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Abstract—We present a method, based upon reverse-
recovery (RR) transient measurements, for determining the
interface recombination parameters of double-sided hetero-
junction solar cells. A physics-based model is developed,
and normalized parameters are used to provide results that
can be scaled to arbitrary wafer thickness and minority-
carrier diffusion coefficient. In the case of dominant recom-
bination at only one interface, interface recombination
velocity can be extracted directly from RR times. In devices
with significant recombination at both interfaces, numerical
modeling must be used. The effects of minority-carrier
current spreading in small devices can be corrected for
analytically. The results are then applied to both PEDOT/
n-Si and PEDOT/n-Si/TiO3 heterojunction cells. We find that
the PEDOT/n-Si interface, despite favorable band offsets
and a significant built-in voltage, is not an ideal hole injec-
tor because of recombination at the PEDOT/n-Si interface.
We also find that the effective surface recombination veloc-
ity at the Si-TiO, interface in a metallized device is 330 cm/s,
confirming that the interface has a low defect density.
Finally, we reflect on the significance of these results for
the further development of silicon heterojunction cells.

Index Terms—Device modeling, organic silicon, oxide
silicon, reverse recovery (RR), silicon heterojunctions.

I. INTRODUCTION

ONOCRYSTALLINE silicon solar cells, with their
high material quality and well-understood physics, can
boast of impressive efficiencies (~25% for lab cells) and
significant commercial success, representing about 25% of
all cell production in 2015 [1]. Recently, there has been
growing interest in silicon heterojunction cells (SHJCs), which
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can offer the efficiencies of traditional silicon cells along
with a decreased thermal budget and a potentially simpler
manufacturing process. In these cells, the heavily doped side
of a typical p™-n or n™-p-junction is replaced by an a-Si/Si [2],
organic/Si [3]-[5], or metal oxide/Si heterojunction [6], [7] to
create a carrier selective contact to lightly doped crystalline
silicon. This contact blocks majority carriers from the lightly
doped side from crossing to the contact in forward bias (thus
greatly lowering dark current compared to a Schottky device),
and the work function difference between the contact and the
silicon creates an electric field that collects minority carriers
generated by the sun.

Ideally, this contact serves as a minority-carrier injector
into the silicon (n-type in our example). On the other side
of the device, at the ohmic contact to the lightly doped semi-
conductor, a complementary heterojunction is used to block
minority carriers in order to further reduce dark current. This
effectively replaces the “backside field” implemented as an
n/n™ (or p/pT) junction. Fig. 1(a) shows the dark cur-
rent mechanisms in forward bias in such a device using
PEDOT:PSS [poly(3.4-ethylenedioxythiophene) polystyrene
sulfonate] and TiO; (titanium dioxide) as the electron and
hole blockers, respectively, but the diagram would apply to
other material configurations as well. The front (anode) contact
supplies holes, which can recombine at the front electron-
barrier/silicon interface (Jfor, front) Or be injected as minority
carriers (Jfor,inj) into the n-type bulk. Assuming no bulk
recombination, they will then recombine at the rear hole-
barrier/silicon interface. The rear cathode contact supplies
electrons, which will either recombine at the rear interface or
diffuse into the bulk and recombine at the front interface. This
paper assumes that carriers do not penetrate their respective
barriers.

A key issue in such cells is recombination at the two het-
erojunction interfaces to silicon, as indicated in Fig. 1(a).
Recombination at either interface contributes to the dark
current Jrr. Because the dark current directly determines
the open-circuit voltage, the interface recombination at both
of these heterojunctions to silicon must be small to enable
high cell performance. Inductively coupled photoconductivity
decay measurements are widely used to measure effective
minority-carrier lifetimes in high lifetime float-zone silicon
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Fig. 1. (a) Band diagram of device in forward bias, with total current
density Jior. Arrows show carrier flux direction. The PEDOT/Si serves
as a minority-carrier injecting (major-carrier blocking) selective contact.
Ignoring bulk recombination, injected holes can either diffuse through
the bulk to the back (Jor,inj) or recombine at the front (Jor, front)- The rear
heterojunction (Si/TiO5 in our case) serves as a selective contact that
blocks minority carriers from recombining at the cathode contact in the
ideal case, but in practice will allow a finite amount of interface recom-
bination. (b) Bands and carrier flows during the reverse-current phase,
again showing the front- and rear-interface recombination. Because the
device voltage is approximately constant during this phase, the bands
are essentially unchanged from the forward-current case.

after heterojunction interfaces are deposited, allowing the
extraction of minority-carrier recombination velocities at the
interfaces [8]. However, subsequent contact metallization can
cause chemical or electrical changes to the interface, greatly
affecting recombination. The high conductivity of metal con-
tacts means photoconductivity decay experiments cannot be
carried out on metallized devices, so an alternative method is
needed.

