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Extraction of PEDOT:PSS/c-Si Junction Properties by
Modeling of Injection-Dependent Lifetime Measurements

Including Depletion Region Modulation

Marc-Uwe Halbich* and Jan Schmidt*

The carrier lifetime of n-type silicon wafers coated with the conducting polymer
PEDOT:PSS as a function of the excess carrier concentration Ap within the wafer
is characterized using the quasi-steady-state photoconductance (QSSPC)
method, and a drastic increase in the measured apparent lifetime z,;, with
decreasing Ap is observed. The observed increase with the depletion region
modulation (DRM) effect is explained, as PEDOT:PSS-coated p-type silicon
wafers do not show any increase in lifetime toward low injection levels. By
modeling the measured z,,,(Ap) curves on n-type silicon including interface
recombination as well as the DRM effect, the interface recombination velocity as
well as the band bending W within the silicon induced by PEDOT:PSS are able to
be extracted. The impact of adding sorbitol to the PEDOT:PSS dispersion on the
Tapp(Ap) curves is examined, and it is demonstrated that the admixture of sorbitol
improves chemical interface passivation but leaves the band bending within the
silicon bulk toward the PEDOT:PSS/c-Si interface unaffected.

the parasitic absorption in PEDOT:PSS.!
However, it turned out that sorbitol not only
increases the transparency of the PEDOT:
PSS layer, but also improves the passivation
quality of the c-Si surface.**! Various char-
acterization methods have been applied
to electronically analyze the PEDOT:PSS/
c-Si junction,"* ' which either require
special sample preparation with contacts
or advanced ultrahigh-vacuum equipment.
In this study, we carry out easy-to-apply
contactless injection-dependent lifetime
measurements using the quasi-steady-state
photoconductance (QSSPC) approach.!'”!#!
Our lifetime measurements are carried
out on n-type silicon wafers coated with
PEDOT:PSS, where we observe a very sharp

1. Introduction

The hole-conducting polymer poly(3,4-ethylenedioxythiophene):
poly(styrene-sulfonic acid) [PEDOT:PSS] is known to effectively
passivate crystalline silicon (c-Si) surfaces and simultaneously
provide low contact resistance for holes.!! PEDOT:PSS can hence
be applied as a hole-selective passivating contact layer in silicon
solar cells.”™

Sorbitol, which has already been established as a conductance-
enhancing additive to PEDOT:PSS,!">'" can be added to reduce
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increase in lifetime with decreasing injec-

tion level at very low injection densities,

which we attribute to the modulation of
the depletion region width at the surface of the measured silicon
sample. This so-called “depletion region modulation” (DRM)
effect is observed in photoconductance-based lifetime measure-
ments if a depletion region is present at the sample’s surface,
e.g., due to fixed charges within a surface-passivating dielectric
layer!"® or due to a p-n junction.?” In this contribution, we dem-
onstrate that the DRM effect can be exploited to determine the
band bending in silicon and the interface passivation of organic
silicon heterojunctions.

