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 Compared with BJTs, PMBTs have a 
different device operation mechanism. 
PMBTs are considered as Schottky back-to-
back diodes, and the majority carrier drift 
currents through the permeable metal 
base regions are the dominant charge 
transmission mechanism in active mode. 
In BJTs, on the other hand, minority car-
rier diffusion current from the emitter 
layer into the base layer is required for 
charge transmission in the device. As a 
result, the origin of the base current (or 
input current) in PMBTs is the charge car-
riers fl owing from the emitter layer into 
the non-permeable metal base regions, 
whereas, in BJTs, recombination of the 
minority carriers in the base layer gives 
rise to the base current. With the develop-
ments of high mobility organic materials 
and low temperature fi lm deposition tech-
niques, PMBTs are gaining advantages 
over BJTs, such as a simple device struc-
ture, low temperature, solution proces-

sibility compatible with fl exible and printed electronics, and 
potentially higher device speed due to the low base resistance. [ 8 ]  

 Current gain (β) in PMBT is defi ned by the ratio of the 
change in collector current (output current) to the change in 
base current (input current). To function as a power amplifi er, 
a high current gain with output current saturation is required. 
Excellent current saturation characteristics are indispensable 
to achieve a large unitary power gain frequency. Additionally, 
the collector current in the saturation region should be a linear 
function of the base current, or in other words, the current 
gain defi ned in the saturation region must be constant for dif-
ferent base currents. The best way to characterize a true cur-
rent amplifi cation factor in PMBTs is to measure the common-
emitter characteristics. In the common-emitter measurement 
confi guration, output collector current versus emitter-collector 
voltage (V CE ) are measured under a fi xed base current. 

 However, high-performance PMBTs have not been realized 
due to low current gains and non-saturated output currents. In 
fact, most of high gain PMBTs reported in the literature cannot 
be realized for the following reasons. First, it is commonly 
assumed that a high common-base gain (α = I C /I E ) measured 
would lead to a high common-emitter gain (β = I C /I E ) based on 
the relation of β = α/(1–α). As a result, only the common-base 
characteristics were demonstrated. [ 9–12 ]  However, a high α value 
does not necessarily lead to the calculated high β value in the 
common-emitter measurement. Unless the high β is realized in 
a collector current saturation region in a common-emitter plot, 
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 As one type of vertical thin-fi lm transistors, permeable metal-base transis-
tors (PMBTs) with a permeable metal fi lm embedded between two semicon-
ductor layers have been proposed for high gain current amplifi er. In principle, 
compared with conventional bipolar transistors, PMBTs should have a higher 
speed and are easier to fabricate compatible with fl exible and printed elec-
tronics. However, functional PMBTs are not realized due to low current gains 
(<50) and lack of output current saturation. In this paper, making use of the 
nano-textured surface of an organic semiconductor, we are able to fabricate 
devices with permeable metal base fi lms having a pore size of about 20 nm 
and achieve current gains up to 476 with output current saturation. Correla-
tions between the nano-scale porosity and the charge transmission/ampli-
fi cation behaviors in the device are explained with characterization of the 
metal base porosity. From our device simulation results, the small pore size is 
essential to achieve current saturation in the device due to the potential-pin-
ning effect in the small pore regions. Finally, using a similar strategy, we also 
demonstrate a high gain (=260) solution-processed metal oxide-based PMBTs 
with output current saturation. 

  1.     Introduction 

 A permeable metal base transistor (PMBT) is a vertical thin-fi lm 
transistor that has a permeable metal fi lm embedded between 
two semiconductor layers that function as an emitter and a col-
lector in the device. Various techniques have been used to fab-
ricate a permeable metal base, and they include deposition of a 
porous conducting polymer thin fi lm, [ 1,2 ]  deposition of an ultra-
thin metal fi lm, [ 3–5 ]  and patterning a mesh electrode by colloidal 
lithography. [ 6,7 ]  PMBTs are similar to conventional bipolar junc-
tion transistors (BJTs) given the fact that the emitter-collector 
current is controlled by the base current, unlike a fi eld-effect 
transistor that controls the source-drain current by the gate 
voltage. Accordingly, the principal function of a PMBT is a cur-
rent amplifi er rather than a voltage-controlled driving transistor 
used in logic circuits. 
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it is not suffi cient to conclude that this transistor can yield a 
high current gain. Second, extremely high current gains up to 
4,000 have been reported using an organic emitter and n-Si col-
lector employing a thin metal fi lm as the base. [ 13–15 ]  However, 
collector current saturation was not demonstrated in this type 
of devices, and the high β value defi ned in the non-saturated 
collector current region is not meaningful for use as a practical 
analog amplifi er. Third, high current gains up to 150 have been 
reported under base voltage-controlled common-emitter confi g-
uration. [ 16–18 ]  Unlike typical common-emitter confi guration that 
fi xes the base current, in this confi guration, the emitter-collector 
voltage was swept under a fi xed base voltage, treating the device 
like a voltage controlled transistor instead of a current ampli-
fi er. Although collector current saturation was observed from 
the measurement, no linear relationship was found between 
the base current (input) and the collector current (output). As a 
result, the current gains were not consistent for different base 
voltages, which is not suitable for current amplifi er applications. 