Previously, researchers have reported using modulated
photoluminescence (MPL) [9], open-circuit voltage decay
(OCVD) [10], and short-circuit current decay (SCCD) [11] to
obtain recombination information. Compared to MPL, reverse
recovery (RR) avoids problems that may arise due to the
exciting illumination changing the effective recombination
parameters, although we note that this effect may at times
be useful. OCVD and SCCD are similar in concept to RR,
and the basic ideas laid out here would also apply to those
techniques; previous literature using these methods focuses
only on back interface and bulk recombination, neglecting
front-interface recombination, but could be extended along the
lines presented here.

Using RR to extract the amount of recombination at both
silicon interfaces in complete, contacted devices is the focus
of this paper. Specifically, we will give a method that can be
applied to the reverse bias transient current characteristics of
SHJCs in general, and then use these results to measure this
recombination in PEDOT/n-Si and PEDOT/n-Si/TiO, devices.

Il. REVERSE RECOVERY IN DIODES WITH
MINORITY CARRIERS

In an RR measurement, a constant forward current density
Jror 1s applied across a minority-carrier diode for a time long
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Fig. 2. Transient experimental and modeled results for a room-

temperature PEDOT/n-Si device. Parameters are Jio, = 2.85 mA/cm2,
revt =0 = 1.98 MA/cm?, Jior frontt = 0 = 0.63 MA/cm?, Yarea = 0.88,
and qVp; = 0.7 eV. Note the differing scales for positive and negative
current density.

enough to establish steady-state minority-carrier profiles in
the silicon; this current is then quickly switched to a reverse
current density Jry by applying a reverse voltage to a resistor
in series with the device under test (not directly to the device),
and the transient current waveform is measured. For some
time #,, minority carriers stored in the device base can flow out
through the front interface, and the current is approximately
constant, defined by the voltage across the resistor. When these
minority carriers begin to be significantly depleted, the cur-
rent drops and eventually approaches the (negligible) device
reverse-saturation current. As the current decreases, the diode
voltage decreases; discharging of the device capacitance can
affect the rate of the voltage decay as well. Typical data are
shown in Fig. 2. Because the onset of the drop in voltage is
not abrupt, for consistency we adopt the definition that ¢, is
the time when a line fit tangent to the J versus ¢ curve at
Jrev(t) = 0.75 % Jrey,1=0, Where Jiey ;=0 is the reverse current
immediately after the bias is switched from forward to reverse,
intersects with the horizontal line through Jiey ;—0, as shown
in Fig. 2.

Because hole transport in the n-type Si is governed by
diffusion, Jiey has the effect of setting the slope of the
hole concentration versus distance on the edge of the n-type
region, adjacent to any space charge region. This slope remains
constant during the length of the constant-current recovery
phase. When the concentration of holes at this side reaches
zero, at a time defined as t = t,, that current (as reflected
in the slope of minority-carrier density versus distance at
the minority-carrier injecting interface) becomes untenable,
and the current begins to decay, as can be seen in the final
timepoints of Fig. 3.

This examination suggests that in low-level injection a
1-D diffusion equation model ought to be enough to model
RR characteristics. The basic underlying equation is the time-
dependent diffusion equation dp/0t = D), (0? p/0x?), where
p is hole density, g is the electron charge, and D, is the
hole diffusion constant. At the front interface, the external
current Jexy = —qDp0p/0x + Jont, Where Jey is the
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Fig. 3. Modeled hole profile across quasi-neutral region over time after
reverse bias was applied for (a) PEDOT/n-Si device and (b) PEDOT/
n-Si/TiO»o device with the same forward-bias current density, assuming
all current is carried by holes injected into the n-type base. The addition of
the hole-blocking backside contact leads to a significantly increased num-
ber of holes in forward bias, and thus increased RR times. Parameters are
Jior = 10 MA/cm2, Jrey (t = 0)= 15 mA/cm?, and sgjrrio, = 275 cm/s,
with L = 0.03 cm and base doping n = 2 - 105 cm=3.

