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We study the temperature and voltage dependence of current density in hybrid poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/Si heterojunctions. It is shown that charge
transport follows distinct mechanisms at reverse and forward bias. The current is found to be injection lim-
ited at reverse bias owing to the quasi-Schottky-barrier at the organic-inorganic interface. At forward bias,
the carrier transport is governed by space-charge-limited current in PEDOT:PSS. Trap-limited current at
low forward bias is associated with trap states in the organic layer. The total density and the characteristic
energy of localized states of PEDOT:PSS are estimated as N, ~ 5.6 x 10> cm™ and Eg, ~ 0.107 eV,
respectively. The commonly observed double-logarithmic character at forward bias is interpreted as the
signature of transition from the Mark-Helfrich regime to the Mott-Gurney regime.

DOI: 10.1103/PhysRevApplied.12.034002

I. INTRODUCTION

A hybrid organic-inorganic semiconductor heterojunc-
tion based on poly(3,4-ethylenedioxythiophene) polyst-
yrene sulfonate (PEDOT:PSS) thin film and silicon
provides a low-cost platform for silicon-based optoelec-
tronic devices, including hybrid solar cells [1-5] and pho-
todetectors [6,7]. This hybrid structure benefits from a
straightforward and low-temperature fabrication process
as well as compatibility with the mature silicon technol-
ogy. Band bending at the PEDOT:PSS/Si interface gives
rise to the formation of an ultrashallow depletion region
at the silicon surface [8—10]. Owing to the high trans-
parency of PEDOT:PSS, most of the incident photons are
absorbed in the depleted region. This leads to the fast sep-
aration of excess photogenerated carriers with minimum
internal loss in such a way that excess holes are injected
into the polymer and electrons are pushed toward the bulk
of silicon.

Understanding the mechanism of charge transport in the
hybrid PEDOT:PSS/Si heterojunction is very important
from both fundamental and technological points of view.
The hybrid junction exhibits a rectifying behavior with
a rectification ratio of approximately 10°-10°. The cur-
rent is thought to be controlled by the junction properties
formed at the PEDOT:PSS/Si interface, which is com-
monly considered as a quasi-Schottky-junction [1,2,8—10]
or an abrupt p*-n junction [11-13]. While current is
injection limited at reverse bias, it does not exhibit a
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single-exponential rise at forward bias as is expected for
thermionic emission or a one-sided abrupt p*-n junc-
tion. Instead, there is a “kink” at around 0.4 V that
results in a double-logarithmic J-V curve at forward
bias [2,10,12—14]. The appearance of double-logarithmic
behavior at forward bias is attributed to the bulk-transport
properties of the PEDOT:PSS layer [14]. In previous stud-
ies the kink was not analyzed in detail and the origin of
the kink was not fully revealed and there is lack of suffi-
cient knowledge of the charge-transport mechanism in the
organic layer.

Here we explore charge-transport properties in the
hybrid PEDOT:PSS/Si heterojunction through the tem-
perature dependence of the current-voltage characteris-
tics. Diverse analyses based on thermionic emission (TE)
and space-charge-limited-current (SCLC) theories are pre-
sented to interpret the dependence of current density on the
external field and system temperature. Our findings show
that while TE is adequate to interpret the carrier transport
at reverse voltages, it is not the determining mechanism
at forward bias. Instead, charge transport at forward bias
is governed by SCLC in the organic PEDOT:PSS layer.
At low and moderate forward bias, the charge transport
is determined by trap-limited current and at higher volt-
ages the current approaches the Mott-Gurney square law.
Various SCLC regimes at forward bias are discussed.

