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Devices made using thin-film semiconductors have attracted much interest recently
owingto new application possibilities. Among materials systems suitable for thin-film
electronics, organic semiconductors are of particular interest; their low cost,
biocompatible carbon-based materials and deposition by simple techniques such as

evaporation or printing enable organic semiconductor devices to be used for
ubiquitous electronics, such as those used on or in the human body or on clothing and
packages' . The potential of organic electronics can be leveraged only if the
performance of organic transistors is improved markedly. Here we present organic
bipolar transistors with outstanding device performance: a previously undescribed
vertical architecture and highly crystalline organic rubrene thin films yield devices
with high differential amplification (more than100) and superior high-frequency
performance over conventional devices. These bipolar transistors also give insight
into the minority carrier diffusion length—a key parameter in organic
semiconductors. Our results open the door to new device concepts of
high-performance organic electronics with ever faster switching speeds.

Organic field-effect transistors (FET) were first reported in 1986 and
have shown impressive improvements in the past two decades*™.
Nevertheless, they are still restricted to the low-to-medium mega-
hertz range, which does not allow broad application'* ™. The substan-
tially lower charge carrier mobility in organic semiconductors (OSCs)
compared withtheir inorganic counterpartsisalimitation to the per-
formance of organic transistors. Reducing the length of transistor
channelsis an effective strategy for improving the operational speed
of the device, as shownboth in FET®** and other device concepts such
asorganic permeable-base transistors™, However, other factors, such
as contact resistance and overlap capacitances, often limit further
improvement of operational frequencies’®"”.

A device that offers both low capacitance and contact resistance
is the bipolar junction transistor. Although they have disadvantages
withregard to miniaturization and process integration, bipolar transis-
tors possess substantially higher operational speeds than comparable
field-effect devices'. However, organic bipolar junction transistors
(OBJTs) have not yet beenrealized, mainly because they rely on minority
carrier diffusion through a thin and precisely doped base layer. Most
studies have addressed exciton diffusion, which dominates owing
to the weak dielectric screening in organic compounds™?°. Majority
carrier diffusion length in fullerenes has been estimated to be on the
centimetre scale, raising interesting questions about carrier diffusion
physics in OSCs??2, Charge carrier minority diffusion lengths have
remained unexplored in OSC materials until now. In comparison to
exciton diffusion, they can be expected to be inthe nanometre range,
atleast for typical disordered organic films? %,

Here, we realize an OBJT based on crystalline films of n- and p-type
doped rubrene. Incontrast tocommon furnace-grownsingle crystals,
these films are made directly on the surface of a substrate and are thus
compatible with mass production. We have demonstrated previously

the excellent device potential of such highly ordered films by showing
record-high vertical charge carrier mobilities that enabled ultrafast
diode devices to operate in the gigahertz range®. Here we demonstrate
that OBJTsbased on crystalline rubrene thin films provide a promising
route towards gigahertz organic electronics. Numerical simulations
clarify the principles of transistor operation and present routes towards
further optimization. A careful analysis of the device operation enables
the direct measurement of minority carrier diffusionlengthinany OSC.

Akey challenge inrealizing an organic bipolar transistor is to find
asuitable material and a device configuration that (1) allow both n-
and p-type doping; (2) have sufficiently high (morethan1cm?V's™)
mobility allowing for balanced hole and electron transport, giving
hopethat the, so far unknown, minority carrier diffusionlengths are
high enough to allow the carriers to travel through the base layers;
and (3) allow a sufficiently thin base held at a defined potential to
allow emitter-collector current control. We made use of the highly
crystalline rubrene thin-film crystals with n-and p-type doping for the
construction of this OBJT and analyse its operation experimentally
and theoretically (for details of materials development and charac-
terization, see Methods).

Development of OBJTs

Using these highly crystalline doped films, we produced an OBJT.
Thedevice geometryisshowninFig.la-c, featuringavertical stacking
ofarectangular emitterelectrode at thebottom, afinger-like structured
base electrodeinthe middle and arectangular collector (top) electrode.
Thedistancing between adjacent fingers of the base electrode and the
width of each base finger itself are crucial, as discussed below. The final
device is of pnp type, with an n-doped base, as we expect the p-type
minority diffusion length to be higher owing to higher mobility. As is
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Fig.1|OBJT operation. a, Vertical stack configuration of the OBJT.

b, Definition of active and parasitic currents and lateral geometric parameters
inthe OBJT.c, The OBJT device undera polarized microscope. Scale bar,

100 pm. d, Transfer characteristics of the OBJT device with blocking layers
deposited ontop of the base electrode for different V: solid lines give the
absolute collector current/., dashedlines give added current Al = /1. Ic.