externally measured current density and Jgone is the front-
interface recombination current density; this expression holds
during both forward and reverse current periods. Note that
Jiront 1 defined to be always positive, so that during the
forward current recombination adds to the externally measured
current magnitude, whereas during the reverse current it sub-
tracts from it. At the back interface, we have —D,0p/ox =
P - Sback, again true during both forward and reverse periods.
For a single-sided device (SSD), spack is very high and the
hole density at the back interface is effectively pinned at zero.

Kingston [12] examined the long-base diode to arrive
at the expression erf[(tr/rp)l/z] = (1 + JreV/Jfor)’l,
where 7, 1is the bulk minority-carrier lifetime, while
Grove and Sah [13] looked at the short-base-limiting case
with infinitely fast recombination at the ohmic back contact.
Neither of these conditions is applicable to a solar cell with
a minority-carrier blocker— such a cell operates in the short-
base regime (because of the high bulk lifetime) but should also
have low recombination velocity at the back contact (because
without low recombination the back heterojunction does not
actually block minority flow). Furthermore, these models
assume that the device current consists 100% of minority
carriers injected in one direction at the junction—effectively an
emitter efficiency of unity. Some recent studies of silicon het-
erojunction solar cells (see [14], [15]) have applied Kingston’s
equation to silicon heterojunction devices. Such fitting should
be done cautiously, as experimental data may “fit” the long-
base model even if the device itself is short-base or features
nonidealities.

I1l. REVERSE-RECOVERY MODEL WITH
INTERFACE RECOMBINATION

To extend previous work to a heterojunction device, one
needs to account for recombination at the heterojunction
interfaces. We restrict ourselves to interface recombination
rather than depletion-region recombination because the latter
should be small in high lifetime silicon. In the event that
barrier tunneling is a significant effect, dark current resulting
from it would be detected and measured by the following

method, but it would not be separated out from “true” interface
recombination current. Similarly, shunt currents (as long as
they were small enough to not overwhelm the minority-carrier
diffusion current) would also be detected as nonideal majority-
carrier dark current. We separate our discussion into the effects
of the two interfaces: that of the minority-carrier-hole blocking
interface (the right side of Fig. 3) and the majority-carrier-
electron blocking interface (the left side).

A. Recombination at Back Heterojunction Interface

We first consider the case where the only recombination
is at the right interface in Fig. I—the heterojunction that
blocks injected minority-carrier holes from recombining at the
cathode contact. We assume no recombination at the interface
which blocks electrons from leaving the device, or equally the
interface which injects minority carriers into the substrate.

We assume low-level injection current levels (no Auger
recombination), and that equilibrium hole values are insignif-
icant compared to the excited value, so that the hole current
in the base is due only to diffusion and thus the local
concentration gradient. Furthermore, assuming a hole barrier
sufficiently thick to prevent direct tunneling and zero bulk
recombination (high lifetime float-zone substrates were used
in our experiments), the hole recombination rate at the back
interface (and thus the transport rate across the substrate
in steady state) is determined by the recombination rate at
the back interface, Jrorinj = ¢ - Sback - p{,ack, where Spack
is the surface recombination velocity at the back selective
heterojunction and p’y,. is the hole density at that interface.
We assume a neutral back contact (flat silicon bands); band-
bending up or down would increase or decrease the apparent
recombination velocity, respectively.

Under forward bias, for the same voltage this contact
reduces hole current by decreasing the magnitude of the
hole gradient across the substrate, which, in the photovoltaic
context, leads to an improvement in Voc. In the RR context,
for the same forward current, the layer [in a “double-sided
device,” (DSD)] leads to increases in both applied voltage and
total stored holes over the “single-sided” heterojunction device
SSD, as shown in Fig. 3.