II. EXPERIMENTAL SECTION

The samples are prepared in a manner similar to that
we reported elsewhere [7]. University silicon wafer with
300 nm SiO, ((100), n-doped, p =1—10 Qcm) and
PEDOT:PSS solution (OSSILA, PH 1000) are used to
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FIG. 1. Current density versus bias voltage at various temper-
atures. Symbols and lines represent experimental data and the
corresponding fits based on Eq. (1), respectively. The inset plot
shows the J-V curves in the vicinity of the kink at forward bias.
A sketch of the device configuration is shown in the left inset.

prepare the samples. The conductivity of PEDOT:PSS is
measured through the dependence of the conductance on
the thickness of the layer and is estimated to be 0.48 +
0.04 Scm™!, in agreement with the values reported for
pristine PEDOT:PSS [15]. The oxide layer on silicon is
removed with buffered HF solution. Aqueous PEDOT:PSS
solution is spin-coated onto silicon (2000 revolutions/min,
30 s) and heated at 130 °C for 10 min. The average thick-
ness of the organic layer L is approximately 190 nm
and the effective contact area at the organic-inorganic
interface Ay is 0.036 cm?. Electrical contacts are pre-
pared by thermal evaporation of Al (50 nm)/Ag (50
nm) on silicon and thermal evaporation of 30-nm Ag on
PEDOT:PSS at a base pressure of 107> Torr. The fabri-
cated Ag/PEDOT:PSS/Si/Al/Ag structure (see the inset in
Fig. 1) is chosen to be similar to the structure commonly
used in hybrid solar cells. All measurements are performed
in darkness and ambient conditions.

II1. RESULTS AND DISCUSSION

The current-voltage characteristic of the hybrid PEDOT:
PSS/Si heterojunction at various temperatures is presented
in Fig. 1. As a consequence of temperature increase from
300 to 390 K, the rectification ratio (at |V] = 3 V) reduces
by more than 1 order of magnitude from approximately
8 x 10° to approximately 3 x 10?. The deviation from
single-exponential behavior appears as a kink at '~ 0.4 V
(see the inset in Fig. 1) in harmony with previous observa-
tions [2,10,12—14].

The lowest unoccupied molecular orbital and the
highest occupied molecular orbital of PEDOT:PSS are

approximately 3.4 and 5 eV below the vacuum level. From
the conduction (4.05 e¢V) and valence (5.2 eV) bands of
silicon, the band gaps of the isolated PEDOT:PSS and
silicon partially overlap. Hence, the PEDOT:PSS/Si inter-
face is categorized as a type-II (staggered) p-n hetero-
junction. As a result of Fermi-level alignment, a built-in
potential between 0.6 and 0.9 V is developed at the inter-
face [2,11,12]. Because of the different band gaps of
PEDOT:PSS and silicon, there are discontinuities in the
conduction and valence bands. In the valence band, the
discontinuity comes out as a notch leading to a quasi-
Schottky-barrier for hole injection from n-type silicon
into the p-type PEDOT:PSS at reverse bias (Fig. 2). This
discontinuity in the valence band is responsible for the
inversion layer at the PEDOT:PSS/Si interface[11,12]. In
the framework of thermionic emission across a Schottky
barrier, the current density is related to the bias voltage (V)
and ideality factor (n) as

qV
J =Jy|ex —1 1
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FIG. 2. Energy band diagram at the hybrid PEDOT:PSS/Si
interface as a type-Il (staggered) p-n heterojunction. The
diagram is not to the correct scale to make band align-
ment clear at the interface. The density of localized states
(DOS) in the exponential and Gaussian distributions is
given by D(E) = N,/Ecnexp[—(E — Eo)/Ecn] and D(E) =
N/ Qmoy) exp[—(E — Ep +E,)2/20t2], respectively. Ey is the
edge of the highest occupied molecular orbital (HOMO) and E;
denotes the distribution depth. CB, conduction band; LUMO,
lowest unoccupied molecular orbital; VB, valence band.
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where A* = 4wem*k3/h® is the Richardson constant,
which for n-doped silicon is around 120 Acm™2K™2
and @spy is the quasi-Schottky-barrier height at the
PEDOT:PSS/Si interface (Fig. 2).

