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Abstract

Ultrathin CIGSe solar cells on TCOs (transparent conductive oxides) have many
promising potential applications due to their transparency. However, their perfor-
mance is strongly constrained due to the back contact, often referred to acting as a
Schottky junction. In this work, we show that the current limitation due to a back
Schottky junction can be responsible for the apparent photocurrent loss and suppres-
sion of the forward current, which deteriorates cell performance and leads to the S-
shaped J-V characteristics, respectively. However, due to the non-negligible photo-
current in the back Schottky diode and the current amplification effect of a transistor,
cells with a reduced absorber thickness overall exhibit a relieved current suppression,
resulting in a light J-V curve closer to the one with an Ohmic back contact. Notably, a
higher back interface recombination velocity is capable of increasing the forward cur-
rent of the Schottky diode by recombination, which mitigates the limitation of cur-
rent flow through the back Schottky junction and thus improves the cell
performance. The results show strong implications that introducing high density
defects at the back interface is favorable for CIGSe solar cells on TCOs, rather than
employing point-contact structures for interface passivation. This suggests a different
path to improve ultrathin CIGSe solar cells on TCOs compared to the devices on Mo

with an Ohmic back contact.
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there.%?¢7 Since the back contact is within the diffusion length of
photogenerated minorities (electrons here), back recombination is

Compared to conventional ones with an absorber thickness beyond
2 pm, ultrathin Cu (In,Ga)Se, (CIGSe) solar cells (with a sub-500 nm
absorber) hold the unique advantage to reduce the material consump-
tion.~3 This allows to largely relax concerns of indium scarcity and
lower the material-related cost in mass production, which can poten-
tially improve the competitiveness of CIGSe solar cells in the photo-
voltaic market.*> However, their efficiencies are up to now not
competitive, and insufficient absorption and back recombination
mainly account for the poor performance.!~3%7

Back recombination is the loss of photogenerated electrons

transporting to the back interface (Mo/CIGSe) and recombining

extraordinarily severe for ultrathin CIGSe solar cells. In the last few
years, point-contact nanostructures made of dielectric materials,
which were adapted from Si technology, were emerging to passivate
the back interface, and thus reduce back recombination for ultrathin
CIGSe solar cells.®~*8 This is arising from the presence of a high den-
sity of negative internal charges as well as a low density of interface
defects on the point-contact nanostructures, overall giving rising to a
lower surface recombination at the back interface 7121 Simulta-
neously, dielectric point-contact nanostructures can enhance the opti-
cal reflectivity of Mo/CIGSe and significantly improve light
absorption.””*” In combination, both electrical and optical effects
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yield a pronounced performance enhancement for ultrathin CIGSe

solar cells on Mo.

Besides on Mo, CIGSe solar cells can alternatively be prepared on
transparent conductive oxides (TCOs).2?~22 Compared to the optically
lossy Mo, their transparency renders many unique advantages. For
instance, TCO substrates favor the realization of pronounced light
trapping in ultrathin CIGSe solar cells.2> 27 Furthermore, CIGSe solar
cells on TCOs can be utilized in tandem cells as a top cell,?® bifacial

2930 in solar window, and in backwall com‘iguration.e‘l’32 It

solar cells,
should be noted that, due to the high temperature during CIGSe
absorber deposition, TCOs may be thermally instable**2° and ITO (Sn:
In,O3) and FTO (F:SnO,) are experimentally preferred.'??%2? Com-
pared to cells on Mo with an Ohmic back contact, CIGSe solar cells on
n-TCOs, due to the mismatch of conductivity type, typically exhibit a
back barrier potential and thus a space charge region opposed to the
main pn junction, hence acting similarly to a Schottky diode 2032735
This will typically lead to an S-shaped light J-V curve (rollover effect)
and a crossover between light and dark J-V curves.®¢%” On the other
hand, some authors did not observe those non-ideal characteristics
and claimed that the TCO/CIGSe back contact is quasi-
Ohmic.17223638 Recently, several publications reported that an
increased back recombination is likely to lessen the impact of the back
barrier potential for cells on ITO and to improve the cell perfor-
mance.??%%%? This may pose a sharp contrast to previous demonstra-
tions for cells on Mo, where a reduced back recombination is
desirable. Up to now, the relevant explorations of passivating back
contacts have mainly been confined to cells on Mo with an Ohmic
contact.87*8 Since cells on TCOs may exhibit a Schottky-like back con-
tact with a barrier potential, this may bring a different carrier transport
behavior from the condition with an Ohmic contact. Further, consid-
ering promising applications and relatively poor performance of
ultrathin CIGSe solar cells on TCOs, it will be of great interest to iden-
tify how a passivated back contact affects CIGSe solar cells with a
Schottky back contact. Strictly speaking, a Schottky diode can be
merely formed between a metal and a semiconductor, whereas the
junction at the back interface is n*p for CIGSe solar cells on TCOs. In
fact, several authors have not made that distinction and claim that a
Schottky back contact forms between CIGSe and TCOs.2*7%> How-
ever, in both cases, there is a band bending only in the absorber near
the back contact and thus effects on the carrier transport are quite
similar. Therefore, we here assume that a Schottky diode can be used
for modeling the TCO/CIGSe junction.