Assuming no bulk recombination, low-level injection, and
no recombination at the hole-injecting interface, it is straight-
forward to show that (at constant current) the presence of
the minority-carrier blocker increases the number of initially
stored holes according to

2D, ) . 0

Lspack

Opsp = 0Ossb (1 +

This can be a significant difference: for parameters L =
0.03 cm, D, = 11.6 cm?/s, and spack = 250 cm/s,
the calculated increase is over 4x. Experimentally, ssi/Tio,
as low as 75 cm/s has been reported in CVD-TiO, test
structures measured via quasi-steady-state photoconductivity
methods[16], which would lead to a change in 7, according to
the model used here, of about 4x (the fact that this change
matches the change in stored charge is coincidental and does
not hold true generally).
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Fig. 4. Backside recombination velocity s,ock @s a function of RR time
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Additionally, during the RR period itself, recombination at
the back interface will consume holes faster at interfaces with
higher recombination velocity. Because of the confluence of
these two factors, a high quality back interface can increase
recovery times by an order of magnitude for sufficiently
low Spack.

Because the recovery time does not, in general, scale in
proportion to the amount of stored charge, we instead used
the diffusion equation and appropriate boundary conditions to
model RR in devices with a perfect front interface (Stront = 0)
for a variety of base thicknesses and spack and Jrey/ Jror values,
with results presented in Fig. 4. (To enable side-by-side tran-
sient comparisons of the model results to real-world data, the
model also included the circuit series resistance and coupling
to the capacitive current source of the depletion region via the
device voltage). For universal applicability, we use normalized
units by dividing both spock and the base thickness L by
the square root of D, the minority-carrier diffusion constant,
as well as by using Jrev/Jior- See the Appendix for details on
these normalized variables. Figs. 4 and 5 alsouse n = L/(v/D-
2.9-1073) to label curves; modeling parameters were chosen
such that n takes integer values, as shown. Higher values of
n require higher values of spycx to have the same resulting #,,
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Fig. 5. Injection efficiency yggp as a function of RR time t;in a SSD,
with () Jrey /Jior = 0.5 and (b) drev/Jior = 2, With n = L/(v/D-2.9-1073).

since devices using thicker wafers (or devices with smaller
diffusion constants) store comparatively more charge for the
same forward current.

Given the recovery time 7, these curves allow the extrac-
tion of spack in any device with an ideal minority-carrier
injector and a back-interface heterojunction. For example,
if one was testing a novel selective back contact to replace
the back-surface field of a 0.02—cm-thick n-Si heterojunction
with intrinsic thin layer cell, one might measure ¢, = 118 us
at Jrey/Jior = 0.5; in this case, n = 2, and a con-
sultation of Fig. 4 shows that this result corresponds to
sback/\/D_p ~ 59 s~ Y2, or spack & 200 cm/s. Because thinner
devices store fewer carriers, a 0.01-cm-thick device with the
same recovery time would have sp,ck & 100 cm/s.

B. Front Heterojunction Recombination in a
Single-Sided Device

We now consider the effect of recombination at
the minority-carrier-injecting heterojunction (left interface
in Fig. 3). Recombination current at this interface affects
the RR experiments in two distinct ways. First, during the
forward-bias phase, any component of the current that does
not lead to holes injected into the base does not create a stored
charge to later be recovered. Therefore, in setting up the hole
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distribution in the substrate in forward bias, the hole current
density injected across the base is

Jfor,inj = yssD * Jfor 2)

with the emitter injection efficiency yssp = Jfor,inj/ (Jfor, front+
Jtor,inj)» s0 that the Jror frone reduces stored holes and thus the
recovery time. We can incorporate this change into modeling
by simply reducing the Jior,inj as in (2).

Second, during the RR phase, recombination (Jyey, front) adds
to the external current density Jr.y flowing through the device
terminals to give the total rate at which holes are being
removed from the bulk, further reducing the recovery time
compared to the case without such interface recombination.
The hole-removal current density from the bulk at the front
interface during the reverse transient is

Jrev,rem = Jrev + Jrev,front~ (3)

