structures and physics of photon detectors 

IR detectors are categorized into thermal or photon detectors [56]. 
Thermal detectors [5,57] such as bolometers and pyroelectrics are based 
on the transduction of heat into electrical changes and are broadband by 
nature. Their thermal response spectrum is not limited by the bandgap 
of the active material, while the response speed is usually well below 1 
kHz due to the slow establishment of thermal equilibrium between the 
device and the environment. Photon detectors [1,12,24], on the other 
hand, absorb the incident photons and convert them into conducting 
charges in the semiconducting material, enabling a fast response up to 
hundreds of MHz. In this review, we will focus on photon detectors and 
the new generation of photonic optoelectronic materials that are 
compatible with solution processing techniques. In photodetectors, the 
transduction of absorbed photons to an electrical current occurs through 
(1) charge generation, (2) transport, and (3) collection. This section will 
discuss the device physics of these three steps and the operating prin-
ciples of different detector structures to examine exciton and carrier 
dynamics and the effects of charge injection and recombination on de-
vice gain and efficiency. 

A bolometer is basically a thermal resistor. The resistance of the 
active channel is sensitive to IR signals that induce a change in tem-
perature. As shown in Fig. 2a, the structure for a bolometer is similar to a 
photoconductor (Fig. 2b), but often with an architecture that thermally 
isolates the active material from the substrate. A photoconductor is 
based on the photoconductive effect where photon-induced charge 
carriers change the channel conductivity. The increase in photon- 
induced current in the channel serves as the readout as shown in Fig. 2b. 

A photodiode relies on p-type/n-type heterojunctions. The charge 
generation process is closely related to the interface at the junction. The 
typical current-voltage characteristics are presented in Fig. 2c. When a 
reverse bias is applied, a photodiode operates in photoconductive mode, 
and its photocurrent scales with light intensity. When a photodiode is at 
zero external bias, it is in photovoltaic mode, and its photocurrent is 

driven by the built-in potential at the heterojunction, the same opera-
tional mechanism as a solar cell. 

A transistor is basically a variable resistor adjustable by a gate 
voltage. For phototransistors, the photon-induced carriers in the tran-
sistor channel lead to conductivity changes, and thus the channel cur-
rent and threshold voltage change accordingly. The photoconductive 
gain and noise level in a phototransistor is readily modulated by 
applying a gate voltage. The structure in Fig. 2d is a lateral configura-
tion, but it is worth noting that, while the most common transistor ge-
ometry is as shown with lateral contacts, there are demonstrations of 
vertical transistors that allow higher channel current, with a trade-off in 
the device off current [15,58]. 

2.1. Charge generation 

2.1.1. Single component 
Inorganic and organic semiconducting materials differ in the gen-

eration of charge carriers upon photoexcitation. Optical excitation of 
inorganic semiconductors produces Wannier-Mott excitons, and the 
typically high dielectric constants effectively shield the Coulomb 
attraction between the electron-hole pairs. Hence, thermal energy at 
room temperature is sufficient for the dissociation of free charge carriers 
[59]. In contrast, the weak intermolecular interactions and strong 
electron-phonon coupling due to lattice interactions in -conjugated 
molecules result in lower dielectric constants and result in the formation 
of Frenkel excitons with more localized electronic wavefunctions. The 
excitons, i.e., electron-hole pairs, generated upon light absorption are 
bound by the exciton binding energy EB = q2 (4 0 ra), where q is the 
elementary charge, 0 is the permittivity of vacuum, r is the dielectric 
constant and a is the electron hole pair delocalization distance. The 
exciton binding energy varies from a few mV in inorganic materials to 
hundreds of mV in organic films with small polarizability and low 
dielectric constants. Large binding energies inhibit exciton dissociation 
into free electrons and holes, which becomes progressively more diffi-
cult in organic infrared materials as the bandgap narrows and the 
probability of recombination increases [60,61]. 

Fig. 3a illustrates the charge generation process in a thin film of a 
single organic semiconductor [62]. S1 and Sn represent excitons at the 
first excited state and at a higher excited state, respectively. CP is the 
charge pair state and CPF is the charge pair state decreased in energy 
under an applied electric field. Upon light absorption, singlet excitons 
(S1 or Sn depending on the photon energy) are generated as depicted by 
arrows denoted (1) and (2). Charge generation from a thermalized S1 
state may happen through process (3), leading to a charge pair (CPF) that 
dissociates into free carriers aided by the applied field. Curly arrows (4) 
indicate the relaxation of excitons from higher energy states, which 
either generates a charge pair (CP) or results in a vibrationally hot S1 
state. The vibrationally hot S1 state from process (4) could also over-
come the charge separation barrier to generate CPs through process (5). 

2.1.2. Heterojunction 
To enhance charge generation in solution-processed semiconductors, 

heterojunctions comprised of multiple semiconductors are used to 
facilitate charge separation [7,11,63,64], as schematically depicted in 
Fig. 3b. In solution-processable semiconducting systems, the terminol-
ogy often refers to a p-type material as the donor, while an n-type ma-
terial is the acceptor. In this review, we use the terms donor and 
acceptor to describe the PN heterojunction. At the donor-acceptor 

interface, the energy offset between the highest occupied molecular 
orbital (HOMO) of the donor and lowest unoccupied molecular orbital 
(LUMO) of the acceptor is known as the charge-transfer (CT) state. The 
CT state extends the delocalization distance (a) and reduces the binding 
energy EB of the electron-hole pair, leading to more efficient dissociation 
and charge generation. In Fig. 3c and d, the detailed energy diagram 
presents the possible charge-transfer pathways upon photoexcitation 
[64]. The absorption of a photon with energy higher than ED* results in 
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an excited electron in state Dexcited* generated at a rate of GD*. When the 
excited electron in the donor is transferred to the acceptor, the CT state 
is formed. The CT state can either decay to the ground state (GS) radi-
atively (kf), or produce a charge-separated state (CS) i.e., free carriers to 
be collected at the electrodes. Excess photon energy may assist free 
charge generation at a rate of k*CS. 

The relaxed CT state, CT1, is sometimes lower in energy than CS 
states, potentially hindering the generation of free carriers. In the case 
that the relaxation rate to CT1 (krelax) is much faster than charge sepa-
ration through higher energy states (k*CS), the free carrier yield becomes 
dependent on the competition between dissociation (kCS) and recom-
bination (kf), and independent of the photon energy. Meanwhile, it has 
been shown that a high yield of free carriers from CT1 is possible in 
organic systems working in the visible, if the recombination rate kr is 
minimized. 

Typically, there are two types of heterojunction channels, layered 
heterojunction (LHJ) and bulk heterojunction (BHJ). A LHJ is composed 
of two or more layers of different materials, where the interface between 
the layers forms a type-II heterojunction [65 67] with staggered energy 
offsets, making it favorable for excitons to dissociate into free carriers as 
shown in Fig. 3e. As exciton separation occurs at the interface, 
increasing the interfacial area is beneficial to enhance carrier genera-
tion. Thus, the concept of a BHJ (Fig. 3f) was introduced in which the 
donor and acceptor semiconductors are intermixed throughout the film 
to produce a much larger interface than in a LHJ. A BHJ film is easily 

made with solution-processed semiconductors by blending all the 
components in one solution and then depositing the mixture to form the 
active layer. Different BHJ compositions include binary [6] and ternary 
blends [68] and films with inorganic nanocrystals embedded in organic 
matrices [69]. Particularly for organic semiconductors, charge genera-
tion is far more efficient in BHJs than in single-component films. In this 
review, we use the term BHJ to describe a solution-processable system 
that comprises two or more semiconducting materials in the mixed 
active layer, including quantum dots, perovskites, low dimensional 
semiconductors, and organics. 

However, even BHJs have been limited by poor exciton dissociation 
efficiency in IR materials because of the high non-radiative recombi-
nation at narrow bandgaps [61]. Operating the device with an external 
bias assists exciton dissociation and charge generation, albeit often with 
the trade-off of increasing the dark current noise. Recently, in BHJ 
systems with non-fullerene acceptors, charge generation has been shown 
to be efficient for minimal energetic offsets, much smaller than those 
required for fullerene-based systems [70 74]. This property facilitates 
photodiodes that operate in photovoltaic mode at zero bias and avoids 
dark current injection from an external bias [61,75]. Another approach 
to increase charge generation is by incorporating high permittivity 
components into the BHJ film. Raising the material permittivity (i.e. the 
dielectric constant r) increases the polarizability, which screens 
Coulombic interactions between the electron-hole pairs and lowers the 
exciton binding energy [76 78]. 

Fig. 3. (a) Charge photogeneration process in a 
single material. S1 and Sn represent excitons. 
CP is the charge pair state, and CPF is the charge 
pair state decreased in energy under an applied 
electric field. Reproduced with permission of 
Ref. [62](b) Simplified energy diagram of a 
heterojunction. CT is the charge-transfer state. 
Process (1) is light absorption; process (2) is 
charge transfer and dissociation; process (3) is 
charge recombination. (c) Detailed state dia-
gram and (d) coordinate energy level diagram 
of a heterojunction to show the charge genera-
tion and recombination processes upon photo-
excitation. Reproduced with permission of 
Ref. [64]. Schematics comparing charge gener-
ation and transport in (e) layered hetero-
junction and (f) bulk heterojunction.   
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2.2. Charge transport 

2.2.1. Single layer channel 
After the charge generation step, the free carriers are transported 

across the active layer, producing a photocurrent under the built-in or 
external bias. Charge transport in solution-processed materials tends to 
be encumbered by disorder within the film. Due to the energetic disorder 
in available states, the motion of a carrier is typically described by 
hopping [79 81], which is a phonon-assisted tunneling mechanism for 
carriers to travel from site to site (Fig. 4a, b). This multiple 
trapping-and-release characteristic manifests as thermally activated 
transport, where the mobility in the disordered semiconductor increases 
with temperature. This stands in contrast to transport within crystalline 
semiconductors that shows decreasing mobility with higher tempera-
ture. The trapping-and-release transport in disordered materials in-
troduces time dependent hysteresis and also slows carrier mobility. 

To improve the detector performance, efforts have been devoted to 
improving the charge mobility in the transport channel. For example, a 
planer structure is favorable [82] for molecular packing, which can be 
tuned to optimize the - stacking. In organic semiconductors, linear 
orientation and close packing of conjugated polymer backbones favor 
intermolecular transport and boost the photoresponse [82,83]. In films 
of colloidal quantum dots, the conductance is improved by shortening or 
removing the surface ligands, because long ligands may block the charge 
transport between the nanocrystals [84,85]. Ligand exchange, sintering, 
or cross-linking are effective processing methods to improve charge 
transport in nanocrystalline films [84 86]. 

2.2.2. Heterojunction channel 

2.2.2.1. Layered heterojunction. Instead of a single-component active 
layer, layered heterojunctions can be used to separate the charge gen-
eration and transport processes. For example, in CQD detectors, the 
photoresponse efficiency is limited by low carrier mobility in the CQD 
film. To address this bottleneck, materials with high carrier mobility 
such as oxides and two-dimensional semiconductors are placed next to 
CQDs to form heterojunction channels. Fig. 4c gives an example of CQD/ 
graphene channel [87]. The CQDs are responsible for carrier generation, 

and then the free carriers diffuse into the high-mobility material that 
serves as the charge transport pathway and improves the transport ef-
ficiency. However, it should be noted that high conductivity of the de-
tector channel can lead to high dark current, which reduce the ability to 
detect weak light. 

2.2.2.2. Bulk heterojunction. In organic IR detectors, the BHJ active 
layer plays two roles, one is to enhance exciton separation at the donor- 
acceptor interface, and the second is to facilitate charge transport by 
forming separate pathways for electrons and holes to travel to their 
respective collection electrodes. As shown in Fig. 3e, a BHJ of perco-
lating donor-acceptor network allows electrons (holes) to travel in n- 
type (p-type) domains [88 90], but this percolating configuration shows 
lower diode rectification compared to a LHJ. The anode and cathode are 
accessible by both donor and accepter materials in the percolating BHJ, 
while each electrode in the LHJ is connected to only one type of semi-
conductor to suppress charge injection and dark current. To keep the 
advantages associated with the large interfacial areas, while also opti-
mizing rectification, the BHJ morphology is modified by phase segre-
gation [91]. The distribution of donor and acceptor domains can be 
tuned by surface treatments and solvent evaporation control, such that 
the surface energy of the electrode would favor one component over the 
other to induce segregation in the donor-acceptor blend [92]. A 
layer-by-layer deposition process induces phase segregation by 
leveraging different solubilities of donor and acceptor in the solvent 
[93]. Overall, phase segregation is helpful to reduce biomolecular 
recombination [94] and improve transport in BHJs. 

2.3. Charge collection 

After charge generation and transport, charge collection is the last 
step in the process of transducing light into an electrical current. Charge 
collection is heavily dependent on the properties of the interface be-
tween the semiconductor and electrodes. The contact regions essentially 
dictate whether the device operates as a rectifying diode or other 
resistive types. The energy levels of contacts are adjusted to efficiently 
collect photogenerated charges before they are lost to recombination; or 
taking a step further, the contacts can be engineered to promote charge 

Fig. 4. Schematics showing the charge transport through (a) the CQD film, (b) the organic film and (c) the hybrid channel (CQDs/graphene). The circles represent 
charge carriers. The green arrow represents intermolecular charge transfer while the red arrow represents intramolecular transfer. 

N. Li et al.                                                                                                                                                                                                                                        



Materials Science & Engineering R 146 (2021) 100643

8

injection that creates photomultiplicative gain. Meanwhile, the dark 
current characteristics of a detector are also influenced by the contact 
injection barrier [95,96], affecting metrics such as the signal-to-noise 
ratio and the detection limit. 

2.3.1. Contacts in photodiodes versus photoconductors/phototransistors 
The different current-voltage characteristics between solution- 

processed photodiodes and photoconductors originate from rectifying 
or ohmic interfaces. Photodiodes with rectifying interfaces are fabri-
cated with PN heterojunctions, or metal-semiconductor Schottky junc-
tions. Asymmetric electrodes, donor-acceptor heterojunctions, and 
charge selective transporting layers are usually used in photodiodes 
featuring rectified current-voltage characteristics. While in photo-
conductors, symmetric electrodes with same work-functions are often 
used to collect charges, and the current-voltage curve is symmetric. 
Thus, the difference between photodiode and photoconductor is a 
combination of interfaces and contacts. We often depict different pho-
tonic device types according to the geometries in Fig. 2, where photo-
diodes have vertically stacked electrodes while photoconductors/ 
transistors use lateral electrodes [11,97]. However, it is worth noting 
that lateral diodes and vertical photoconductors are possible though not 
common, and conversely vertical phototransistors have been demon-
strated [15]. 

In photodiodes, the contacts consist of materials with different work 
functions [1,13,98,99]. Each electrode preferentially collects or injects 
one type of carrier (electron or hole), and therefore leads to the recti-
fying behavior characteristic of diodes. The energy level difference be-
tween the p-type and n-type semiconductor and work function 
difference in electrodes establish a built-in voltage [98,100], which 
enables device operation without an external bias in photovoltaic mode. 
The photodiodes can also operate in the photoconductive mode under a 
reverse bias. The external electric field assists charge separation and 
transport in photodiodes to improve the quantum efficiency. 

In photoconductors and phototransistors, the contacts are typically 
made of the same material patterned side by side. These devices require 
an external bias to operate. An ohmic contact between the electrode and 
the active channel is preferred for charge collection. Nonetheless, sur-
face states present at the semiconductor or mismatch in work functions 
at the active layer-electrode junction might lead to a Schottky barrier, 
which is sometimes leveraged to suppress dark current [95,96,101]. 

The structure of a phototransistor is basically a photoconductor with 
an additional gate electrode, which modulates the carrier density at the 
active channel-dielectric interface by field effect, thus controlling charge 
transport and collection in the detector. The phototransistor can deliver 
a large current in accumulation mode, or output a small current with 
very low noise in depletion mode. In accumulation mode, the transistor 
is in the on state with conducting charges attracted to the channel/ 
dielectric interface. The charge generation upon light illumination re-
sults in more carriers in the channel and leads to a shift in the transistor 
threshold voltage and an increase in photocurrent. However, the high 
channel conductance produces a large background dark current, 
limiting the signal-to-noise ratio. In depletion mode, the conductivity of 
the channel is very low. The photogenerated charges significantly in-
crease the charge density and channel conductivity, giving rise to a very 
high on/off ratio. Recent reviews that provide more detail related to 
phototransistors can be found in references [4,11,102]. 

2.3.2. Charge blocking layers 
Charge blocking layers are materials that preferentially conduct one 

type of charge; for example, electron blocking layers will be mainly hole 
conductors and vice versa. An electron blocking layer is equivalent to a 
hole transporting layer. The energy levels of charge blocking layers are 
carefully selected for photodiodes to suppress dark current noise. In 
addition, by engineering the contact interfaces to control charge 
collection and injection, photomultiplication effects can be promoted to 
increase device efficiency. This section will discuss how charge injection 

barriers affect dark current and photocurrent gain. 

2.3.2.1. Effect of charge blocking layers on the reduction of noise current. 
Low background noise is crucial to enable high signal-to-noise mea-
surements, and under an applied bias, charge injection would increase 
the dark current noise. Strategies to lower charge injection are shown in 
Fig. 5. In solution-processable IR detectors, a BHJ active layer has been 
used to enhance charge separation upon photon absorption on account 
of the increased interfacial area and improved charge transport in 
segregated pathways. However, in a percolating bicontinuous network 
where both donors and acceptors are in contact with the electrodes 
(Fig. 5a) [88,89], the injection barrier is low, resulting in high dark 
leakage current at reverse bias [103]. Separating the donor and acceptor 
materials to form LHJ would suppress charge injection. However, the 
LHJ configuration shows low exciton dissociation efficiency due to the 
limited interfacial area between donors and acceptors. To optimize 
dissociation while minimizing dark current, the BHJ film morphology 
have been adjusted to manifest phase segregation, namely, a distribution 
of donor and acceptor domains. The segregated BHJ can be formed by a 
layer-by-layer solution processing procedure, where the donor and 
acceptor materials are intermingled in the bulk but not mixed at the 
electrodes as shown in Fig. 5b. In this phase-segregated morphology, 
large interfacial area are retained to facilitate exciton dissocation, while 
each electrode is mostly in contact with the semiconductor that presents 
a high injection barrier, thereby reducing charge injection in the dark 
[93]. 