In this work, we employ the one-dimensional modeling software
SCAPS* and theoretically investigate how a passivated back contact
affects solar cells with a Schottky back contact. It is demonstrated
that, compared to cells with an Ohmic contact, it is the current limita-
tion introduced by the back Schottky diode, which is responsible for
the relatively poor cell performance and the forward current suppres-
sion. Cells with a reduced absorber thickness show a less severe cur-
rent suppression compared to their thick counterparts, as a joint
result of the non-negligible photocurrent in the back Schottky diode
and the amplification effect of a transistor. Increasing the back inter-

face recombination velocity is able to increase the forward current of

the back Schottky diode by assisting hole recombination, which
thereby alleviates the current limitation by the back Schottky junction
and improves the cell performance. It strongly implies that introducing
a high density of defect states at the back contact is favorable to the
performance of ultrathin CIGSe cells on TCOs. This poses a striking
contrast to CIGSe cells on Mo (Ohmic contact), where employing

point-contact structures and passivating back contacts is desirable.

2 | SIMULATION MODEL

The one-dimensional software SCAPS*° is applied for all simulations,
which is developed specially for CIGSe and CdTe solar cells. For a
clear identification of the effect of the back Schottky junction on the
cells and to avoid any interference of band discontinuities in the het-
erojunction cell, we take a simple homojunction cell structure with
constant band gap in our model. As illustrated in Figure 1, the cell is
composed of Layer 1 (200 nm, illumination side)/Layer 2 (d nm)/Layer
3 (20 nm)/back contact from top to bottom, without band discontinu-
ities or defects at the interfaces between Layer 1/Layer 2/Layer
3. The three layers have the same parameters except for layer thick-
ness and doping type. Layer 1 is n type, and the other two are p type.
The pn junction is hence formed at the interface between Layers
1 and 2. All three layers have a band gap of 1.2 eV, and a moderate

doping concentration of 1E16 cm™3

is assumed. A mid-gap neutral
defect is introduced in each layer, which sets a lifetime of 100 ns and
a diffusion length of 1.1 pm for both electrons and holes. Since the
ultimate goal in this contribution is to identify how the back barrier
potential affects CIGSe cells, relevant parameters related to absorber
and back contact are chosen such that they are realistic for CIGSe
solar cells.**=* This implies that, despite the modeled cell structure
deviating from the real cells to some extent, the main conclusions will
not be affected by this simplification.

To investigate the effects of back recombination for cells with a
Schottky back contact, the back recombination velocities Sy, for elec-
trons and holes are assumed the same and range from 1E2 to
1E6 cm/s. The back potential E;, (barrier height for majority carriers,
with respect to the equilibrium valence band) is set to 0.4 eV. All rele-
vant parameters are summarized in Table 1, and a sketch of the
resulting band diagram is shown in Figure 1. The definition file can be

obtained directly from the authors.

3 | RESULTS AND DISCUSSION

3.1 | Thick cells

We start from a thick Layer 2 (d = 2,000 nm), which keeps the back
contact away from the main pn junction formed by Layer 1/Layer 2.
Figure 2 shows light J-V curves for various conditions at a fixed inter-
face recombination velocity S, of 1E2 cm/s. Compared to the condi-
tion with an Ohmic back contact (black solid line), a Schottky contact

(E,=0.4eV here) indeed generates the S-shaped characteristic
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FIGURE 1 Sketch of the band diagram of the
investigated solar cell structure with back Back
potential E, = 0.4 eV and recombination velocity

RSN 1.
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TABLE 1

Layer properties Back contact

d (nm) x
Eg (eV) x
x(eV) x
e/eg x
Nc (em™®) x
N, (cm~9) x
pn M2Vt s7Y) x
p (em?V=1s7Y) x
n (NS) x
7, (NS) x
Ly (um) x
Lp (pm) x
Ve (cms™Y) x
Np/a (cm™2) x
Sy, (cm/s) variable
En (eV) 0.4