 Recently, several reports have demonstrated collector cur-
rent saturation in base current-controlled common-emitter 
confi guration by employing a thin metal fi lm as the base, but 
the current gains were all less than 50. [ 19–24 ]  The low gains 
were mainly due to the diffi culty in controlling the nano-scale 
porosity in the thin metal base fi lms. Additionally, correlation 
between the natural porosity and the device performance has 
never been examined systematically, limiting understanding of 
the underlying physics in PMBTs. 

 In this work, we demonstrate high gain organic n-type 
PMBTs by use of C 60  as the emitter, Al thin fi lm as the base, 
and N,N′-dimethyl-3,4,9,10-perylene tetracarboxylic diimide 
(Me-PTCDI) as the collector. Because of the granular structure 
on the Me-PTCDI surface, we found that the nano-porosity of 
the metal base can be controlled by tuning the nominal thick-
ness of the metal base fi lm. As a result, high current gains up 
to 476 were achieved with output current saturation in base 
current-controlled common-emitter confi guration. The nano-
porosity was calculated using atomic force microscopy (AFM) 
images and the voltage feedback analysis. Based on our device 
simulation results, the pore size is more important for cur-
rent saturation than pore density since the potential-pinning 
effect within the pore becomes more signifi cant with smaller 
pore size. To yield a high current gain with current saturation, 
we discovered that a pore size of 20 nm is required. Based on 
the understanding of the device physics, we also demonstrated 
a NiO-based p-type PMBT with saturated current gain of 260 
under base current-controlled common-emitter confi guration.  

  2.     Results and Discussion 

  2.1.     Charge Transmission in PMBTs 

  Figure    1  a shows the schematic device structure used in this 
work. The device has a semiconductor-metal-semiconductor 
structure which can be considered as a back-to-back Schottky 
diode. [ 4,25,26 ]  In active mode, the emitter-base diode is under 
forward bias and the collector-base diode is under reverse bias. 
Carriers are transmitted from the emitter through the base 
to the collector. There are two kinds of charge transmission 

through the base layer. One is hot-electron transmission 
through the metallic base region, and the other is electron 
transmission through the permeable base region with the 
current path shown as the green dash line in Figure  1 b. If 
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 Figure 1.    (a) Schematic device structure and the bias condition in active 
mode. (b) Energy band diagram around permeable metal base.  qϕ BE   is 
the emitter-base Schottky barrier height,  qϕ B   is the effective barrier height 
in the permeable region with respect to the Fermi level, and  qϕ BC   is the 
collector-base Schottky barrier height. The green dash line describes 
the conduction band contour through the permeable region. (c) Cross-
sectional Transmission-electron microscope view of Al(100nm)/C60(60 
nm)/Al(10 nm)/Me-PTCDI(500 nm)/ITO. Inset is the magnifi ed view of 
a permeable region showing direct emitter-collector contact in the per-
meable area.
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hot-electron transmission is the dominant process, the collector 
current density via hot-electron transport ( J c,h  ) is given by the 
following equation [ 26 ] :

 ,J J JC h h E B BC C Eα α α α= =   (1) 

 where  α h   is charge transmission ratio via hot-electron transport, 
 J E   is the emitter current density,  α B   is electron scattering ratio 
in the base,  α BC   is quantum-mechanical refl ection of electrons 
at base-collector Schottky junction, and  α C   is electron scattering 
due to the image force lowering of the base-collector junction 
barrier.  J E   is given by [ 26 ] 

 
exp

q
exp

q
kT

12J T
kT

V
E

BE BEφ= ⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ −⎡

⎣⎢
⎤
⎦⎥   

(2)
 

 where  A  *  is the Richardson-Schottky constant, T is absolute 
temperature,  ϕ  BE  is the emitter-base Schottky-barrier height, k 
is the Boltzmann constant, and  V  BE  is the emitter-base forward 
bias;  α  B  is given by [ 26 ] 

 exp( / )wB Bα λ= −   (3) 

 where  w  is the thickness of the base and  λ  B  is the electron 
mean scattering path in the base;  α  BC  is given by [ 26 ] 
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 where  qϕ  BC  is the Schottky barrier at the base-collector junc-
tion;  α  C  is given by [ 26 ] 

 exp( / )dC Cα λ= −   
(5)