e, The corresponding differential amplification for the device ind. f, Definition
of the biasing and measurement setup for all OBJT curves and representation of
theequivalentcircuit of the OBJT containing active and parasitic components
analogousto the currents defined inb: Dy, direct base-collector diode with /¢

common for organic diode-like devices?, intrinsic films are added in
between p- and n-doped films to improve reverse leakage behaviour,
ending up with a pinip structure. Emitter and collector electrodes are
made from gold to facilitate efficient hole injection, whereas the base
electrode consists of aluminium for better electron injection. A thin
film of n-doped C,, is added on the emitter side of the base electrode
to further facilitate electron injection. Additional layers of intrinsic
and weakly doped material can be added on top of the base electrode
to minimize base-collector leakage.
Itmightseemself-evidenttousethetricliniccrystal phase of rubrene
for bipolarjunction transistors owing to their higher vertical charge
carrier mobility, facilitating a more efficient vertical diffusion through
the baselayer. However, in addition to vertical transport, the n-doped
rubrene layer of the base should be an area of equipotential with the
metallic base electrode, which requires a high lateral conductivity.
The distance between adjacent metallic base electrodes is the defin-
ing geometric parameter for this device concept andisin the range
of micrometres. Therefore, orthorhombic crystals are used here

leakage current; D,, direct base-emitter diode with /y; leakage current; R,
directemitter-collector overlap with /o output off-current. g, Transfer
characteristics ofthe OBJT device without blocking layers deposited on top of
thebaseelectrode at different V: solid thick lines, absolute collector current
I; dashedlines, added current Al.= /.~ Io; solid thinlines, absolute direct
currentamplification. h, Absolute and area-normalized capacitance of an
individual rubrene-based pin (input) diode at different biasing conditions and
varying measurement frequencies. The active areais 100 x 100 um?.

i, Transition frequency estimation from transconductance.

successfully for OBJT because of their isotropic charge transport
properties—transistor operation using triclinic crystals was not
observed.

We first look at a device based on orthorhombic spherulite crys-
tals with more blocking layers deposited on top of the base electrode
(Fig.1d,e). The base-emitter diode, the base-collector diode and the
emitter—collector pinip structure are first investigated separately
to check functionality at component level (Extended Data Fig. 1a).
The input and output components function individually as diodes,
with distinguishable forward and reverse behaviour. The base-col-
lector diode possesses a substantially lower forward current than the
base-emitterinput diode owing to the extrablocking layers on top of
thebaseelectrode. However, the reverse current and forward leakage
onbothsidesofthe base are almost identical. Thisis asign that the leak-
age currentis governed by lateral leakage paths rather than the current
going through the pin diodes. As expected, the direct current from
emitter to collector is fully symmetric (see impedance measurementsin
Extended DataFig.2). However, this currentis substantially higher than
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Fig.2| TCAD simulation of the operation of the OBJT device. a, Congruence
of simulation and measurement on the basis of the experimental data from
Fig.1g. The simulationis tuned toreproduce /Vcharacteristics of the emitter-
collector and emitter-base (inset) individually. b, The geometry and current
density distribution for an exemplary configuration of the OBJT as given by
TCADsimulations. ¢, Field strength of the internal electricfieldinalateral
direction for different distances between adjacent base electrodes at

Vge = Ve =3 V. Theinset shows a close-up view of the panel for clarity.

the current through the diodes themselves. The high emitter-collector
current can be explained partly by the simple electrode design, which
createsalarge area of parasitic overlap between emitter and collector.
Itis possible to reduce the emitter—collector current by structuring the
electrode. A discussion about the optimal geometric configuration
based on simulations is givenin the next section. Our main focus here
ison the base region to enable the operation of the OBJT.

Figure 1d shows the transfer curve of the full OBJT (the electrode
gap in base electrode is 12 um), that is, the emitter (output) current
over the base (input) current at different emitter-collector voltages.
Itis obvious that the absolute value of the emitter currentis large and
barely changes throughout the measurement. Only at high base cur-
rentsisaslightincrease noticeable. Thisis caused by the emitter—col-
lector leakage current discussed above. This leakage current can be
seen as a constant shunt R in parallel with the output of the device
(an equivalent circuit is presented in Fig. 1f). Thus, the real output of
the transistor reflects the change in collector current (also shown in
Fig.1d) controlled by the base current. A steady increase in output
current over input current is visible, with a steep increase at low and
high base currents and a substantially shallower slope in the medium
current regime. The general behaviour is similar for all applied emit-
ter—collector voltages, albeit shifted by an absolute current. Focussing
on the largest V. of -8 V, the added collector current surpasses the
input base current only until abase current of 15 pA.