In addition to phase segregation, a general way to reduce charge 
injection is by incorporating charge blocking layers at the contacts 
(Fig. 5c) [104]. Proper use of charge blocking layers has been shown to 
reduce dark current by several orders of magnitude, when comparing 
devices using the same active layer [89,105]. The requirements for 
effective charge blocking layers are: (1) proper energy level alignment 
with respect to the donor and acceptor materials, (2) uniform 
morphology to avoid direct contact between the electrodes and the 
active layer, and (3) good charge mobility and efficient carrier transfer 
to the electrodes. The interlayers not only reduce the dark current in-
jection, but also facilitate photogenerated charge collection under light, 
which promotes the photoresponse [106]. For anodes, one of the most 
frequently used interlayer is poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS), which has high optical transparency and 
high conductivity. However, the PEDOT:PSS is not a good electron 
blocking layer. Alternatively, other electron blocking materials such as 
poly(N,N -bis-4-butylphenyl-N,N -bisphenyl)benzidine (Poly-TPD) [89] 
and copper(I) thiocyanate (CuSCN) [106] are shown to be suitable for 
minimizing electron injection while allowing hole extraction. For cath-
odes, hole blocking layers such as ZnO are routinely used to block hole 
injection under an external bias [107,108]. By adding a thin poly-
ethylenimine (PEIE) layer to modify the zinc oxide (ZnO) surface, the 
device dark current is further reduced by the interface dipoles that build 
up a barrier to hole injection [98,108,109]. On the other hand, the 
charge blocking layers are non-crystalline semiconductors, and they 
often have states near the conduction/valence band edges, resulting in 
lower injection barrier than expected from the conduction/valence en-
ergy levels (Fig. 5c, bottom right diagram). Additional mid-gap states 
would allow Schottky-Hall-Read recombination and degrade the charge 
blocking function [110]. Charge injection into the states near the band 
edge of the disordered semiconductors is shown in Fig. 5c, top right 
diagram. States near the bandtail extend into the effective bandgap in 
highly disordered semiconductors, which reduce the barrier to charge 
injection especially in low bandgap detection systems. Factors contrib-
uting to dark current require future studies, but there are promising 
trends that dark current can be reduced using materials with low density 
of trap states near the band edges, for example in non-fullerene accep-
tors [75]. 
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2.3.2.2. Effect of charge blocking layers on photomultiplicative gain. A 
typical photo-transduction process converts one photon to one electron- 
hole pair, and the photon-to-electron conversion efficiency will be at 
best 100 % if there is no recombination loss. However, the conversion 
efficiency can be raised above 100 % by using photomultiplicative 
mechanisms that manipulate charge injection from contacts. In this 
section, we introduce methods to generate photomultiplicative gain in 
IR detectors. Below we use the terms photoconductive gain and photo-
multiplicative gain interchangeably. Photomultiplication occurs when 
one absorbed photon triggers multiple charges to circulate across the 
device channel as illustrated in Fig. 6. Upon the photogeneration of an 
electron-hole pair, one charge (majority) is mobile and can circulate 
many times before recombination, while the other charge type 

(minority) is vulnerable to become trapped. To offset the charge 
imbalance due to trapped charges, mobile charges are injected into the 
device channel, producing a gain (G) in the photocurrent as expressed 
below: [111,112]  

= = ( × ) (1) 

Where c is the minority carrier lifetime, t is the transit time of majority 
carrier, L is the channel length, c is the majority carrier mobility, and V 
is the applied voltage. When the transit time of circulating mobile 
charges is shorter than the trap lifetime, multiple carriers are collected 
by the external circuit leading to G over 1, and the photomultiplication 
continues until trap recombination occurs. 

To induce photomultiplication, the channel-contact interface are 

Fig. 5. The schematics showing charge injection process at different interfaces, comparing BHJs (a) with percolating networks and (b) with phase segregation. (c) 
BHJ with blocking layers. Dark current injection can be suppressed by inducing phase segregation and inserting blocking layers. However, mid-gap states and states 
near the band edges contribute to additional charge injection that increases dark current. 

Fig. 6. Schematics to illustrate gain mechanisms due to trap-assisted barrier lowering. Traps states are indicated by the short bars. (a) Photomultiplication in a BHJ 
with excess donor compared to acceptor. (b) Photomultiplication through injection barrier lowering. (c) Gain in phototransistor where the uncollected trapped 
charges effectively increased the gate bias. 
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m o di fl e d t o o pti mi z e tr a p sit e s [ 1 9 ,1 1 3 ] or c h ar g e bl o c ki n g l a y er s [ 1 1 4 ]. 

U p o n li g ht ill u mi n ati o n, t h e mi n orit y c h ar g e s a c c u m ul at e a n d l o w er t h e 

t u n n eli n g b arri er f or m aj orit y c arri er i nj e cti o n t o pr o d u c e g ai n. F or 

e x a m pl e, b y m a ni p ul ati n g t h e d o n or: a c c e pt or r ati o ( e. g., 1 0 0: 1) i n t h e 

B H J l a y er, a s m all r ati o of a c c e pt or s f or m s i s ol at e d d o m ai n s t h at a ct a s 

el e ctr o n tr a p s a s s h o w n i n Fi g. 6 a. C h ar g e i nj e cti o n i s pr o hi bit e d i n t h e 

d ar k d u e t o t h e i nt erf a c e b arri er, b ut u n d er li g ht ill u mi n ati o n, p h ot o -

g e n er at e d el e ctr o n s t e n d t o b e tr a p p e d i n t h e a c c e pt or d o m ai n s d u e t o 

t h e l a c k of a c o nti n u o u s tr a n s p ort p at h. T h e a c c u m ul ati o n of el e ctr o n s 

c a u s e s b a n d b e n di n g t o l o w er t h e h ol e i nj e cti o n b arri er at t h e c at h o d e 

i nt erf a c e [ 1 8 ], e n a bli n g m ulti pl e h ol e s t o b e i nj e ct e d p er p h ot o n 

a b s or b e d. T hi s g ai n m e c h a ni s m d e p e n d s o n t h e f or m ati o n of i nt erf a c e 

tr a p s f or mi n orit y c arri er s a n d o n t h e hi g h m o bilit y of m aj orit y c arri er s 

i n t h e a cti v e l a y er. T h e m e c h a ni s m i s n ot li mit e d t o or g a ni c s e mi -

c o n d u ct or s, a n d t h e d e vi c e d e si g n i s g e n er all y a p pli c a bl e t o ot h er s ol -

u bl e pr o c e s s e d s e mi c o n d u ct or s [ 1 8 ,2 0 ,1 1 5 ]. 

I n a d diti o n t o m a ni p ul ati n g t h e tr a p sit e s i n t h e B H J a cti v e l a y er, t h e 

i nt erf a c e c o ntr ol i s a n ot h er w a y t o r e ali z e P M d et e cti o n. B y t u ni n g t h e 

c h ar g e bl o c ki n g l a y er s a n d s el e cti v el y bl o c k h ol e s at t h e i nt erf a c e, t h e 

a c c u m ul at e d h ol e s at t h e i nt erf a c e l e a d s t o b a n d b e n di n g, w hi c h f a cili-

t at e s m ulti pl e el e ctr o n i nj e cti o n a n d c oll e cti o n, a s s c h e m ati c all y s h o w n 

i n Fi g. 6 b. T hi s c o n c e pt utili z e s c h ar g e bl o c ki n g l a y er s t o c o n fi n e c arri er s 

at t h e i nt erf a c e. T h e t w o bl o c ki n g l a y er s all o w o n e t y p e of c arri er t o 

r e cir c ul at e i n t h e d e vi c e u n d er bi a s u ntil t h e y r e c o m bi n e wit h t h e 

o p p o sit e c h ar g e [ 1 1 4 ]. T h e d ar k c urr e nt i s a c o n c er n b e c a u s e t h e c h ar g e 

i nj e cti o n h a p p e n s at hi g h bi a s, w hi c h r e d u c e s t h e d et e cti vit y. B e si d e s 

b ei n g i n d u c e d i n di o d e s, p h ot o m ulti pli c ati o n i s oft e n o b s er v e d i n p h o -

t otr a n si st or str u ct ur e s (Fi g. 6 c), i n w hi c h c h ar g e tr a p s s er v e a s a n 

a d diti o n al g at e bi a s t o i n cr e a s e c h ar g e i nj e cti o n a n d r e cir c ul ati o n 

l e a di n g t o a p h ot o c urr e nt g ai n [ 1 1 6 ,1 1 7 ]. 

T h e P M d et e ct or s e n a bl e s e n siti v e p h ot o d et e cti o n b y pr o vi di n g 

p h ot o c o n d u cti v e g ai n. T h e b uilt-i n g ai n m e c h a ni s m a v oi d s t h e i n c or-

p or ati o n of pr e- a m pli fi er s, w hi c h i s pr o mi si n g f or mi ni at uri z e d s e n si n g 

a n d i m a gi n g s y st e m s. H o w e v er, t h er e ar e s o m e c o n c er n s r e g ar di n g t h e 

P M d et e ct or s, i. e., t h e d ar k n oi s e c urr e nt a n d p h ot or e s p o n s e s p e e d. D u e 

t o t h e g ai n- b a n d wi dt h pr o d u ct li mit, hi g h g ai n d et e cti o n s y st e m s u s u all y 

s uff er sl o w r e s p o n s e, a n d m or e st u di e s ar e n e e d e d t o u n d er st a n d t h e 

tr a d e- off. 

3. M et ri c s f o r d et e ct o r s 

A p h ot o n d et e ct or i s c o m m o nl y d e s cri b e d b y m etri c s i n cl u di n g 

r e s p o n si vit y (R ), e xt er n al q u a nt u m ef fi ci e n c y (E Q E ), n oi s e e q ui v al e nt 

p h ot o c urr e nt (N E P ), s p e ci fi c d et e cti vit y (D * ), d y n a mi c r a n g e, a n d 

r e s p o n s e b a n d wi dt h. T a bl e 2 s u m m ari z e s t h e k e y p ar a m et er s a n d t h eir 

u nit s a n d d e fi niti o n s. 

R e s p o n si vit y d e s cri b e s t h e el e ctri c al p h ot o c urr e nt Ip h ot o g e n e r at e d 

p e r w att of i n ci d e nt o pti c al p o w er P . E a c h p h ot o n of a gi v e n w a v el e n gt h 

i s c o n v ert e d t o c h ar g e c arri er s at a c ert ai n ef fl ci e n c y. 

R =
Ip h ot o

P
( 2) 

E xt e r n al q u a nt u m ef fi ci e n c y d e s cri b e s h o w ef fi ci e nt a p h ot o d et e ct or 

i s at c o n v erti n g p h ot o n s t o a m e a s ur e d p h ot o c urr e nt. It i s cl o s el y r el at e d 

t o t h e r e s p o n si vit y: 

E Q E =
R (h c )

λ q
( 3)  

W h er e h i s t h e Pl a n c k c o n st a nt, c i s t h e s p e e d of li g ht, a n d q i s t h e el e ctri c 

c h ar g e, a n d λ i s t h e w a v el e n gt h of i n ci d e nt li g ht. 

T h e a b o v e e q u ati o n s d e s cri b e t h e p h ot o si g n al. T h e d et e ct or n oi s e i n 

t h e d ar k i s i n fl u e nti al t o t h e s e n s or p erf or m a n c e, b e c a u s e t h e n oi s e 

c h ar a ct eri sti c s s et t h e li mit o n t h e l o w e st d et e ct a bl e i n p ut. N oi s e i s 

cl a s si fi e d b y ori gi n s, l a b el e d a s s h ot n oi s e (is h ot), J o h n s o n- N y q ui st 

t h er m al n oi s e (it h er m al), fli c k e r n oi s e or 1 /f n oi s e (i1 /f ), a n d g e n er ati o n- 

r e c o m bi n ati o n n oi s e. W h e n t h e d et e ct or i s b ei n g r e v er s e bi a s e d, s h ot 

n oi s e oft e n d o mi n at e s t h e t ot al n oi s e i n p h ot o d et e ct or s, b ut t h e n oi s e 

s p e ctr a m u st b e m e a s ur e d [ 6 1 ,1 1 8 ] t o a v oi d a n u n d er- e sti m ati o n of t h e 

t ot al n oi s e, e s p e ci all y i n I R d et e cti o n s y st e m s o p er ati n g i n p h ot o v olt ai c 

m o d e at z er o bi a s, b e c a u s e of t h e hi g h t h er m al n oi s e i n n arr o w b a n d g a p 

s e mi c o n d u ct or s. J o h n s o n- N y q ui st t h er m al n oi s e ari s e s fr o m t h er m al 

g e n er ati o n of c arri er s a cr o s s t h e m at eri al b a n d g a p. I n c o n si d eri n g 

o v er all t h er m al n oi s e, it c a n b e a c o m bi n ati o n of J o h n s o n- N y q ui st n oi s e 

i nt er n al t o t h e d e vi c e a n d e xt er n al fl u ct u ati o n s i n t h e b a c k gr o u n d 

t e m p er at ur e. Fli c k er n oi s e i s a t y p e of el e ctr o ni c n oi s e wit h a 1 /f p o w er 

s p e ctr al d e n sit y a n d t h u s i s oft e n r ef err e d t o a s 1 /f n oi s e. It i s t h e 

d o mi n a nt n oi s e s o ur c e at l o w fr e q u e n ci e s i n m o st of t h e d et e ct or s, 

ori gi n ati n g fr o m t h e i m p uriti e s i n t h e s e mi c o n d u ct or s gi vi n g ri s e t o t h e 

tr a p pi n g a n d d etr a p pi n g of c arri er s [ 1 0 5 ,1 1 9 ], or fr o m g e n -

er ati o n /r e c o m bi n ati o n e v e nt s [ 1 1 8 ]. It s h o ul d b e n ot e d t h at t h e t ot al 

n oi s e (it ot al) i n cl u d e s all n oi s e s o ur c e s a s d e s cri b e d b y 

it ot al =
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅
i2s h ot + i2t h er m al + i21 / f

√
=

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅

2 qi d ar k Δ f + 4 k B T Δ f
/

R s h + i21 / f

√

( 4)  

W h e r e id ar k i s d a r k c u r r e nt, Δ f i s t h e m e a s ur e m e nt b a n d wi dt h, k B i s t h e 

B olt z m a n n c o n st a nt, T i s t h e a b s ol ut e t e m p er at ur e, a n d R s h i s t h e s h u nt 

r e si st a n c e of t h e p h ot o d et e ct or. S o m e of t h e n oi s e r e d u cti o n a p pr o a c h e s 

h a v e b e e n di s c u s s e d i n pri or S e cti o n 2. 3. 2 . 

T h e n oi s e e q ui v al e nt p o w er i s t h e i n ci d e nt li g ht p o w er t h at g e n er at e s 

a si g n al-t o- n oi s e r ati o (S N R ) of o n e i n a 1 H z m e a s ur e m e nt b a n d wi dt h. It 

i s e q ui v al e nt t o t h e r ati o of a p h ot o c o n d u ct or ’s n oi s e c urr e nt (In ois e ) i n 

t h e d a r k t o it s r e s p o n si vit y, a s d e n ot e d b y E q. 5 . F or a p h ot o n t o b e 

d et e ct e d, t h e i n ci d e nt o pti c al p o w er m u st b e a b o v e t h e N E P, s o t h at t h e 

o pti c al p o w er g e n er at e s a S N R of > 1. A l o w er N E P v al u e i n di c at e s a 

m or e s e n siti v e d et e ct or, a s it i s c a p a bl e of r e s p o n di n g t o a l o w er l e v el of 

li g ht p o w er. 

N E P =
In ois e

R
( 5) 

S p e ci fi c d et e cti vit y i s a fi g ur e of m erit t h at all o w s p h ot o d et e ct or s t o 

b e c o m p ar e d t o e a c h ot h er r e g ar dl e s s of o p er ati n g m e c h a ni s m a n d 

a cti v e ar e a. It i s r o u g hl y t h e i n v er s e of N E P a n d i s a c a s e w h er e “ bi g g er i s 

b ett er ” i n t h e s e n s e t h at a hi g h er v al u e of D * d e s cri b e s a m or e ef fi ci e nt 

p h ot o d et e ct or ( E q. 6), w h er e A d i s t h e d et e ct or a cti v e ar e a: 

T a bl e 2 

S u m m ar y of d et e ct or m etri c s.  

M etri c U nit D e fi n ati o n 

R e s p o n si vit y (R ) A / W P h ot o c urr e nt o v e r i n ci d e nt li g ht p o w er at a s p e ci fi c w a v el e n gt h. 

E xt er n al q u a nt u m ef fi ci e n c y 

(E Q E ) 

% R ati o b et w e e n t h e n u m b er of c h ar g e c arri er s c oll e ct e d b y t h e d et e ct or a n d t h e n u m b er of p h ot o n s of a gi v e n e n er g y i n ci d e nt o n t h e 

d e vi c e ’s s urf a c e. 

N oi s e e q ui v al e nt p o w er (N E P ) W / H z 0. 5 I n ci d e nt li g ht p o w e r t h at g e n er at e s a si g n al-t o- n oi s e r ati o of 1 i n a 1 H z b a n d wi dt h. 

S p e ci fi c d et e cti vit y (D * ) c m H z 0. 5 

W − 1 

( J o n e s) 

R e ci p r o c al of N E P, n or m ali z e d t o t h e s q u ar e r o ot of t h e d et e ct or ar e a a n d t h e m e a s ur e m e nt b a n d wi dt h. 

D y n a mi c r a n g e d B R a n g e of i n ci d e nt o pti c al p o w er s t h at t h e d et e ct or r e s p o n d s t o. 

− 3 d B b a n d wi dt h H z Fr e q u e n c y at w hi c h t h e si g n al ’s p o w er s p e ctr al d e n sit y i s h alf of it s m a xi m u m v al u e. 

G ai n (G ) U nitl e s s R ati o b e wt e e n t h e n u m b er of c oll e ct e d c arri er s a n d t h e n u m b er of p h ot o n s a b s or b e d b y t h e d et e ct or.  
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∗ =

√

 
(6) 

The detector dynamic range represents the range where the sensor 
signal changes in response to the incident light, in term of the orders of 
magnitude from the minimum to the maximum inputs. If the photo-
current scales linearly with incident light power, the linear dynamic 
range (LDR) can be expressed logarithmically in decibels as in Eq. 7 [1]. 

= ( ) (7)  

Where the max and min represent the input irradiances between which 
the photodetector response is linear. If the irradiance unit is in power, 
the constant in Eq. 7 is 10, and if the irradiance unit is in voltage or 
current, the constant is 20, as based on the decibel definition. The dy-
namic range is limited by the dark current noise for the minimum 
irradiance, while at high irradiance the increased density of photo-
generated charges leads to recombination and current saturation [105, 
118]. It worth noting that due to recombination, devices with photo-
conductive gain such as phototransistors usually have a sublinear 
responsivity to irradiance (decreasing gain or EQE with increasing 
irradiance), whereas devices without gain often exhibit linear respon-
sivity (constant gain or EQE over the entire dynamic range). Nonethe-
less, phototransistors tend to show a wider dynamic range than 
photodiodes (Fig. 7a), as the gain mechanism increases signals relative 
to the noise level and the sublinear behavior extends the response range 
before reaching saturation [112]. 

The response time of a photodetector dictates the refresh rate and 
can be characterized by the rise and fall times or the -3 dB bandwidth. 
The rise (or fall) time is defined as the time interval for the photocurrent 
to rise from 10 % to 90 % (or from 90 % to 10 %) of its maximum 
amplitude. The electronic bandwidth is the frequency at which the 
amplitude decreases by -3 dB. The frequency bandwidth of a detector is 
closely related to factors including the charge mobility, charge carrier 
lifetime, detector mechanism, and the circuit resistance-capacitance RC 
constant. The -3 dB bandwidth (BW) is estimated using [1,120,121] 

= + ( ) (8)  

Where ttr represents the transit time and C is a constant typically equated 
to 3.5 as a factor of the root mean square (RMS) value related to the 
signal amplitude (for a triangular wave approximation, the peak-to-peak 
amplitude= 2 3

√
×RMS = 3.5 × RMS). 

The gain mechanisms in photodetectors may affect their response 
time. If the photo-multiplicative gain is induced by trap-assisted injec-
tion barrier lowering (Fig. 6) [122], there will be trade-offs between the 
device gain and speed. Minority carriers that remain in trap states would 
induce injection barrier lowering. For the period that charges stay in 
trap states, the circulation of injected charges would continue, thus 

increasing gain with longer trapped charge lifetime; but the slow release 
of minority carriers from traps constraints the detector to low frequency 
operations less than 40 Hz. For example, mercury telluride (HgTe) CQDs 
with larger diameters have more traps, which improves the device 
responsivity and gain but at a cost of the response speed [123 125]. On 
the other hand, if the gain mechanism is based on photovoltage that 
raises transconductance, for example at a trap-free rectifying Si-CQD 
junction [125], the device gain and response speed can be decoupled, 
and the transistor is shown to exhibit high gain (104) and fast response 
time (10 s). A metric that simultaneously accounts for gain and speed 
characteristics is the gain-bandwidth product, which allows compari-
sons across different device types as shown in Fig. 7b, with the larger 
area indicating a better gain-bandwidth product. 