 

 where  d  is the distance between the metal surface and the 
image-force lowered barrier and  λ C   is the mean scattering path 
of electrons in the collector.  

 For hot-electron transmission, asymmetrical Schottky bar-
riers are preferred because electrons from the emitter have a 
higher potential energy to be transmitted through the base. 
However, due to electron scattering and refl ection in the 
metal base, the charge transmission ratios ( J  C / J  E ) is less than 
0.5. [ 27 ]  On the other hand, direct electron transmission from 
the emitter to the collector occurs through the permeable base 
region, and the electrons are not scattered within the metal 
base region. Accordingly, the collector current density via per-
meable base transport ( J  C,p ) is a function of the effective barrier 
height ( qϕ  B ), and  ϕ  B  is controlled by a linear combination of 
 V  BE  and  V  BC . [ 4 ] 

 ,,J f V VC p BE BC[ ]=   
(6)

 

 Hence, the total  J  C  in PMBT is described by,

 , ,J J JC C h C p= +   (7) 

 If , ,J JC h C p≥ , it is called hot-electron transistor, and if 
, ,J JC h C p≤ , called permeable-base transistor.  

  2.2.     Formation of Nano-Pores in Metal Base Films 

 Figure  1 c presents the cross-sectional transmission electron 
microscopy (TEM) view of our device with a 10 nm-thick Al 
base. Me-PTCDI is known to yield a granular growth with an 
average grain size around one hundred nanometers. [ 17,28 ]  A 
thin fi lm of Al deposited on it tends to reproduce the granular 
morphology which also affects the subsequent growth of C 60 . 
It should be noted that the mean peak-to-valley variation of 
the Me-PTCDI surface is about 20 nm, which is twice the base 
thickness. As a result, the resulting Al fi lm does not cover the 
entire Me-PTCDI surface, leading to the formation of pores in 
the valley region (inset in Figure  1 b). While Al wetting on Me-
PTCDI may affect the pore formation, the geometrical factor 
here seems to be the dominant parameter determining the fi lm 
porosity. The average pore size is estimated to be 20 nm, and 
direct contact between the emitter and the collector semicon-
ductors is clearly observed in the pore area. While the pores are 
randomly distributed, the base continuity should be maintained 
in order for the metal layer to function as an electrode. To sup-
port the geometrical effect on the pore formation, we refer to 
the report by Zheng Xu et al. demonstrating a vertical organic 
light-emitting transistor by depositing a 17 nm-thick Al source 
electrode on the light-emitting polymer. [ 29 ]  In spite of the thin 
Al fi lm thickness, no pinholes were found due to the smooth 
polymer surface at the bottom.  

  2.3.     Common-Base Measurements 

  2.3.1.     Charge Transmission Behaviors 

  Figure    2  a shows the common-base plots for devices with dif-
ferent base thicknesses. Al is used as the emitter electrode due 
to its low work function resulting in a low contact barrier height 
for electrons (Supplementary Figure S4). In the common-base 
confi guration, the base is ground, the emitter current is fi xed 
from 0.025 mA/cm 2  to 0.225 mA/cm 2  in steps of 0.05 mA/cm 2 , 
and the collector voltage is swept from −2 V to 2 V. With a 
10 nm-thick base, most of the emitter electrons are collected 
by the collector. The common-base gain ( α ) defi ned as I C /I E  at 
V CB  = 0 V (V CB  = V C −V B ) is 0.97, indicating that 97% of the 
charge carriers from the emitter transmit through the base. 
As the base fi lm gets thicker, α gradually decreases. The V CB  
required for attaining 100% charge transmission (α = 1) shifts 
from 0.4 V for the device with a 10 nm-thick base to more than 
2 V for the device with a 30 nm-thick base, indicating that a 
higher V CB  is required to attain the charge transmission as the 
base thickness increases. At a base thickness of 70 nm, pores 
are not present and carriers cannot transmit through the base 
electrode resulting in the low charge collection from the emitter.   