Distance to back contact (um)

Device parameters of a simplified solar cell structure for simulations

Layer 3 Layer 2 Layer 1
20 d (variable) 200
1.2 1.2 1.2

45 4.5 4.5

10 10 10
1.0E19 1.0E19 1.0E19
1.0E19 1.0E19 1.0E19
50 50 50

50 50 50

100 100 100
100 100 100
11 1.1 1.1

11 1.1 1.1
1.0E7 1.0E7 1.0E7
1.0E16 1.0E16 1.0E16
X X X

X X X

Abbreviations: d, thickness of layer 2; Eg, bandgap; Ej, back potential barrier with respect to valence band; L,,,, electron/hole diffusion length; N, density
of states in conduction/valence band; Np,4, effective donor/acceptor doping; Sy, interface recombination velocity at CIGSe/back contact; /¢, relative
permeability; y,,p: electron/hole mobility; z,,,, electron/hole bulk lifetime; v, thermal velocity; y, electron affinity.

(red solid line) and deteriorates the cell performance mainly by a lower
Voc (open-circuit voltage) and FF (fill factor), which agrees well with
previous results.2>2%-35 Since the Schottky back contact generates a
potential barrier for holes passing towards the back contact, it has
been claimed previously that the back barrier blocks the transport of

photogenerated holes and thereby deteriorates the cell

performance.®2% If this were true, a CIGSe absorber layer close to
the back contact with a valence band offset should produce a similar
blocking effect. To test it, we set Layer 3 (close to the back contact,
20 nm thick) to produce a valence band offset of 0.4 eV by increasing
its bandgap by 0.4 eV at a fixed electron affinity. The corresponding
J-V curve (green dashed line) is also included in Figure 2. Notably,
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FIGURE 2 Light J-V curves for various back
configurations at Sy, of 1E2 cm/s (Layer 2:
thickness d = 2,000 nm)
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FIGURE 3 Equivalent circuit of a solar cell
with a reverse Schottky diode at the back contact
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compared to the pure Ohmic-contact cell, the additional valence band
offset hardly changes the light J-V curve. Actually, it is the
photogenerated minorities (electrons here) which determine the

t,4% indicating that the modification in the valence band

photocurren
exerts only a marginal effect on the photocurrent. Therefore, the
blocking of photogenerated holes is not the critical factor for a
Schottky back contact which is harming the cell performance.

To identify how the Schottky back contact really affects the cell
performance, the J-V curve of the pure back Schottky cell (blue solid
line) is calculated by switching the conductivity type of Layer 1 (n to
p) and included in Figure 2 as well. Since the polarity of the Schottky
junction is opposite to the pn junction between Layer 1/Layer 2, its

forward bias is pointing to the negative x direction and its forward

current to the negative y direction. The Schottky cell has a small pho-
tocurrent and starts to exhibit a net forward current at a bias of
—0.25 V (corresponding to its V,). We interpolate the J-V curves of
the cell with a pure Ohmic contact (black solid line) and the pure
Schottky cell (blue solid line) and add the corresponding voltages at
equal currents. As the solid circles indicate, the voltage addition is
equal to the simulated value for the cell with the Schottky back con-
tact (red solid line). This finding reflects that the two diodes, that is,
the pn junction and the Schottky diode, are in series connection in the
equivalent circuit, which is sketched in a simplified version without
considering shunt and series resistances in Figure 3.

From the sketch, we see that the current Is through the Schottky
junction equals the net current [,¢; of the circuit and obeys:
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Inet:IS:ID*’phv (1)

where Ip is the diode current through the pn junction and I, the
photocurrent.

Besides, Is follows the following equation**:
Is = —Iso(exp(—qVs/kT) - 1),, (2)

where Isg is the saturation current, g the elementary charge, k the
Boltzmann constant, and T the Kelvin temperature. The minus signs in
front of Isp and Vs indicate the opposite polarity of the Schottky diode
with respect to the pn junction.