Figure 1e shows the differential signal amplification d/-/0/;. It is as
large as100 atalow base current, clearly proving transistor action, and
then decreases steadily with increasing base current. The loss of dif-
ferential amplification occursat/; = 2 pA. Thisdecrease in differential
amplification can be understood from the geometry of the device: an
illustration of the current paths is given in Fig. 1b. In addition to the
already mentioned current path through R, leading to alarge /., the
top and bottom diodes of the transistor can be split into two parts.
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d, Simulated maximum differential amplification with different widths of the
baseelectrode ;. e, Simulated maximum differential amplification with
hypothetical lateral offset between the end of the base electrode and the start
ofthe emitter electrode L. f, Simulated maximum differential amplification
with different distances between adjacentbase electrodes Ly (all other
parameters were kept constantin each set of simulations). Theinsets show the
geometryofLy, Ly and Lyzinthe OBJT device. The parameters used are
summarizedinSupplementary Table1.

First,alarge part of each diode is defined by the area of direct overlap
ofthebase and the collector or emitter electrode. This region contrib-
utes only to the leakage current and does not contribute to transistor
operation. The leakage current through the base-collector diode Dy, is
denoted as/;c and the leakage current through the base-emitter diode
Dy, as I;. Second, asmaller partis defined by the area around the base
electrode fingers in which the base potential is present. This distance is
givenbythe basereach L. The correspondingareais markedinFig.1b.
Only the second part (current /5 s) can contribute to the modulation
of the collector current in the form of /. 5. The equivalent circuit of
this configuration is shown in Fig. 1f. The amplification of the transis-
tor component starts to saturate at higher base currents owing to the
exponential increase in input current through the parasitic parts of
the input diode such that differential amplification cannot be main-
tained at higher base current. The measured differential amplification
is therefore not an intrinsic property of the transistor but a property
ofthe device functioning as a circuit.

Theblockinglayers deposited ontop of the base electrode aimed at
suppressingleakage current fromthe parasitic diode Dy, can, however,
also block part of the channel next to the base electrode fingers that
would contribute to the transistor operation due to the geometry of
thermal evaporation through shadow masks. A balance must be found
between the configuration of blocking films and electrode geometry.
Wealsoinvestigated a device based on orthorhombic platelet crystals
without the use of blocking layers on top of the base electrode, the
current-voltage (/V) characteristics of the device are shownin Fig. 1g.
The transistor operation of the device at low currents is reduced,
because the changed biasing of the base and the resulting change in par-
asitic current of the diode Dy, overcompensate for any diffusion-based
amplification. However, at high base currents, the output collector
current is increased substantially, and the transistor clearly shows
large-signal amplification, although only moderate values. We would
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like to note that the unstable behaviour at high base current is probably
caused by the high current density in the device, which is close to the
onset of self-heating effect. Therefore, both differential and absolute
current amplification can be observed in our OBJT devices based on
doped rubrene crystals.
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50 nm. f, TCAD-simulated hole current density as aminority carrier (top) and
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TCAD simulations of OBJTs

Technology computer-aided design (TCAD) simulations are per-
formed to obtain a better understanding of the charge transport
inthe OBJT device and design rules for optimization of the device
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geometry. The simulations are based on the device stack that showed
large-signal amplification as shown in Fig. 1g. The fabricated devices
and experimental data are taken as areference to calibrate the TCAD
simulator. The/V characteristics of the individual components (base-
emitter diode and emitter—collector structure) show good agree-
ment between the calibrated simulation results and measured data as
showninFig. 2a, thus confirming the viability of the device operation.
Onthe basis of the calibrated TCAD, electrostatic potential, electric
field, carrier density and the current, distributions can be simulated
and extracted for different bias conditions and geometries. As an
example, Fig. 2b shows the current density distribution in the OBJT.
Thelateral electric field distribution between two adjacent base fin-
gersisshownin Fig. 2c.

The simulation provides aninsight into akey parameter of the transis-
tor: the finger design of the base electrode. The length required for the
field to drop fromits maximum value to almost zero can be interpreted
asthebasereach L. Foranelectrode distance of more than25 pm, the
lateralfield is close to zero for animportant part of the device, causing
alarge initial off-current that is not controllable by the base current.
Onthe basis of the simulation, abase-to-base distance of 5 pm to10 pm
seems to be optimal.

Figure 2d shows the impact of the size and arrangement of the base
electrodes on amplification. When the width of the base electrode is
reduced from 25 pm to, theoretically, O pm (this is equivalent to no
direct overlap between base, emitter and collector), the maximum
amplificationincreases substantially, as the part of the base current that
does not contribute to amplification decreases, whereas the control-
lable collector current remains the same. However, a base overlap of
O umisimpossible to achieve for technological reasons. By contrast,
anegative overlap inthe sense of a spacer/gap between the end of the
base and the beginning of the emitter can be achieved. Figure 2e shows
the resulting amplification for such configuration. The amplification
isreduced as expected as the important edge area near the base elec-
trodeis now substantially lessinvolvedin the transport. However, the
reduction is comparably modest for a gap length of 1 pm. This degree
of alignment precision would be achievable with advanced stencil
lithography techniques.