2. Experimental Section

Silicon lifetime samples were fabricated on (100)-oriented
300 pm-thick n-type Cz-Si wafers with a resistivity of 1.5 Q cm
and on p-type Fz—Si wafers with a resistivity of 1.3 Q cm. A cross
section of the fabricated lifetime samples is shown in Figure 3.
One wafer surface of the n-type silicon wafers was passivated by
a 100 nm-thick plasma-enhanced chemical vapor-deposited
(PECVD) SiN, layer (Plasmalab 80 Plus, Oxford Instruments)
with a refractive index of n=24 (at a wavelength of
A=633nm), deposited at 400°C. As SiN, on c-Si is known to
carry a positive fixed charge density,?”) no depletion region
was formed on n-type silicon. On p-type silicon, a negative
charge dielectric layer has to be applied to avoid any depletion
region formation. Hence, on p-type silicon wafers, we deposited
a 10 nm-thick negative charge AlO, layer by means of plasma-
assisted atomic layer deposition (FlexAL, Oxford Instruments)
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on one wafer surface,”” which was then capped by a SiN, layer
as an etch protection layer in the subsequent etching step. To
fully activate AlO, passivation, p-type silicon wafers were ther-
mally annealed on a hotplate at 425 °C for 15 min. All samples
(n- as well as p-type) were then dipped in 1% hydrofluoric (HF)
acid for 60 s to remove any native oxide from the nonpassivated
wafer surface. Immediately after the HF dip, PEDOT:PSS
dispersion (Clevios, Heraeus Deutschland GmbH) was depos-
ited by spin coating (WS-650Mz-8NPPB/UD3, Laurell
Technologies). PEDOT:PSS deposition was conducted by spin
coating at a rotational speed of 500rpm for 10s and
1500 rpm for 30s. Subsequently, the PEDOT:PSS layer was
annealed on a hotplate for 10 min at 130 °C in ambient environ-
ment. Note that we used samples coated only on one side with
PEDOT:PSS, as samples coated on both sides with PEDOT:PSS
showed a degradation of the passivation quality due to the addi-
tional annealing step at 130 °C. Injection-dependent measure-
ments of the carrier lifetime were carried out at 30°C by a
Sinton Lifetime Tester (WCT-120, Sinton Instruments) using
the QSSPC method.

2.1. Interface Model

Measurements of the photoconductance versus the illumination
intensity can be used to determine the effective recombination
lifetime 7. of Si wafers. It is well known that minority-carrier
trapping may cause the measured apparent effective excess
carrier lifetime 7,,, to be larger than the actual recombination
lifetime 7.4.1*>** However, a drastic overestimation of the mea-
sured lifetime cannot only be caused by minority-carrier trapping
centers in the silicon bulk, but also by the presence of a junction
leading to a depletion region at the sample’s surface. Excess
charge carriers may accumulate at the edge of the depletion
region, reducing the width of the depletion region. The width
of the depletion region decreases with increasing light intensity.
This effect named DRM in the literature!*®*% was reported on

www.pss-rapid.com

¢-Si samples with dopant-diffused p—n junctions and c-Si wafers
passivated with charged dielectric layers.!*"!

Under illumination, the presence of a depletion region within
an n-type silicon sample leads to the appearance of additional
excess carrier densities Appry in the sample in addition to the
bulk excess carrier concentration Ap. As c-Si surfaces coated with
PEDOT:PSS are due to band bending known to lead to an increase
of holes close to n-type silicon surfaces,” one would expect to
observe a DRM effect also in PEDOT:PSS n-type silicon samples.
A band diagram of the physical situation of band bending at the
surface of an n-type silicon wafer with a negative surface charge
Qris schematically shown in Figure 5. This situation is equivalent
to the PEDOT:PSS/n-Si interface but easier to model. If
Apand Appgy are of the same order of magnitude, which may
be the case in low injection levels, the additional charge carriers
Appry lead to an overestimation in the measured carrier life-
time."*?") The measured photoconductance is equal to the conduc-
tance of silicon under illumination oy, minus the conductance
without excess charge carriers o4,y i.e., without illumination.

_ Olight — Odark

P W, + 1) M

The conductance is composed of the fraction of the conduc-
tance without band bending o, plus the conductance induced by
band bending oy,

o = op, + oy 2)

where oy, is given by

o = qW((no + Ap)in + (po + Ap)ip] (3)
oy, describes the deviation of the conductance due to band

bending ¥, at the silicon surface and is described by solving
the Poisson equation near the silicon surface.!**=2%2¢!