  2.3.2.     Porosity Measurement 

 One way to gauge the natural porosity within the thin metal fi lm 
is to measure the V E  dependence on V C  sweep in the common-
base confi guration. If V EB  is not affected by V CB  sweeping at a 
fi xed emitter current ( δ V EB / δ V CB  = 0), the base metal layer is 
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 Figure 2.    Common-base and common-emitter characteristics of devices as function of base thickness from 10 nm to 70 nm. (a) Common-base plots. I E  
is applied from 0.025 mA/cm 2  to 0.225 mA/cm 2  in 0.05 mA/cm 2  step. α = I C /I E  is calculated at V CB  = 0 V. (b) V EB  versus V CB  extracted from the common-
base plots in Figure  2 a. S = δ V EB /δ V CB  is the average slope of all curves at V CB  = 0 V. (c) Common-emitter plots. I B  is applied from 0 to 0.2 mA/cm 2  in 
0.05 mA/cm 2  step. β = [I C  (I B  = 0.05 mA/cm 2 ) −I C  (I B  = 0)]/(I B  = 0.05 mA/cm 2 ) at V CE  = 5 V. (d) V BE  versus V CE  for I B  = 0.05 ∼ 0.2 mA/cm 2  extracted from 
the common-emitter plots in Figure  2 c. (e) Collector current versus base current at V CE  = 5 V extracted from the common-emitter plots in Figure  2 c. 
(f) Correlation between common-base gain (open triangles), voltage feedback between emitter and collector (open hexagons), and common-emitter 
gain (β, open squares) as function of base thickness.
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regarded as continuous and electrically separating the emitter 
and the collector. If  δ V EB / δ V CB  = 1, on the other hand, it means 
the base is permeable through which there is a strong electric 
fi eld coupling between the emitter part and the collector part. 
In fact, the values, 0 or 1, have been used to determine whether 
the device is a hot electron transistor ( δ V EB / δ V CB  = 0) or a per-
meable base transistor ( δ V EB / δ V CB  = 1). [ 26 ]  However, if the varia-
tion of the pore size in our devices is on the order of a few tens 
of nanometers, the  δ V EB / δ V CB  ratio can have values between 0 
and 1 depending on the base thickness. Therefore, we exploit 
the range of the value to directly determine the degree of the 
porosity. 

 Figure  2 b shows a plot of V EB  as a function of V CB  for the 
conditions described in Figure  2 a. As the base thickness 
decreases from 70 nm to 10 nm, the voltage feedback (S) 
defi ned as the average slope of the curves at V CB  = 0 V increases 
from 0 to 1, meaning a gradual change from a continuous to 
permeable base, or in other words, evolution from a hot elec-
tron transistor to a permeable base transistor. The plateau 
region observed at V CB  << −0.9 V is coincident to the zero col-
lector current region in Figure  2 a. Here, all electrons injected 
from the emitter drain out to the base due to the potential bar-
rier existing between the emitter terminal and the collector ter-
minal. Accordingly, sweeping V CB  in this range does not affect 
the emitter-base current fl ow leading to a constant V EB  region. 
If V CB  >−0.9 V, on the other hand, the potential barrier becomes 
low enough to allow electron transmission through the perme-
able base region. Under V CB  sweeping, the barrier lowering at 
the pore region will result in a stronger electron injection from 
the emitter, necessitating the readjustment of V EB  to keep the 
emitter current constant. Hence, a higher base porosity leads 
to a larger change in V EB , or in other words, larger degree of 
voltage feedback (S).   

  2.4.     Common-Emitter Measurements 

 As a result of the increased porosity, col-
lector current modulation by a base cur-
rent is increased. Figure  2 c shows the base 
current-controlled common-emitter plots for 
the same devices in Figure  2 a and  2 b. In the 
common-emitter confi guration, the emitter 
is ground and the base current is fi xed from 
0 to 0.2 mA/cm 2  in steps of 0.05 mA/cm 2  
while the collector voltage is swept from 0 to 
5 V (in case of a 10 nm-thick base, the col-
lector voltage is applied from 0 V to 8 V). For 
the device with a 70 nm-thick Al base, α is 
nearly zero and negligible collector current 
modulation was observed. As the base thick-
ness becomes thinner, on the other hand, 
the collector current modulation effi ciency is 
signifi cantly enhanced. The common-emitter 
gain (β) or current amplifi cation factor 
defi ned as ΔI C /ΔI B  at  V  CE  = 5 V increases 
from 2 for the 70 nm-thick base device to 
476 for the 10 nm-thick base device with 
output collector current saturation. To our 