Using the common PEDOT example, with the PEDOT
highest occupied molecular orbital and the silicon valence
band maximum closely aligned [17], the high doping of
the PEDOT will pin the silicon Fermi level, leading to an
interfacial hole density pin that is high and, to first order,
independent of voltage [18]. Given this, one can include the
transient front-interface recombination in modeling via the
expression

p0,1)

p(0,0)

even without knowing the values of the parameters (like
interfacial defect density and capture cross section) that phys-
ically determine the recombination rate (note that, because
tunneling or shunt currents do not follow this relationship,
the presence of those would lead to a slightly worse fit between
the model and experiment. However, because this is very
much a second-order effect, we would not expect the change
to be substantial). Equation (4) also suggests the definition
Stront,eff = Sfront N/ Pint, an effective recombination velocity
for minority-carrier holes that accounts for the effects of a
space charge region in the silicon at the interface. Given yssp,
a consideration of the hole profile across the base yields the
expression

Sfront,eff = (Dp(l — yssp))/(ysspL). &)

Fig. 5 shows modeled (as in Section III-A) recovery times
and their corresponding yssp in short-base devices with an
ohmic back contact. To test, for example, the properties of
a novel oxide/silicon heterojunction injector with an inverted
interface, one could use this information to analyze RR
measurements and obtain both injection efficiency and the
effective recombination velocity of the metallized junction.
Recently, researchers showed how trap-saturation qualitatively
affects the dynamics of PEDOT/n-Si junctions during the RR;
[14] this method would allow the quantitative interpretation of
their results.

“4)

J; rev, front (t ) =J for, front *

C. Double-Sided Device With Two Nonideal Interfaces
The most complex device situation is a DSD with nonideal
interfaces on both sides. The value of ypsp has significant

effects on the extracted value of spack. The two stored-charge
loss mechanisms operate in parallel, and a single set of
data may be explained by many pairs of their respective
magnitudes. An analysis that omits front-interface recombi-
nation (i.e., assumes ypsp = 1) will be able to be “fit” to
experimental RR data, but the extracted spack might be many
times larger than the true value obtained by incorporating an
accurate ypsp # 1.
To determine the parameters of such devices, the following
method may be used.
1) Measure RR in an SSD (e.g., PEDOT/n-Si) with an
ohmic back contact.
2) Fit to 1-D short-base diffusion modeling (Fig. 5) to find
yssp and thus Sfrone,eff, as described in Section III-B and
using (9).
3) Measure RR in a DSD (e.g., PEDOT/n-Si/TiO;) and
fit to numerical solutions of the diffusion equation with
recombination at both sides, subject to the condition

L -1
YDSD = |:1 + Sfront,eff (1 + Sback)i| (6)
Sback Dp

which can be derived by considering the relationship
between base hole profile, steady-state current, and the
definition of s. This is a coupled fitting; each spack fitting
attempt necessitates a new value for Jfor,fmm. As an
example, this method is applied to experimental data
in Section V.

IV. CURRENT-SPREADING EFFECTS

In devices with long bulk lifetimes, carriers will diffuse
laterally away from the device. If this distance is significant
compared to the device dimensions, the behavior of the
3-D hole distribution will not be identical to that predicted by
1-D models for the same amount of total current. One could
compensate for this effect by using an effective 1-D forward
current density

Jfor,l—D,eff = Jfor,experiment * Yarea (7)

where yarea 1S the some size-dependent factor whose value is
not immediately obvious.

To investigate this phenomenon, we carried out full
3-D numerical RR simulations of p*n-diodes (with no back-
side field) in a commercial modeling tool for a number of
different device radii (Fig. 6). From the point of view of
minority carriers in the substrate, p™n devices are similar
to short-base heterojunction devices with near-perfect carrier
injection efficiency, making them applicable for a study specif-
ically of current spreading. The simulation parameters were
Jior = 10.1 mA/em?, p* = 102 cm=3,n = 2-10'5 cm~3,
and L = 0.03 cm. To further isolate the effect of current
spreading, we assumed zero bulk recombination, zero top-
surface recombination outside the device area, and an ohmic
back contact on the entire backside.

Smaller devices had uniformly shorter recovery times for
the same current densities; in those devices, the current is
significantly spread out from the contacted device area, and
spread-out carriers are less likely to be recovered during the
reverse transient.
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Fig. 7. (a) Hole density (cm'z, arbitrary units) in forward bias, obtained
by integrating hole density from the top to the bottom of the wafer for
a single slice along the device diameter, of a simulated 250-pum-radius
3-D p*n-diode, showing region A (under the contacted device area) and
region B (the rest of the substrate). (b) 3-D-integrated hole number (each
normalized to total hole number), in each of the two regions, over time
in an RR simulation of this device with Jio, = 10.1 mA/cm? and Jrey =
13.4 mA/cm?. Despite the fact that initially region B contains 55% of all
stored holes, significantly more holes are extracted from region A than
from region B during the RR process.