4. Solution-processed infrared materials 

Traditional infrared semiconductors such as III-V compounds and 
mercury cadmium telluride (HgCdTe) require high temperature growth 
and complex die-transfer processes that preclude monolithic integration 
with large-area readout circuits. The crystalline devices show high 
thermal noise and need cryogenic cooling that adds weight and costs to 
the detection system. To address the shortcomings of current infrared 
technologies, alternative materials are being developed to facilitate 
scalable fabrication and new form factors for infrared optoelectronics. 
Solution-processable semiconductors can be easily deposited over large 
areas as thin films, offering mechanical flexibility and room- 
temperature operation due to thermally activated transport in disor-
dered thin films. Below, we present the four major categories of solution- 
processable semiconductors for IR detection. Given the authors
research expertise, this review covers the properties of organics in 
greater detail than other material categories; however, we aim to 
compare the key approaches for tuning properties. For example, the 
bandgap is mainly controlled by changing particle dimensions in CQDs, 
whereas it is adjusted by changing donor-acceptor units in organic 
semiconductors, or by manipulating elemental ratios in perovskites. Our 
discussions will start with zero-dimensional CQDs, then low dimensional 
materials including 1D carbon nanotubes and 2D nanosheets, and pro-
ceed to semiconductors that are not quantum confined, such as organics 
and perovskites with narrow bandgaps. 

4.1. Zero dimensional nanocrystals 

Colloidal nanocrystals, namely quantum dots including lead sulfide 
(PbS) and HgTe [126 128], can be synthesized from solution to tailor 
properties such as the bandgap and stability. For PbS, the particle 
diameter was tuned from 3.9 to 9.6 nm, leading to a photoresponse 
spanning the NIR to SWIR spectral regions (Fig. 8a). In a similar manner, 
the particle size of HgTe was adjusted to achieve a NIR to MWIR pho-
toresponse from 3 to 5 m. A hot-injection method was used to obtain 

Fig. 7. (a) Comparing the responsivity and dynamic range of a photodiode and a phototransistor with gain. Reproduced with permission from Ref. [112]. (b) Gain vs 
bandwidth for a typical photoconductor (yellow), diode (orange), photo field-effect transistor (FET) (light brown), and photo-voltage FET (dark brown). All devices 
are based on CQD absorbers. Reproduced with permission from Ref. [125]. 
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u nif or m C Q D s wit h a ti g ht di stri b uti o n of p arti cl e si z e s. Wit hi n t h e 

m o d el of q u e n c hi n g b y di p ol e c o u pli n g, t h e n o n-r a di ati v e lif eti m e s c al e s 

a s r− 4 , w h e r e r r e p r e s e nt s t h e n a n o cr y st al r a di u s [ 8 5 ]. T h u s, e x cit o n 

lif eti m e i s d e p e n d e nt o n t h e n a n o cr y st al si z e, a n d i m pr o vi n g si z e h o -

m o g e n eit y of t h e C Q D s i s a d v a nt a g e o u s t o e n h a n c e t h e e x cit o n lif eti m e. 

B y e x pl oiti n g i ntr a- b a n d tr a n siti o n s, t h e p h ot or e s p o n s e of P b S C Q D s 

w a s e xt e n d e d t o l o n g er w a v el e n gt h s u p t o 9 μ m, w hi c h i s b e y o n d t h e 

i ntri n si c b a n d g a p of b ul k P b S [ 1 2 9 ,1 3 0 ]. St a bl e h e a v y d o pi n g i s 

r e q uir e d i n s u c h i ntr a- b a n d a b s or pti o n s y st e m s. W h e n t h e c o n fl n e d 

gr o u n d st at e i s p o p ul at e d wit h el e ctr o n s, i ntr a- b a n d a b s or pti o n wit hi n 

t h e c o n d u cti o n b a n d m a y o c c ur, i n w hi c h t h e a b s or pti o n i s attri b ut e d t o 

el e ctr o ni c e x cit ati o n b et w e e n e n er g y l e v el s s m all er t h a n t h e b a n d g a p. 

F or e x a m pl e, t h e p h ot o n e n er g y a b s or b e d t hr o u g h a n i ntr a- b a n d tr a n-

siti o n c a n b e a s l o w a s 0. 1 4 e V, m u c h s m all er t h a n t h e 0. 4 1 e V b a n d g a p 

of b ul k P b S [ 1 3 0 ]. 

T h e pr o p erti e s of n a n o cr y st al s h a v e b e e n m o d ul at e d b y s urf a c e 

c h e mi str y. T h e li g a n d s att a c h e d t o C Q D s ar e u s e d t o pr e v e nt a g gr e g a -

ti o n. T h e pr o p erti e s of t h e li g a n d s, s u c h a s t h e e n d gr o u p s a n d al k yl 

c h ai n l e n gt h s h a v e a dr a m ati c i m p a ct o n t h e pr o p erti e s of t h e C Q D fil m s 

a n d i m p a ct tr a p st at e s, c o n d u cti vit y a n d b a n d str u ct ur e t h at i n fi u e n c e 

d et e ct or p erf or m a n c e p ar a m et er s s u c h a s g ai n a n d r e s p o n s e s p e e d [ 1 2 2 , 

1 3 1 – 1 3 3 ]. Li g a n d e x c h a n g e pr o c e s s e s o n P b S C Q D s of t h e s a m e si z e l e d 

t o s hift i n e n er g y l e v el s, a s s e e n i n Fi g. 8 b. T hr o u g h j u di ci o u s li g a n d 

s el e cti o n, t h e st a bilit y of t h e C Q D s w a s e n h a n c e d t o o v er o n e y e ar [ 6 9 ]. 

T h e p erf or m a n c e c h ar a ct eri sti c s of i nfr ar e d d e vi c e s u si n g C Q D s ar e 

s u m m ari z e d i n T a bl e 3 . 

T h e n arr o w b a n d g a p i nt er b a n d tr a n siti o n s i n C Q D t e n d t o r e q uir e 

h e a v y el e m e nt s, y et t h e h e a v y el e m e nt s ar e t o xi c [ 1 3 4 ,1 3 5 ], p arti c ul arl y 

c o n c er ni n g w h e n t h e y n e e d t o b e i n c or p or at e d i n h e alt h c ar e a n d 

w e ar a bl e el e ctr o ni c s. N o n-t o xi c C Q D s f or I R li g ht s e n si n g a n d i m a gi n g 

ar e u n d er r a pi d pr o gr e s s, e. g., n arr o w b a n d g a p III- V m at eri al (I n A s 

[ 1 3 6 – 1 3 8 ], I n S b [ 1 3 9 ]) b a s e d C Q D s, sil v er c h al c o g e ni d e C Q D s [ 1 3 5 , 

1 4 0 – 1 4 2 ]. T h e III- V s e mi c o n d u cti n g C Q D s ar e e m er gi n g, b ut wit h 

li mit e d p h ot or e s p o n s e u p t o S WI R [ 1 3 4 ,1 3 8 ]. Sil v er c h al c o g e ni d e C Q D s 

ar e a n ot h er gr o u p of m at eri al s t h at s h o w pr o mi s e f or I R d et e cti o n [ 1 4 1 ], 

e s p e ci all y f or M WI R p h ot o d et e cti o n [ 1 4 0 ,1 4 2 ]. T h e p h ot o d et e cti o n 

c h ar a ct eri sti c s of sil v er c h al c o g e ni d e C Q D d e vi c e s ar e s e n siti v e t o si z e 

[ 1 3 5 ], li g a n d, a n d s y nt h e si s t e m p er at ur e [ 1 4 2 ], w hi c h pr o vi d e s t u n a bl e 

p h ot o d et e cti o n t o s ati sf y v er s atil e r e q uir e m e nt s. 

T h e I R p h ot o d et e cti o n e n a bl e d b y c oll oi d al m at eri al s i s p ot e nti all y 

v er y attr a cti v e f or n e w g e n er ati o n I R s e n si n g s y st e m s wit h v er s atil e 

pr o p erti e s at l o w c o st. T h e s e s ol uti o n- pr o c e s s a bl e m at eri al s ar e str o n g 

alt er n ati v e s t o t h eir v a c u u m- pr o c e s s e d c o u nt er p art s, e s p e ci all y i n fi e x -

i bl e el e ctr o ni c s, n o n-i n v a si v e fi u or e s c e n c e i m a gi n g a p pli c ati o n s [ 1 3 8 ]. 

Al s o, t h e m u c h l o n g er w a v el e n gt h s e n siti vit y i n s u c h c oll oi d al m at eri al s 

r e n d er s t h e m s uit a bl e f or S WI R, M WI R or e v e n L WI R p h ot o d et e cti o n. 

T h e i nt er e st e d r e a d er s ar e e n c o ur a g e d t o fi n d m or e d et ail s i n r e vi e w 

p a p er s a b o ut Q D s [ 8 ,1 3 4 ,1 4 3 ,1 4 4 ]. 

4. 2. L o w di m e nsi o n al m at eri als 

L o w di m e n si o n al m at eri al s, s u c h a s n a n ot u b e s [ 1 6 8 ] a n d n a n o s h e et s 

[ 5 ] h a v e b e e n e m pl o y e d i n o pt o el e ctr o ni c d e vi c e s t o d et e ct li g ht s p a n -

ni n g t h e vi si bl e, I R, a n d t er a h ert z r e gi o n s. T h e b a n d g a p s of at o mi c all y 

t hi n 2 D m at eri al s, s u c h a s gr a p h e n e, tr a n siti o n m et al di c h al c o g e ni d e s 

a n d bl a c k p h o s p h or u s ( str u ct ur e s s h o w n i n Fi g. 8 c) ar e s e n siti v e t o 

f a ct or s i n cl u di n g l a y er n u m b er, str ai n l e v el, a n d c h e mi c al d o pi n g [ 5 ]. 

F or e x a m pl e, a str o n g p h ot or e s p o n s e fr o m 5 t o 1 2 μ m w a s r e ali z e d i n 

t wi st e d bil a y er gr a p h e n e b y a dj u sti n g t h e t wi st a n gl e t o f or m a s u p er -

l atti c e [ 1 6 9 ]. I n a d diti o n, t h e u s e of l o w di m e n si o n al n a n o m at eri al s f or 

s e n si n g l o n g w a v e i nfr ar e d r a di ati o n i s e n a bl e d b y t h eir t h er m o el e ctri c 

r e s p o n s e at r o o m t e m p er at ur e [ 1 7 0 – 1 7 2 ]. H o w e v er, t h e r e s p o n s e i s 

u s u all y sl o w, o n a c c o u nt of t h e l o n g ti m e r e q uir e d t o e st a bli s h t h er m al 

e q uili bri u m b et w e e n t h e d e vi c e a n d it s e n vir o n m e nt. 

M o st l o w di m e n si o n al m at eri al s p o s e c o n si d er a bl e dif fl c ulti e s w h e n 

c o n si d eri n g t h eir s ol uti o n pr o c e s s a bilit y. T h er e ar e I R d et e ct or s b a s e d 

o n s ol uti o n pr o c e s s e d pl at el et s of 2 D m at eri al s [ 1 7 0 ,1 7 3 ], b ut t h e 

c h ar g e tr a n s p ort i s di mi ni s h e d w h e n c o m p ar e d t o fil m s d e p o sit e d b y dr y 

e xf oli ati o n. A n ot h er c o m pli c ati o n f or d et e ct or s b a s e d o n 2 D m at eri al s i s 

t h at li g ht a b s or pti o n i s li mit e d o n a c c o u nt of t h eir at o mi c s c al e t hi c k-

n e s s e s. A d diti o n al li g ht a b s or b er s, s u c h a s C Q D s, or g a ni c s, or p er o v -

s kit e s, ar e oft e n c o m bi n e d wit h hi g h m o bilit y 2 D l a y er s t o f or m h y bri d 

li g ht d et e cti o n c h a n n el s [ 8 7 ]. Wit h u ni q u e i n- pl a n e c h ar g e tr a n s p ort 

pr o p erti e s l e a di n g t o hi g h m o bilit y, 2 D m at eri al s ar e fr e q u e ntl y u s e d a s 

c h ar g e c oll e cti o n c h a n n el s. A d diti o n al c h ar g e i nj e cti o n i nt o t h e hi g h 

m o bilit y 2 D l a y er w o ul d gi v e ri s e t o ultr a hi g h g ai n i n h et er oj u n cti o n 

p h ot o c o n d u ct or s a n d p h ot otr a n si st or s [ 1 7 4 ,1 7 5 ]. 

4. 3. Or g a ni cs 

I n c o ntr a st t o i n or g a ni c s e mi c o n d u ct or s, s oft- m att er ( or g a ni c a n d 

p ol y m er) s y st e m s c o n stit ut e a c o m pl e x mi xt ur e of str u ct ur al a n d e n er -

g eti c h et er o g e n eiti e s, w hi c h c o m pli c at e s r ati o n al d e si g n a n d l e a v e s 

m a n y o p e n q u e sti o n s r e g ar di n g c o ntr ol of t h e b a n d g a p at l o w e n er gi e s, 

i nt er a cti o n s wit h I R li g ht, a n d t h e st u d y of f u n d a m e nt al p h y si c al p h e -

n o m e n a n e c e s s ar y f or t h e d e si g n a n d r e ali z ati o n of n e w I R o pt o el e c -

tr o ni c a n d d e vi c e f u n cti o n aliti e s [ 1 7 6 ]. W hil e t h e m aj orit y of or g a ni c 

s e mi c o n d u ct or s d e vi c e s o p er at e i n t h e vi si bl e r e gi o n of t h e el e ctr o -

m a g n eti c s p e ctr u m, i m pr o v e m e nt s i n m at eri al s d e si g n ar e e xt e n di n g 

t h eir utili z ati o n i nt o t h e NI R- L WI R s p e ctr al r e gi o n s [ 4 ,1 7 7 ]. C o nj u g at e d 

p ol y m er s ( C P s) h a v e b e c o m e a l e a di n g m at eri al s pl atf or m i n t hi s 

c o nt e xt. W hil e c o ntr olli n g t h e b a n d g a p s of C P s at v er y l o w e n er gi e s still 

r e m ai n s a c o n si d er a bl e c h all e n g e, d e si g n r ul e s t h at c o n n e ct c h e mi c al, 

el e ctr o ni c, a n d str u ct ur al h et er o g e n eiti e s wit h t h e d e gr e e of el e ctr o ni c 

c orr el ati o n a n d e n er g eti c di s or d er ar e e m er gi n g [ 1 7 8 – 1 8 0 ]. 

V ari o u s m ol e c ul ar e n gi n e eri n g str at e gi e s h a v e b e e n a p pli e d t o t u n e 

t h e b a n d g a p of O S C s. D o n or- a c c e pt or ( D A) C P s c o m pri s e d of alt er n ati n g 

el e ctr o n-ri c h ( d o n or) a n d el e ctr o n- p o or ( a c c e pt or) b uil di n g bl o c k s ar e 

n o w t h e d o mi n a nt cl a s s of hi g h- p erf or m a n c e m at eri al s [ 6 ,1 8 1 ,1 8 2 ]. T h e 

c o m bi n ati o n of alt er n ati n g d o n or ( p u s h) a c c e pt or ( p ull) b uil di n g bl o c k s 

r e s ult s i n h y bri di z ati o n of m ol e c ul ar or bit al s, H O M O a n d L U M O e n er g y 

l e v el s, a n d str o n g i ntr a m ol e c ul ar c h ar g e tr a n sf er tr a n siti o n s t h at ari s e 

fr o m c o ntri b uti o n s fr o m t h e r e s p e cti v e d o n or a n d a c c e pt or u nit s 

(Fi g. 9 a) [ 1 8 3 ,1 8 4 ]. T h u s, n ot a bl e a d v a nt a g e s of C P s ar e t h eir i nt e n s e 

a b s or pti o n b a n d s a n d hi g h o s cill at or str e n gt h s t h at e x c e e d t h o s e of 

i n or g a ni c s e mi c o n d u ct or s a n d e n a bl e s u b st a nti al a b s or pti o n ( m ol ar 

e xti n cti o n c o ef fi ci e nt r e a c hi n g a b o v e ~ 1 0 5 M − 1 c m − 1 ) wit hi n t hi n- fll m 

d e vi c e s. 

Si g ni fi c a nt w or k f or D A c o p ol y m er s h a s d e m o n str at e d t h at i n a d di -

ti o n t o t h e v ari o u s b uil di n g bl o c k s utili z e d, i m p ort a nt c o ntri b uti o n s f or 

c o ntr olli n g t h e b a n d g a p (E g ) i n cl u d e m o di fl c ati o n of t h e b o n d l e n gt h 

alt er n ati o n ( B L A) al o n g t h e c o nj u g at e d b a c k b o n e (E B L A ), t h e di h e dr al 

a n gl e b et w e e n D A u nit s (E θ ), r e s o n a n c e eff e ct s (E r es), el e ct r o n- d o n ati n g 

a n d wit h dr a wi n g s u b stit u e nt eff e ct s (E s u b), a n d i nt e r m ol e c ul ar i n-

t er a cti o n s b et w e e n c h ai n s (E I nt) (E g = E B L A + E θ + E R es + E S u b + E i nt) 

(Fi g. 9 b). T h e D A a p pr o a c h i n c o nj u n cti o n wit h t h e s e f e at ur e s s u g g e st s 

p o s si bl e s y nt h eti c str at e gi e s t o e st a bli s h b a n d g a p c o ntr ol [ 1 8 5 ,1 8 6 ]. 

S m all er B L A v al u e s i n di c at e m or e si g ni fl c a nt π - el e ctr o n d el o c ali z ati o n 

a n d c orr el at e wit h a n arr o w er E g [ 1 8 7 ]. A r o m ati c r e s o n a n c e i n t h e 

c o nj u g ati o n p at h l e a d s t o a l o c ali z ati o n of π - el e ctr o n s, yi el di n g a l ar g er 

E g . I n c o nt r a st, hi g h er e n er g y q ui n oi d al c o n fi g ur ati o n s r e d u c e E g [ 1 8 8 , 

1 8 9 ]. T h e f u si o n of a u xili ar y pr o- ar o m ati c u nit s t o h et er o c y cl e s wit hi n 

t h e c o nj u g at e d p ol y m er b a c k b o n e e n h a n c e s q ui n oi d al c h ar a ct er a n d 

al s o pl a n ari z e s t h e b a c k b o n e, c orr e s p o n di n g t o t h e r e d u cti o n of E r e s a n d 

E θ . [ 1 9 0 – 1 9 2 ]. I n c o m bi n ati o n wit h t h e af or e m e nti o n e d d e si g n p ar a -

di g m s, str o n g pr o q ui n oi d al a c c e pt or s h a v e e n a bl e d a r e d- s hifti n g of t h e 

a b s or pti o n f art h er i nt o t h e I R [ 1 9 3 ]. I n p arti c ul ar, b e n z o [ 1, 2- c ; 4, 5-c ’] 

bi st hi a di a z ol e ( B B T) a n d [ 1, 2, 5 ]t hi a di a z ol o [ 3, 4- g ] q ui n o x ali n e ( T Q) 

fr a m e w or k s ar e r e pr e s e nt ati v e of s u c h hi g h- el e ctr o n af fi nit y a c c e pt or s 

t h at pr o m ot e q ui n oi d al st a bili z ati o n a n d n arr o w t h e b a n d g a p si g ni fi -

c a ntl y w h e n c o m bi n e d wit h v ari o u s d o n or s [ 1 9 4 ,1 9 5 ]. 

