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ABSTRACT
Short-circuit current density (JSC) represents the maximum extractable current for photovoltaics, and closing the gap to its radi-

ative limit is crucial for advanced and emerging technologies. However, analysis of its losses remains unstructured, because the

classical current density expression—proportional to carrier concentration and gradient of quasi-Fermi levels—becomes cum-

bersome under short-circuit conditions. Most simulations therefore focus on the maximum-power point, leaving no clear frame-

work for pinpointing JSC losses or developing design guidelines. Here, we address this issue using a charge-balance framework, in

which the divergence of current density equals the net generation at steady state. This formulation reduces the analysis of JSC to

identifying the dominant factors governing the excess carrier distribution under short circuit conditions—an approach that con-

stitutes the main contribution of this work. Systematic SCAPS-1D simulations of homo-pn solar cells reveal that this distribution is

governed primarily by the internal electric field, rather than the equilibrium carrier concentration, although both drift and diffu-

sion contribute. Analysis using infinitesimal photogeneration slices further shows that each excess carrier distribution consists of

a peak at the generation site and tails extending into nongeneration regions, both of which drive recombination. This framework

offers a direct, quantitative route for identifying and minimizing JSC losses.

1 | Introduction

Short-circuit current density (JSC)—the net flow of photogenerated
electrons and holes to opposite contacts—sets the upper limit of
extractable current, and therefore, ultimately constrains the
open-circuit voltage (VOC) and power conversion efficiency of a
solar cell [1–8]. State-of-the-art crystalline-silicon (c-Si) devices
already achieve ~94% of the Shockley–Queisser (SQ) limit for JSC
owing to heterojunction and passivation advances [9–11]. In con-
trast, other high-efficiency architectures still fall short. Halide perov-
skite [12, 13], Cu(In, Ga)Se2 [14–16], and GaAs [17] achieve
approximately 90% or less of their radiative limit, whereas

CdSeTe solar cells now yield about 95% of that limit but still exhibit
a notable open-circuit voltage deficit [18, 19]. Emerging absorbers
such as kesterite [20–22], Sb2Se3 [23], and ZnSnP2 [24, 25] still offer
significant potential for improving short-circuit behavior. Moreover,
the JSC values cited above represent only the best-performing devi-
ces fabricated to date. Numerous preliminary laboratory-scale cells,
even those employing advanced architectures, still exhibit substan-
tially lower JSC. Improving the short-circuit current density in these
early-stage devices remains essential, as they often serve as stepping
stones toward the next technological breakthrough. Bridging this
current-density gap, therefore, requires a fundamental understand-
ing of the factors governing JSC.
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However, understanding of carrier separation under short-circuit
conditions—and thus of the resulting JSC—is still far from com-
plete. Experimentally, JSC is most often analyzed using external
quantum efficiency (EQE) measurements. While EQE clearly
identifies wavelength-resolved losses, it can only offer general
interpretations of their origins (e.g., long-wavelength losses are
typically attributed to recombination in deep regions); the precise
locations and mechanisms of the recombination losses remain
poorly understood. To elucidate the origins of current losses,
numerical simulations have instead been employed. In principle,
the current density is proportional to the product of the carrier
concentration and the gradient of the quasi-Fermi levels, indicat-
ing that the current density is determined by simulated distribu-
tions of these two quantities [1]. In practice, however, directly
comparing the absolute JSC or its losses from those profiles is
challenging. Under short-circuit conditions, carrier concentra-
tions can span several orders of magnitude, and the associated
quasi-Fermi levels can become highly complex, sometimes even
exhibiting extrema, making quantitative interpretation based on
those profiles difficult. Consequently, most fundamental studies
of carrier separation in solar cells have been conducted not at
short circuit but at the maximum-power point [5, 6, 26, 27].
At this operating point, the carriers and quasi-Fermi level distri-
butions are dominated by injected excess carriers due to applied
bias voltage. This reduces the spatial variation of both distribu-
tions, making interpretation based on the standard current
expression more straightforward. However, such distributions
no longer reflect the original photogeneration and but instead
resemble those in a biased diode. In related fields, more advanced
optical-generation simulations have been performed for photodi-
odes and light-emitting diodes, both of which operate under
applied bias, rather than short-circuit conditions. For photovol-
taics, quantifying where photocurrent originates and where it is
lost under zero-bias conditions remains uniquely important.