knowledge, this is the highest reported current gain to date. As 
observed in Figure  2 e, all devices in Figure  2 c shows nearly a 
linear relationship between the base current and the collector 
current where the current gain presented as the slope gradually 
increases with decreasing the Al fi lm thickness. Figure  2 d plots 
the  V  BE  versus  V  CE  for the common-emitter curves in Figure  2 c. 
Unlike the base voltage-controlled devices reported by pre-
vious authors [ 16–18 ]  where the fi xed base voltage did not fi x the 
base current, our device shows nearly constant base voltage in 
the collector current saturation region under a fi xed base cur-
rent. As observed, the  V  BE  values to fi x the base currents from 
0.05 to 0.2 mA/cm 2  gradually decrease as Al fi lm thickness is 
increased. This is because the porous Al region is decreased as 
Al fi lm gets thicker, resulting in more electron injection into 
the metal base regions. Accordingly, less  V  BE  is required to gen-
erate a fi xed base current. Figure  2 e summarizes the effect of 
the base fi lm thickness on α, β, and S. As expected, the device 
parameters and hence the device performance are strong func-
tions of the base thickness.  

  2.5.     Surface Morphology of Metal Base Films and the Porosity 
Calculation 

 In addition to the voltage feedback analysis, atomic force 
microscopy (AFM) was used to quantify the metal base porosity. 
In the height topography mode, it is not suffi cient to observe 
the contrast in surface heterogeneity to identify the presence of 
pores in the metal base. In the phase image mode, on the other 
hand, the contrast is suffi cient to differentiate the exposed Me-
PTCDI region through the pores from Al regions.  Figure    3  a-d 
represents the 3D phase images of the Al base surfaces with 
thicknesses from 10 nm to 70 nm on top of a 500 nm-thick 
Me-PTCDI fi lm. With a 10 nm-thick Al fi lm, the high phase 
contrast (RMS roughness = 16°) indicates that a high density of 
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 Figure 3.    (a)-(d) Surface phase images of Al base fi lm with different thickness. The samples 
are Al(10 nm∼70 nm)/Me-PTCDI(500 nm)/ITO. The scan size and the phase scale are same 
for all images as 500 nm x 500 nm and 60° respectively. (e) Correlation between the porosity 
and the voltage feedback value. Here, the voltage feedback data in Figure  2 f is used again for 
comparison.
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pores presents on the surface. As the base thickness increases 
to 70 nm, the phase becomes homogeneous (RMS roughness = 
4°) revealing almost a complete Al coverage on the Me-PTCDI 
surface. The porosity was calculated by dividing the number 
of image pixels in the porous area by the number of pixels 
in the investigated area (the details are in the Supplementary 
Figure S5). As observed in Figure  3 e, the calculated porosity 
varies from 24% for the 10 nm-thick base device to 1% for the 
70 nm-thick base device, which is closely correlated with the 
voltage feedback value (S).   

  2.6.     Effect of Emitter-Collector Thickness Ratio on Device 
Operation Window 

 In order to understand the device physics further, the effect of 
Me-PTCDI thickness was examined. If Me-PTCDI thickness is 
reduced, higher electric fi eld in the collector layer will cause 
a larger base-to-collector electron fl ow under device opera-
tion.  Figure    4   demonstrates a series of common-base plots 