T h e s ol u bilit y of C P s i n c o m m o n or g a ni c s ol v e nt s i s criti c all y 
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d e p e n d e nt o n t h e s ol u bili zi n g gr o u p s a p p e n d e d t o t h e c o n stit u e nt 

m o n o m er s. H o w e v er, t h e st eri c i nt er a cti o n s of si d e c h ai n s i n t h e s oli d- 

st at e dir e ctl y i n fl u e n c e s t h e di h e dr al a n gl e b et w e e n u nit s of t h e C P 

b a c k b o n e [ 4 8 ]. B e c a u s e t h e m e a n di h e dr al a n gl e b et w e e n m o n o m er 

u nit s s et s t h e li mit f or t h e d el o c ali z ati o n of π - el e ctr o n s, s ol uti o n pr o -

c e s s a bilit y m u st b e b al a n c e d wit h t h e t ot al el e ctr o ni c c o h er e n c e i n t h e 

s y st e m. M or e pl a n ar s y st e m s f a cilit at e t h e d el o c ali z ati o n of π - el e ctr o n s 

(E g n a r r o wi n g), w hil e d e cr e a si n g t h e s ol u bilit y of t h e p ol y m er a n d 

i n cr e a si n g l o n g-r a n g e or d er a n d π - st a c ki n g b et w e e n c h ai n s [ 1 9 6 ]. 

Ti g htl y p a c k e d π - s y st e m s n arr o w E g t h r o u g h di mi ni s hi n g t h e E i nt 

c o nt ri b uti o n. B e si d e s r e stri cti n g si n gl e (i nt er a n n ul ar) b o n d r ot ati o n, 

n o n- c o v al e nt c o nf or m ati o n al l o c ki n g h a s al s o pr o v e n vit al t o c o n str u ct 

T a bl e 3 

C o m p ari s o n of c oll oi d al q u a nt u m d ot s i nfr ar e d d e vi c e s fr o m t h e p a st fi v e y e ar s. P C: p h ot o c o n d u ct or. P D: p h ot o di o d e. P T: p h ot otr a n si st or.  

D e vi c e c o n fi g ur ati o n D e vi c e p erf or m a n c e 
Y e ar / 

R ef # A b s or pti o n m at eri al s Str u ct ur e T y p e F e at ur e s S p e ctr al 

r a n g e (μ m) 

R e s p o n si vit y 

( A W − 1 ) 

D et e cti vit y 

( J o n e s) 

L D R 

( d B) 

N oi s e ( A 

H z − 0. 5 ) 

B a n d wi dt h 

( k H z) 

Ri s e ti m e / 

f all ti m e 

P b S Si n gl e 

l a y er 

P C A s y m m etri c el e ct r o d e s, 

S c h ott k y j u n cti o n 

0. 7 – 1. 8 5. 1 5 at 1 5 5 0 

n m 

1. 9 6 × 1 0 1 0 

at 1 5 5 0 n m 

– – – 2 7 / 8. 3 μ s 2 0 1 8 / 

[ 1 4 5 ] 

P b S Si n gl e 

l a y er 

P C P er o v s kit e li g a n d s, f ull y 

p ri nt e d d e vi c e 

0. 5 − 1. 4 0. 6 at 1 0 0 0 n m ~ 1 0 1 2 at 

1 0 0 0 n m 

– 5. 2 ×

1 0 − 1 3 at 

1 0 H z 

~ 3. 3 – 2 0 1 9 / 

[ 1 4 6 ] 

H g T e Si n gl e 

l a y er 

P C Tr a n sf er- p ri nti n g, s c al a bl e 

f a bri c ati o n 

1 – 1 0 0. 1 at 2 μ m 2 × 1 0 7 at 2 

μ m 

– – – 9 1. 5 / 

5 4 1. 3 m s 

2 0 1 6 / 

[ 8 6 ] 

P b S Bil a y er P C Bil a y er P b S C Q D 0. 6 − 1. 2 ~ 0. 1 at 9 0 0 

n m 

~ 6 × 1 0 1 1 at 

9 0 0 n m 

6 0. 9 4 – – 3. 6 3 / 

2 9. 5 6 m s 

2 0 1 7 / 

[ 6 5 ] 

P b S / Z n O Bil a y er P C H et e r oj u n cti o n st r u ct ur e 0. 4 − 1. 5 ~ 0. 4 6 at 1 3 1 0 

n m 

4. 1 × 1 0 1 1 at 

1 3 1 0 n m 

– – – 4. 3 / 0. 3 s 2 0 2 0 / 

[ 1 4 7 ] 

P b S / C H 3 N H 3 P bI 3 Bil a y e r P C Li g a n d e x c h a n g e t o ali g n 

e n er g y l e v el 

0. 3 6 − 1. 5 5 1. 5 8 at 9 4 0 n m 3 × 1 0 1 1 at 

9 4 0 n m 

6 0 ~ 1 0 − 1 2 at 

1 0 H z 

– 4 2 / 4 2 m s 2 0 1 9 / 

[ 1 4 8 ] 

P b S / or g a ni c Bil a y er P C L o w d ar k c urr e nt a n d 

fi e xi bl e 

0. 4 − 1 6. 3 2 at w hit e 

li g ht 

1. 1 × 1 0 1 3 at 

6 3 0 n m 

6 5 – – 0. 4 2 / 0. 3 7 

s 

2 0 1 8 / 

[ 1 4 9 ] 

P b S Si n gl e 

l a y er 

P D Ti O 2 : N b i nt e rl a y e r 0. 4 − 1. 6 ~ 0. 2 8 at 1 4 0 0 

n m 

~ 3 × 1 0 1 1 at 

1 4 0 0 n m 

– – – – 2 0 1 8 / 

[ 1 5 0 ] 

P b S Si n gl e 

l a y er 

P D I n kj et- pri nti n g 0. 4 − 1. 6 5 0. 4 8 at 1 μ m 1 0 1 2 at 1 μ m – – 4 1 4. 4 / 8. 2 μ s 2 0 1 9 / 

[ 1 5 1 ] 

P b S Bil a y er P D Si: P b S h et er oj u n cti o n 0. 6 − 1. 7 0. 2 6 at 1 5 4 0 

n m 

1. 4 7 × 1 0 1 1 

at 1 5 4 0 n m 

– ~ 7 ×

1 0 − 1 3 at 

1 0 0 H z 

2 9. 8 2 / 5. 3 μ s 2 0 2 0 / 

[ 1 5 2 ] 

P b S Si n g er 

l a y er 

P D + L E D I R t o vi si bl e u p c o n v er si o n 

i m a g e r 

0. 4 − 1. 6 ~ 2 0 at 1 2 0 0 

n m 

~ 4 × 1 0 1 2 at 

1 2 0 0 n m 

– ~ 1 0 − 1 2 at 

4 0 0 H z 

– 1 / 1. 5 m s 2 0 2 0 / 

[ 1 6 ] 

P b S / n- Si H y bri d P D Hi g h q u alit y v a n d er W a al s 

h et er oj u n cti o n o n t h e Si 

s urf a c e 

0. 4 − 1. 6 0. 2 2 at 1 4 9 0 

n m 

4 × 1 0 1 1 at 

1 4 9 0 n m 

– – – 4 7. 6 / 0. 8 

μ s 

2 0 2 0 / 

[ 1 5 3 ] 

P b S / M A P bI 2. 5 B r 0. 5 H y b ri d P D S e n siti v e i nfr ar e d fi el d- 

e mi s si o n p h ot o d et e ct o r 

0. 4 − 1. 6 0. 7 at 9 7 5 n m ~ 4 × 1 0 1 2 at 

1 2 0 0 n m 

6 0 ~ 1 0 − 1 3 at 

1 0 0 H z 

6 0 < 1 0 μ s 2 0 1 7 / 

[ 1 5 4 ] 

H g T e Si n gl e 

l a y er 

P D Bi a s c o ntr oll e d d u al- b a n d 

p h ot o d et e cti o n 

1. 7 − 6. 7 – > 1 0 1 0 at 

S WI R 

– – – – 2 0 1 9 / 

[ 2 9 ] 

H g T e Bil a y er P D U ni p ol a r b a r ri e r t o r e d u c e 

d a r k c u r r e nt 

1 − 3 0. 0 0 3 at 2. 5 

μ m 

3 × 1 0 8 at 2. 5 

μ m 

– ~ 1 0 − 1 3 at 

1 k H z 

> 1 0 – 2 0 1 8 / 

[ 1 5 5 ] 

P b S Bil a y er P D L ar g e m o n o di s p er s e d P b S 

Q D s wit h s e n siti vit y 

> 2. 5 μ m 

0. 4 − 2. 6 0. 3 8 5 at 2 1 0 0 

n m 

1. 5 × 1 0 1 1 at 

2 1 0 0 n m 

> 4 2 – 8. 1 4 3 / 7 0 μ s 2 0 1 9 / 

[ 1 5 6 ] 

P b S Bil a y er P D +

R OI C 

C M O S c o m p ati bl e 1. 1 − 1. 4 5. 9 at 1 2 5 0 n m – – – – – 2 0 1 9 / 

[ 1 5 7 ] 

P b S e / C H 3 N H 3 P bI 3 Bil a y e r P D T r a n s p a r e nt el e ctr o d e, tr a p- 

a s si st e d 

p h ot o m ulti pli c ati o n eff e ct 

0. 3 − 2. 6 0. 2 4 at 2 4 0 0 

n m 

6 × 1 0 1 1 at 

2 4 0 0 n m 

~ 7 0 – – 4 / 3 2 μ s 2 0 2 0 / 

[ 1 5 8 ] 

P b S H y bri d V erti c al 

P T + L E D 

I nf r a r e d t o vi si bl e li g ht 

u p c o n v er si o n 

0. 4 − 1. 4 8 4 0 at 1 0 4 2 

n m 

1. 2 3 × 1 0 1 3 

at 1 0 4 2 n m 

– – 2 0 – 2 0 1 6 / 

[ 1 5 ] 

H g S e Si n gl e 

l a y er 

P T A s 2 S 3 c a p pi n g, n- d o p pi n g 3 – 2 0 0. 8 at 6 μ m 1 0 8 – ~ 1 0 − 1 0 at 

1 0 H z 

0. 0 4 – 2 0 1 6 / 

[ 1 5 9 ] 

P b S / gr a p h e n e Bil a y er P T A m bi p ol ar, C M O S 

c o m p ati bilit y 

0. 7 − 1. 6 1. 8 × 1 0 4 at 

1 5 5 0 n m 

4. 4 × 1 0 1 2 at 

1 5 5 0 n m 

– – – 3 / 2 0 0 m s 2 0 1 8 / 

[ 1 6 0 ] 

P b S / gr a p h e n e H y bri d P T M o n olit hi c C M O S i m a g e 

s e n s o r s o p e r at e d i n I R 

0. 3 − 2 1 0 7 > 1 0 1 2 – – – – 2 0 1 7 / 

[ 1 6 1 ] 

P b S / W S 2 Bil a y e r P T E xt e n d r e s p o n s e of P b S Q D s 

t o 2 μ m 

0. 8 − 2. 2 1 4 0 0 at 1. 8 μ m 1 0 1 2 at 1. 8 

μ m 

– ~ 1 0 − 1 2 at 

1 0 H z 

– F all ti m e 

0. 2 s 

2 0 1 9 / 

[ 1 6 2 ] 

P b S / M o S 2 M ultil a y e r P T B uilt-i n p ot e nti al wit hi n t h e 

t w o Q D l a y e r s 

0. 8 − 1 5. 4 × 1 0 4 at 

8 5 0 n m 

1 × 1 0 1 1 at 

8 5 0 n m 

– – – 0. 9 5 / 1 m s 2 0 1 8 / 

[ 1 6 3 ] 

P b S / P 3 H T Bil a y er V erti c al 

P T 

V erti c al P T, b uilt-i n el e ct ri c 

fi el d i n t h e h et e r oj u n cti o n 

0. 4 − 2. 1 9 × 1 0 4 at 8 0 8 

n m 

2 × 1 0 1 3 at 

8 0 8 n m 

– 2. 2 ×

1 0 − 1 1 at 2 

H z 

– 9 / 9. 4 m s 2 0 1 7 / 

[ 1 6 4 ] 

P b S / Si H y bri d P T P h ot o v olt a g e g e n e r at e s at 

t h e i nt erf a c e 

0. 4 − 1. 5 > 1 0 4 at 1 3 0 0 

n m 

1. 8 × 1 0 1 2 – ~ 2 ×

1 0 − 1 0 at 

1 0 5 H z 

1 0 0 1 0 / 1 0 μ s 2 0 1 7 / 

[ 1 2 5 ] 

H g T e / M o S 2 Bi-l a y e r P T Ti O 2 e n c a p s ul at e d M o S 2 0. 7 – 2. 1 ~ 1 0 5 at 2 1 0 0 

n m 

~ 1 0 1 2 at 

2 1 0 0 n m 

– ~ 1 0 − 1 2 at 

1 H z 

– – 2 0 1 7 / 

[ 1 6 5 ] 

Si / gr a p h e n e Bil a y er P T Pl a s m o ni c Si Q D s d o p e d 

wit h b o r o n 

0. 3 − 4. 5 ~ 1 0 8 at 1 8 7 0 

n m 

~ 1 0 1 2 at 

1 8 7 0 n m 

– ~ 1 0 − 1 0 at 

1 0 H z 

– – 2 0 1 7 / 

[ 1 6 6 ] 

H g T e: P 3 H T B H J P T C h e mi c al g r afti n g b et w e e n 

P 3 H T a n d H g T e Q D s 

1. 5 − 2. 5 ~ 2 at 1 5 0 0 n m ~ 5 × 1 0 1 1 at 

1 5 0 0 n m 

– ~ 1 0 − 1 2 at 

1 0 0 H z 

1 0 0 − 2 0 0 0. 8 − 1. 5 

u s 

2 0 2 0 / 

[ 1 6 7 ]  
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hi g hl y pl a n ar, e xt e n d e d π - el e ctr o n s y st e m s [ 8 3 ]. T hr o u g h- s p a c e i n-

t er a cti o n s s u c h a s O ⋅⋅⋅S, N ⋅⋅⋅S, h al o g e n ⋅⋅⋅S a n d h y dr o g e n b o n di n g will 

i n cr e a s e c o pl a n arit y, t h er e b y l o w eri n g E g [ 1 9 7 ,1 9 8 ]. S u b stit uti o n of 

el e ctr o n d o n ati n g a n d el e ctr o n wit h dr a wi n g gr o u p s will aff e ct t h e 

el e ctr o n d e n sit y a n d e n a bl e c o ntr ol of e n er g y l e v el s a n d t h e b a n d g a p 

t hr o u g h t h e m o d ul ati o n of t h e fr o nti er or bit al e n er gi e s [ 1 9 9 ,2 0 0 ]. 

I ntr o d u ci n g s ol u bili zi n g gr o u p s s u c h a s t h e ali p h ati c c h ai n s at a p pr o -

pri at e p o siti o n s h el p s t o m ai nt ai n pr o c e s s a bilit y, mi ni mi z e t or si o n, a n d 

e n h a n c e π -π st a c ki n g [ 2 0 1 ]. I n t hi s s e cti o n, w e c o n si d er r e c e nt a d v a n c e s 

t h at b uil d o n t h e s e d e si g n p ar a di g m s a n d m at eri al s w hi c h c a n b e a p pli e d 

i n or g a ni c b a s e d I R d e vi c e s. 

I n Fi g. 1 0 , D A p ol y m er s c o m pri s e d of e x o c y cli c ol e fl n s u b stit ut e d 4- 

b e n z yli d e n e- 4 H - c y cl o p e nt a [ 2, 1-b : 3, 4-b ’] dit hi o p h e n e (C = C P h C D T) d o -

n or s (P 1 -P 1 1 ), i n c o m bi n ati o n wit h pr ot ot y pi c al el e ctr o n a c c e pt or s, 

di s pl a y n arr o w o pti c al b a n d g a p s fr o m 1. 2 − 0. 7 e V. T h e pl a n ar s p2 h y -

b ri di z e d ol e fi n ar yl f u n cti o n alit y pl a c e s s ol u bili zi n g s u b stit u e nt s at a sit e 

r e m ot e fr o m t h e C P b a c k b o n e [ 2 0 2 ]. T hi s str u ct ur al attri b ut e miti g at e s 

t or si o n, i n cr e a s e s r e sili e n c e t o w ar d c o nj u g ati o n s at ur ati o n b e h a vi or, 

a n d p er mit s str o n g i nt er m ol e c ul ar i nt er a cti o n s b et w e e n c h ai n s. Li n e ar 

s ol u bili zi n g gr o u p s ( R = C 1 2 H 2 5 ) pl a c e d at t h e 3, 5- p o siti o n s of t h e 

p h e n yl P h ri n g pr o m ot e d t h e s ol u bilit y of c o p ol y m er s c o m pri s e d of 

alt er n ati n g 2, 1, 3- b e n z ot hi a di a z ol e ( B T, P 1 ), 2, 1, 3- b e n z o s el e n a di a z ol e 

( B S e, P 2 ), p yri d al [ 2, 1, 3 ] s el e n a di a z ol e ( P S e, P 3 ), a n d t hi o p h e n e 

fi a n k e d [ 1, 2, 5 ]t hi a di a z ol o [ 3, 4- g ] q ui n o x ali n e ( T Q, P 4 ) a c c e pt or s. Li n e ar 

R = C 1 4 H 2 9 c h ai n s w e r e r e q uir e d f or t h e c o p ol y m er c o m pri s e d of a 

t hi o p h e n e fi a n k e d t hi e n o [ 3, 4-c ] [ 1, 2, 5 ]t hi a di a z ol e ( T T, P 5 ) a c c e pt or. 

U si n g P 2 – P 5 i n c o m bi n ati o n wit h P C 7 1 B M s h o w e d a l o n g- w a v el e n gt h 

p h ot or e s p o n s e at z er o a p pli e d bi a s wit h p h ot o di o d e d et e cti vit y D * >

1 0 9 J o n e s f r o m 6 0 0 − 1 6 5 0 n m. Tr a n si e nt a b s or pti o n s p e ctr o s c o p y o n 

fil m s of P 1 – P 4 a n d t h eir B H J bl e n d s s h o w e d l o n g er e x cit o n lif eti m e s i n 

p ol y m er a g gr e g at e s [ 2 0 3 ]. T h e a g gr e g ati o n wit hi n t h e s e m at eri al s w a s 

f o u n d t o b e e s s e nti al t o c o m p e n s at e f or t h e e n er g y g a p l a w, w hi c h 

pr e di ct s t h at e x cit o n lif eti m e s d e cr e a s e wit h a n arr o wi n g of t h e 

b a n d g a p. I n P 1 – P 4 bl e n d s wit h P C 7 1 B M, c h a r g e c a rri er s f or m e d pr e -

d o mi n a ntl y at t h e s e a g gr e g at e sit e s, l e a vi n g r a pi dl y d e c a yi n g si n gl e 

c h ai n e x cit o n s u n q u e n c h e d. T h e s e r e s ult s h a v e i m p ort a nt i m pli c ati o n s 

t o w ar d t h e f urt h er d e v el o p m e nt of m at eri al s f or i nfr ar e d or g a ni c o pt o -

el e ctr o ni c s, w h er e pr o c e s s e s s u c h a s e x cit e d st at e d el o c ali z ati o n will 

li k el y b e n e c e s s ar y t o di mi ni s h l o s s e s t o ultr af a st e x cit o n d e c a y i n l o w er 

b a n d g a p m at eri al s. 