Regarding to Eq. (2), the quasi-Schottky-barrier height
(SBH) and effective Richardson constant can be deter-
mined from the slope and intercept of In(Jo7~2) versus
B = 1/kgT at reverse bias. Figure 3(a) shows the Richard-
son plot at various reverse voltages. The curves are linear
for T > 320 K, indicating that the charge transport across
the hybrid heterojunction is dominated by TE at tem-
peratures higher than 320 K. At lower temperatures, the
current flow is governed by carriers tunneling across the
barrier. The extracted Schottky barrier height is presented
in Fig. 3(b) as a function of reverse-bias voltage. The SBH
reduces with bias voltage due to the image-force lowering,
which is reflected in the bias-driven increase of the reverse
saturation current (see Fig. 1). In principle, the image-force
lowering of the SBH is given by A¢sgy = «/qF /47 €pe,,
where F is the strength of the external field at the inter-
face [16]. In practice, the bias dependence of ¢sgy is
commonly linearized as [17,18],

espi = @y + 9V V (3)

where ¢y, is the zero-bias SBH and y is a dimension-
less positive coefficient. With Eq. (3), the zero-bias SBH is
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FIG. 3. Current-density analysis based on TE. (a) Richardson

curves at various reverse-bias voltages. (b) The dependence of
SBH on the bias voltage. The red line is the fitted curve [Eq. (3)].
(c) Forward-bias fittings of H versus current density at various
temperatures [Eq. (5)]. (d) Ideality factor versus temperature.
Empty and filled symbols represent data extracted from H-J
curves and n = ¢gBdV/dInJ, respectively.

obtained as 0.48 + 0.04 eV, in agreement with the values
reported for pristine PEDOT:PSS/n-Si [14,19]. Assuming
the Schottky-Mott limit, the barrier height for hole injec-
tion from silicon into PEDOT:PSS is given by ¢l =
Eq — oo — xsil, where E; = 1.12 eV and xs; = 4.05 eV
stand for the band gap and electron affinity of silicon, and
@o denotes the work function of PEDOT:PSS (see Fig. 2).
Putting the calculated SBH into this equation, we estimate
the work function of PEDOT:PSS to be 4.69 + 0.04 eV.

From the curves shown in Fig. 3(a), the effective
Richardson constant is calculated to be 3.84 (£1.37) x
10~* Acm™2 K2, orders of magnitude smaller than the
expected value. The deviation is due to the presence of
a thin (approximately 10 A) naturally grown oxide layer
on the silicon surface. After colloidal PEDOT:PSS solu-
tion is dispersed onto silicon, the samples are baked at
T > 100°C for a few minutes. This step in the fabrication
process introduces a thin oxide layer onto the silicon sur-
face. Taking into account the process of charge tunneling
across the oxide layer, the Richardson constant is reduced
as [20,21]

At = A* eXp(—OIT (Soxv (Ptun), (4)

where a7 = +/8em*/h ~ 1.01 eV~0° A" is the dimen-
sional tunneling constant, 8o is the average thickness of
oxide layer (in angstroms), and ¢y, is the effective tun-
neling barrier height (in electronvolts). Using Eq. (4), we
estimate the tunneling factor at the PEDOT:PSS/Si inter-
face as Sox/Pun == 11.6-14.4 eV~ A, implying an oxide
thickness 8¢ of between 29 and 36 A [20].

At forward bias, holes are injected from PEDOT:PSS
into »n-Si. Within thermionic emission theory [Eq. (1)],
the ideality factor and series resistance (R;) can be
extracted from the forward bias with use of the following
equation [22]:

HU)=V— %ln(J/A*TZ) = AetiRs] + 19l (5)