Here, we replace the complexity of the commonly used current-
density expression with a simple charge-balance scheme: under
steady-state conditions, the divergence of the current density
equals the net generation, that is, total generation minus total
recombination. For a given total generation rate, the spatial pro-
file of recombination rate—and thus JSC—is determined solely by
the steady-state carrier distribution, without reference to the
quasi-Fermi levels. Therefore, the framework to analyze the
absolute value of JSC and its losses can instead be restated as
determining how the steady-state carrier concentration profile,
under illumination with no external bias voltage, is established
and how that profile influences recombination. To date, this
aspect has received only limited attention, with just a handful
of isolated studies addressing excess-carrier concentrations under
true short-circuit conditions [28].

In this study, we investigate the key factors governing the steady-
state carrier distribution under short-circuit conditions using
SCAPS-1D numerical simulations [29], thereby, paving the
way for a charge-balance-based analysis of JSC. To reveal the
fundamental mechanisms, we consider a simplified homo-pn
solar cell incorporating a uniformly distributed carrier trap.
Systematic simulations on hypothetical structures—in which
the drift driving force is fixed while the diffusion driving force
is varied—reveal that under short-circuit conditions the excess
carrier distribution is governed primarily by the electric-field

profile, rather than by the equilibrium carrier concentration.
Further analysis of local photogeneration profiles shows that
the excess carriers consist of (i) a peak located in the generation
region and (ii) tails extending into nongenerating regions.
Because both the peak and the tail increase the excess carrier
density and hence the recombination rate, their suppression is
essential for achieving high device performance. Combining
these findings leads to the conclusion that, under short-circuit
conditions, the spatial concentration of excess carriers in a solar
cell is entirely determined by the electric field and photogenera-
tion profiles. Finally, using a more realistic model with an
exponential generation profile, we quantitatively examine how
variations in electric-field distribution influence the extent of
the peak and tail formation. This study provides a fundamental
framework for quantifying and analyzing the short-circuit cur-
rent density and its associated losses under conditions involving
complex steady-state carrier distributions by clarifying how the
electric field and photogeneration profiles jointly shape the
excess carrier distribution.

2 | Governing Equations for Charge Balance

2.1 | Expression of Current Density in a Solar Cell

The electron and hole current densities in a one-dimensional
solar cell are described by

jk = qzkMknk
∂EF,k

∂x
(1)

where qzk is the charge of particle k (electrons e or holes h), q is
the elementary charge, Mk is their mobility, nk is their concen-
tration, and EF,k is the Fermi level (in equilibrium) or quasi-
Fermi level (under steady-state conditions). Using the
Boltzmann approximation, EF,k can be expressed as:

EF,e =EC + kT ln
ne
NC

EF,h =EV + kT ln
nh
NV

(2)

where EC and EV are levels of the conduction bandminimum and
valence band maximum, k is the Boltzmann constant, T is the
temperature, and NC and NV are the effective densities of states
for conduction and valence bands, respectively. In the dark, the
device is in equilibrium, and Equation (1) reduces to zero because
the Fermi levels are spatially flat. Under illumination, however,
the photogenerated carriers cause the electron and hole quasi-
Fermi levels to split. The resulting gradients are no longer zero,
and Equation (1) yields a photocurrent. Because nk and EF,k are
inherently interdependent, and nk can vary by several orders of
magnitude, analyzing the magnitude of jk while focusing on only
one factor, as in many previous studies [5, 30, 31], is insufficient.