F urt h er e x pl or ati o n of p ol y m er str u ct ur e a n d d e vi c e p h y si c s of t h e s e 

m at eri al s h a s r e s ult e d i n i m pr o v e d p erf or m a n c e. Li n e ar (− O C n H 2 n + 1 ) 

s ol u bili zi n g gr o u p s i ntr o d u c e d i nt o t h e 3, 5- p o siti o n s of t h e P h ri n g 

e n h a n c e p h ot o di o d e p erf or m a n c e i n c o m p ari s o n t o n or m al (– C n H 2 n + 1 ) 

v a ri a nt s (i. e., P 6 v er s u s P 4 ) [ 6 1 ]. A d diti o n of a hi g h- p er mitti vit y a d di -

ti v e, c a m p h ori c a n h y dri d e, t o B H J s c o m pri s e d of P 6 a n d P 7 bl e n d e d 

wit h P C 7 1 B M i n c r e a s e s di el e ctri c s cr e e ni n g a n d r e d u c e d t h e e x cit o n 

bi n di n g e n er g y, w hi c h l e d t o a n i n cr e a s e d e x cit o n di s s o ci ati o n ef fi ci e n c y 

[ 7 8 ]. A dj u st m e nt of t h e P 1 1 : f ull er e n e bl e n d r ati o w a s f o u n d t o b e 

a n ot h er r o ut e t o r e d u c e t h e d e n sit y of d e e p tr a p s t h at i m p e d e c h ar g e 

tr a n s p ort [ 2 0 4 ]. 

A s eri e s of D A c o p ol y m er s c o m pri s e d of t hi o p h e n e s u b stit ut e d 

[ 1, 2, 5 ]t hi a di a z ol o [ 3, 4- g ] q ui n o x ali n e- a c c e pt or ( T Q) a c c e pt or s a n d 

alt er n ati n g b e n z e n e ( P B T Q, P 1 2 ), t hi o p h e n e ( P T T Q, P 1 3 ), bit hi o p h e n e 

( P Bi T T Q, P 1 4 ) a n d t hi e n o [ 3, 2-b ]t hi o p h e n e ( P T T T Q, P 1 5 ) d o n or s 

r e s ult e d i n p ol y m er s wit h o pti c al b a n d g a p s r a n gi n g fr o m 1. 1 4 t o 0. 8 7 e V 

[ 2 0 5 ]. T h e eff e ct s of a u xili ar y 2- b ut yl o ct yl ( B O), 2- h e x yl d e c yl ( H D), a n d 

2- o ct yl d o d e c yl ( O D) si d e c h ai n s o n t h e s ol u bilit y, a b s or pti o n pr o fll e s, 

a n d d e vi c e p erf or m a n c e w er e e x pl or e d. T h e l ar g e r e s o n a n c e e n er g y of 

b e n z e n e i n P 1 2- O D g a v e a p ol y m er wit h a λ m a x of 9 3 0 n m. T h e i n c or-

p or ati o n of t hi o p h e n e- b a s e d d o n or s s er v e s t o br o a d e n a n d s hift t h e a b -

s or pti o n o n s et t o w ar d s l o n g er w a v el e n gt h s, r e s ulti n g i n p ol y m er s t h at 

a b s or b fr o m 8 0 0 − 1 4 0 0 n m. Fil m s of P 1 3 - B O s h o w e d a λ m a x of 1 1 4 5 n m 

a n d m e a s ur a bl e a b s or pti o n e xt e n di n g p a st 1 5 0 0 n m. Alt h o u g h a 

r e d u cti o n of t h e g a p i m p a ct s t h e d ar k c urr e nt d e n sit y, p h ot o di o d e 

d et e cti viti e s a b o v e 1 0 1 0 J o n e s f r o m 9 0 0 − 1 2 5 0 n m at - 2 V bi a s w er e 

Fi g. 8. ( a) T h e a b s or pti o n s p e ctr a m e a s ur e d f or P b S C Q D s wit h diff er e nt si z e s fr o m 3. 9 t o 9. 6 n m, s h o wi n g a b s or pti o n p e a k w a v el e n gt h s fr o m 9 2 0 t o 2 0 0 0 n m. 

R e pr o d u c e d wit h p er mi s si o n of R ef. [ 1 2 6 ]. ( b) E n er g y l e v el s f or P b S C Q D s wit h diff er e nt li g a n d s. T h e d a s h e d li n e s r e pr e s e nt F e mi l e v el s. R e pr o d u c e d wit h p er mi s si o n 

of R ef. 6 5 ⋅ ( c) Ill u str ati o n of t h e b a n d g a p s a n d m ol e c ul ar str u ct ur e s of v ari o u s 2 D m at eri al s. R e pr o d u c e d wit h p er mi s si o n of R ef. [ 5 ]. 

Fi g. 9. ( a) E n er g y l e v el di a gr a m f or t h e f or m ati o n of n arr o w b a n d g a p D A C P s t hr o u g h m ol e c ul ar or bit al h y bri di z ati o n b et w e e n d o n or a n d a c c e pt or u nit s. ( b) 

Str at e gi e s f or b a n d g a p e n gi n e eri n g of D A C P s. 
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a c hi e v e d f or s ol u bl e v ari a nt s. 

T hr e e l o w- b a n d g a p p ol y m er s b a s e d o n N - o ct yl- 4H - dit hi e n o [ 3, 2- 

b : 2′, 3′-d ] p y r r ol e ( D T P) d o n or s a n d v ar yi n g r ati o s of 3, 6- dit hi o p h e n- 2- yl- 

2, 5- di h y dr o p yrr ol o [ 3, 4- c ] p yrr ol e- 1, 4- di o n e ( D P P), [ 1, 2, 5 ]t hi a di a z ol o 

[ 3, 4- g ] q ui n o x ali n e ( T Q), a n d b e n z o [ 1, 2- c ; 4, 5-c ’] bi st hi a di a z ol e ( B B T) 

a c c e pt or s w er e s y nt h e si z e d [ 1 1 3 ]. P 1 6 p air e d t h e D T P d o n or wit h D P P 

a n d T Q a c c e pt or s i n a 0. 5 6 / 0. 4 4 r ati o; P 1 7 c o nt ai n e d D P P a n d B B T 

a c c e pt or s wit h a m ol ar r ati o of 0. 5 3 / 0. 4 7; a n d P 1 8 c o m pri s e d D P P, T Q, 

a n d B B T a c c e pt or s wit h a 0. 3 1 / 0. 2 3 / 0. 4 6 M r ati o, r e s p e cti v el y. T h e 

p ol y m er fll m s s h o w a λ m a x of 9 8 8, 7 2 6, a n d 7 4 8 n m f or P 1 6 , P 1 7 , a n d 

P 1 8 , a n d br o a d a b s or pti o n t ail s e xt e n di n g t o ~ 1 1 0 0, ~ 1 4 0 0, a n d 

~ 1 5 0 0 n m, r e s p e cti v el y. U si n g a si mil ar a p pr o a c h, t er p ol y m er s 

c o m pri s e d of N - d o d e c yl- 4H - dit hi e n o [ 3, 2-b : 2′, 3′-d ] p y r r ol e ( D T P) d o n or s 

a n d v ar yi n g r ati o s of b e n z o [ 1, 2- c ; 4, 5-c ’] bi st hi a di a z ol e ( B B T), 3, 

6- dit hi o p h e n- 2- yl- 2, 5- di h y dr o p yrr ol o [ 3, 4- c ] p yrr ol e- 1, 4- di o n e ( D D P), 

a n d (E )- [ 6, 6 ′- bit hi e n o [ 3, 2-b ] p yrr ol yli d e n e ]- 5, 5 ′ ( 4H , 4′H )- di o n e ( TII) 

w er e s y nt h e si z e d, a n d t h eir t hi n fil m s s h o w e d a λ m a x of 8 1 4, 8 3 8, a n d 

8 3 1 n m f or P 1 9 , P 2 0 , a n d P 2 1 , a n d br o a d a b s or pti o n t ail s e xt e n di n g 

p a st 1 2 0 0, 1 4 0 0, a n d 1 6 0 0 n m, r e s p e cti v el y [ 2 0 6 ]. F or P 2 0 i n a 

p h ot o di o d e wit h p h ot o- m ulti pli c ati o n, D * ≥ 1 0 1 1 J o n e s at 3 0 0 – 1 6 0 0 n m 

w a s o bt ai n e d u n d er a 0. 5 V bi a s. T h e s e d at a ar e c o n si st e nt wit h t h e 

i n c or p or ati o n of v ar yi n g r ati o s of str o n g a c c e pt or s l e a di n g t o l o n g er 

w a v el e n gt h a b s or pti o n, t u n a bl e pr o p erti e s, a n d pr o d u cti v e c h ar g e 

p h ot o g e n er ati o n. 

F o ur n arr o w b a n d g a p p h ot o a cti v e p ol y m er s ( P B T Q (P 1 2 ), P T T Q 

(P 1 3 ), P T T B AI (P 2 2 ) a n d P T T Q n (P 2 3 )) i n c o m bi n ati o n wit h P C 7 1 B M 

w e r e i n v e sti g at e d i n B H J p h ot o di o d e s t o u n d er st a n d t h e d ar k c urr e nt 

t h e or eti c al li mit. It w a s o b s er v e d t h at t h e u p p er li mit f or t h e D * of NI R 

O P D s i s pr e d o mi n a ntl y li mit e d b y n o n-r a di ati v e l o s s e s. T hi s all o w e d 

c al c ul ati o n of a n i ntri n si c u p p er li mit f or D * of 1 0 1 2 a n d 1 0 1 0 J o n e s at 

1 5 0 0 a n d 2 0 0 0 n m, r e s p e cti v el y [ 1 1 0 ]. A c o n si d er a bl e r e d u cti o n i n t h e 

n oi s e a n d hi g h er d et e cti vit y w er e f o u n d i n d e vi c e s u si n g n o n-f ull er e n e 

a c c e pt or s ( N F A s). S e v e n d o n or p ol y m er s b a s e d o n P 4 , P 6 , P 8 -P 1 1 a n d 

P 2 4 wit h w a v el e n gt h s of o p er ati o n b et w e e n 8 0 0 a n d 1 6 0 0 n m w er e 

p air e d wit h P C 7 1 B M a n d N F A s t h at ar e d eri v ati v e s of 3, 9- bi s( 2- m et h y -

l e n e-( 3-( 1, 1- di c y a n o m et h yl e n e)-i n d a n o n e))- 5 5, 1 1, 1 1-t etr a ki s( 4- h e x-

yl p h e n yl)- dit hi e n o [ 2, 3- d : 2′, 3′-d ’]- s-i n d a c e n o [ 1, 2- b: 6- b ] dit hi o p h e n e, 

wit h m et h yl (I TI C- M) or fi u or o (I TI C- F) e n d gr o u p s. A si g ni fi c a nt 

r e d u cti o n of t h e n oi s e a n d hi g h er D * w a s a p p ar e nt i n d e vi c e s u si n g 

N F A s. T h e l o w n oi s e i n N F A bl e n d s w a s attri b ut e d t o a s h ar p dr o p off i n 

t h e di stri b uti o n of b a n dt ail st at e s, a s r e v e al e d b y v ari a bl e-t e m p er at ur e 

d e n sit y- of- st at e s m e a s ur e m e nt s [ 7 5 ]. 

D A c o p ol y m er s b a s e d o n alt er n ati n g t ell ur o p h e n e ( P B T T, P 2 5 ) a n d 

4, 4 ′- bi s( o ct yl o x y)- [ 2, 2′- bit hi o p h e n e ( P B T B, P 2 6 ) d o n or s c o m bi n e d wit h 

4, 8- bi s( 4-( 2- o ct yl d o d e c yl)t hi o p h e n- 2- yl)- b e n z o [ 1, 2- c ; 4, 5-c ’] bi s [ 1, 2, 5 ] 

t hi a di a z ol e w er e s y nt h e si z e d [ 8 2 ]. P 2 5 a n d P 2 6 s h o w e d a n E g
o pt of 0. 5 5 

a n d 0. 6 0 e V, r e s p e cti v el y. T h e i ntri n si c el e ctri c al c o n d u cti vit y, o n a c -

c o u nt of t h e v er y n arr o w b a n d g a p s, e n a bl e d c o n str u cti o n of a p h ot o -

c o n d u cti v e d et e ct or. A D * > 1 × 1 0 1 0 J o n e s w a s o bt ai n e d u p o n 

ill u mi n ati o n at 1 0 6 4, 1 1 2 2, a n d 1 3 4 2 n m wit h p h ot or e s p o n s e e xt e n di n g 

t o 1 4 5 0 n m. P 2 6 a d o pt e d a pl a n ar c o nf or m ati o n, pr ef er e nti al e d g e o n 

ori e nt ati o n, e n h a n c e d e x cit o n lif eti m e, a n d sl o w p ol ar o n r e c o m bi n ati o n 

w h e n c o m p ar e d t o P 2 5 . A s a r e s ult, P 2 6 - b a s e d p h ot o c o n d u ct or 

d e m o n str at e d a b ett er r e s p o n si vit y of 0. 9 6 A W − 1 a n d E Q E of 1 0 6 % at 

1 1 2 0 n m [ 8 2 ]. 

A bl e n d of NI R d o n or p ol y m er b a s e d o n 2, 5- bi s( 2- o ct yl d o d e c yl)- 3-( 5- 

( 5-(t hi o p h e n- 2- yl)t hi e n o [ 3, 2- b ]t hi o p h e n- 2- yl)t hi o p h e n- 2- yl)- 2, 5- di h y -

dr o p yrr ol o [ 3, 4- c ] p yrr ol e- 1, 4- di o n e u nit ( D P P- D T T) a n d n o n-f ull er e n e 

n-t y p e h et er o- p ol y c y cli c ar o m ati c S WI R d y e (D 1 ) s h o w e d p h ot o- 

r e s p o n s e s p a n ni n g 4 0 0 − 1 6 0 0 n m a n d a D * > 1 0 9 J o n e s o v e r t h e 

1 0 0 0 – 1 4 0 0 n m r a n g e [ 2 0 7 ]. S m all m ol e c ul e s d o n or s b a s e d o n 

d o n or- s u b stit ut e d b e n z [ c d ]i n d ol e- c a p p e d S WI R s q u ar ai n e d y e s (D 2 -D 5 ) 

w er e r e p ort e d t h at s h o w e d s h ar p a b s or pti o n ar o u n d 1 0 2 5 n m. T h e s e 

r e s o n a n c e st a bili z e d π - c o nj u g at e d z witt eri o ni c d y e s ar e c o m pri s e d of a n 

Fi g. 1 0. M ol e c ul ar str u ct ur e s of n arr o w b a n d g a p m at eri al s m e nti o n e d i n t hi s r e vi e w.  
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el e ctr o n- d e fl ci e nt c e ntr al f o ur- m e m b er e d ri n g a n d el e ctr o n- d o n ati n g 

gr o u p s i n a d o n or- a c c e pt or- d o n or c o n fi g ur ati o n t o a c hi e v e n arr o w 

b a n d g a p s [ 2 0 8 ]. 

4. 3. 1. F ut ur e c h all e n g es f or e x cit o ni c or g a ni c i nfr ar e d m at eri als 

T h e e n er g y g a p l a w d e s cri b e s t h at t h e r at e of n o n-r a di ati v e e x cit o n 

d e c a y i n cr e a s e s wit h a n arr o wi n g of t h e b a n d g a p. A s t h e b a n d g a p i s 

n arr o w e d, i n cr e a si n g vi br o ni c w a v e f u n cti o n o v erl a p d e cr e a s e s t h e e n -

er g y b et w e e n n o n- cr o s si n g p ot e nti al e n er g y s urf a c e s a n d i n cr e a s e s t h e 

r at e of n o nr a di ati v e d e c a y f or b ot h si n gl et a n d tri pl et e x cit o ni c st at e s i n 

O S C s [ 2 0 9 ,2 1 0 ]. A s d e pi ct e d i n Fi g. 1 1 , t h e o v erl a p of w a v ef u n cti o n s 

b et w e e n t h e gr o u n d a n d e x cit e d st at e s b e c o m e s si g ni fi c a ntl y m or e 

pr o n o u n c e d, t h er e b y a c c el er ati n g vi br ati o n al r el a x ati o n [ 6 0 ]. T h u s, a 

k e y diff er e n c e b et w e e n m e di u m b a n d g a p p ol y m er s a p pli e d i n or g a ni c 

p h ot o v olt ai c s a n d l o w er b a n d g a p C P s a p pli e d i n or g a ni c P D s i s t h e 

cl o s er e n er g y l e v el s p a ci n g t h at gi v e s ri s e t o str o n g n o n-r a di ati v e pr o -

c e s s e s t h at li mit t h e e x cit o n lif eti m e, diff u si o n l e n gt h, a n d ulti m at el y t h e 

e xtr a ct a bl e p h ot o c urr e nt. 

H o w e v er, r e p ort s h a v e d e m o n str at e d t h at t h e d y n a mi c s of p h ot o -

e x cit e d st at e s a n d n o n-r a di ati v e r e c o m bi n ati o n r at e s c a n b e r e g ul at e d i n 

O S C s t hr o u g h m o dif yi n g c o h er e nt c o u pli n g b y c o ntr olli n g cr y st alli nit y, 

v ari o u s a g gr e g ati o n p h e n o m e n a, or b y d el o c ali z ati o n of e x cit e d st at e s 

o v er m ulti pl e c hr o m o p h or e s [ 2 0 3 ,2 1 1 ]. M or e o v er, c h ar g e g e n er ati o n o n 

ultr af a st ti m e s c al e s f a st er t h a n t y pi c al e x cit o n diff u si o n m e c h a ni s m s 

s u c h a s dir e ct h ot c arri er e x cit ati o n h a s al s o b e e n r e p ort e d. M ol e c ul ar 

a g gr e g at e s ar e g e n er all y cl a s si fi e d a s H- or J-t y p e s a g gr e g at e s, b a s e d o n 

t h e ori e nt ati o n of t h e m ol e c ul ar tr a n siti o n di p ol e m o m e nt s. F or 

i n st a n c e, f a st vi br ati o n al r el a x ati o n t o t h e l o w er e x cit e d st at e a s a r e s ult 

of “ f a c e-t o-f a c e” di p ol e arr a n g e m e nt i n H- a g gr e g at e s s u p pr e s s t h e 

r a di ati v e tr a n siti o n s. O n t h e ot h er h a n d, “ h e a d-t o-t ail ” di p ol e s of J- a g -

gr e g at e s s u p p ort s r a di ati v e tr a n siti o n fr o m l o w e st e x cit e d t o t h e gr o u n d 

st at e, e n a bli n g l o n g er r a n g e e x cit o n diff u si o n [ 2 1 2 ]. R e c e ntl y, C h o u 

et al. d e m o n str at e d t h at e xt e n d e d e x cit o n d el o c ali z ati o n wit hi n J- a g -

gr e g at e s b y p a s s e d n o n-r a di ati v e p at h w a y s [ 2 1 0 ]. F or c o nj u g at e d p ol y -

m er s, u n c o n v e nti o n al J-t y p e c o u pli n g o c c ur s t hr o u g h i ntr a c h ai n 

or d eri n g t h at ali g n s t h e tr a n siti o n di p ol e m o m e nt s of n ei g h b ori n g r e p e at 

u nit s i n a h e a d-t o-t ail f a s hi o n, w hil e a hi g h d e gr e e of i nt er c h ai n or d eri n g 

wit h s m all s p ati al s e p ar ati o n s b et w e e n n ei g h b ori n g c h ai n s i s r e q uir e d 

f or H-t y p e c o u pli n g. T h e d y n a mi c s ar e c o m pl e x a n d d e p e n d hi g hl y o n 

l o c al or d eri n g, n a n o s c al e m or p h ol o g y, a n d m ol e c ul ar d e si g n. 