Considering the zero-bias SBH extracted from Eq. (3), the
series resistance and ideality factor are estimated from the
slope and y-axis intercept of H versus J curves at various
temperatures [Fig. 3(c)]. The series resistance is obtained
as 615 24 Q and the extracted ideality factors are pre-
sented in Fig. 3(d) as a function of temperature. Unexpect-
edly, the ideality factor increases with temperature, which
is not consistent with thermionic emission theory. The ide-
ality factor is an indication of deviation from pure TE
across the junction. As the temperature rises, it is expected
that thermionic emission becomes the dominant process
[as in the case of reverse bias, see Fig. 3(a)] and hence
the ideality factor should approach 1 [23], while opposite
behavior is observed. The same trend is obtained when
n=qpdV/dInJ is used at forward bias [Fig. 3(d)]. The
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increase in the ideality factor and the double-logarithmic
behavior are clear signals that the charge transport at for-
ward bias of the hybrid heterojunction is not governed by
TE. In this regard, the ideality factor and other TE quan-
tities such as the SBH and R, extracted from forward-bias
data are merely curve-fitting parameters and should not be
interpreted as representative physical quantities.

As a result, when hybrid PEDOT:PSS/Si is reverse
biased, the carrier transport through the junction is well
described by thermionic emission theory. However, the
experimental data do not follow the TE mechanism at
forward bias. Indeed, high values of the ideality factor
are an indication that the charge transport is governed by
the bulk of organic layer rather than thermionic emission
across the quasi-Schottky-junction [24,25]. In the follow-
ing we analyze the current-voltage characteristics in the
framework of space-charge-limited current. This model is
often used to interpret charge transport in organic semicon-
ductors [26-32], including emerging organic photovoltaic
cells [33,34] as well as hole-only PEDOT:PSS devices
[35,36]. Owing to the relative thinness of PEDOT:PSS,
a considerable part of the organic layer may be depleted
as a result of Fermi-level alignment at the PEDOT:PSS/Si
interface (see Appendix A). In this regard, the organic
layer acts as a space-charge medium and the current flow
throughout the layer is governed by SCLC. In the frame-
work of SCLC, the current generally scales with bias
voltage through a power-law relation:

J o 9, (6)

In the presence of an exponential tail of localized states
with characteristic energy E¢, (see Fig. 2), three regimes
are expected [37,38]. At low bias voltages, the current
scales linearly with voltage due to the flow of equilibrium
charge carriers. Using the multiple-trapping formalism,
Rohr et al. [34] showed that the voltage and temperature
dependence of current at low voltages is given by

J o« (kgT)'V, (7

where [ = E¢,/kpT. At moderate voltages, the charge
transport is dominated by thermal activation of trapped
carriers and the current follows the Mark-Helfrich rela-
tion [39]

J o P (8)

At higher voltages, all the localized states will be filled by
the injected carriers and charge transport obeys the trap-
free Mott-Gurney square law [40]:

J o« V2. 9)

Figure 4(a) shows the characteristic J-J curves on a log-
arithmic scale. With use of Eq. (6), the differential power
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FIG. 4. Current-density analysis based on SCLC. (a) Log-log
J-V curves at different temperatures. (b) Differential power ver-
sus bias voltage [Eq. (6)]. (c) Characteristic energy versus f8
at low forward-bias voltages extracted from Eq. (11) (lines).
Squares represent the extracted E., from the Mark-Helfrich
regime. The width of the distribution in the case of a Gaussian
density of states is shown by empty circles [Eq. (12)].

can be calculated by

_ dlogJ
~ dlog V'

m(V) (10)

The differential power at forward and reverse bias is
depicted in Fig. 4(b). At reverse bias, m is almost constant
(approximately 0.5) over the scanned range independent
of the system temperature. This is strong evidence of
the Schottky effect, and is discussed later. At forward
bias, three regimes are identified. At low voltages, m lies
between 1 and 1.3 depending on the system temperature
[linear regime, Eq. (7)]. The sharp rise at 300 mV signals
the onset of the trap-filling process. At moderate voltages,
m exhibits a maximum at 800 mV (m & 4-5) characteristic
of Mark-Helfrich regime [m > 2, Eq. (8)]. At higher volt-
ages, m approaches to 2 (m ~ 1.65—1.95), indicating the
trap-free Mott-Gurney regime [Eq. (9)].