with different Me-PTCDI thickness. As observed in Figure  4 a, 
base-to-collector electron fl ow increases at around  V  CB  = 1V 
by decreasing the Me-PTCDI thickness from 500 nm to 100 
nm, resulting in  I  C  > I  E . In fact, the collector current saturation 
region in the common-base plots is the ideal PMBT operation 
window because common-base gain is nearly 1 in the region. 
Due to the increase of the electron injection from base to col-
lector, the window becomes narrower with decreasing the col-
lector layer thickness. If Me-PTCDI is used as emitter, on the 
other hand, a reverse trend occurs. Now, 500 nm-thick emitter 
layer is too thick to effi ciently emit electron from ITO. Rather, 
the higher electric fi eld in the C 60  collector causes a high 
base-to-collector electron fl ow leading to the narrow operation 
window in the common-base plot for Me-PTCDI = 500 nm case 
in Figure  4 b. As the Me-PTCDI emitter thickness decreases 
from 500 nm to 100 nm, more effi cient charge injection from 
ITO results in the enhanced collector current modulation at 
lower  V  CE  as observed in the corresponding common-emitter 
plots. It is interesting that base-to-collector electron fl ow in the 
common-base plots in Figure  4 b is decreased in spite of the 
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 Figure 4.    Effect of Me-PTCDI thickness on device operation window. The schematic device structures are illustrated on the right side. Me-PTCDI is used 
as either collector or emitter by reversing the bias condition. (a) Common-base plots of the devices with different Me-PTCDI thickness when used as 
the collector layer.  I  E  is applied from 0.025 to 0.225 mA/cm 2  in 0.05 mA/cm 2  steps in all the three plots. (b) Common-base and common-emitter plots 
when Me-PTCDI is used as the emitter layer.
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same C 60  collector layer thickness, resulting 
in almost no base-to-collector electron 
leakage for Me-PTCDI = 100 nm device. We 
believe that due to the electric fi eld coupling 
between the emitter layer and the collector 
layer through the porous Al base, relative 
ratio of emitter thickness to collector thick-
ness becomes more important for device 
operation than the absolute thickness. As 
far as the material for each layer is chosen, 
smaller thickness ratio of emitter layer to col-
lector layer is better for larger device opera-
tion window, as observed in the two reverse 
cases.   

  2.7.     Determination of Dominant Charge 
Transmission Mechanism 

 As explained, in our device there exist only two 
current paths consisting of C 60 /Me-PTCDI 
through permeable base region and 
C 60 /Al/Me-PTCDI through the metal base 
regions. In order to determine the dominant 
charge transport mechanism, hot-electron 
transmission equation was used. In the three 
scattering factors explained in Equations 
 ( 3)  – ( 5)  , quantum-mechanical refl ection (4) 
and scattering due to the image-force low-
ering (5) are dependent on choice of mate-
rials whereas electron scattering in the base 
(3) is dependent on the thickness of the 
base layer. Accordingly, if changing the base 
thickness leads to an exponential variation of 
 J  C  under a fi xed  J  E  and bias conditions, hot 
electron transmission should be the domi-
nant charge transmission mechanism. Based 
on the common-base plots of our devices 
in Figure  2 a, changing Al base thickness 
from 10 nm to 70 nm does not lead to an 
exponential variation of common-base gain 
( α ) value at any  V  CB  region. Therefore, hot 
electron transmission is not the dominant 
charge transmission mechanism. On the 
other hand, if permeable base transmission 
is dominant, the charge transmission in two 
reverse directions can reach 100% ( α  = 1) 
in common-base measurement because the 
barrier height ( qϕ B  ) in the permeable region 
is controllable by the linear combination 
of the collector bias and the emitter bias. 
When comparing the common-base plot for  Figure 5.    (a) Simulated device structure. Square-shaped pore and 3 nm-thick oxide around 

base are assumed. More details are in the supplementary section. (b) Conduction band profi le 
of X-Z plane cutting at the middle of  y- axis for 20 nm × 20 nm pore in 40 nm × 40 nm Al base 
and (c) 200 nm × 200 nm pore in 400 nm × 400 nm Al base.  V  E ,  V  B , and  V  C  are fi xed at 0, 0.5, and 
1 V respectively for both cases. (d) Conduction band contours from the emitter to the collector 
through the center of the pore.  V  C  is varied from 0 to 2 V in 1 V steps. The potential for 20 nm-
sized pore is pinned when  V  CE  > 1V. (e) Conduction band energy at the center of the pore region 
with different pore size between 10 nm and 200 nm. The cell size is varied for the porosity to 
be kept at 50% in all conditions. (f) Common-emitter characteristic of simulated device with 

different pore size and same porosity. (g) Common-
emitter characteristic of simulated device with same 
pore size and different pore density (cell size: 40 nm, 
100 nm, and 400 nm). For (d)-(g),  V  E  and  V  B  are kept 
constant as 0V and 0.5V respectively.
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500 nm-thick Me-PTCDI in Figure  4 a with that in Figure  4 b, 
the charge transmission ratio (α) in the saturated collector cur-
rent region (at  V  CB  = 1 V for 4a and  V  CB  = 0 V for 4b) reaches 
almost 1 ( I  E  ≈ I  C ) in both directions. Therefore, the dominant 
charge transmission mechanism in our device is permeable 
base transmission.  