T h e hi g h n o n-r a di ati v e r e c o m bi n ati o n r at e s i n or g a ni c s e mi -

c o n d u ct or s will li k el y r e q uir e n e w str at e gi e s f or l o n g er- w a v el e n gt h 

d et e cti o n e xt e n di n g i nt o t h e S WI R, M WI R, a n d L WI R [ 2 1 3 ]. R e c e nt r e -

p ort s h a v e d e m o n str at e d t h at n arr o w b a n d g a p D A C P s wit h e xt e n si v e 

d el o c ali z ati o n a n d q ui n oi d al c h ar a ct er s h o w n o v el pr o p erti e s s u c h a s 

o p e n- s h ell el e ctr o ni c str u ct ur e s a n d i ntri n si c el e ctri c al c o n d u cti vit y 

[ 2 1 4 ,2 1 5 ]. T h e ri c h b e h a vi or of t h e s e m at eri al s e m a n at e s fr o m t h e 

c oll e cti v e pr o p erti e s of π - el e ctr o n s a n d di mi ni s h e d i ntr a m ol e c ul ar 

el e ctr o n p airi n g. T h e r e c e nt d e v el o p m e nt of hi g h- s pi n D A C P s wit h 

str o n g el e ctr o ni c c orr el ati o n s a n d e xt e n si v e π - d el o c ali z ati o n h a s pr o -

d u c e d p ol y m er s wit h el e ctr o ni c b a n d g a p s i n t h e S WI R – M WI R a n d a b -

s or pti o n e xt e n di n g w ell i nt o t h e L WI R. T h e fir st e x a m pl e of a 

p h ot o c o n d u cti v e d et e ct or t h at u s e d a n o p e n- s h ell D A C P (P 2 7 ) a cti v e 

l a y er c o m pri s e d of p ol y( 4-( 4, 4- di m et h yl- 4 H - c y cl o p e nt a [ 2, 1-b : 3, 4-b ’] 

dit hi o p h e n- 2- yl)- 6, 7- bi s( 5- h e x a d e c ylt hi o p h e n- 2- yl)- [ 1, 2, 5 ]t hi a di a z ol o 

[ 3, 4- g ] q ui n o x ali n e) a n d s e n s e s S WI R, M WI R, a n d L WI R p h ot o n s w a s 

r e c e ntl y r e p ort e d [ 2 1 6 ]. T h e d e vi c e ar c hit e ct ur e c o n si st s of tr a n s v er s e 

g ol d el e ctr o d e s o n q u art z, c o at e d b y a p ol y m er fil m a n d al u mi n a 

e n c a p s ul a nt. T h e d e vi c e w a s t e st e d at 5 V bi a s i n t h e S WI R (λ = 1 − 3 

μ m), M WI R (λ = 3 − 5 μ m), a n d L WI R (λ = 8 − 1 2 μ m) r e gi o n s a n d g a v e 

D * = 7. 5 3 × 1 0 1 0 – 1. 0 3 × 1 0 1 0 J o n e s, D * = 3. 2 1 × 1 0 9 – 2. 1 0 × 1 0 9 

J o n e s, a n d D * = 2. 1 0 × 1 0 9 – 4. 3 4 × 1 0 9 J o n e s f o r e a c h r e gi o n, 

r e s p e cti v el y [ 2 1 6 ]. Pr o mi si n g p at h w a y s a n d e m er g e nt p h e n o m e n a ar e 

b ei n g di s c o v er e d t o a d dr e s s t h e n o n-r a di ati v e r e c o m bi n ati o n l o s s i n 

di s or d er e d s e mi c o n d u ct or s o p er ati n g i n t h e i nfr ar e d r e gi o n s (T a bl e 4 ). 

4. 4. P er o vs kit es 

T h e f a mil y of p er o v s kit e m at eri al s s h ar e t h e m ol e c ul ar f or m ul a 

A B X 3 , w h e r e A i s a m o n o v al e nt c ati o n, B i s a di v al e nt m et al c ati o n a n d X 

i s a h ali d e a ni o n. P er o v s kit e s e mi c o n d u ct or s off er t h e a d v a nt a g e s of l o w 

e x cit o n bi n di n g e n er g y a n d hi g h c h ar g e m o bilit y [ 2 3 0 – 2 3 4 ], w hil e 

c o m p ati bl e wit h s ol uti o n pr o c e s si n g [ 2 3 5 ,2 3 6 ] f or l ar g e- ar e a li g ht 

h ar v e sti n g a n d s e n si n g s y st e m s, s u c h a s s ol ar c ell s a n d f o c al pl a n e ar -

r a y s. T hi s cl a s s of m at eri al s h a s b e e n d e m o n str at e d t o d et e ct i o ni zi n g 

r a di ati o n ( g a m m a a n d X-r a y) [ 2 3 7 – 2 3 9 ] t o t er a h ert z si g n al s c orr e -

s p o n di n g t o b ol o m etri c eff e ct [ 2 4 0 ]. T h e p er o v s kit e c o m p o siti o n of 

C H 3 N H 3 P bI 3 e x hi bit s v e r y hi g h a b s or pti o n c o ef fl ci e nt i n t h e vi si bl e a n d 

s h ar p o pti c al a b s or pti o n e d g e, a s s h o w n i n Fi g. 1 2 a [ 2 4 1 ]. T h e hi g h 

a b s or pti o n c o ef fi ci e nt all o w s r e d u cti o n of d e vi c e t hi c k n e s s e s c o m p ar e d 

t o G a A s a n d c- Si. T h e s h ar p a b s or pti o n o n s et i n di c at e s a w ell- or d er e d 

mi cr o str u ct ur e wit h a l o w c o n c e ntr ati o n of c h ar g e tr a p st at e s, f a cili-

t ati n g f a st tr a n s p ort t o a c hi e v e hi g h- s p e e d el e ctr o ni c s c a p a bl e of M H z 

r e s p o n s e [ 2 4 2 ,2 4 3 ]. T h e l o w tr a p d e n sit y i n p ol y cr y st alli n e p er o v s kit e s 

m a y p ot e nti all y l e a d t o l o w er n oi s e t h a n ot h er s ol uti o n- pr o c e s s e d m a -

t eri al s [ 1 1 9 ]. 

C urr e ntl y, r e s e ar c h i n p er o v s kit e d e vi c e s h a s b e e n f o c u s e d o n 

i m pr o vi n g r e s p o n s e t o r a di ati o n wit h w a v el e n gt h s < 8 0 0 n m, b ut t h er e 

ar e s o m e w or k s t h at s h o w t h e p o s si bilit y t o e xt e n d t h e s p e ctr al r e s p o n s e 

of p er o v s kit e s t o n e ar-i nfr ar e d, li st e d i n T a bl e 5 . T h e r e pl a c e m e nt of 

di v al e nt m et al c ati o n s P b b y S n l e d t o t u n a bl e a b s or pti o n pr o fil e s of 

C H 3 N H 3 S n x P b 1- x I3 , a s t h e i n c r e a s e i n S n t o P b r ati o ( n a m el y, t h e 

p ar a m et er x) r e d u c e d t h e m at eri al ’s b a n d g a p (Fi g. 1 2 b) [ 2 4 4 – 2 4 7 ]. 

B e si d e t h e m et al c ati o n, c h a n gi n g h ali d e a ni o n s i n C H 3 N H 3 S nI 3- x B r x 

f r o m I t o B r e xt e n d e d t h e p h ot or e s p o n s e t o 9 5 0 n m a s s e e n i n Fi g. 1 2 c 

[ 2 3 1 ]. F or p er o v s kit e s t o b e u s e d i n i nfr ar e d d et e cti o n, t h e c o m m u nit y i s 

w or ki n g o n u n d er st a n di n g t h e criti c al p ar a m et er s c o ntri b uti n g t o d e vi c e 

d e gr a d ati o n a n d i n st a bilit y [ 2 4 8 ,2 4 9 ]. N e v ert h el e s s, r a pi d pr o gr e s s i s 

b ei n g m a d e i n p er o v s kit e d e vi c e s, a n d it w o ul d n ot b e s ur pri si n g t o s e e 

t hi s cl a s s of m at eri al s d e v el o p e d i nt o hi g h- p erf or m a n c e i nfr ar e d d e -

t e ct or s i n t h e f ut ur e. H o w e v er, t h e t o xi c m et al P b i s i n cl u d e d i n t h e s e 

m at eri al s or i n C Q D s, a n d t h e p ot e nti al l e a k a g e of h e a v y m et al s m a y 

hi n d er t h eir a p pli c ati o n s t o a v oi d e n vir o n m e nt al c o nt a mi n ati o n. 

5. U ni q u e d e vi c e d e si g n s e n a bl e d b y t hi n- fll m m at e ri al s 

T h e v ers atil e pr o p erti es of s ol uti o n- pr o c ess e d t hi n fil ms m a k e it 

p ossi bl e t o pr o c ess I R d et e cti o n s yst e ms wit h u ni q u e f e at ur es, s u c h as fllt er- 

fr e e w a v el e n gt h-s el e cti v e d et e ct ors [ 2 6 3 – 2 6 5 ], l ar g e- ar e a pi x el-l ess i m-

a g ers [ 1 5 ,1 6 ,2 0 7 ], fl e xi bl e d et e cti o n s yst e ms [ 2 2 ,2 6 6 ,2 6 7 ] t h at ar e dif fi -

c ult t o r e ali z e usi n g tr a diti o n al v a c u u m- pr o c ess e d i n or g a ni c 

o pt o el e ctr o ni cs. I n t his s e cti o n, w e dis c uss e x a m pl es of o pti c al d esi g ns a n d 

Fi g. 1 1. P ot e nti al e n er g y s urf a c e of t h e gr o u n d a n d e x cit e d ( si n gl et a n d tri pl et) 

st at e s of t h e s e mi c o n d u ct or s a b s or bi n g vi si bl e (l eft) v er s u s i nfr ar e d 

(ri g ht) r a di ati o n. 
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T a bl e 4 

C o m p ari s o n of or g a ni c i nfr ar e d d et e ct or s, wit h r e s p o n s e t o w a v el e n gt h s ≥ 9 0 0 n m. P D: p h ot o di o d e. P T: p h ot otr a n si st or.  

D e vi c e c o n fl g ur ati o n D e vi c e p erf or m a n c e  

Y e ar / 

R ef # 
A b s or pti o n 

m at eri al s 

Str u ct ur e T y p e F e at u r e s S p e ctr al 

r a n g e 

(μ m) 

R e s p o n si vit y 

( A W − 1 ) 

D et e cti vit y 

( J o n e s) 

L D R ( d B) N oi s e ( A 

H z − 0. 5 ) 

B a n d wi dt h 

( k H z) 

Ri s e 

ti m e / 

f all ti m e 

P B T B p ol y m er Si n gl e 

l a y er 

P C Ultr a- n a r r o w b a n d g a p 

p ol y m er. Fl e xi bl e 

d et e ct or arr a y f or 

i m a gi n g. 

0. 4 − 2 0. 9 6 at 1 1 2 2 

n m 

> 1 0 1 0 at 

1 0 6 4, 1 1 2 2, 

1 3 4 2 n m 

– – – – 2 0 2 0 / 

[ 8 2 ] 

P D P P 3 T / 

C H 3 N H 3 P bI 3 

Bil a y e r P C C o m pl e m e nt ar y 

a b s or pti o n 

0. 3 − 1 5. 5 × 1 0 − 3 at 

9 3 7 n m 

3. 2 × 1 0 9 at 

9 3 7 n m 

– ~ 1 0 − 1 2 

at 1 0 0 

H z 

– 3 0 / 1 5 0 

m s 

2 0 1 6 / 

[ 2 1 7 ] 

P E D O T: P S S / 

gr a p h e n e 

H y bri d P C p h ot o-t h er m o el e ctri c 

eff e ct 

T h e r m al 

si g n al 

2. 2 V / W at 1. 4 × 1 0 7 at 

7 8 0 n m 

– – – 1 5 − 3 0 s 2 0 2 0 / 

[ 1 7 0 ] 

P T B 7- T h: 

C O 1 − 4 Cl 

B H J P D NI R s e n siti v e n o n- 

f ull er e n e a c c e pt o r 

0. 4 − 1. 1 ~ 0. 5 at 9 4 0 

n m 

3. 3 1 × 1 0 1 3 

at 9 4 0 n m 

1 2 6 − 1 4 8 5. 9 ×

1 0 − 1 4 at 

1 0 0 H z 

2 4 0 – 2 0 1 9 / 

[ 1 0 5 ] 

P T B 7- T h: C TI C- 

4 F or C O 1 − 4 

F or C O TI C- 4 F 

B H J P D T hr e e n e a rl y 

i s o str u ct u r al 

n o nf ull e r e n e el e ctr o n 

a c c e pt or s 

0. 4 − 1. 1 0. 5 2 at 9 2 0 

n m f or 

C O 1 − 4 F 

1. 5 × 1 0 1 2 

at 9 2 0 n m 

f or C O 1 − 4 F 

– – – – 2 0 1 9 / 

[ 2 1 8 ] 

P T B 7- T h: 

P C 7 1 B M: 

C Oi 8 D FI C 

T er n ar y 

bl e n d 

P D C o m pl e m e nt a r y 

a b s o r pti o n 

0. 4 − 1 0. 3 5 at 6 7 0 

n m 

~ 1 0 1 2 at 

6 7 0 n m 

1 3 5 1. 6 ×

1 0 − 1 3 at 

1 0 H z 

– Ri s e 

ti m e 

9 0 0 n s 

2 0 1 9 / 

[ 1 0 8 ] 

T Q m o n o m er s: 

P C 7 1 B M 

B H J P D T u n a bl e S WI R li g ht 

a b s o r bi n g o r g a ni c 

m at eri al s 

0. 4 − 1. 5 0. 0 4 − 0. 1 2 at 

1 0 0 0 n m 

1 0 1 0 - 2 ×

1 0 1 1 at 1 0 0 0 

n m 

~ 1 8 0 – > 1 0 0 0 – 2 0 2 0 / 

[ 2 0 5 ] 

C P D T- T Q 

p ol y m er: 

P C 7 1 B M 

B H J P D E x pl ai n e x cit o n 

di s s o ci ati o n a n d c h a r g e 

c oll e cti o n i n n arr o w 

b a n d g a p s y st e m s 

0. 5 − 1. 5 0. 0 8 at 1 0 0 0 

n m 

3 × 1 0 1 0 at 

1 0 0 0 n m 

– ~ 1 0 − 1 2 

at 1 0 0 

H z 

– F all ti m e 

~ 1 μ s 

2 0 1 8 / 

[ 6 1 ] 

P ol y m er: 

P C 7 1 B M 

B H J P D R e v e al t h e r ol e of 

di el e ct ri c s c r e e ni n g i n 

l o w b a n d g a p 

p h ot o d et e ct or s 

0. 5 − 1. 4 0. 2 3 at 1 1 0 0 

n m 

1. 2 × 1 0 1 1 

at 1 1 0 0 n m 

– 5. 4 ×

1 0 − 1 3 at 

2 0 0 H z 

– F all ti m e 

~ 1. 5 μ s 

2 0 1 8 / 

[ 7 8 ] 

P T B 7- T h: NI R 

a c c e pt or 

B H J P D T hr e e n o rf ull er e n e 

a c c e pt or s wit h 

diff er e nt o pt o el e ct r o ni c 

pr o p e rti e s 

0. 3 − 1 0. 4 3, 0. 3 4, 

a n d 0. 2 5 at 

8 3 0 n m 

4. 3 × 1 0 1 2 , 

1. 9 × 1 0 1 2 , 

a n d 2. 2 ×

1 0 1 2 at 8 3 0 

n m 

1 5 0, 1 3 7, 

a n d 1 4 1 

2. 4 ×

1 0 − 1 4 , 

4. 2 ×

1 0 − 1 4 , 

a n d 2. 7 

× 1 0 − 1 4 

at 1 0 H z 

– Ri s e 

ti m e 

8. 5, 

1 2, 1 0. 5 

μ s 

2 0 2 0 / 

[ 2 1 9 ] 

N T 4 0: I EI C O- 4 F B H J P D C u S C N a s A n o d e 

I nt erf a ci al L a y e r 

0. 3 − 1 0. 4 at 8 7 0 n m 4. 4 × 1 0 1 3 

at 8 7 0 n m 

1 2 3 ~ 1 0 − 1 4 

at 1 0 

k H z 

– 7. 1 / 

1 4. 9 μ s 

2 0 2 0 / 

[ 1 0 6 ] 

F o ur p ol y m er 

d o n or s: 

P C 7 1 B M 

B H J P D N o n- r a di ati v e 

r e c o m bi n ati o n li mit s 

d et e cti vit y 

0. 4 − 1. 6 0. 0 4 at 1 0 0 0 

n m f or P B T Q 

( O D) 

~ 1 0 1 1 at 

1 0 0 0 n m f or 

P B T Q( O D) 

– 3 ×

1 0 − 1 4 f o r 

P B T Q 

( O D) 

– – 2 0 2 0 / 

[ 1 1 0 ] 

P M D P P 3 T: 

P C 6 1 B M 

B H J P D C o nf o r m a bl e i m a g e r 0. 3 5 − 1 ~ 0. 6 8 at 

8 5 0 n m 

3. 2 × 1 0 1 1 – – – < 1 5 0 u s 2 0 2 0 / 

[ 2 2 ] 

P D P P 3 T: 

P C 6 1 B M 

B H J P D L a r g e- a r e a, hi g h 

r e s ol uti o n i m a g er 

0. 4 − 1 0. 2 7 at 8 0 0 

n m 

~ 1 0 1 3 at 

8 0 0 n m 

5 5 – – – 2 0 2 0 / 

[ 2 2 0 ] 

( P D P P T D T P T: 

P C B M) / 

C H 3 N H 3 P bI 3 

H y b ri d P D Ult r af a st r e s p o n s e 

s p e e d 

0. 3 5 − 1 0. 1 4 at 9 0 0 

n m 

~ 1 0 1 1 at 

9 0 0 n m 

9 5 ~ 1 0 − 1 2 

at 1 0 H z 

– 5 n s 2 0 1 7 / 

[ 2 2 1 ] 

D y e – P er o v s kit e 

C o m p o sit e s 

H y bri d P D N arr o w b a n d g a p 

or g a ni c d y e s 

0. 5 − 1. 8 0. 0 1 at 1 5 0 0 

n m 

2 × 1 0 7 at 

1 5 0 0 n m 

– 3 ×

1 0 − 1 1 at 

1 H z 

8 5 6 5 / 7 4 

μ s 

2 0 1 7 / 

[ 2 2 2 ] 

P T B 7- T h: F 8I C / 

C H 3 N H 3 P bI 3 

H y b ri d P D C o m pl e m e nt a r y 

a b s or pti o n a n d l a r g e 

L D R 

0. 3 − 1 0. 3 7 at 8 5 0 

n m 

~ 2 × 1 0 1 1 

at 8 5 0 n m 

1 9 1 3 ×

1 0 − 1 3 at 

1 0 0 H z 

– F all ti m e 

5. 6 n s 

2 0 2 0 / 

[ 6 7 ] 

PI B D F B T O- H H Si n gl e 

l a y er 

P T S m all b a n d g a p 

d o n or – a c c e pt or 

p ol y m er 

0. 4 − 1. 7 0. 4 5 at 9 4 0 

n m 

– – – – 9. 4 / 6. 6 

m s 

2 0 1 7 / 

[ 2 2 3 ] 

D P P- D T T: P C B M B H J P T W e a r a bl e 

p h ot o pl et h y s m o gr a m 

s e n s o r 

– 3. 5 × 1 0 5 at 

8 1 0 n m 

5. 7 × 1 0 1 3 

at 8 1 0 n m 

– 4. 3 ×

1 0 − 1 0 at 

5 0 0 H z 

– F all ti m e 

0. 6 m s 

2 0 1 7 / 

[ 2 2 4 ] 

P BI B D F- B T Si n gl e 

l a y er 

P T N-t y p e l o w- b a n d g a p 

d o n or − a c c e pt o r 

c o nj u g at e d p ol y m e r 

0. 6 − 1 0. 0 2 at 9 8 0 

n m 

~ 4 × 1 0 1 1 

at 9 8 0 n m 

– – – 2 0 / 3 0 

m s 

2 0 1 8 / 

[ 2 2 5 ] 

B O DI P Y- B F 2 Si n gl e 

l a y er 

P T Air- st a bl e n-t y p e 

o r g a ni c s m all m ol e c ul e, 

t e xt ur e d fil m st r u ct ur e 

0. 3 − 1. 1 1. 1 4 × 1 0 4 at 

8 5 0 n m 

– – – – 2. 9 8 / 

4. 9 5 m s 

2 0 1 7 / 

[ 2 2 6 ] 

H y bri d P T N a n o wir e s m a d e f r o m 

or g a ni c s m all m ol e c ul e, 

0. 3 − 1. 2 1 0. 7 at 9 8 0 

n m 

– – – – 3. 9 / 

1. 8 2 s 

2 0 1 7 / 

[ 2 2 7 ] 

(c o nti n u e d o n n e xt p a g e ) 
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el e ctr o ni c u p c o n v ersi o n i m a g ers e n a bl e d b y s ol uti o n- pr o c ess e d m at eri als. 