In the linear regime [Eq. (7)], the characteristic energy
of trap states can be estimated from

1 dlogJ

Ep=—— 257
T T T¥logp 9B

Y
As shown in Fig. 4(c), E., is approximately 0.05-0.07 eV.
The characteristic energy of the band tail may also be
calculated from Ej = (m — 1)/8 in the Mark-Helfrich

regime. We use mpm, at 800 mV to extract E, at var-
ious temperatures; the results are depicted in Fig. 4(c).
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The average value is obtained as £, = 0.107 £ 0.007 eV,
which is slightly higher than the estimated values from
the linear regime. The discrepancy may originate from the
approximations involved in Eq. (7).

The density of trap states may follow a Gaussian distri-
bution (see Fig. 2). Just like the exponential tail, a Gaussian
density of states would result in the same power relation in
the Mark-Helfrich regime [Eq. (8)]. In this case, / would
be related to the distribution width (o;) as [28,41].

1= 1+ %(ﬂm)z (12)

The calculated widths (based on my,y) are presented in
Fig. 4(c). The average distribution width is estimated to
be 0.164 £ 0.011 eV.

As discussed in the preceding paragraph, the carrier
transport is trap limited at low and moderate forward bias.
Trap-filled limit voltage is observed at Vrpr = 1350 mV,
where charge transport enters the trap-free Mott-Gurney
regime (see Appendix B). At this point, all the local-
ized states will become filled and further increase of the
applied voltage will result in the introduction of free
carriers that cannot be trapped [37]. The total density
of localized states (N;) can be roughly estimated from
O = CVrpL, where Q = gALN; is the total trapped charge
and C = epA/L is the capacitance of the organic layer.
The relative permittivity of PEDOT:PSS is around 3, and
hence the total density of localized states is obtained as
N, = epVrpL/qL? ~ 5.6 x 10'5 cm™3. In the Mott-Gurney
regime, the current density depends solely on the mobility
of carriers and is given by J = (9/8)eu(V?/L3). Assum-
ing field-independent mobility and ignoring the built-in
potential at interfaces, the hole mobility of PEDOT:PSS (at
V=3 V) is estimated to be u = 0.000268 cm> V~!s~!,
in good agreement with the reported values for pristine
PEDOT:PSS [36,42,43].

We now discuss m(}V) ~ 0.5 at reverse voltages. The
current saturation at reverse bias ensues from the fact that
the amount of charge the quasi-Schottky-barrier supplies
to PEDOT:PSS is insufficient to satisfy SCLC. Incorporat-
ing image-force lowering of the SBH into the saturation
current, we can write the Schottky effect as [37]

Js = Jyexp <,BS\/§> R (13)

where Jj is the zero-bias current density given by Eq. (2)
(with @spy replaced by <prH). The external field strength

is approximated by V/L and B, = B+/q/4m€y€,. The max-
imum value of the exponent is B,4/V/L =~ 0.02, which is

small enough to safely approximate Eq. (13) as

Js(V) o< JoBs/ V/L. (14)
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FIG. 5. The dependence of forward-bias current-voltage char-

acteristics of the hybrid PEDOT:PSS/Si heterojunction on the
thickness of the PEDOT:PSS layer.

This equation implies dlogJ/dlogV = 0.5, which is
observed at reverse bias as shown in Fig. 4(b).

