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AB STR ACT 
Sponta neous orienta tion pola riza tion (SO P ) occurs 

w h en m olecules w ith  a  finite perm a nent dipole m om ent 
a re grow n a s th in film s by ph ysica l va por deposition a nd 
th eir a lignm ent is such  th a t a  net non-zero pola riza tion 
rem a ins. W e discuss h ow  SO P  in orga nic sem iconductors 
ca n be controlled by th e design of m olecules a s w ell a s 
th e film  grow th  conditions a nd discuss its releva nce in 
orga nic ligh t-em itting devices. 

1  Introd uc tion 
Spontaneous orientation polarization (SO P ) occurs 

w hen m olecules w ith a finite perm anent d ipole m om ent 
(P DM ) are grow n as thin film s by physical vapor d eposition 
and  their alignm ent is such that a net non-zero polarization 
rem ains. It m anifests itself by a so-called  giant surface 
potential (GSP ) – typically of the ord er of som e 10-100 
m V/nm  (or equivalently 107 -108  V/m  of electric field  
strength) – or the presence of surface/interface charges of 
a few  m C /m 2. 

SOP in organic semiconductors was “discovered” more 

than 20 years ago [1,2]. How ever, only several years later, 
it w as realized  that both observations – the occurrence of 
interfacial charges as w ell as the giant surface potential – 
have SO P  as their com m on origin [3]. 

Since then, a broad  range of organic sem icond uctor 
m aterials has been stud ied , m ainly by Kelvin probe on 
single-layer thin film s or by im ped ance spectroscopy on 
hetero-layer d evice structures consisting of one nonpolar 
layer and  a second  layer show ing SO P  [4]. O ver the years, 
one has gathered  a substantial d ata set that provid es 
qualitative insights into the occurrence of SO P  in organic 
sem icond uctors and  its m agnitud e in relation to the P DM  
of the stud ied  m olecules (see Fig. 1). 

T he key find ings can be sum m arized  as: 
• SO P  occurs only in vapor-d eposited  film s, w hile

solution-cast film s of the sam e m olecular
m aterials show  no preferential alignm ent of their
d ipole m om ents.

• M ost of the stud ied  m aterials exhibit positive
GSP  slopes, i.e. they align w ith the positive
partial charge of their P DM  vectors pointing aw ay
from  the substrate surface.

• T he d egree of d ipole alignm ent Λ, i.e. the

m agnitud e of the GSP  slope in relation to the 
situation w ith fully aligned  P DM s along the 
surface norm al, is rather sm all; typically, 
betw een 4 and  12% only. 

Fig. 1: O verview  of th e SO P  of pola r orga nic sem iconductors studied by 
us. GSP  slope m ea sured by Kelvin probe a nd surfa ce ch a rge ta ken 
from  im peda nce spectroscopy a re plotted vs. th e electric dipole 
m om ent of th e m olecules. For th e conversion betw een one a nd th e 
oth er a  dielectric consta nt of 3 w a s a ssum ed. (R eprinted w ith  
perm ission from  A CS  A ppl. M a ter. Interfa ces 2023, 15, 47, 54721–
54731. Copyrigh t 2023, T h e A uth ors.) 

M ost of the research on SO P  so far has focused  on 
single-com ponent neat film s of polar organic m olecules, 
although d ilution of a polar species in a non-polar m atrix, 
i.e. d ipolar d oping, has been stud ied  in som e cases [5,6].

M eanw hile, new  m aterial d esigns have allow ed  to
tune and  control both the m agnitud e and  the sign of the
SO P  over a w id e range. Specifically, T anaka et al. have
published  an innovative m aterial d esign concept that
ind epend ently allow s tuning the alignm ent of m olecules
by chem ical asym m etry of the m olecular backbone as
w ell as the orientation of their P DM s by proper
functionalization. In that w ay, record -high GSP  values of
±150 m V/nm  could  be achieved  [7 ].

Furtherm ore, the concept of surface equilibration w as 
introd uced  by the Ed iger group to explain the anisotropic 
alignm ent of organic m olecules in thin film s grow n by 
physical vapor d eposition. Specifically, the substrate 
tem perature (T S) d uring film  grow th in relation to the 
glass transition tem perature of the bulk m aterial (T g) w as 
id entified  as key param eter for controlling the film  
structure of such anisotropic m olecular glasses [8 ]. 
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Here w e present m olecular d esign rules to control SO P  
in organic sem icond uctor thin film s, as w ell as the effect of 
film  grow th cond itions on the m agnitud e of SO P . Further, 
w e d iscuss the im plications of SO P  in the context of 
organic light-em itting d evices (O A EDs). 