5. 1. Str u ct ur es t o t u n e s p e ctr al s el e cti vit y 

T y pi c all y, t h e r es p o ns e s p e ctr u m of a d et e ct or is d et er mi n e d b y t h e 

a bs or pti o n pr o fll e of t h e a cti v e m at eri al [ 2 6 8 – 2 7 2 ] a n d t h e o pt o el e ctr o ni c 

pr o p erti es of t h e str u ct ur es ar o u n d t h e d et e ct or, e. g., o pti c al r es o n a n c e 

c a viti es or pl as m o ni c str u ct ur es [ 2 5 ]. W h e n t h e d et e ct or m at eri als s h o w 

br o a d b a n d s e nsiti vit y, o pti c al filt ers c a n b e a d d e d t o bl o c k o ut t h e u n -

w a nt e d r a di ati o n w a v el e n gt hs. W a v el e n gt h-s el e cti v e d et e ct ors c a n 

i m pr o v e t h e s yst e m si g n al-t o- n ois e r ati o b y miti g ati n g i nt erf er e n c es fr o m 

t h e a m bi e nt li g ht. F or s ol uti o n pr o c ess e d d et e ct ors, i n a d diti o n t o o pti c al 

filt ers, t h er e ar e v ari o us d esi g ns t o a c hi e v e s el e cti v e, n arr o w s p e ctr al 

r es p o ns e b y e n gi n e eri n g t h e m at eri als or / a n d d e vi c e str u ct ur es. 

F or c oll oi d al q u a nt u m d ot s, t h e i ntri n si c pr o p ert y of q u a nt u m 

c o n fi n e m e nt all o w s a dj u st m e nt of t h eir s p e ctr al r e s p o n s e b y c h a n gi n g 

p arti cl e si z e s. F or e x a m pl e, t h e a b s or pti o n p e a k of c oll oi d al H g S e w a s 

t u n e d wit h t h e Q D si z e d u e t o i ntr a b a n d tr a n siti o n s c o v eri n g 4 – 9 μ m a s 

s h o w n i n Fi g. 1 3 a [ 2 6 9 ]. H o w e v er, t h e f ull- wi dt h at h alf- m a xi m u m 

( F W H M) c h ar a ct eri sti c s of t h e d et e cti o n s p e ctr a w er e q uit e br o a d > 2 

μ m, p o s si bl y d u e t o a wi d e di stri b uti o n of Q D si z e s a n d a n i n h o m o g e-

n e o u s s p e ctr al wi dt h s c a u s e d b y c o u pli n g of m ulti pl e e n er g y l e v el s. T o 

n arr o w t h e s p e ctr al r e s p o n s e, m et alli c n a n o str u ct ur e s w er e i nt e gr at e d 

wit h t h e d et e ct or t o e n a bl e t h e r e di stri b uti o n of el e ctr o- m a g n eti c fi el d 

t hr o u g h pl a s m o ni c r e s o n a n c e. T h e r e s o n a n c e w a v el e n gt h r a n g e w a s 

a dj u st e d fr o m mi d- w a v e t o l o n g- w a v e I R b y c h a n gi n g g ol d n a n o di s k 

di m e n si o n s i n H g S e Q D d et e ct or s, wit h t h e s p e ctr al F W H M < 1. 5 μ m i n 

Fi g. 1 3 b [ 2 7 3 ]. 

Or g a ni c s e mi c o n d u ct or s h a v e l ar g er a b s or pti o n c o ef fi ci e nt s t h a n 

tr a diti o n al v a c u u m- pr o c e s s e d i n or g a ni c s e mi c o n d u ct or s, e n a bli n g ul -

tr at hi n o pt o el e ctr o ni c s. H o w e v er, m o st of t h e or g a ni c d et e ct or s ar e 

li mit e d i n t h e NI R r a n g e. O nl y a f e w t y p e s of or g a ni c s e mi c o n d u ct or s 

s h o w p h ot o c urr e nt o v er 1 μ m, d u e t o t h e dif fl c ult y i n c arri er p h ot o -

g e n er ati o n i n or g a ni c s wit h n arr o w b a n d g a p s. T h e c h ar g e-tr a n sf er st at e s 

i n B H J s e xt e n d s t h e d e vi c e p h ot or e s p o n s e t o b el o w t h e m at eri al s ’ 

b a n d g a p s b ut ar e li mit e d b y l o w a b s or pti o n. T e c h ni q u e s e x pl oiti n g o p -

ti c al r e s o n a n c e c a viti e s h a v e b e e n s h o w n t o e n h a n c e t h e p h ot or e s p o n s e 

ori gi n ati n g fr o m c h ar g e-tr a n sf er st at e s [ 1 8 4 ]. T h e m e c h a ni s m w a s b a s e d 

o n t h e i n c or p or ati o n of a F a br y – P er ot ( F P) c a vit y f or m e d b y A g el e c -

tr o d e s, o n e b ei n g c o m pl et el y r e fi e cti v e w hil e t h e ot h er s e mi-r e fi e cti v e, 

a s s e e n i n Fi g. 1 3 c. T h e w a v el e n gt h s at w hi c h c o n str u cti v e i nt erf er-

e n c e o c c urr e d w a s d e p e n d e nt o n t h e c a vit y p at h l e n gt h a n d t h e s p a c er 

r efr a cti o n i n d e x, wit h t h e p e a k tr a n s mi s si o n w a v el e n gt h di ct at e d b y 

[ 2 7 4 ] 

λ =
2 π l

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
n 2 − si n 2 θ

√

π m − φ
( 9)  

W h er e l i s t h e o pti c al p at h, n i s t h e r efr a cti o n i n d e x of t h e s p a c er, θ i s t h e 

i n ci d e nt li g ht a n gl e, m i s t h e i nt erf er e n c e or d er, a n d φ r e pr e s e nt s t h e 

p h a s e s hift of li g ht b et w e e n t h e t w o r e fl e cti v e s urf a c e s. Wit h t h e 

w a v el e n gt h s el e cti vit y i n a r e s o n a nt mi cr o c a vit y, t h e d et e ct or s p e ctr u m 

r e a c h e d a r e m ar k a bl y n arr o w F W H M of 3 6 n m, wit h t u n a bl e r a n g e fr o m 

8 1 0 t o 1 5 5 0 n m i n Fi g. 1 3 d. T h e w a v el e n gt h- s e n siti v e n at ur e of a n F P 

c a vit y e n h a n c e d t h e a b s or pti o n of a s p e ci fi c w a v el e n gt h of i nt er e st, of -

f eri n g t h e c a p a bilit y t o e xtr a ct s p e ctr al i nf or m ati o n i n m ulti s p e ctr al 

d et e cti o n s [ 2 1 ]. I n a d diti o n, t h e f e a si bilit y t o r e c o n str u ct a 

t w o- di m e n si o n al i m a g e fr o m t h e si g n al of a si n gl e or g a ni c p h ot o di o d e 

w a s d e m o n str at e d b y u si n g a F P c a vit y e n c o d er [ 2 0 4 ]. 

A n ot h er a p pr o a c h t o a c hi e v e n arr o w b a n d d et e ct or w a s t hr o u g h a 

m e c h a ni s m k n o w n a s c h ar g e c oll e cti o n n arr o wi n g ( C C N). I n C C N, t h e 

c h ar g e c oll e cti o n ef fl ci e n c y wit h r e s p e ct t o w a v el e n gt h s w a s s h o w n t o 

v ar y wit h t h e a cti v e l a y er t hi c k n e s s, w hi c h i n t ur n l e d t o s p e ctr al 

T a bl e 4 (c o nti n u e d ) 

D e vi c e c o n fl g ur ati o n D e vi c e p erf or m a n c e  

Y e ar / 

R ef # 
A b s or pti o n 

m at eri al s 

Str u ct ur e T y p e F e at u r e s S p e ctr al 

r a n g e 

(μ m) 

R e s p o n si vit y 

( A W − 1 ) 

D et e cti vit y 

( J o n e s) 

L D R ( d B) N oi s e ( A 

H z − 0. 5 ) 

B a n d wi dt h 

( k H z) 

Ri s e 

ti m e / 

f all ti m e 

B P E- P T C DI 

n a n o wir e / A u 

n a n or o d s 

A u n a n or o d s i n d u c e 

pl a s m o n r e s o n a n c e s 

S WI R B H J /I Z O Bil a y er P T Bil a y er d e c o u pl e s 

c h ar g e 

p h ot o g e n er ati o n a n d 

tr a n s p ort 

0. 5 − 1. 4 ~ 4 0 at 9 4 0 

n m 

~ 5 × 1 0 1 2 

at 1 0 0 0 n m 

1 2 7 2 ×

1 0 − 1 1 at 

1 k H z, 

( VG =

0 V) 

0. 0 5 – 2 0 1 9 / 

[ 1 1 6 ] 

D P P- D T T / 

C H 3 N H 3 P bI 3 

Bil a y e r P T C o m pl e m e nt a r y 

a b s or pti o n bil a y er 

0. 3 − 0. 9 0. 0 8 at 8 5 0 

n m 

~ 5 × 1 0 7 at 

8 5 0 n m 

– – – 0. 1 7 / 

0. 2 5 s 

2 0 1 9 / 

[ 2 2 8 ] 

T T F – C A / 

gr a p h e n e 

Bil a y er P T P h ot o g ati n g eff e ct at 

t h e or g a ni c c o m pl e x 

a n d g r a p h e n e i nt erf a c e 

0. 5 − 3 ~ 5 × 1 0 5 at 

1 0 0 0 n m 

~ 1 0 1 1 - 1 01 2 

at 1 0 0 0 n m 

– ~ 1 0 − 1 2 

at 1 H z 

( VG = - 2 0 

V) 

– 1 1. 9 / 

1 5. 6 m s 

2 0 2 0 / 

[ 2 2 9 ]  

Fi g. 1 2. ( a) C o m p ari s o n of a b s or pti o n c o ef fi ci e nt s of C H 3 N H 3 P bI 3 , G a A s a n d c- Si. R e pr o d u c e d wit h p er mi s si o n fr o m R ef. [ 2 4 1 ]. ( b) B a n d e n er g y l e v el s of 

C H 3 N H 3 S n x P b 1- x I3 wit h v a ri o u s P b a n d S n r ati o s. R e pr o d u c e d wit h p er mi s si o n fr o m R ef. [ 2 4 4 ]. ( c) P h ot or e s p o n s e s p e ctr a of C H 3 N H 3 S nI 3- x B r x d e vi c e s a s a f u n cti o n of 

Br c o m p o siti o n. R e pr o d u c e d wit h p er mi s si o n fr o m R ef. [ 2 3 1 ]. 
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T a bl e 5 

C o m p ari s o n of p er o v s kit e d e vi c e s, wit h i nfr ar e d r e s p o n s e t o w a v el e n gt h s ≥ 8 0 0 n m. P C: p h ot o c o n d u ct or. P D: p h ot o di o d e. P T: p h ot otr a n si st or.  

D e vi c e c o n fl g ur ati o n D e vi c e p erf or m a n c e Y e ar / 

R ef # 

A b s or pti o n m at eri al s Str u ct ur e T y p e F e at u r e s S p e ctr al 

r a n g e 

(μ m) 

R e s p o n si vit y 

( A W − 1 ) 

D et e cti vit y 

( J o n e s) 

L D R 

( d B) 

N oi s e ( A 

H z − 0. 5 ) 

B a n d wi dt h 

( k H z) 

Ri s e 

ti m e / 

f all 

ti m e  

C H 3 N H 3 P bI 3 Q D s / Ti O 2 N T s Bil a y e r P C P e r o v s kit e Q D s / 

Ti O 2 N T s bil a y er 

h et e r o str u ct u r e, 

fi e xi bl e 

0. 3 − 0. 8 5 1. 3 at 3 5 0 

n m, 0. 2 at 

7 0 0 n m 

2. 5 × 1 0 1 2 

at 3 5 0 n m, 

3. 8 × 1 0 1 1 

at 7 0 0 n m 

– – – 2 / 1 s 

at 3 5 0 

n m, 7 / 

4 s at 

7 0 0 

n m 

2 0 1 7 / 

[ 2 5 0 ] 

C H 3 N H 3 P bI 3 / C 8 B T B T Bil a y e r P C P er o v s kit e / 

or g a ni c 

h et e r oj u n cti o n; 

St a bl e i n a m bi e nt 

0. 3 5 − 0. 8 2 4. 8 at 5 3 2 

n m 

7. 7 × 1 0 1 2 

at 5 3 2 n m 

– – – 4. 0 / 

5. 8 

m s 

2 0 1 7 / 

[ 2 5 1 ] 

( C s0. 0 6 F A 0. 7 9 M A 0. 1 5 ) P b 

(I 0. 8 5 B r 0. 1 5 ) 3 

Si n gl e 

l a y e r 

P C Pl a s m o ni c 

n a n o a nt e n n a t o 

i m p r o v e NI R 

d et e cti o n 

0. 5 − 0. 8 0. 1 2 at 7 8 5 

n m 

1. 5 × 1 0 1 2 

at 7 8 5 n m 

– – – 4 9 / 2 7 

m s 

2 0 2 0 / 

[ 2 5 2 ] 

F A S nI 3 Si n gl e 

l a y e r 

P C L e a d f r e e, p- 

d o pi n g n at u r e, 

fi e xi bl e 

0. 3 5 − 1. 0 5 1 0 5 at 6 8 5 n m 1. 9 × 1 0 1 2 

at 6 8 5 n m 

– 4 ×

1 0 − 1 0 at 

1 H z 

– 1 8 0 / 

3 6 0 s 

2 0 1 9 / 

[ 2 5 3 ] 

C H 3 N H 3 P bI 3 si n gl e c r y st al Si n gl e 

l a y er 

P D Si n gl e c r y st al 

pr e p ar e d f r o m 

s ol uti o n s; S elf- 

p o w e r e d m o d e 

d u e t o t h e 

a s y m m etri c 

el e ct r o d e s 

0. 3 7 − 0. 8 3 0. 2 4 at 8 0 8 

n m 

– – – – 7 1 / 

1 1 2 

u s 

2 0 1 6 / 

[ 2 5 4 ] 

F A P bI 3 Si n gl e 

l a y e r 

P D Si m ult a n e o u sl y 

li g ht d et e cti o n 

a n d e mi s si o n 

0. 3 − 0. 8 5 ~ 0. 2 at 4 5 0 

n m 

2 × 1 0 1 2 at 

8 0 4 n m 

1 4 8 1 0 − 1 1 at 

1 0 H z 

6 5, 0 0 0 F all 

ti m e 

~ 3. 9 

n s 

2 0 2 0 / 

[ 2 4 3 ] 

C H 3 N H 3 P bI 3 / C d S H y b ri d 

l a y e r 

P D S elf- p o w e r e d 

C d S / p e r o v s kit e 

h y bri d 

p h ot o d et e ct or s 

0. 3 5 − 0. 8 5 0. 4 8 at 7 0 0 

n m 

2. 1 × 1 0 1 3 

at 7 0 0 n m 

– – 0. 1 0. 5 4 / 

2. 2 1 
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2 0 1 9 / 

[ 2 5 5 ] 

C H 3 N H 3 P bI 3 Si n gl e 

l a y e r 

P D N a n oi m pri nt e d 

i nt erl a y e r, 

p h ot or e s p o n s e 

w a s l e s s 

d e p e n d e nt o n 

i n ci d e nt li g ht 

a n gl e 

0. 3 − 0. 8 ~ 0. 4 at 7 5 0 
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2 × 1 0 1 2 at 

7 5 0 n m 

– – 4 4 0 F all 

ti m e 

0. 8 u s 

2 0 1 9 / 

[ 2 5 6 ] 

M A 0. 5 F A 0. 5 P b 0. 5 S n 0. 5 I3 Si n gl e 

l a y e r 

P D Ti n b a s e d 

p er o v s kit e wit h 

l o n g er 

p h ot or e s p o n s e. 

0. 3 5 − 1. 1 ~ 0. 2 at 9 5 0 

n m 

> 1 0 1 2 f r o m 

8 0 0 t o 9 7 0 

n m 

– ~ 1 0 − 1 2 

at 0. 8 

H z 

1 0 0 – 2 0 1 7 / 
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M A 0. 9 7 5 R b 0. 0 2 5 S n 0. 6 5 P b 0. 3 5 I3 Si n gl e 

l a y e r 

P D R u bi di u m e n a bl e s 

i n cr e a s e d 

c r y st alli nit y a n d 

str e n gt h e n e d 

p r ef err e d 

o ri e nt ati o n 

0. 3 − 1. 1 0. 4 at 9 1 0 n m > 1 0 1 2 f r o m 

3 4 0 t o 1 0 0 0 

n m 

1 1 0 ~ 3 ×

1 0 − 1 4 at 

1 0 0 H z 

1 0 0 0 4 0 / 

4 6 8 

n s 

2 0 1 8 / 

[ 2 5 8 ] 

C H 3 N H 3 P bI 3 Si n gl e 

l a y e r 

P D Ult r a- br o a d 

p h ot or e s p o n s e 

e n a bl e d b y 

p h ot o c o n d u cti v e 

eff e ct a n d 

b ol o m et ri c eff e ct 

U V- T H z ~ 1 0 0 at 4 0 5 

n m, 0. 1 at 

1 1 8 u m 

~ 1 0 1 0 at 

4 0 5 n m, 

~ 1 0 8 at 1 1 8 

u m 

– – – 7 6 / 

1 2 6 

n s 

2 0 2 0 / 

[ 2 4 0 ] 

M A P bI 3 − x Cl x / bl a c k 

p h o s p h or o u s 

Bil a y er P T S c h ott k y b arri er 

c o nt r oll e d hi g h 

s e n siti vit y a n d f a st 

r e s p o n s e 

0. 4 − 1. 2 1 0 6 – 1 0 8 9 × 1 0 1 3 at 

5 9 8 n m 

– 3 ×

1 0 − 1 1 

– 8 / 1 7 

m s 

2 0 1 9 / 

[ 2 5 9 ] 

C H 3 N H 3 P bI 3 / M o S 2 Bil a y e r P T C h a r g e t r a n sf er 

b et w e e n 

p er o v s kit e a n d 

M o S 2 

0. 5 2 − 0. 8 5 2. 1 2 × 1 0 4 at 

5 2 0 n m, 1. 1 1 

× 1 0 2 at 

8 5 0 n m 

1. 3 8 × 1 0 1 0 

at 5 2 0 n m, 

7. 9 3 × 1 0 7 

at 8 5 0 n m 

– ~ 1 0 − 1 2 

at 1 0 H z 

– 6. 1 7 / 

4. 5 s 

2 0 1 6 / 

[ 2 6 0 ] 

C H 3 N H 3 P bI 3 : M o S2 
n a n o fi a k e B H J / r G O 

Bil a y er P T El e ctr o n tr a p pi n g 

i n t h e M o S 2 

r e d u c e s 

r e c o m bi n ati o n; 

Fl e xi bl e 

0. 4 2 − 0. 8 5 1. 0 8 × 1 0 4 at 

6 6 0 n m 

4. 2 8 × 1 0 1 3 

at 6 6 0 n m 

– – – B ot h 

< 4 5 

m s 

2 0 1 8 / 

[ 2 6 1 ] 

Q u a si 2 D p er o v s kit e /I G Z O Bil a y er P T 0. 4 6 − 1. 0 6 – – – 

(c o nti n u e d o n n e xt p a g e ) 
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s el e cti vit y i n d et e ct or s [ 2 6 5 ]. I n a t hi n fll m, t h e o pti c al a b s or pti o n a n d 

p h ot o g e n er ati o n of c h ar g e s w er e u nif or ml y di stri b ut e d i n t h e a cti v e 

l a y er u p o n li g ht ill u mi n ati o n. C h ar g e c oll e cti o n ef fi ci e n c y w a s n e arl y 

i d e nti c al f or all w a v el e n gt h s, r e s ulti n g i n a br o a d b a n d p h ot or e s p o n s e 

c orr el at e d t o t h e a b s or pti o n s p e ctr u m of t h e a cti v e l a y er. O n t h e ot h er 

h a n d, f or a m u c h t hi c k er a cti v e l a y er ( w h er e t hi c k n e s s w a s gr e at er t h a n 

t h e r e ci pr o c al of t h e a b s or pti o n c o ef fi ci e nt), t h e o pti c al fi el d di stri b uti o n 

b e c a m e w a v el e n gt h d e p e n d e nt b a s e d o n t h e B e er- L a m b ert l a w. 