  2.8.     Device Simulation: Effect of Pore Size and Pore Density 

 When controlling the Al base fi lm thickness, the pore size 
and density are changing at the same time. In order to sepa-

rate the two factors and examine the current 
saturation mechanism, three-dimensional 
(3D) device simulation was performed. 
 Figure    5  a illustrates the schematic diagram 
of the modeled device structure which 
shows the base region is surrounded by 
an insulator layer of aluminum oxide. A 
periodic boundary condition is used in the 
horizontal directions so that a periodic array 
of pores is simulated. Details of the device 
simulation are provided in the Supple-
mentary Section. Figures  5 b and  5 c are the 
potential profi les in the x–z plane cutting 
through the center of the 20 nm × 20 nm 
pore in a 40 nm × 40 nm base cell and the 
center of the 200 nm × 200 nm pore in a 
400 nm × 400 nm base cell. Note that the 
porosity is the same for both cases. For 
simplicity, a square-shaped pore is used in 
this simulation. It should be noted that the 
exact geometry of the pore has a minimal 
effect on the simulation results. The poten-
tial around the pores is more sensitive to 
the changes in the collector bias for a large 
pore device (LPD) compared to a small pore 
device (SPD). Figure  5 d shows the poten-
tial profi les of the two devices through the 
center of the pore along z direction for dif-
ferent collector bias voltages with a fi xed 
base voltage. For a SPD, the potential in the 
pore region is more sensitive to the base 
bias. At high collector biases, the poten-
tial at the base is pinned by the base bias 
regardless of the collector bias. Hence, the 
electric fi eld in the emitter region is also 
pinned as shown in Figure  5 d, and the 
emitter current is constant regardless of the 
collector bias, leading to the collector cur-
rent saturation. On the other hand, there 
is no potential pinning at the base for LPD, 
resulting in no current saturation. Figure  5 e 
describes the conduction band energy at 
the center of the pore region as a function 
of a collector bias for different pore sizes. 
As the pore size decreases from 200 nm to 
10 nm, the potential pinning effect at the 
center of the pore region becomes more 
prominent. The potential pinning effect is 

due to the electrostatic effect by both the base electrode and 
the collector electrode. If the pore size is small compared to 
the collector layer thickness, the electrostatic potential in the 
pore is pinned by the base bias. On the other hand, if the pore 
size is large, the collector bias will have more dominant effect 
on the electrostatic potential in the pore region. Figure  5 f 
shows the common-emitter characteristics with different 
pore sizes varying from 200 nm to 20 nm while keeping the 
porosity unchanged. As expected from Figure  5 e, the device 
with 20 nm-sized pore shows a strong current saturation 
compared to the device with 200 nm-sized pore. On the other 

 Figure 6.    (a) Structure of inorganic PMBT using solution-processed NiO and P3HT as emitter 
and collector semiconductors respectively. In active mode, forward bias is applied at NiO-Al 
junction ( V  BE  < 0) and reverse bias at Al-P3HT junction ( V  CB  < 0). AFM topography images of 
(b) solution-processed NiO surface and (c) 10 nm-thick Al layer deposited on top of the NiO 
layer. (d) AFM phase image of Figure  5 c. All scale bars in the images in (b), (c), and (d) are 
50 nm. (e) Common-base plot of inorganic PMBT. The base is ground, the emitter current 
is applied from 0.25 to 1.25 mA/cm 2  in steps of 0.25 mA/cm 2 , and  V  CB  is swept from +3 to 
−3 V. (f) Common-emitter plot. The emitter is ground, the base current is applied from 0 to 
1 mA/cm 2  in steps of 0.25 mA/cm 2 , and  V  CE  is swept from 0 to −17 V.
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hand, Figure  5 g demonstrates the common-emitter charac-
teristic for the same pore size and different pore density by 
varying the cell size. As clearly shown, current saturation was 
observed regardless of the different pore density due to the 
effect of the small pore size. Therefore, we conclude that the 
potential pinning effect in the small pore size observed in our 
device is the dominant parameter for the current saturation 
rather than the pore density.   

  2.9.     Fabrication of Solution-Processed Nickel Oxide PMBT 

 Based on understanding of the device physics, we also fabri-
cated a p-type organic-inorganic hybrid PMBT using a solution-
processed NiO emitter layer and a solution-processed P3HT 
collector layer. In  Figure    6  a, the schematic device structure is 
described in active mode. The detailed fabrication is described 
in the method section. Figure  6 b presents the topography image 
of the solution-processed NiO surface with 20∼30 nm grains. 
Deposition of a 10 nm-thick Al base fi lm on top of the NiO sur-
face reproduces the granular morphology (Figure  6 c). Figure  6 d 
presents the phase image of Figure  6 c. As seen in the fi gure, the 
phase contrast indicates the presence of 20∼30 nm Al grains, 
which reveals the natural pore formation on the NiO surface 
(Figure  6 d). As a result of this, the average common-base 
gain (α) reaches 0.94 at  V  CB  = 0 V and nearly 1 at  V  CB  = −2 V 
(Figure  6 e). Also, a high common-emitter current gain (β) of 
260 can be achieved at  V  CE  = −15 V with apparent collector cur-
rent saturation (Figure  6 f).    