+ SO P and  its Control b, Molec ular -esign and  Film  
Grow th Cond itions 

As a first exam ple, w e have stud ied  T P Bi as a 
prototypical electron transport m aterial in O A EDs (see Fig. 
2). T P Bi has a P DM  of 6 – 8  D (d epend ing on the 
conform er; see below ) and  a glass transition tem perature 
of 122CC . T he m olecules is often visualized  w ith a 
pyram id al structure, w here the central phenyl ring and  the 
benzim id azol groups of the three arm s form  the base plane, 
w hile the P DM  is orthogonal to this plane and , thus, points 
to the tip of the pyram id  (Fig. 2b). How ever, it w as recently 
show n by D ang et al. that this highly sym m etric structure 
is Eust one possible isom er (the so-called  C 3 isom er w ith a 
P DM  of 7 .6 D), w hile the low er sym m etry C 1 isom er, 
w here one of the three arm s is rotated  by 18 0C, has a P DM  
of only 6 D (Fig. 2a) [F]. M ost im portantly how ever, in this 
case the P DM  vector is no longer orthogonal to the base 
plane. Due to their slightly d ifferent energetics, the C 1 
isom er is naturally m ore abund ant w ith 8 3%, w hile there is 
only 17 % of the C 3 isom er. T his lead s to the typically 
observed  sm all SO P  values of T P Bi film s (G60 – 7 0 
m V/nm ). Introd ucing p-ethyl substitutions at the phenyl 
rings of the three arm s, D ang et al. could  achieve 100% 
isom er purity and , thus, boost the GSP  by 8 2%. 

Fig. 2: Structures of th e tw o T P 3i isom ers w ith  a ) C1 sym m etry a nd b) C3 
sym m etry. (R eprinted w ith  perm ission from  A CS A ppl. M a ter. 
Interfa ces 2022, 14, 14 , 15773–15751. Copyrigh t 2022, A m erica n 
Ch em ica l Society.) c) M ea sured conta ct potentia l difference vs. film  
th ickness a t th ree different substra te tem pera tures, from  w h ere th e 
given GSP  slopes a re ca lcula ted.  

Another w ay to control the SO P  of evaporated  film s is 
a variation of the substrate tem perature used  for film  
grow th. As show n in Fig. 2c, in this w ay w e can boost the 
GSP  to m ore than 150 m V/nm , if the substrate is cooled  
to -7 0CC , or vice versa, if the substrate is heated  to 
H 8 0CC , the GSP  vanishes. T his behavior is in good
agreem ent w ith the above-m entioned  surface
equilibration m od el, w here film  anisotropies are
expected  to d isappear at a value of T S/T g I 0.8 5.

Another class of organic sem icond uctors are so-
called  phosphine oxid es, having a strongly polar P JO  
bond  in their structure (see Fig. 3), w hich are frequently 
used  as host or electron transport m aterials in therm ally 
activated  d elayed  fluorescence or phosphorescent 
O A EDs. Am ong them  are tw o m olecules w ith Eust one 
P JO  bond  (BC P O  K  P O P y2) having low  P DM  of about 
3.5 D, and  the other w ith tw o P JO  groups (DP EP O  K  
P O F), w here the (average) P DM  is about 7  – 8  D. 
Surprisingly, how ever, their GSP s are not correlated  to 
the P DM  m agnitud e. By contrast, BC P O  and  P O P y2 
have m ore than tw ice of the SO P  strength than the other 
tw o, w hich m eans that, regard ing their low er P DM , their 
d egree of P DM  alignm ent is 4 – 6 tim es higher (see 
T able 1).  

Fig. 3: Ch em ica l structures of th e investiga ted ph osph ine o6ide 
conta ining m olecules. (R eprinted w ith  perm ission from  A CS A ppl. 
M a ter. Interfa ces 2023, 15, 47, 54721–54731. Copyrigh t 2023, T h e 
A uth ors.) 

M aterial P DM  (D) T
g
 (CC ) GSP  

(m V/nm ) 
Alignm ent 
Λ (%) 

DP EP O  7 .1 F3 63.3 ./. 
P O F 7 .8  122 48 .2 0/. 
P O P y2 3.6 L A 12F +1  
BC P O  3.5 137  162 1+ 

T a b. 1: P roperties of th e investiga ted ph osph ine o6ide conta ining 
m olecules a nd film s grow n by ph ysica l va por deposition w ith  th e 
substra te kept a t room  tem pera ture. 

As explained  in d etail in M ef. [10], this is d ue to the 
possibility of form ing m any d ifferent conform ers w ith 
varying d ihed ral angles betw een the rotatable groups 
ad Eacent to the phosphor atom  in these m olecules. And , 
if there are m ore than one P JO  group, this causes partial 
com pensation of their P DM s and  prevents preferential 
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alignm ent of them . D e also w ant to note that the GSP  of 
BC P O  is w ith 162 m V/nm  am ong the highest values 
reported  so far. Furtherm ore, w e have show n that by using 
substrate cooling to -7 0CC  w e can alm ost d ouble the value 
close to 300 m V/nm  (see Fig. 4), and  the overall 
d epend ence on T S again follow s the surface equilibration 
m od el [10]. 