A s ill u str at e d i n Fi g. 1 3 e, t h e p e n etr ati o n of i n ci d e nt li g ht wit h 

w a v el e n gt h s a b o v e t h e d et e ct or b a n d g a p d e cr e a s e d e x p o n e nti all y a s a 

T a bl e 5 (c o nti n u e d ) 

D e vi c e c o n fi g ur ati o n D e vi c e p erf or m a n c e Y e ar / 

R ef # 

Q u a si 2 D 

p e r o v s kit e. T y p e II 

b a n d ali g n m e nt; 

L ar g e s c al e a n d 

fi e xi bl e 

> 1 0 5 at 4 5 7 

n m 

5. 1 × 1 0 1 6 

at 4 5 7 n m 

1. 9 ×

1 0 − 1 4 at 

1 0 H z 

2 0 1 9 / 

[ 2 6 2 ]  

Fi g. 1 3. ( a) A b s or pti o n pr o fll e s of c oll oi d al 

H g S e Q D s wit h diff er e nt di a m et er s fr o m 5 t o 1 6 

n m. R e pr o d u c e d wit h p er mi s si o n of R ef. [ 2 6 9 ]. 

( b) S p e ctr al r e s p o n si viti e s of H g T e C Q D d e -

t e ct or s wit h a n d wit h o ut pl a s m o ni c di s k s. 

R e pr o d u c e d wit h p er mi s si o n of R ef. [ 2 7 3 ]. ( c) A 

s c h e m ati c of a n F P c a vit y a n d a b s or pti o n pr o -

fil e s of H g T e C Q D s i n a n F P c a vit y wit h 

diff er e nt s p a c er t hi c k n e s s. R e pr o d u c e d wit h 

p er mi s si o n of R ef. [ 2 1 ]. ( d) E xt er n al q u a nt u m 

ef fi ci e n ci e s of or g a ni c d e vi c e s wit h o ut ( gr e e n) 

a n d wit h e n h a n c e d r e s o n a nt c a vit y eff e ct s ( bl u e 

t o or a n g e), pl ott e d i n li n e ar a n d l o g s c al e s. 

R e pr o d u c e d wit h p er mi s si o n of R ef. [ 1 8 4 ]. ( e) 

T h e o pti c al fl el d di stri b uti o n of t hr e e diff er e nt 

w a v el e n gt h s i n a t hi c k a cti v e l a y er. Li n e s A a n d 

B r e pr e s e nt w a v el e n gt h s l ar g er t h a n t h e m at e -

ri al b a n d g a p, w hil e li n e C r e pr e s e nt s a w a v e -

l e n gt h cl o s e t o t h e b a n d g a p wit h a n i n cr e a s e d 

p e n etr ati o n d e pt h. (f) N or m ali z e d a b s or b a n c e 

s p e ctr a of t hi n ( d a s h e d li n e s) v s t hi c k d e vi c e s 

( s oli d li n e s), a s a f u n cti o n of w a v el e n gt h. 

R e pr o d u c e d wit h p er mi s si o n of R ef. [ 2 6 5 ].   
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function of the active layer thickness, due to the strong absorption co-
efficient (Cases A&B). Meanwhile, radiation with wavelengths near the 
optical bandgap penetrated deep into the active layer, and charge car-
riers were generated across the whole active layer because of the rela-
tively weak absorption coefficient for the long wavelengths (Case C). In 
Cases A&B, charge collection became problematic for carriers generated 
near one side to reach the collection electrode on the opposite side 
across the thick active layer, with loss due to recombination and space 
charge screening effects [265]. In Case C when the carriers were 
distributed throughout the layer, charge collection was better than in 
Cases A&B. With the wavelength-dependent charge collection, the CCN 
approach was successfully used to realize narrowband organic detectors 
in Fig. 13f, with peak photoresponse located at red and NIR wavelengths 
and FWHM 100 nm. The CCN method was material-agnostic and 
applicable for various disordered and polycrystalline 
semiconductor-based detectors, with the capability to achieve very 
narrowband photodetection ( 20 nm in FWHM) [275]. The CCN 
approach alone showed low responsivity, but a combination of CCN and 
photomulitiplication mechanisms had greatly improved the detectivity 
of CCN detectors to 1011 Jones in the NIR [276,277]. 

5.2. Up-conversion imagers 

Commercial IR imagers are based on focal plane arrays where the IR 
detecting elements are integrated with readout circuits in pixelated 

formats to retrieve spatial information. The sensor data are processed, 
and then the signal magnitudes and locations were reconstituted as an 
image to be displayed on a screen separate from the detector. Besides 
this conventional approach, there are alternative strategies to visualize 
infrared radiation for human vision by direct up-conversion. Thin-film 
materials are particularly suitable for realizing a monolithic structure 
that combines the IR detector and visible display into one device, real-
izing compact up-conversion imagers that does not require external 
processing electronics for IR visualization [16,23,207,278 283]. The 
scalability of thin-film imagers to easily reach a large active area of over 
few square centimeters offers an advantage over conventional arrays 
that are costly to scale up. In this section, the up-conversion imagers rely 
on electronic processes based on extrinsic device designs, notably 
different from the optical anti-Stokes processes originating from mate-
rials properties [284]. 

In Fig. 14a, the up-conversion imager is an integrated stack of an IR 
photodiode and a visible light emitting diode (LED) in a back-to-back 
diode configuration. The multi-layer architecture poses challenges for 
fabrication using vacuum-processed crystalline inorganic IR materials 
where lattice matching is usually required; but for disordered thin-film 
materials this epitaxial requirement is not relevant, and the deposition 
of multiple different layers is relatively straightforward. The working 
mechanism in the electronic up-conversion device starts with (1) photo- 
generation of charge carriers the in the detector layer upon IR illumi-
nation, followed by (2) charge transport into the LED emitter layer. 

Fig. 14. (a) Operation schematic of an up-conversion imager. (b) Simultaneous spatial imaging of vein pattern and measurement of blood pulses by an organic up- 
conversion imager. Reproduced with permission from Ref. [17]. (c) Structure of a vertical phototransistor combined with OLED to form an up-conversion detector. 
Charge accumulation of the phototransistor operated under positive gate voltage (d) in the dark and (e) under IR light. Reproduced with permission from Ref. [[15]]. 
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Subsequently, (3) charge recombination in the LED layer produces 
visible photons. Due to the very thin active layers in the imager, charge 
transport in the direction perpendicular to the electric field is small. 
Thus, up-conversion is a local process with low lateral spread, such that 
only the area exposed to IR illumination will give rise to visible emis-
sions, thereby forming an image reflecting the patterns of incident IR 
light. It is desirable to minimize lateral charge transport so to increase 
the spatial resolution of the imager, and for many solution-processed 
semiconductors, their field-dependent, anisotropic hopping transport 
is helpful to limit charge from spreading laterally. 

The energy to convert low-energy IR photons to high-energy visible 
photons come from the external bias which injects charges into the 
visible bandgap material. When the injected charges were properly 
confined to the LED by carefully chosen blocking layers, the electrical 
current was proportional to the photogenerated charges, and the elec-
trical detectivity of the upconversion imager showed comparable per-
formance to individual diodes. The simultaneous optical and electronic 
readout of an up-conversion imager is shown in Figure 14b [17], which 

provided spatial information on the location of blood vessels and tem-
poral measurement of blood pulses through those vessels. 

The development of up-conversion imagers has focused on 
increasing the photon-to-photon up-conversion efficiency p-p and 
extending the IR spectral range. The spectral response of the IR detection 
layer encompasses 1000 1600 nm by using organic dye molecules or 
PbS QDs [16,207]. The up-conversion efficiency p-p is the ratio of the 
flux of emitted visible photons to the flux of incoming IR photons. 
Typical p-p values are around a few percent for devices without gain, 
but in a vertical phototransistor up-conversion device, the 
photo-multiplication mechanism led to a p-p record of over 1000 % 
[15]. The device was different from the back-to-back diode configura-
tion and rather used a vertical phototransistor as the IR detector as 
shown in Fig. 14c. The high gain was enabled by the design of a porous 
indium tin oxide (ITO) source electrode, which modulated electron in-
jection to the visible OLED under the effects of the gate bias and IR 
illumination. In the dark (Fig. 14d), the positive gate voltage accumu-
lated only a small number of electrons at the porous ITO/HfO2 interface, 

Fig. 15. (a) Conformal organic photodetector 
showing higher PPG signals than a rigid detec-
tor. Reproduced with permission of Ref. [301]. 
(b) Photograph of a conformal PPG sensor on a 
finger. Reproduced with permission of 
Ref. [224]. (c) High-resolution near-infrared 
imager that mapped out vasculature and a 
fingerprint. Reproduced with permission of 
Ref. [22]. (d) Biomimetic hemispherical 
perovskite nanowire array photodetector. 
Reproduced with permission of Ref. [303]. (e) 
Bendable QD photodetector sensitive in the 
shortwave infrared region. Reproduced with 
permission of Ref. [21].   
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and the current through the device was low, resulting in low emission at 
the OLED. With IR illumination, photogeneration took place in the PbS 
QD layer, effectively creating a significant hole accumulation at the 
PbS/HfO2 interface. The accumulated holes increased the electron 
density in the C60 layer, led to a high current injection to the visible 
OLED, and greatly enhanced the visible light emission and p-p. 

5.3. New form factors 

Semiconductors compatible with solution processing methods [48, 
285 290] allow large-scale fabrication of optoelectronic devices at low 
cost; moreover, the low-temperature solution-based methods enable 
facile patterning on flexible substrates to realize new form factors and 
functionalities, such as biodegradable electronics [291,292] and opto-
electronic devices capable of self-healing and operation under me-
chanical deformations [293 296]. Conformal sensors are particularly 
appealing for wearable electronics [24,266,297 299] to non-intrusively 
monitor physiological conditions. Disordered semiconductors also show 
lower sensitivity to temperature than crystalline materials [300] and can 
operate at typical body temperatures. Examples of conformal photo-
plethysmography (PPG) sensors in Fig. 15a and 15b measured near IR 
optical reflectance through tissues to infer blood oxygenation and 
pressures during cardiac cycles [224,301,302]. Intimate contact be-
tween the PPG sensor and human skin improved the signal amplitude 
and reduced motion artifacts. The flexible near IR detector array in 
Fig. 15c provided high resolution maps of vasculatures and fingerprints, 
useful for biometric applications and detecting health issues such as 
blood clot locations. 

In focal plane array (FPA) imaging systems, multiple lenses are 
needed to optimize the projection focus across the planar FPA, so as to 
correct optical aberrations [21]. However, sophisticated lens systems 
significantly increase the size and cost of the imaging system. To reduce 
the complexity of the imaging system, a biomimetic design using a 
hemispherical detector stayed in focus with a simple ball lens and 
broadened the field of view compared to FPAs (Fig. 15d) [303]. While 
the early demonstrations of hemispherical eye camera were fabricated 
by transfer of silicon diodes to curvilinear substrates [304,305], the 
process limited the fill factor and therefore spatial resolution of the 
array. Direct integration of solution QD or organic semiconductors [69, 
306] increased the density of pixels. In Fig. 15e, a bendable QD detector 
[21] responsive to shortwave infrared was demonstrated to capture 
high-resolution images with a scanning convex lens. The geometric 
freedom afforded by the thin film semiconductors have been beneficial 
to applications such as retinal prosthesis [307,308] and smart contact 
lens [309]. IR detection enabled by new technologies employing 
solution-processed semiconductors has been appealing for flexible, 
wearable optoelectronic systems, due to their unique properties such as 
light weight, large-area processability, and bio compatibility. 

6. Summary and outlook 

This review presents the materials and device physics of solution- 
processed infrared detectors and highlights the characteristics of 
emerging semiconductors that are different from conventional vacuum- 
processed crystalline counterparts. The disordered nature of solution- 
processed materials is a major challenge due to the increased recombi-
nation probability that adversely affects photogeneration and dark 
current noise. However, some of these issues have been mitigated by 
understanding and engineering the CQD particle interfaces and tuning 
aggregates and dielectric properties in organic films, to achieve per-
formance within the same order of magnitude as crystalline detectors. 
Another major challenge is the long-term stability of solution processed 
devices. Intrinsic disorder increases the densities of midgap states and 
states near the band edges, leading to carrier trapping and a decline in 
photoresponse over time. Yet by tuning the biasing waveform and duty 
cycle, the detrapping process can be managed to obtain steady 

photoresponse. Extrinsic factors such as exposure to oxygen and hu-
midity may also affect the device stability; fortunately, encapsulation 
has been well developed for commercial organic light emitting diodes 
and the know-how from that field is relevant and can be applied to 
encapsulate and suppress environmental degradation. Nonetheless, 
further studies are required to investigate device stability under 
different usage conditions. 

With regards to the promising properties, the scalability of semi-
conductors prepared from solution would enable large-area coverage, 
low-cost deposition, and monolithic integration with readout circuits 
that have so far been elusive for infrared detectors. The thin film format 
allows mechanical flexibility and unique form factors that lower the 
system size and weight, facilitating new geometries and functions such 
as wide field-of-view hemispherical detectors and conformal wearable 
PPG monitors. With further research and development to push up the 
technology readiness level of solution-processed devices, this low-cost 
infrared technology will be transformative and offer new approaches 
to address detection problems in diverse fields ranging from autono-
mous navigation to health monitoring. 
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[162] O. Özdemir, I. Ramiro, S. Gupta, G. Konstantatos, ACS Photonics 6 (10) (2019) 
2381 2386. 

[163] S. Pak, Y. Cho, J. Hong, J. Lee, S. Lee, B. Hou, G.H. An, Y.W. Lee, J.E. Jang, H. Im, 
S.M. Morris, J.I. Sohn, S. Cha, J.M. Kim, ACS Appl. Mater. Interfaces 10 (44) 
(2018) 38264 38271. 

[164] H. Zhang, Y. Zhang, X. Song, Y. Yu, M. Cao, Y. Che, Z. Zhang, H. Dai, J. Yang, 
G. Zhang, J. Yao, ACS Photonics 4 (3) (2017) 584 592. 

[165] N. Huo, S. Gupta, G. Konstantatos, Adv. Mater. 29 (17) (2017), 1606576. 
[166] Z. Ni, L. Ma, S. Du, Y. Xu, M. Yuan, H. Fang, Z. Wang, M. Xu, D. Li, J. Yang, W. Hu, 

X. Pi, D. Yang, ACS Nano 11 (10) (2017) 9854 9862. 
[167] Y. Dong, M. Chen, W.K. Yiu, Q. Zhu, G. Zhou, S.V. Kershaw, N. Ke, C.P. Wong, A. 

L. Rogach, Adv. Sci. 7 (12) (2020), 2000068. 
[168] M.S. Arnold, J.D. Zimmerman, C.K. Renshaw, X. Xu, R.R. Lunt, C.M. Austin, S. 

R. Forrest, Nano Lett. 9 (2009) 3354 3358. 
[169] B. Deng, C. Ma, Q. Wang, S. Yuan, K. Watanabe, T. Taniguchi, F. Zhang, F. Xia, 

Nat. Photonics 14 (9) (2020) 549 553. 
[170] M. Zhang, J.T.W. Yeow, Carbon 156 (2020) 339 345. 
[171] J. Yan, M.H. Kim, J.A. Elle, A.B. Sushkov, G.S. Jenkins, H.M. Milchberg, M. 

S. Fuhrer, H.D. Drew, Nat. Nanotechnol. 7 (7) (2012) 472 478. 
[172] C. Yin, C. Gong, J. Chu, X. Wang, C. Yan, S. Qian, Y. Wang, G. Rao, H. Wang, 

Y. Liu, X. Wang, J. Wang, W. Hu, C. Li, J. Xiong, Adv. Mater. 32 (25) (2020), 
2002237. 

[173] X. Ren, Z. Li, Z. Huang, D. Sang, H. Qiao, X. Qi, J. Li, J. Zhong, H. Zhang, Adv. 
Funct. Mater. 27 (18) (2017), 1606834. 

[174] X. Li, D. Yu, J. Chen, Y. Wang, F. Cao, Y. Wei, Y. Wu, L. Wang, Y. Zhu, Z. Sun, 
J. Ji, Y. Shen, H. Sun, H. Zeng, ACS Nano 11 (2) (2017) 2015 2023. 

[175] Y. Wang, R. Fullon, M. Acerce, C.E. Petoukhoff, J. Yang, C. Chen, S. Du, S.K. Lai, 
S.P. Lau, D. Voiry, D. O Carroll, G. Gupta, A.D. Mohite, S. Zhang, H. Zhou, 
M. Chhowalla, Adv. Mater. 29 (4) (2017), 1603995. 

[176] H. Bronstein, C.B. Nielsen, B.C. Schroeder, I. McCulloch, Nat. Rev. Chem. 4 (2) 
(2020) 66 77. 

[177] T.M. Clarke, J.R. Durrant, Chem. Rev. 110 (11) (2010) 6736 6767. 
[178] Z.B. Henson, K. Müllen, G.C. Bazan, Nat. Chem. 4 (9) (2012) 699 704. 
[179] Z. Qiu, B.A.G. Hammer, K. Müllen, Prog. Polym. Sci. 100 (2020), 101179. 
[180] K. Müllen, W. Pisula, J. Am. Chem. Soc. 137 (30) (2015) 9503 9505. 
[181] V.V. Brus, J. Lee, B.R. Luginbuhl, S.-J. Ko, G.C. Bazan, T.-Q. Nguyen, Adv. Mater. 

31 (30) (2019), 1900904. 
[182] M.C. Scharber, N.S. Sariciftci, Adv. Mater. Technol. 6 (4) (2021), 2000857. 
[183] G. Li, W.-H. Chang, Y. Yang, Nat. Rev. Mater. 2 (8) (2017) 17043. 
[184] B. Siegmund, A. Mischok, J. Benduhn, O. Zeika, S. Ullbrich, F. Nehm, M. Böhm, 
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S. Liu, Y.L. Loo, J.M. Luther, C.Q. Ma, M. Madsen, M. Manceau, M. Matheron, 
M. McGehee, R. Meitzner, M.K. Nazeeruddin, A.F. Nogueira, Ç. Odabaşı, 
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