Finally, the distance between adjacent base electrodes is varied,
as shown in Fig. 2f. Surprisingly, the amplification increases slightly
forincreased distances between adjacent base electrodes, although
asaturationis seen above 50 pm. This is because, although the lateral
field is close to zero far from the base (Fig. 2¢), a small amount is still
contributing to the output current. However, the off-current is also
increased when the distance between bases is increased because the
emitter—collector overlap increases simultaneously (Fig. 2f). There-
fore, there is a trade-off between the current amplification and the
off-current when designing the base electrode.

Overall, the simulations confirm the operation of the OBJTs with dif-
ferential as well as large-signal amplification. Furthermore, they give
clear design guidelines how to further improve the devices.

Operation speed of OBJTs

With a total device thickness of approximately 1 pm and a high verti-
cal mobility of approximately 3 cm? Vs, OBJTs seem well suited for
high-frequency operation. The mostimportant dynamic performance
parameter for any kind of transistor is the unity-gain cut-off frequency.
Adirect measurement of this quantity requires sufficient large-signal
amplification and stability of operation. Unfortunately, in our OBJTs, we
obtain large-signal amplification only at the highest applied bias, which
resultsinunstable behaviour (Fig.1g). Still, we reasonably estimate the
maximum speed of operation by evaluating the resistor-capacitor time
of the system. Similar to the calculations done for FET, it is possible to
estimate the maximum speed of operationinthe form of the transition
frequency from static properties using:
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where g, and Cdenote the transconductance of the transistor and
the capacitance, respectively. The transconductance describes the
changein output current withinput voltage. In case of the OBJT, it can
be written as:

ol ol
Em= ov: Lol

(2)

Because the output current (/) is linked to the input current (/3)
through the amplification (8), the transconductance is defined by the
differential conductance of the input diode. Similarly, the defining
capacitanceis given by theinput diode, assuming diffusion through the
base is sufficiently fast, the transition frequency is seemingly limited
only by the properties of the input diode. On the basis of the results
obtained from the simulations, one goal is to reduce the direct base
current as much as possible, which would reduce conductance of the
input diode. However, the amplification of the device would increase
accordingly, leaving the g,,, constant. A direct transition frequency
measurement is challenging for OBJTs owing to the parasitic diodes
thatinfluence the phase of small signal measurements. Nevertheless,
thehighdegree of agreement between the direct transition frequency
measurements and the transconductance/capacitance estimations
in the literature allow us to estimate the frequency response of our
OBJTs"™"%_ For the device shown in Fig. 1g, the resulting transcon-
ductanceisas highas 0.1 S (Fig. 1i), in the range in which devices show
amplification, whereas the capacitance is around 10 pF (Fig. 1h). This
resultsinatransition frequency of 1.6 GHz, which is similar to the speed
of operation found for the single, rubrene-based diodes* and hence
provides asignificant step (10-40x) above the current state of the art of
organic transistors>". Two reasons for the superiority of the OBJT are
(1) highly crystalline films that feature improved mobilities compared
with most OSCs and (2) the ultralow capacitance of devices associated
with the vertical bipolar junction transistor design. In addition, limi-
tations to contact resistance are less prominent here, because all the
metal-OSCinterfaces are doped by default and do not limitinjection,
proven by the space-charge-limited current analysis-like behaviourin
rubrene pip devices.

Minority carrier diffusion length

The working principle of the OBJT is based on the diffusion of minority
carriers (holes) through the base (n-doped film).In anideal device, the
diffusionlength could be calculated directly from the doping concen-
trations, the width of the base layer and the resulting amplification.
However, as discussed, the amplification measured here does not rep-
resent the intrinsic amplification of the transistor itself but of the device
asacircuit. Nevertheless, the observation of amplification proves the
diffusion of minority carriers through the base, with a minority diffu-
sion length of at least 20 nm for devices with 1 wt% of base doping. In
addition, we conducted experiments for which we varied the proper-
ties of the doping and structure of the base. Consistent with the inor-
ganic bipolar junction transistor theory, both an increase in base
doping from 1wt% to 5wt% and an increase in base layer thickness
substantially reduce current amplification. The strong dependency of
OBJTs on the base thickness and doping concentration is associated
withthe minority carrier diffusion operation, whichisinstark contrast
to organic permeable-base transistor operation based on most carrier
transport. Itis possible to estimate the diffusion length from devices
with different base thickness when all remaining parameters remain
identical. Figure 3 shows the OBJT operation based on a new set of
devices with improved electrode geometry, reducing the area of