Fig. 4: GSP  slopes of 3CP O  film s grow n a t different substra te tem pera ture 
T S. a nd th e corresponding degree of P 7M  a lignm ent Λ. T h e inset 
sh ow s th e electrosta tic surfa ce potentia l of th e m olecule, w h ere th e 
o6ygen a tom  (ora nge) w ith  its nega tive potentia l a ligns preferentia lly 
pointing dow nw a rd to th e substra te. (R eprinted w ith  perm ission from  
A CS A ppl. M a ter. Interfa ces 2023, 15, 47, 54721–54731. Copyrigh t 
2023, T h e A uth ors.). 

Another im portant point concerns the actual orientation 
d istribution of the P DM s in a film  grow n by physical vapor 
d eposition. O ne has to be aw are that the alignm ent 
param eter Λ (d erived  from  the GSP  slope or the surface 
charge d ensity) is an average value over all the angles 
enclosed  betw een the P DM s of the m olecules and  the 
substrate norm al (see Fig. 5a). M ore precisely, Λ is 
proportional to the first m om ent of a yet unknow n 
orientation d istribution function 𝑓(𝜃). So far, there are only 
sim ulation stud ies of the film  grow th process yield ing 
insights into the shape of 𝑓(𝜃) for d ifferent polar m olecules 
exhibiting SO P  [11], but it is often considered “d ifficult to 
experim entally d eterm ine the ratio of the face-up and  face-
d ow n orientations in the film s” [F]. 

Here w e m ake use of the fact that the orientation 
d istribution function 𝑓(𝜃) m ay be expand ed  into A egend re 
polynom ials 𝑃𝑙(cos 𝜃) such that it can be w ritten as: 

𝑓(𝜃) = ∑
2𝑙+1

2
〈𝑃𝑙〉 ⋅ 𝑃𝑙(cos 𝜃)𝑙 .

T herein, each of the A egend re polynom ials represents 
a specific m om ent of the d istribution function. C om bining 
d ifferent experim ents, it is now  possible to obtain several 
of these coefficients 〈𝑃𝑙〉 so that an approxim ation for
𝑓(𝜃) is possible. P er d efinition, 〈𝑃0〉 = 1, 〈𝑃1〉 is the SO P
ord er param eter Λ, and  〈𝑃2,4,6〉 can be obtained  from
nuclear m agnetic resonance experim ents [12]. 

Fig. 5: a ) P referentia l a lignm ent of a  P O P y2 m olecule on th e substra te 
surfa ce w ith  th e P 7M  vector enclosing a n a ngle θ to th e substra te 
norm a l. b) O rienta tion distribution f(θ) of th e P 7M  vectors of P O P y2 
in film s grow n by ph ysica l va por deposition w ith  th e substra te kept 
a t room  tem pera ture. 

As show n in Fig. 5b, this yield s a rough id ea of the 
shape of 𝑓(𝜃) , w ith m ost of the m olecular P DM s of 
P O P y2 pointing upw ard  on the substrate, Eust a few  lying 
flat in the film  plane and  som e pointing d ow nw ard . T his 
m eans that the non-id eal alignm ent param eter of ΛJ0.21 
is a consequence of a consid erable fraction of 
m isaligned  P DM s pointing d ow nw ard , but not d ue to 
P DM s lying m ostly in plane w ith Eust a sm all portion of 
out-of-plane aligned  P DM s pointing upw ard , as has been 
observed  in m any of the sim ulation results [11]. 

1 -isc ussion and  Conc lusions 
It is w ell established  that SO P  is an inherent feature 

of m any organic sem icond uctor thin film s, if they are 
m ad e by physical vapor d eposition of polar m olecules. 
L evertheless, the question of w hether (or not) it is 
beneficial for application in O A EDs has been 
controversial [13]. Early on, it w as show n that the 
presence of a positive GSP  in electron transporting 
m aterials is favorable for electron inEection, even though 
it usually is accom panied  by a slight increase in the turn-
on voltage [14]. How ever, recently it has been found  out 
that the concom itant sub-turn-on hole accum ulation in 
the (nonpolar) hole transport layer causes exciton 
quenching that is und esired  in O A EDs [15]. But the 
possibility to control SO P , through the m ethod s 
presented  above, and  also by d ipolar d oping of 
otherw ise nonpolar m aterials, opens a w id e range 
tunability. E.g. L oguchi et al. have d em onstrated  that it 
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is ind eed  possible to d esign O A ED stacks that have 
id entical, non-vanishing SO P  in all of their layers so that 
charge accum ulation and  exciton quenching d oes no 
longer occur [16]. And  there m ay be other requirem ents on 
specific d evice functions, w here the presence of a built-in 
electric field  in an organic sem icond uctor film  is beneficial. 
O ne such exam ple is vibration pow er generators using 
self-aligned  SO P  m aterials [17 ]. D e m ay expect even 
m ore to com e in the future [18 -20]. 
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