The voltage V across the whole circuit is the sum of Vs and Vp as
Equation 3 shows. Since Vs and Vp are functions of their individual

passing currents, the voltage across the whole circuit is denoted as
V:VS (IDflph)+VD (ID) (3)

In the fourth quadrant, as the orange dashed line in Figure 2
exemplarily shows for a fixed current, the current through the
Schottky diode Is (or the net current I,y is in the same direction as
the photocurrent Iy, pointing towards the back contact. Due to the
Schottky junction being a majority device, the forward dark current
here are holes being transported towards back contact. This means
that the Schottky junction is under the condition of a forward bias
and Vs is thus in an opposite direction to the bias across the pn junc-
tion Vp. Consequently, according to Equation 3, Vp across the pn
junction will be higher than the applied voltage V across the whole cir-
cuit (which is also reflected in Figure 2). This will in turn lead to a
larger Ip and thus reduces Is (or I,.e) based on Equation 1. It shall be
stressed that (as shown in Equation 2) the current Is is exponentially
depending on the applied bias Vs for a Schottky diode, whereas for
the condition of an Ohmic contact, Vp simply equals the bias across
the whole circuit V and I,,¢t is not limited by the current through the
back Schottky diode Is. Therefore, we conclude that the apparent loss
in photocurrent in the fourth quadrant is due to the restraint of cur-
rent introduced by the back Schottky diode.

In the first quadrant in Figure 2, Iy is larger than Iy, leading to the
net current I (or Is) transporting in the opposite direction to .
According to the Schottky diode equation (Equation 2), et or Is will
be heavily limited by Iso, which is barely bias-dependent for a
Schottky diode. This determines that the net forward current is
suppressed in the first quadrant for the cell with a Schottky back con-
tact. Unlike a pure resistor, the Schottky junction exhibits a photocur-
rent (though it is small here and has been neglected in the equivalent
circuit for a thick absorber in Figure 3), and Vs takes a negative value
rather than being zero at short-circuit condition (Is = 0). According to
the addition principle of voltages (V = Vs + Vp) stated above, it can
be inferred that a back Schottky diode deteriorates V.. as well,
whereas a pure resistor will not.

Figure 4A plots light J-V curves for the solar cell with a Schottky
back contact at various interface recombination velocities (S,
= 1E2-1E6 cm/s). Notably, a higher S, points to a reduced

photocurrent loss, leading to an optimum FF and V. obtained at the
highest S, of 1E6 cm/s. Since the pn junction and the Schottky junc-
tion are in series connection as concluded above and S, has a marginal
effect on thick cells with an Ohmic contact,® the effect of S, on the
cell with a Schottky contact actually lies in how Sy, affects the J-V evo-
lution of the pure Schottky cell. Figure 4B represents light J-V curves
of the pure Schottky cell at various S,. At a lower S, the forward cur-
rent (in negative x direction) is more limited. Conversely, a higher S,
corresponds to a larger forward diode current and thus relaxes the
current limitation introduced by the back Schottky diode. It hence
alleviates the deterioration of V.. an FF. As stated above, the Schottky
cell is a majority device, and the forward dark current is holes going
towards the back contact. The dependence of forward current on S,
implies that a higher S, is capable of assisting holes going through the
back interface. As Figure 4C illustrates, the back contact has a rela-
tively low work function and is thus not selective to holes. This deter-
mines that the forward hole current from the p-typed semiconductor
to back contact is likely to be realized in terms of recombination.

3.2 | Thin solar cells

When the thickness of Layer 2 is reduced to 300 nm, the space
charge region (SCR) of the Schottky junction is only around 50 nm
away from that of the main pn junction (estimated from the band dia-
gram). Figure 5A plots light J-V curves in dependence of S, for the cell
with a Schottky back contact. A similar trend is observed as shown in
Figure 4A: A higher S, improves V. and FF. The remarkable difference
is, even at an S, of 1E2 cm/s, the current suppression in the first
quadrant is not as pronounced as in thick cells. Furthermore, the S-
shape characteristic is not visible and J-V curves resembling those of
cells with an Ohmic contact appear as S, evolves to 1E4 and 1E6 cm/
s. These J-V curves were also experimentally observed by some
authors, and a (quasi-)Ohmic contact was hence claimed to form in
CIGSe cells on TCOs.1223638 However, the simulations here indicate
that this does not necessarily mean that the Schottky diode is absent
and an Ohmic back contact is formed. Compared to thick cells, one of
the reasons for the mitigation of the S-shaped characteristic is that
for thin cells, the corresponding photocurrent in the back Schottky
diode is not negligible and points to the direction of the forward cur-
rent of the main pn diode.