electrode overlap that does not contribute to the transistor operation.
Thereductioninthe parasitic electrode overlap areaimproves transis-
tor performance, which s in line with the TCAD simulations (Fig. 3d).
On the basis of these measurements, the diffusion length for holes
throughthe n-dopedrubreneis estimated by fitting the classical bipo-
lar transitionrelation g« coth( ;- W ) together with the calibrated TCAD
simulation, to be roughly 50 nm showing excellent agreement with
experimental results and minority-carrier-dominated device operation
by using an input diffusion length of 50 nm (Fig. 3d-f and Extended
Data Figs.1and 3). Exciton diffusion lengths in the micrometre range
found in photoexcitation experiments on single crystals of rubrene?
indicate fundamentally different mechanisms governing the transport
and relaxation of minority holes. Considering the high structural order
of rubrene crystals after doping, the recombination processes are
probably caused by the slight widening of the density states. Our OBJT
device providesatool to obtain direct access to the physical properties
of minority carrier diffusion in similarly high mobility OSC systems,
opening the possibility to investigate fundamental questions about
mechanisms of minority recombination in OSCs.

Insummary, we demonstrate afunctional OBJT, delivering a missing
piece of the puzzle on the organic transistor roadmap. Our OBJTs, based
onhighly crystalline rubrene thin-filmcrystals, not only provide aprom-
ising route towards ultrahigh-frequency organic transistors, but also
allow the study of important fundamental physical parameters such
asthe minority carrier diffusion length, estimated tobe around 50 nm
for a doping concentration of 5 wt% for rubrene crystals. We believe
that our results pave the way for next-generation high-performance
organicelectronicdevices and provide atool for understanding carrier
diffusion physics in high mobility OSCs.
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Methods

Details of rubrene thin-film crystal development

Growth procedures. The general process for growing thin-film crystals
of rubrene was described in refs. *°. In Extended Data Fig. 4a,b, we
show the fabrication process for rubrene thin-film crystals and types
of rubrene thin-film crystal phase upon doping, respectively. A thin
layer of amorphous rubrene is deposited on a substrate by vacuum
deposition and then annealed in a nitrogen atmosphere to initiate
crystal growth. Different crystal phases are possible depending on
surface properties and heating temperature. The three most common
types of crystal are triclinic spherulites, orthorhombic spherulites and
orthorhombic platelets (Extended Data Fig. 4b). Triclinic crystals start
to form from approximately 120 °C and are the most robust and repro-
ducible of the common crystal phases. Previously, we have shown the
improved properties of triclinic films in gigahertz diodes?. Although
the vertical mobility in these triclinic films is high, lateral transport
is inefficient because of the strongly branched nature of these films.
Orthorhombic crystals are the main focus in most publications ow-
ing to the isotropic charge transport properties originating from its
herringbone molecular packing with ideal wavefunction overlap® .
The spherulitic configuration of the orthorhombic packing grows at
higher temperatures above 170 °C without strong branching, and can
beidentified easily under a polarized microscope by straight rays fan-
ning out from the individual centre of each crystallite. Orthorhombic
platelets are the most difficult phase to be created consistently. Heating
at150 °Cto170 °C commonly resultsin afew single crystals or clusters
of crystals distributed over the surface. A previous study showed that
auniformand surface-covered distribution of platelet crystals can be
achieved by theintroduction of asublayer with appropriate glass tran-
sition temperature®*. Here we use 5 nm of 4,4’-cyclohexylidenebis[N,
N-bis(4-methylphenyl)benzenamine] (TAPC), resulting in successful
crystal growth on glass and silicon substrates as well as structured
metal and indium-tin-oxide electrodes™®.

Epitaxy and doping. To make an OBJT, we need to control the total
thickness of the crystal and the sequence of doped films precisely to
realize complex device stacks. We introduced doping using coevapo-
ration into initial seed and epitaxially grown layers. The maximum
concentration of dopant that allows reproducible crystallization of
the seedisbelow 2 wt% for both the p-type and n-type dopants studied
here. Films added using epitaxy can be doped at substantially higher
concentrations without any great changes in morphology visible by
polarized microscopy. However, achange in surface properties canbe
seen in atomic force microscopy (AFM) measurements. The plateaus
intermixed with line and screw dislocations that are described in ref. >
are visible for the undoped crystals but gradually change into a more
granular surface with fewer distinct features when dopingisintroduced
(Extended DataFigs.5and 6).