" qw (4)

() = £ qzeoeSi/“Js (no + Ap)(exp (&) — Dita + (po + Ap)(exp(z5) — 1)
PR s 2k5T Jo F(¥, Ap)

where \/F(W, Ap) is the auxiliary function given by
v
VE(Y, Ap) = (ng + Ap) ((exp( ) — 1

+ (po + Ap) (exp (;B—q\;) — 1) +

With the value for ¥; determined according to Girisch
et al.,*” the conductance oy, can be calculated as a function
of the band bending ¥, at the silicon surface and the excess
carrier concentration p in the bulk. The overall excess carrier con-
centration Apyor,, which includes the excess charge carriers due
to the band bending at the silicon surface, can be calculated using
the equation
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APioal = AP, + APy, (©)
where Apyg, is the excess carrier concentration for flat-band
conditions given by

. Ofb light — Ofb,dark

Ap,. — gt 7ibdark
PO = W, + 1y) @

The excess carrier concentration as a function of the band
bending Apy, at the surface is given by

_ ublight (s light) — Obb dark (Vs dark)
qW (py + Hp)

Apyy ®)

Finally, the apparent carrier lifetime 7,p, is given byl2®

APiotal
Tapp = éota (9)
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where G is the corresponding photogeneration rate, which
equals the total recombination rate within the sample. Note that
in the case of symmetrical samples oy}, and Apy,, were multiplied
by the factor of 2. Using Equation (6)—(9), the photoconductance-
based-measured apparent lifetime 7, as a function of the excess
carrier concentration Ap = Apyoa Was numerically calculated for
a silicon sample with induced band bending ¥,. With the known
electron and hole densities in equilibrium n, and p,, the thick-
ness W of the silicon wafer and the quasi-Fermi levels of elec-
trons and holes were calculated. Next, a “virtual” surface
charge Qr was assumed and the iterative procedure of Girisch
et al. determined the surface potential ¥,.””! The interface charge
Q;: was neglected here, because Qj, is at least an order of magni-
tude smaller than Qg."*®! The surface recombination velocity
parameters for electrons and holes S, and S, describe the sur-
face recombination without band bending, i.e., the level of chem-
ical interface passivation. The recombination rate at the surface
can be described by the approximative equation!®”!

R. — (nsps - ”iz)snospo (10)

* Sno(ns +19) + Spo(ps + Po)

where ng and p, are the carrier concentrations at the surface,
which depend on the surface potential ¥, and the excess carrier
concentrations in the bulk. Note that Equation (9) is simplified
and the parameters S,, and S,y can be regarded as lumped
parameters describing the chemical interface recombination.
In reality, the interface defects are described by a quasicontinu-
ous interface state density, whereas, in Equation (10), a discrete
midgap defect level is assumed, as it is frequently done in
numerical device simulations."?®! For our exemplary calculations,
we identified the silicon bulk lifetime with the Auger lifetime and
used the parameterization of Veith-Wolf et al.*®! Figure 1 shows
calculated apparent lifetime curves z,,, as a function of the
excess carrier concentration Ap for different negative surface
charges O on the surface of an 1.5 Qcm n-type silicon wafer
for surface recombination velocities of S0 = Spo = 102 cms L
Apparent lifetime curves for positive surfaces charges Qr on
n-type silicon are shown in Figure 2. The dashed lines are cal-
culations without the deviation due to the band bending at the
surface, i.e., without the term oy, in Equation (2). It is obvious
from Figure 1 that an up-bending (as shown in Figure 5) of the
energy bands toward the silicon surface (in this case due to neg-
ative fixed charges on top) leads to a drastic apparent increase in
lifetime with decreasing Ap. With increasing band bending, the
DRM effect shifts to larger injection densities. However, for
down-bending of energy bands (see Figure 2, positive Oy values),
no DRM effect is observable on n-type silicon.

3. Results and Discussion

Figure 3 shows measured apparent lifetimes z,,, curves as a
function of the excess carrier concentration Ap measured by
QSSPC.