To quantify this effect, we examined the hole distribution
in the substrate during the reverse transient by 3-D device
simulation. Fig. 7(a) shows the hole density (in number
per cm?, arbitrary units), obtained by integrating hole density
from the top to the bottom of the wafer for a single slice
along the device diameter. The total number of stored holes
could be broken up into two parts: those directly under the
device (region A) and those that had “spread out” (region B);
totals in each region were obtained by integrating in all
three dimensions. During the recovery transient [Fig. 7(b)],
the number of holes in region B decreases only slightly
before the RR time #,, when the reverse current begins to
drop; the recovered holes that supply the reverse transient
current come almost entirely from region A. Proportionally,
the difference is even greater. Thus, the relevant forward
current for purposes of RR is that directly under the contact
area—those are the carriers that are later collected. In other
words, yarea = current in region A/total current.
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Fig. 8. Data and model fits for a PEDOT/n-Si device, with Jio; =
2.85 mA/cm2 for all data points. The best fit line accounts for both current
spreading (yarea = 0.88, found by the method in [19]) and front-interface
recombination (yggp = 0.75).

This ratio was fortunately derived in [19], which gives a
system of equations that can be solved numerically for the
desired result y,, (denoted there as I1_p/l>—p). To test this
method, we used this yaea to adjust the 3-D-simulated total
forward current density Jror according to (7) (Jrey remains
unchanged, since nearly all reverse current is coming
from the region under the contact), and then modeled in
1-D as described in Section III-B. The resulting 1-D-modeling
curves (Fig. 6) line up closely with the fully simulated
3-D curves; agreement is nearly exact for Jiey > Jror, With
small deviations for low Jrey/Jior (Within 10%), showing that
this simple procedure can be used to effectively reduce the
experimental results to their 1-D equivalents, which can be
more easily analyzed. In summary, then, when devices are
small, the modeling described in Section III must also include
this area-modification factor yares.

V. APPLICATION TO EXPERIMENTAL RESULTS

Both SSD and DSD were fabricated using lightly
doped (Np =~ 2 - 10" cm™3) 0.03-cm-thick float-zone sub-
strates. On the front, 70 nm of PEDOT:PSS was spun on to
serve as a hole-selective injector; to make DSDs, 3-nm TiO;
was additionally deposited on the back via CVD to make a
hole-blocking contact, with Al contacts deposited via thermal
evaporation. The device size was 0.4 cm x 0.4 cm. Further
details are given in [20]. RR measurements were carried out
over a range of reverse biases for each of several forward
biases. The voltage switching times and parasitic capacitances
were relevant only on time scales less than 1 us, much less
than the recovery times of our devices, which were typically
10-100 us. Based on [4] and [18], we set the model’s built-in
voltage to Vi = 0.7 V.

We first present results for SSDs. Fig. 8 shows the experi-
mental results for #. as a function of Jey/Jfor for a PEDOT/
n-Si device with Jior = 6.35mA/cm2. The Grove and Sah
prediction of 7., which has no adjustable parameters and
implicitly assumes yssp = yarea = 1, is also plotted. The
results of the Grove and Sah model, which significantly
overestimates ¢, for all Jwy/Jror, Were then corrected for
current spreading (which causes many injected carriers to not
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Fig. 9. Data and model fits for a PEDOT/n-Si/TiO» device, with Jio; =
6.35 mA/cm?, yarea = 0.79, and Jior front t= 0 = 2.11 mA/cm?. Dashed
and dotted lines show the effect of changing sgjTio, by 10% and 50%,
respectively.

be recovered) using the approach of Section IV. Including
the resulting factor (yaea = 0.88) to account for current-
spreading, essentially shifting the 7, versus Jrey / Jror left, is not
enough to account for all of the overestimation.

The Grove and Sah model also implicitly assumes that
all forward current injects minority carriers which are later
collected—in other words, that yssp = 1. We adjusted yssp
to achieve a best fit of the model to experiment, as in
Section III-B, with yssp = 0.75 giving excellent agreement.
This means that 25% of the forward-bias current is due to
nonideal recombination at the PEDOT/n-Si interface. This fact
has important ramifications for the improvement of Voc via
a lowering of the dark current. A strategy that aims only
at selectively passivating the backside contact will be able
to reduce the hole diffusion current but will not affect the
front-interface recombination current, limiting the possible
Voc improvement.