To simplify the discussion, we focus here on the charge balance
among generation, charge flow, and recombination in a solar cell
under steady states, given by

g= j+ jd + r (3)
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with

g= q
Z

G xð Þdx (4)

r = q
Z

U xð Þdx (5)

where G(x) and U(x) are the generation and recombination rates,
respectively, and j = je + jh; and jd is the diode current density
(electron flow toward the p-type side or hole flow toward the
n-type side). Therefore, j can be expressed by

j= g− jd − r (6)

The recombination process is determined solely by steady-state
carrier concentrations rather than by quasi-Fermi levels. U(x)
is generally expressed by

U xð Þ=K nenh −n0en0h
� �

(7)

where K is a coefficient that includes parameters such as the cap-
ture cross sections and carrier trap density, nk and n’k are the
concentrations of k under illuminated and dark conditions,
respectively. jd is expressed by

jd = v1 n1 −n01ð Þ+ v2 n2 −n0
2ð Þ (8)

where vi is the surface recombination velocity at i contact (p-type
side 1 or n-type 2), and ni and n’i are the minority carrier con-
centration at i contact under illuminated and the dark, respec-
tively. Because both r and jd can be determined solely by the
carrier concentration, the current density in a system with a
known g can be estimated from the carrier distribution based
on the charge balance [32]. In this context, what characterizes
the carrier distribution would be regarded as the underlying
mechanism for carrier separation in a solar cell under short-
circuit conditions.

2.2 | Transition Immediately after Illumination to
the Steady State

Solar cell operation is inherently in a steady state; therefore, we
analyze the resulting carrier distributions to demonstrate our
approach. The steady state is defined as the condition in which
the current flow remains constant in both time and position
under illumination and/or applied bias. In numerical simula-
tions of electronic devices, the steady-state distributions of carrier
concentration and electric potential are governed by the continu-
ity equation, Poisson’s equation, and Equation (1). The constitu-
tive equation for carrier k is given by

−
∂jk
∂x

−Uk xð Þ+G xð Þ= ∂nk
∂t

= 0 (9)

where Uk(x) is the recombination rate for carrier k. Poisson’s
equation is given by

∂

∂x
εε0

∂Ψ
∂x

� �
= − q nh −ne +n+

D −n+
A +

ρdef
q

� �
(10)

where ε0 is the permittivity of the vacuum, ε is the relative per-
mittivity of the semiconductor,Ψ is the electrostatic potential, n+

D

and n−
A represent the concentrations of positive and negative

charges resulting from ionized donor-like and acceptor-like
defect states, respectively, and ρdef is the total charge associated
with other defects, assuming that any defect is nondegenerate.
Moreover, in the case of one-dimensional solar cells, the total
current density—the sum of electron and hole contributions at
each position—must remain constant:

∂ je + jhð Þ
∂x

= 0 (11)

Otherwise, the charge balance among generation, recombination,
and flow would be disrupted, leading to a loss of steady state.

The steady state is initiated by carrier generation that begins
abruptly when a solar cell is illuminated. The system subse-
quently settles into a steady state, accompanied by carrier redis-
tribution. In transport theory, there are two distinct modes of
charge-carrier transport, each with a different driving force: drift
and diffusion. This model represents a simplified expression of
Boltzmann transport theory for charged particles that behave like
an ideal gas. Drift is the transport driven by the electric field,
while diffusion is governed by the gradient of the chemical poten-
tial of the particles, given by

uk,dri =MknkE= −
Mknk

q
∂zkqΨ
∂x

(12)

and

uk,diff = −Dkgrad nk = −
Mknk
q

∂μk
∂x

(13)