The apparent lifetime 7., of the p-type silicon wafer in
Figure 3 (blue squares) is approximately constant over the entire
investigated Ap range. In contrast, the 1.5Q cm n-type Si wafer
shows a strong increase in the apparent lifetime 7., for
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Figure 1. Theoretically calculated apparent lifetime 7,5, as a function of
the apparent excess carrier concentration Ap for different negative Qr val-
ues and a fixed surface recombination velocity of S,o = Spo = 102cms™!
on a 1.5 Qcm 300 pm-thick n-type silicon wafer. The dashed lines show
the corresponding curves without the DRM effect. The black solid line
corresponds to flat-band conditions.
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Figure 2. Theoretically calculated apparent lifetime 7,5, as a function of
the apparent excess carrier concentration Ap for different positive Qs val-
ues and a fixed surface recombination velocity of Spo = Spo = 10%cms™!
on a 1.5 Qcm 300 pm-thick n-type silicon wafer. The black solid line cor-
responds to flat-band conditions.

decreasing Ap values below ~10'*cm™> (red circles). We attri-
bute this steep increase in lifetime at low injection densities
to the DRM effect. PEDOT:PSS, due to its work function of
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Figure 3. QSSPC-measured injection-dependent apparent lifetimes
Tapp (Ap) of PEDOT:PSS-coated 1.5 Q cm n-type silicon (red circles, oppo-
site surface passivated with positive charge SiN,) and 1.3Qcm p-type
silicon (blue squares, other surface passivated with a negative charge
AIO,/SiN, stack).

5.2 eV, induces a band bending in n-type silicon, which causes an
accumulation of minority carriers (i.e., holes) at the surface and
thus creates a depletion region at the PEDOT:PSS/n-Si junc-
tion.* To model the observed lifetime increase at low injection
densities, we treat the PEDOT:PSS layer in the same way as a
passivating dielectric layer with a fixed negative charge density,
resulting in the same kind of depletion region at the silicon sur-
face. In our model, we not only include the change in photocon-
ductance during quasi-steady-state measurements, but also the
change in the additional conductance caused by the DRM at
the PEDOT:PSS/n-Si junction. By fitting the measured apparent
lifetime curves z,,,(Ap) with the simulated apparent lifetimes,
we are able to determine the band bending ¥, induced by
PEDOT:PSS at the interface in n-type silicon. Figure 4 shows
measured lifetimes of n-type silicon wafers with PEDOT:
PSS/n-Si junction as a function of Ap. We also measured the
apparent lifetime z,,, of a reference silicon wafer passivated
on both sides with SiN, (shown in Figure 4 as gray circles).
The apparent lifetime in Figure 4 of the n-type silicon wafer
passivated on both sides with SiN, (gray circles) shows no DRM
effect. The apparent lifetime curves for n-type silicon wafers with
PEDOT:PSS/n-Si junction clearly show the DRM effect for Ap
values below ~10'* cm™>. We examine here a PEDOT:PSS dis-
persion without and with 7.7 wt% sorbitol addition. The addition
of 7.7wt% sorbitol to the PEDOT:PSS precursor dispersion
leads to a higher apparent lifetime for Ap values larger than
~4 x 10" cm > (blue triangles). In previous studies we showed
that the addition of sorbitol to the PEDOT:PSS precursor disper-
sion has a positive impact on the passivation quality of p-type
silicon surfaces with PEDOT:PSS.[*3? The fact that the addition
of sorbitol improves the passivation quality of PEDOT:PSS is

Phys. Status Solidi RRL 2021, 15, 2100008 2100008 (4 of 6)
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Figure 4. Experimental (symbols) and fitted (lines) apparent lifetime
Tapp(Ap) curves of 1.5Qcm n-type Si wafers passivated with PEDOT:
PSS and SiN,. The resulting interface parameters are shown in Table 1.
As a reference, the gray circles show a measurement of a both-sides
SiN,-passivated wafer with no DRM effect being visible.

confirmed here on n-type silicon. For excess carrier densities
below =4 x 10'> cm™>, however, there is no difference in the
DRM-affected 7,,,(Ap) lifetime curves with and without sorbitol
addition (compare yellow diamonds and blue triangles). With a
simulation of the 7,;,(Ap) dependence and a fit of our experi-
mental data shown in Figure 4 (red lines), we can now determine
the band bending ¥; in the n-type silicon samples and the sur-
face recombination velocity Sno= Sy of the PEDOT:PSS/
n-Si junction. A fit was conducted for four samples without
sorbitol addition and for 7.7 wt% sorbitol addition. The average
values of the band bending ¥; and the S, values are shown in
Table 1. The uncertainties indicate the deviations from the mean
values. Due to the sign convention, a band bending ¥, which
leads to an accumulation of holes, is negative.