Based on this result, we used (5) to find spepOT/Sietf =
130 cm/s. This low value is, we emphasize, not due solely
to chemical passivation at the interface, but rather to chem-
ical passivation combined with the significant band-bending
imposed by the high PEDOT:PSS work function.

We next measured the RR in double-sided PEDOT/
n-Si/TiO, devices and modeled the data using the results
of single-sided measurements (speport/si,eft = 130 cm/s) to
include the effects of emitter inefficiency as in Section III-C
(Fig. 9). Jror was also adjusted to account for the effects
of current spreading as in Section IV. There was a single
fitting parameter, ssi/Tio,, which was found to have a value
of ssi/Tio, = 330 cm/s, a number in line with previous
measurements of that interface [20]. This demonstrates that the
interface remains relatively stable, even after contact deposi-
tion. Additional curves in Fig. 9 show the effects on the model
of changing ssi/Tio, by £10% and 50%, indicating sensitivity
to the fitting parameter. These results suggest that the transient
RR method can fix the backside recombination velocity of
complete, contacted devices to within approximately 10%.

We also note that because of the reduced minority-
carrier current in the DSD versus SSD for a given forward
bias, the minority-carrier injection ratio is decreased in the

DSD versus SSD, from yssp = 0.75 to ypsp = 0.58; in other
words, nearly half of the forward-bias current in this device
is due to front-interface recombination.

VI. CONCLUSION

We have developed a flexible RR method to identify the
effects of interface recombination at both silicon surfaces in
silicon heterojunction solar cells. The analyses shown here
allow the direct extraction of the recombination characteristics
of novel heterojunction emitters and selective contacts; we also
detail a method for parameter extraction in cases where both
front and back interfaces are nonideal. The analysis is further
extended to include the effects of current spreading in small-
area devices. We applied this method to investigate the current
mechanisms in PEDOT/n-Si(/TiO;) devices. The PEDOT/n-Si
junction under study was found to be a significantly nonideal
minority-carrier injector, with injection efficiencies as low as
75% in devices without a TiO; hole-blocking cathode at room
temperature. The effective interface recombination velocity
at the TiOy interface was found to be 330 cm/s, similar to
that achieved by back-surface fields created via rapid thermal
processing of screen-printed Al layers [21].

These results suggest that the PEDOT/Si junction, while of
remarkably high quality for being an organic/inorganic and
amorphous/crystalline interface, may become a limiting factor
as devices built around it are optimized. If recombination at
that interface remains significant, it will be imperative for
researchers to develop alternative hole-injecting interfaces that
more closely approach the quality of high-temperature diffused
junctions.

APPENDIX
The RR process depends on the wafer thickness and
minority-carrier diffusion constant D. To make our numerical
modeling results more general, we define normalized variables
for distance and interface recombination velocity. In the device
bulk (for n-Si), the time-dependent minority-carrier diffusion
equation is

op o%p
™ ®
0 0
=D, p
JDpdx//Dp) /Dyd (x/\/Dp)
62p
= 10
e (10)

which is independent of D). Thus, we define a normalized
length scale x’ = x /\/D_ , implying a normalized wafer
thickness L' = L/,/D,. At the back interface, where the hole
current toward the contact equals the recombination rate at the
interface

o
D, L = —spp (1)
o0x
op
% DP@ = _S/back\/ Dy-p (12)
op
ﬁ = _S/backp- (13)

Thus, we define a normalized s'pack = Sback /+ /Dp.
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Finally, at the front interface

op
J = _qua‘i‘Jfront (14)
op
J =—qyDp ox/ + Jtront (15)
0
J = _q_p + J/front (16)

ox’

where we defined normalized current densities J/ = J; /\/D_p
for both currents in equation. The numerical modeling is then
done in terms of these normalized variables and ratios of
normalized currents, as presented in Figs. 4 and 5. Given the
wafer thickness and appropriate diffusion constant, the results
of Figs. 4 and 5 can be scaled to the specific experiment of
interest.
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