Finally, we discuss the effect of the thickness of the
organic layer on the charge-transport mechanism at for-
ward bias. As mentioned previously, the appearance of
SCLC in PEDOT:PSS originates from the thinness of the
layer, where the width of the depletion region is com-
parable to the thickness of PEDOT:PSS. We investigate
charge transport in various PEDOT:PSS/Si samples with
different thicknesses of the PEDOT:PSS layer. Figure 5
shows logarithmic current-voltage characteristics across
PEDOT:PSS/Si heterojunctions at forward bias. For the
thinnest sample [Fig. 5(a)] the J-V curves obviously fol-
low the SCLC. As the thickness of PEDOT:PSS increases,
the double-logarithmic character disappears and the J-V
curves tend to a single-exponential behavior in the sam-
ples with thicker PEDOT:PSS [Fig. 5(d)]. In this regard,
for thin organic layers, where the width of the depletion
region is comparable to the thickness of the layer, carrier
transport is governed by SCLC. For thick PEDOT:PSS lay-
ers, on the other hand, the depletion width is much smaller
than the thickness of the layer and it is the bulk properties
(i.e., excess holes in PEDOT:PSS) that govern the carrier
transport through the organic layer.

IV. CONCLUSION

In summary, carrier transport in the hybrid PEDOT:PSS/
Si heterojunction is governed by distinct mechanisms at
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reverse and forward voltages. At reverse bias, the cur-
rent is injection limited via thermionic emission across the
quasi-Schottky-barrier at the organic-inorganic interface.
At forward bias, on the other hand, the carrier transport
is essentially governed by space-charge-limited current
in the PEDOT:PSS layer. A similar situation is observed
in hybrid Methyl Red/p-Si [24] and Orange G/n-Si [25]
heterojunctions as well as asymmetric spiro-OMeTAD
single-carrier devices [34]. Charge transport at low and
moderate forward bias is trap limited and the onset of
trap filling (Mark-Helfrich regime) is at 300 mV. The
transition from the Mark-Helfrich regime to the Mott-
Gurney regime occurs at 1350 mV, which is the origin
of the frequently observed double-logarithmic behavior at
forward bias. The appearance of SCLC at forward bias
strongly depends on the thickness of PEDOT:PSS. As
the thickness of the organic layer increases, the double-
logarithmic behavior disappears and the current density
tends to increase as a single exponential. This correlation
indicates that for thin PEDOT:PSS layers (which is the
ideal case for optoelectronic and photovoltaic applications
of hybrid PEDOT:PSS/Si heterojunctions), a considerable
portion of the organic layer is depleted and the layer acts as
a space-charge medium where charge transport is governed
by space-charge-limited current.
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APPENDIX A: DEPLETION APPROXIMATION

In the depletion approximation, which is often used
in semiconductor heterojunctions, the depletion width on
each side of the PEDOT:PSS/Si heterojunction is given by

Wem — 2Na(a)Esi€p P
S qNaa) (€siNg + €pN,)’

(A1)

where N, denotes the concentration of carriers in the
p-type PEDOT:PSS (n-type silicon) and ,; is the contact
potential. Figure 6 shows the depletion widths as a func-
tion of the carrier concentration in the organic layer. For a
hole concentration of approximately 10'® cm~3, the width
of the depletion region in PEDOT:PSS is approximately
102 nm, which is the typical thickness of the organic layer.
Depending on the oxidation level and the relative ratio of
PEDOT to PSS, the concentration of holes in PEDOT:PSS
may differ by orders of magnitude.

APPENDIX B: TRANSITION TO THE TRAP-FREE
MOTT-GURNEY REGIME

Figure 7(a) presents J-V curves at moderate and high
forward-bias voltages. At low and moderate bias, the car-
rier transport is governed by the multiple-trapping mech-
anism, which is a thermally activated process [38,44]. At
these voltages, the current increases as temperature rises. It
is apparent from Fig. 7(a) that the trap-filled limit voltage
is around 1350 mV. This is the point where all the traps
will become filled and further increase of the external field
would inject free carriers that cannot be trapped (bandlike
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FIG. 7. (a) Current-voltage characteristics in the vicinity of the

trap-filled limit voltage. (b) Temperature dependence of current
density at various forward voltages.
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transport). In this regard, increasing the system tempera-
ture in the Mott-Gurney regime will result in enhancement
of free-carrier scattering from the lattice vibrations, and
hence, the current decreases with temperature (the concen-
tration of injected holes is much higher than that of the
thermal carriers). This effect is shown in Fig. 7(b), where
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