Structural analysis. GIWAXS measurements of thin films of seed and
bulk material show a change in the molecular packing of the rubrene
crystals upon doping. Two-dimensional (2D) plots of the scattering
image (Extended Data Fig. 7a) prove the high degree of crystallinity,
especially of the orthorhombic platelet form. The widths of the cor-
responding scattering peaks indicate the degree of disorder along
the corresponding axis. Here the in-plane signal (xy) corresponds to
the a-and b-crystal axis of the rubrene unit cell, which isimportant for
lateral transport. The out-of-plane axis is defined by the c axis, relevant
for the vertical transport. Extended Data Fig. 7b shows the change in
peak widthinboth directions depending on the doping concentration
and type. Peaks are substantially broader in the out-of-plane direc-
tion, which can, however, be attributed partly to the way the data are
analysed (see the ‘GIWAXS analysis’ section and Extended DataFig. 8).
The relative change is, however, more important than the absolute

values. The in-plane data behave as expected in that a higher doping
concentrationresultsinabroadening of peaks, indicating areductionin
molecular order. Introduction of the n-dopant tetrakis(hexahydropyri
midinopyrimidine)ditungsten(ll) (W,(hpp),) has astrongerimpact than
thep-dopant1,3,4,5,7,8-hexafluorotetracyanonaphthoquinodimethane
(Fs-TCNNQ) whenboth films are doped to the same weight concentra-
tion. The introduction of dopant to the bulk part of the film generally in-
creasesthe disorderin the film for both platelet and spherulitic samples
(Extended DataFig. 7b). The out-of-plane axis behaves differently. Here
doping of the seed shows a strong change in peak width, suggesting that
integration of the dopantinto the structure during seed crystallization
is influencing mainly the c direction. Integration of dopant into the
bulk films gradually increases the peak width, similar to the in-plane
behaviour. However, the relatively stronger impact of the n-dopant
compared with that of the p-dopant is even more pronounced. It can
be concluded that the introduction of dopant molecules changes the
molecular structure of the rubrene films, but only to alimited degree.
Higher doping concentrations create stronger disturbance, whereas
W,(hpp),shows astrongerimpactthan F6-TCNNQ, presumably because
of the size and steric properties of the three molecules.

Charge transport. Lateral electrical transport has been studied exten-
sively in undoped films of all three crystal phases?***3*353738 | ateral
mobilities are in the range of 102 cm? V' s for triclinic films* and
1-4 cm? Vs for orthorhombic films**?**”?8, Lateral charge carrier
mobility in platelets is usually slightly better thanin spherulitic crystals,
depending on the orientation of the crystal towards the electrode.
However, in vertical organic devices, including the bipolar junction
transistors investigated here, lateral and vertical transport occur si-
multaneously. Previously, we presented data on the vertical and lateral
transport of undoped and doped films of the triclinic crystal phase?.
Despite their superior transport properties in the vertical direction,
these films are not suitable for OBJT devices owing to their mediocre
lateral transport properties. Therefore, we will focus mainly on the
vertical charge transport propertiesin orthorhombic crystals thatare
relevant to our OBJT devices.

Extended Data Fig. 4c shows /V curves of crystalline thin films of all
three crystal phases for 400 nmundoped material sandwiched between
goldelectrodes. In contrast to the lateral measurements, vertical con-
ductionislargest for triclinic films, whereas both orthorhombic crystal
types behave similarly. This finding is expected because the stacks
perpendicular to the surface are denser in the triclinic polymorph
and identical for both orthorhombic crystal types. The differences
between platelet and spherulitic films can be explained by theimpact
ofinjection owing to the low mobility and deep ionization potential of
the TAPC sublayer used for the platelets®.

Tofurtheranalysethetransport, we performedaspace-charge-limited
currentanalysis (SCLC) for the spherulite crystals based on sets of films
with 400 nm and 600 nm of intrinsic crystal (L) sandwiched between
40 nmofinjection layers doped with 5 wt% of the p-dopant F6-TCNNQ
and gold electrodes (Extended Data Fig. 4e). At high voltages (more
than1V),aclear quadratic dependenceis visible, indicating the SCLC
behaviour of holes. The estimated vertical mobility for spherulite
crystalsis around 3 cm? V™' s™ (see Extended Data Fig. 9a for detailed
SCLC analysis), which is lower than that of the triclinic crystal phase
(approximately 10 cm? Vs )%, The difference between vertical and
lateral mobility inorthorhombic crystalsis close toisotropic, whichis
beneficial for applicationsin which charge transportoccursinboth the
lateraland vertical directions. As anillustration, Extended Data Fig. 4d
(spherulites) and Extended Data Fig. 9b (platelets) show the impact
of doping with F6-TCNNQ on the vertical current conduction. Even
small amounts of dopingincrease the vertical conduction by orders of
magnitude. Theincreased conduction at small voltages (less than 0.1V)
indicates thatasignificant part of thisincrease in conduction could be
attributed tothereductionininjectionresistance. A furtherincreasein



doping concentration causes amatchingincreasein current; however,
the efficiency of the doping process decreases with higher doping
concentrationas expected from highly crystalline systems*°. Electron
dopingof rubrene with the n-dopant W,(hpp), works analogously, albeit
with alower doping efficiency and lower charge carrier mobility?**.