Figure 5 shows the resulting electronic band structure for a
PEDOT:PSS-coated n-type silicon wafer with doping concentration
of Np = 3.2 x 10" cm™>. Qur extracted value for the band bend-
ing ¥, based on modeling the DRM effect, is shown in green. The
Fermi energy of intrinsic silicon E; (gray), bandgap of silicon E,
(orange), and the Fermi energy Er (blue) are also shown.

In the literature, Jickle et al.*®! also determined the band
bending ¥, on PEDOT:PSS-coated n-type silicon with doping
concentration of 1.5 x 10" cm . Jickle et al.™ reported ¥,
values between —712 and —690 meV for PEDOT:PSS/n-Si junc-
tions by means of capacitance-voltage (C-V) measurements.
Wan et al.™® also reported a band bending of —716 meV at the
PEDOT:PSS/n-Si junction extracted from C-V measurements.
Wang et al."® reported a band bending for the PEDOT:PSS/
n-Si junction of —710meV, as determined by X-ray photo-
electron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS). Within the range of the measurement
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Figure 5. Schematic of the electronic band structure in a PEDOT:
PSS-coated n-type silicon wafer with doping concentration of
Np=3.2x 10" cm™. Our extracted value for the band bending ¥,
based on fitting the DRM effect to injection-dependent lifetime measure-
ments, is shown in green.

Table 1. Interface parameters ¥, and S,o = Sy, determined by fitting the
experimental data shown in Figure 4.

Surface recombination
velocity parameter

Sorbitol content of
PEDOT:PSS dispersion

Band bending in
1.5Qcm n-type

Coorb [WE%] silicon ¥, [meV] Sp0=Sno [cms™]
0.0 (4 samples) —(720+9) (22£0.2) x 10°
7.7 (4 samples) —(714+6) (1.5+£0.1) x 10°

uncertainties, the band bending ¥, determined by the contact-
less easy-to-apply method introduced in this article is in excellent
agreement with the ¥, values reported in the literature based on
advanced characterization techniques. Interestingly, within the
measurement uncertainty, we do not observe any impact of sor-
bitol admixture to PEDOT:PSS on ¥,. However, the addition of
sorbitol improves the chemical interface passivation by ~30%.

4, Conclusion

We have shown that lifetime curves obtained from QSSPC meas-
urements on n-type silicon wafers coated with PEDOT:PSS show
a drastic increase in the measured apparent lifetime with
decreasing injection density Ap. We have attributed this increase
to the DRM effect. As expected, injection-dependent lifetime
curves of PEDOT:PSS-coated p-type silicon wafers did not show
any DRM effect. We have modeled the z,;,,(Ap) curves including
the DRM effect at the PEDOT:PSS/n-Si junction. By modeling
the measured 7,,,(Ap) curves, we were able to extract the
PEDOT:PSS-induced band bending ¥y in silicon toward the
interface. The determined value for the band bending ¥ of
—(720 £ 9) meV is in good agreement with values reported in
the literature for the PEDOT:PSS/c-Si junction obtained from
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capacitance—voltage (C-V), XPS, and UPS measurements. The
introduced contactless method to determine ¥, from injection-
dependent lifetime measurements was hence demonstrated to
be well suitable to analyze the electronic properties of organic
silicon heterojunctions. We also examined the impact of adding
sorbitol to PEDOT:PSS dispersion on the DRM effect. Within
the measurement uncertainty range, we did not observe any
impact of the sorbitol admixture on the band bending ¥,. The
interface recombination, however, decreased significantly by
the admixture of sorbitol. Hence, we conclude that the admixture
of sorbitol to PEDOT:PSS improves the chemical interface pas-
sivation of the PEDOT:PSS/c-Si junction but leaves the band
bending within the silicon unchanged.
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