  3.     Conclusions 

 In conclusion, we have fabricated organic n-type PMBTs by 
controlling the thickness of the thin metal base fi lm on top 
of an organic semiconductor with a granular surface. By 
controlling the metal base porosity, we could achieve a max-
imum common-emitter current gain of 476 with output cur-
rent saturation. Quantifi cation of the metal base porosity 
indicates that the device performance is strong function of 
the natural porosity. From the results of the device simula-
tion, we attribute the current saturation mechanism to the 
potential-pinning effect in the small pore region. In addition 
to the n-type organic PMBT, we also demonstrated NiO-based 
p-type PMBTs with high common-emitter current gain of 260 
and output current saturation. Our approach to fabricate and 
characterize the high gain PMBTs will contribute to the under-
standing of the fundamental physics and realization of truly 
high-performance organic and inorganic PMBTs for a high 
gain current amplifi er.  

  4.     Experimental Section 
  Fabrication of organic PMBTs : Each layer of the device was thermally 

evaporated using shadow masks at a pressure of 10 −6  Torr. ITO-
coated glass substrates were ultra-sonicated in acetone and then 
isopropanol for 15 minutes respectively. Next, the substrates were 
UV-ozone treated for 15 minutes using a UV-ozone cleaner. A 
500 nm-thick Me-PTCDI (N,N′-dimethyl-3,4,9,10-perylene tetra-

carboxylicdiimide, Luminescence Technology Corp.) fi lm was evaporated 
on the UV-ozone treated ITO substrate at a rate of 0.2 nm/s. Then, a 
5–70 nm-thick Al fi lm was deposited at 0.2 nm/s. The samples were then 
taken out to the ambient and heat-treated on a hot plate at 150 °C for 
1 hour. After annealing, the samples were moved back to the vacuum 
chamber and subsequently a 60 nm-thick C 60  fi lm (Materials and 
Electrochemical Research Corp.) was deposited on top of the substrate 
at a rate of 0.1 nm/s. For the emitter electrode, 100 nm-thick Al or a 
30 nm-thick Ag were deposited at 0.01 nm/s and 0.2 nm/s respectively. 
The active area is 4 mm 2  defi ned by the overlap region between the 
emitter, base, and collector electrodes. To wire out the highly resistive 
thin Al base fi lm, Ag paste is covered on top of the base electrode as 
close to the active area as possible. Thickness was monitored by quartz 
microbalance and confi rmed by a Dektak 150 profi lometer. 

  Fabrication of NiO-based PMBT : For the fabrication of nickel oxide 
(NiO)-based PMBT, we used sol-gel derived NiO with nickel acetate 
dihyrate and ethanolamine as the precursors in ethanol and the 
procedures were documented in our previous publication. [ 30 ]  On top 
of the NiO fi lm, 10 nm-thick aluminum base electrode was evaporated, 
followed by spin-coating a 5 wt.% poly(3-hexylthiophene) (P3HT) 
collector layer. To suppress the leakage current we evaporated insulating 
lithium fl uoride (LiF) layers above and below the Al base fi lm. Finally 
5 and 50 nm-thick molybdenum oxide (MoO 3 ) thick fi lms and an Al 
collector electrode were evaporated. 

  Device characterization : Electrical performance of the device was 
measured in the air without encapsulation using Keithley 4200-
SCS parameter analyzer. Throughout this work,  V  AB  represents  V  A  
–  V  B . Samples for transmission electron microscopy analysis were 
prepared by focused ion beam and measured using JEOL 2010F 
operated at 200 kV. Atomic force microscopy (AFM Dimension 3100, 
tapping mode) and Kelvin probe force microscopy (Bruker Corp.) 
measurements were performed in air. Porosity was calculated using 
Photoshop. Details for X-ray photo-emission spectroscopy (PHI5000 
Versa Probe II) measurement, Kelvin-probe force microscopy (Bruker 
Corp.) measurement, and device simulation are in the supplementary 
section.  
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