Sample preparation

Devices are fabricated on glass wafers with a size of 25 x 25 mm?. Sub-
strates are cleaned in acetone, ethanol, isopropanol and deionized
water. Each substrate is treated in piranha solution for 15 min to gen-
erate a clean and hydrophilic surface before being rinsed in deion-
ized water and dried with nitrogen. Rubrene is provided by TCI, and
F,-TCNNQ and W,(hpp), are provided by Novaled. Layers are depos-
ited using thermal evaporation under vacuum with a base pressure of
1x10"® mbar. The evaporation rate of the seed has noinfluence on the
remainder of the process. After deposition of the bottom metal elec-
trode (30-40 nm), the sublayer of TAPC (5 nm) and the first amorphous
layer of rubrene (30-40 nm), samples are transferred to a nitrogen
glovebox, without exposure to air. Heat treatment takes place on a
preheated hotplate at 160-180 °C, for 1-3 min. If needed, more lay-
ers are added using coevaporation of rubrene and dopant with the
same vacuum deposition at rates between 0.5A sand3 A s, depend-
ing on the doping concentration. Electrodes and semiconductor are
structured using shadow masks. Active areas for conductivity and
SCLC measurements range from 50 x 50 um?to 150 x 150 pm?. Devices
used for conductivity measurements have a total thickness of 400 nm.
The initial seed is undoped. No further doping other than the given
bulk dopingisintroduced at the electrodes. SCLC was analysed using
two sets of devices with400 nmand 600 nm total thickness L eachand
activeareas between 50 x 50 pm?and 150 x 150 pm? The stack consists
of 20 nm of undoped seed and the corresponding thickness of undoped
bulk layer sandwiched between 40 nm of doped film (5 wt% for injec-
tion) and 30 nm of gold. The mobility value is extracted using the 1/L3
dependence of the fits gained from the fits of the I>-dependent SCLC
current. For OBJT devices, silicon-based stencil masks are used to struc-
ture the metal electrodes, the emitter and collector electrodes consist
of simple overlapping rectangles, whereas the base electrodes consist
of a comb-like structure with rectangular fingers. The widths of the
emitter and collector electrodes are 100 pm and 60 pm, respectively.
The width of the base fingersis 12 um, with spacing between them kept
to 12 um. The number of fingers in each of the comb-like structures of
the base electrode is adjusted to the width and spacing of the fingers
to approximately cover the overlap areabetween the emitter and col-
lector electrodes. The devices used for the tests shown in Fig. 3 have
afinger-like electrode that is around 15 pm each for both the emitter
andbase. The collector electrodeis either astandard rectangular stripe
or finger-like electrode (details provided in Extended Data Fig. 10).

Measurements

We performed electrical direct current measurements using Keithley
236, Keithley 2400 and Keithley 2600 source measure units, in which
capacitance measurements were done with an HP 4284A in a nitro-
gen atmosphere. The electrical measurements were taken using the
measurement software SweepMe! (sweep-me.net). Micrographs were
taken with a Nikon Eclipse LC100 PL/DS polarization microscope. We
performed AFM measurements with an AIST-NT Combiscope1000 and
GIWAXS measurements at the BI11 NCD-Sweet beamline at the ALBA
synchrotroninBarcelona, Spain. The thin films wereilluminated under
a grazing angle of 0.12 with abeam energy of 12.95 keV and abeam
size of 70 x 150 m? (vertical x horizontal). The diffraction pattern was
recorded with an LX255-HS area detector from Rayonix, which was
placed approximately 14 cm behind the samples. Chromium oxide
(Cr,0,) was used to calibrate the sample-detector distance and the
beam position onthe detector. The data were analysed with the WxDiff
software (S.M.).

TCAD simulation

Synopsys TCAD was used withadvanced physical models and the device
simulation tools (structure editor, sdevice, svisual and inspect) to simu-
late the electrical characteristics of OBJT and to analyse simulation
results. Measured OBJT data were used for adjusting and calibrating the
TCAD simulator from Synopsys’ Sentaurus. Gaussian density of states
were considered to approximate the carrier’s effective density of state
in OSCs. The electric-field-dependent mobility Poole-Frenkel mobility
model was used to enable the hopping transport of the carriers. We
used the constant carrier generation model to compute a constant
carrier generation and recombination process.

GIWAXS analysis

Evaluation of crystal quality in the in-plane and out-of-plane direc-
tions. To evaluate the crystal quality of the differently doped rubrene
films for both crystal structures (thatis, spherulites and platelets), the
(121) reflection (Q,,=1.23 A" and Q,=0.23 A™) was analysed in the 2D
scatteringimages obtained by GIWAXS measurements (Qis the scatter-
ingvector,Q,,is thein-plane scattering vector and Q, is the out-of-plane
scattering vector). Both the in- and out-of-plane directions were ana-
lysed to gain information about the crystal quality in the substrate
plane and normal to it. We rotated each sample 360° in the substrate
plane during the measurements and took individual images every 1.23°.