where E is the electric field and μk is the chemical potential of
particle k. Einstein’s relation, Dk = MkkT/q, is assumed to derive
the diffusion coefficients Dk. Since the electrochemical potential
consists of the chemical potential and the electric potential, these
equations can be derived from Equation (1). Because these move-
ments continuously modify their own driving forces through
Equation (10), tracking the entire transient evolution until steady
state would, in principle, be required. Nevertheless, our primary
aim here is to identify the factors that ultimately characterize
the steady-state carrier distribution. To this end, we examine
two key aspects: (i) the initial equilibrium state in the dark and
(ii) the modulation that drives the system to reach short-circuit
conditions. From the transport expressions in Equations (12)
and (13), it is evident that, immediately after illumination, photo-
generated carriers are influenced by both the built-in electric field
and the carrier concentration (chemical potential) gradient
present in the dark. We thus investigate these two influences
under aspect (i). On the other hand, assuming spatially constant
mobility, substituting Equation (1) into the continuity equation
(Equation (9)) yields

∂

∂x
qzknk

∂EF,k

∂x

� �
=

G xð Þ−Uk xð Þ
Mk

(14)

where the right hand side can be interpreted as the illumination-
induced modulation, with the mobilityMk appearing as a scaling
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factor of the net generation rate G(x) − U(x). If Mk were infinite,
changes in carrier concentration and electric field under short-
circuit conditions would vanish, remaining identical to their
dark-state values, and recombination would not occur. In this
work, we therefore focus on the generation rate as a representa-
tive modulation component, which we defined as aspect (ii). The
influence of each variable is quantified in the following sections
using numerical simulation. All simulation input parameters are
listed in Section 5.

3 | Results and Discussion

3.1 | Influence of the Initial Equilibrium State

To clarify how the redistribution of photogenerated carriers is
influenced by the initial equilibrium state, we first examine five
model systems that share an identical built-in electric field but
differ in their carrier concentrations under dark conditions.
These cases are constructed using five hypothetical combinations
of dopant concentrations (Nd), effective density of states (Neff ),
and the relative permittivity (ε), as listed in Table 1. Several of
the Neff and ε values are intentionally nonpractical and intro-
duced solely to realize the target condition of a constant electric
field. All other conditions follow Table 2 in Section 5. For clarity,
a uniform generation rate of 1.03 × 1021 cm−3 s−1 is applied
throughout the 2 μm solar cell, corresponding to the AM1.5
photon flux above 1.4 eV.

Figure 1a,b shows the electric fields and carrier distributions in
the dark, respectively. As intended, the electric fields are identi-
cal for allNd values, whereas the carrier densities differ by several
orders of magnitude. Thus, immediately after illumination the
excess carriers experience the same drift driving force but differ-
ent diffusion-force magnitudes. More precisely, the driving force
for diffusion corresponds to the gradient of chemical potential, as
shown in Equation (13). Figure 1c confirms that the equilibrium
chemical potentials are identical, yet the different Neff values
modify the increment in chemical potential created upon illumi-
nation, leading to different diffusion forces.

Figure 2a shows the carrier distributions under short-circuit
conditions. To improve clarity, the excess electron and hole
concentrations—defined as the differences in carrier concentra-
tion between illuminated and dark conditions—are shown in
Figure 2b,c, respectively. Here, we observe that the excess carrier
distributions are almost identical across the various conditions,
except for the case with Neff= 1016 cm−3. This suggests that

excess carrier concentration under short-circuit conditions corre-
sponds more closely to the electric field rather than the carrier
distribution in the dark. If the steady-state excess carrier concen-
tration were governed primarily by the carrier distribution in the
dark, variations in Nd would lead to discernible differences in the
excess carrier profile. However, this does not imply that redistri-
bution is governed solely by drift; rather, it arises from the com-
bined effect of both drift and diffusion.

The individual minority- and majority-carrier profiles clarify that
drift and diffusion cooperate to produce the field-correlated
excess carrier distribution observed in Figure 2b,c. The excess
electron density in the p-type (Figure 2b) decreases monotoni-
cally toward the junction. Immediately after uniform photogen-
eration begins, the excess carrier concentration is much higher
than the minority-carrier concentration in the dark; the diffusion
term (Equation (13)) is negligible, while the electric field—which
is the strongest at the junction (Figure 1)—drives electrons into
the n-type region This drift subsequently enhances diffusion in
the same direction, and the trend persists until a steady state is
reached. By comparison, the excess holes in the p-type region
(Figure 2c)—representing excess majority carriers—behave dif-
ferently. Uniform generation flattens the chemical-potential gra-
dient that initially balanced the electric field, thereby weakening
diffusion; drift is therefore dominant. The resulting profile
becomes nonmonotonic, controlled by the interplay of drift
and the residual diffusion.