We also simulated light J-V curves for the cell with an Ohmic con-
tact and a pure Schottky cell for S, = 1E2 cm/s and did the same
addition as specified for Figure 2. Interestingly, the added J-V curve
(indicated by the black solid circles) lies to the right side of the directly
simulated one for the cell with a Schottky contact when the bias is
approaching V,. and beyond. It indicates that, compared to their thick
counterparts, there are extra effects to relieve the suppression of net
forward current for the ultrathin cells with a Schottky back contact.
The transistor effect is responsible for it. When the Schottky back
contact is approaching the pn junction, the cell structure can be inter-
preted as a transistor with a collector, a base and an emitter.*> The

net forward current will be the result of the base current multiplied by
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FIGURE 4 Light J-V curves for (A) a solar cell with a Schottky back contact and (B) the corresponding pure Schottky cell as a function of back
interface recombination velocity S, (Layer 2: thickness d = 2,000 nm), and (C) sketch of hole transport through the back contact (forward diode
current) via defects at the interface
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FIGURE 5 Light J-V curves for (A) a solar cell with a Schottky back contact for varied back recombination velocity S, and (B) various back
contact configurations at an S, of 1E2 cm/s (Layer 2: thickness d = 300 nm)
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the amplification 3 of the transistor, thus leading to a larger current in
the simulated J-V curve (red line) than in the one generated by addi-
tion (black solid circle) in the first quadrant.

The critical distance between the back Schottky diode and the
front pn junction, where the transistor effect starts to matter, depends
very much on the doping levels of the individual layers. For a realistic
CIGSe solar cell, the n-type window layers have a higher doping level,
and the transistor effect can thus be significant at a larger distance
between the main pn junction and the back Schottky diode. This
implies that the transistor effect is likely to play a role even in thick
realistic CIGSe solar cells with a Schottky back contact.*®

3.3 |
TCOs

Implication for ultrathin CIGSe solar cells on

To further demonstrate the applicability of the investigated cell struc-
ture and related analysis above for realistic CIGSe solar cells, we simu-
lated the dependence of S, on light J-V curves for heterojunction
CIGSe cells with a back potential barrier of 0.4 eV (see Supporting
Information S1). Similar to what was observed in Figures 4A and 5A,
an increasing S, mitigates the current limitation and contributes to a
continuous improvement in FF and V, for both thick and ultrathin
cells. Besides, ultrathin CIGSe solar cells exhibit a less pronounced
current suppression in contrast to thick cells. Those results indicate
that the simple assumption of a homojunction cell is reasonable
enough to explore effects of the back Schottky diode on CIGSe solar
cells and interpretations deduced from the simple homojunction
model are relevant for realistic CIGSe solar cells.

Introducing point-contact nanostructures for passivating the back
contact in ultrathin CGISe solar cells was intensively explored on Mo,
and a significant improvement of electrical properties was
validated.® '8 In contrast to this case of an Ohmic back contact,
CIGSe solar cells on TCO substrates are typically treated having a
Schottky-like back contact with a back barrier potential. For the latter
case, the theoretical study here implies that introducing point-contact
structures into ultrathin CIGSe solar cells on TCOs for passivating the
back interface, if in the absence of other effects (e.g., electrical field
potential8'12), is not favorable since the passivated back contact can
impair the electrical properties of the cells. Conversely, this study
paves a path to improve the performance of ultrathin CIGSe solar cells
on TCOs by introducing a high density of defect states at the back

interface.

4 | CONCLUSION AND OUTLOOK

In this work, we theoretically investigated how a Schottky back
contact impacts thin film solar cells. It has been verified that the
limitation of the current introduced by the back Schottky diode
accounts for the apparent photocurrent loss and the forward
current suppression of light J-V curves. It heavily deteriorates the

electrical properties of the solar cells by decreasing both FF and V..

However, for cells with a reduced absorber thickness, both, the
non-negligible photocurrent in the back Schottky diode and the cur-
rent amplification effect of a transistor, contribute to a large mitiga-
tion of the forward current suppression. A higher back interface
recombination velocity can alleviate the apparent photocurrent loss,
which improves FF and V,. simultaneously. This is realized by
improving the forward current of the back Schottky diode by
assisting hole transport towards the back contact. These findings
suggest a different optimization strategy compared to cells with an
Ohmic back contact, where passivation of the back contact is desir-
able. We conclude that implementing point-contact nanostructures
to electrically passivate the back interface, which has been success-
fully employed for performance enhancement of CIGSe solar cells
on Mo, may be not applicable for cells on TCOs with a Schottky-like
back contact. Conversely, introducing a high density of defects at
the back contact is likely to enhance the performance for cells on
TCO with a Schottky-like back contact.
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