Analysis of the in-plane direction. To analyse the in-plane crystal qual-
ity, we took single images at specific angles, to minimize the appear-
ance of multiple peaks originating from the same reflection (caused
by different scattering positions on the sample). First, cake segments
were extracted from the scattering image ranging from Q=1.15A"to
Q=1.35A"and from y = 6° to y = 15° (where y is the azimuthal angle).
The cake segment was then converted intoa y versus Q plot. From this
plot, the columns were summed up in an area ranging from Q =1.15 A" to
Q=135A"and fromy= 6.1°to y = 14.9°. Five per cent of the dataon each
side, horizontally, was used to remove a linear background by fitting.

Analysis of the out-of-plane direction. To analyse the out-of-plane
crystal quality, we averaged theimages taken atindividual angles. This
was possible because the multiple peaks caused by scattering from dif-
ferent positions on the samples resultin peaks with their centre aligning
onalinefromthe beam centre. First cake segments were extracted from
the scattering image ranging from Q=1.15A"to Q=1.35 A" and from
X =6°to x=15° The cake segment was then converted into x versus
Q plot. From this plot, the rows were summed up in an area ranging
fromQ=115A"to Q=1.35A"and from x = 6.1°to xy = 14.9°. Five per
cent of the data on each side, vertically, was used to remove a linear
background by fitting.

Peak analysis in the in-plane direction. The resulting spectra were fit-
ted using Gaussian curves and a constant offset. The number of Gauss-
ians used was determined by the goodness of the fit and an estimation
of the number of peaks that are distinguishable in the 2D scattering
images. Theresulting spectrawere fitted using asingle Gaussian curve
with a constant offset.

Data availability

The data that support the findings of this study are available from
https://opara.zih.tu-dresden.de/xmlui/handle/123456789/2048.
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Extended DataFig.3|Morphology of rubrene thin-film crystals with grownwith 5 nmof TAPC as sublayer and 5wt.% of F6-TCNNQ (30 nm seed,
doping. Surface properties measured via AFM of orthorhombic rubrene 80 nmbulk). (b) crystal grown with 5 nm of TAPC as sublayer and 20 wt.% of
platelets doped with F6-TCNNQ under different magnifications. (a) crystal F6-TCNNQ (30 nmseed, 80 nm bulk).
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Extended DataFig.7|Capacitance measurements. Areanormalized 75 um. The deviceis fully symmetric and consist of two times 200 nm p-doped,
capacitance of anindividual rubrene-based pinip device at different biasing two times 200 nmintrinsic, and 40 nm n-doped rubrene.
conditions and varying measurement frequencies. Theactive areais 150 pm x
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Extended DataFig. 8| Additional OBJT characterization. (a) /V

measurements of the individual components of the OBJT shown in Fig. 2c.

Thethird, unused electrodeis left floating in each of the individual

measurements. (b) Added current at the output, collector with increased base
current for adevice with the same stack design as the one shown in Fig. 2d but

0’ 100 10° 10

lBinA

withathicker base (50 nm) doped at a higher doping concentration (5 wt.%) for
different emitter-collector voltages of -12and —20V. (¢) Resulting amplification
foradevicewiththesamestack design asthe oneshowninFig.2dbutwitha
thicker base (50 nm) doped at a higher doping concentration (5wt.%) for

different emitter-collector voltages of -12and -20V.
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Extended DataFig. 9| Further thickness and temperature dependent OBJT
measurements. (a) Resulting amplification of devices with the same stack
designastheoneshowninFig.2d butwith ahigher doping concentration
(5wt.%) and base width of 10 nm and 50 nm, respectively. As expected, higher
doping ofthe base and thicker base layer reduce amplification. Fromthe change
inamplification with base thickness W, an estimation for the diffusionlength

canbeextracted via = coth(W/L,). Asan average from these calculations, a
value of 50 nm can be extracted. (b) Temperature dependent differential
amplification of devices with the same stack designas the one shownin Fig. 2d.
Thetemperature dependent differential amplification of the deviceimplies an
increasein charge diffusionlength with temperature whichis consistent witha
diffusiondrivendevice. The temperature valuesinthelegend areinK.
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a Cc

Device width = 10 (number of fingers) x 30pm = 300pum

Davice width » 10 (number of fingers) x 30pm » 300pm

Extended DataFig.10 | OBJT device layout. Schematic cross-section of the fabricated OB)T with 10-Fingers (a) design 1, (b) design 2, and the relevant dimensions
of onesingle finger (c) design1, (d) design 2.
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