We have demonstrated that the interplay of drift and diffusion
unexpectedly yields steady-state excess carrier distributions that
closely mirror the electric-field profile. While Equation (11)
defines the steady state, it does not ensure a one-to-one corre-
spondence between the electric-field and chemical-potential gra-
dients, and the resulting excess carrier distribution. Figure 2d
shows the chemical potential under short-circuit conditions,
while Figure 2e,f show the gradients of chemical potential of elec-
trons and holes, respectively. The two gradients are clearly non-
identical; yet in the same regions, the electric field remains nearly
identical.

Exceptionally, Figure 2b,c shows that, for the case with Neff= 1016

cm−3, the excess carrier concentration near the contact is notice-
ably lower than in the other cases. The origin is a light-induced
modification of electric field, known as a photovoltaic effect
[33]. As Figure 2b,c indicates, the excess net charge—defined as
the difference between the excess electron and excess hole concen-
trations—near the contacts is similar across all cases, while the
charge from ionized dopants is negligible because this region is
located outside the depletion layer. To keep the built-in field iden-
tical across the cases, a low εwas assigned to the low-Neff (and thus
a low-Nd) case, as shown in Table 1. Under such a low ε, a given
excess charge produces a larger built-up field according to Equation
(10). In the Neff= 1016 cm−3 scenario, this built-up field near the
contacts becomes comparable to the built-in field. During the tran-
sition toward a steady state, photogenerated carriers accumulate
near the contacts, which strengthens the local field and accelerates
carrier extraction by drift processes. Consequently, the steady-state
excess carrier concentration in this region is lower than in the
higher-Neff cases. From a rigorous standpoint that includes the
light-induced built-up electric field, the steady-state excess carrier
distribution correlates not with the original built-in field but with

TABLE 1 | Input parameters used in the SCAPS-1D simulations

presented in Figures 1 and 2.

Nd (cm−3) Neff (cm
−3) ε

1014 1016 10−1

1015 1017 100

1016 1018 101

1017 1019 102

1018 1020 103

4 of 12 Solar RRL, 2025
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the built-up field under steady-state conditions. Indeed, a numeri-
cal study has even shown that a device with no built-in electric field
can operate as a solar cell [5]. Although the reference provides only
the band diagram at themaximum-power point, the most plausible
explanation for the presence of JSC is the formation of a built-up
electric field under illumination, with the excess carrier distribution
adjusting so that the net current in Equation (6) becomes positive.
Even at the maximum-power point, this built-up field is directed
opposite to the photocurrent, yet it uniquely characterizes the
excess carrier profile: the minority-carrier concentration decreases
as the built-up field increases.

In Figure 2h, the spatial profile of the recombination rate is iden-
tical for all cases except the Neff= 1016 cm−3 device, where the
lower excess carrier concentration near the contacts suppresses
recombination. Figure 2i shows the electron- and hole-current
densities together with their sum. The same recombination rate
corresponds to the same current density, which reflects the
charge balance described by Equation (6). This observation stems
from the fact that the excess minority-carrier distributions
remain almost identical across the scenarios (Figure 2b,c).
When the majority-carrier density exceeds the minority-carrier
density, the recombination rate is proportional to the excess
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minority carrier concentration. Thus, increasing the steady-state
electric field in regions with significant recombination effectively
suppresses JSC losses, as in the Neff= 1016 cm−3 scenario; the
strong electric field near the contacts suppresses recombination,
resulting in a higher short-circuit current density. Therefore,
evaluating and controlling the built-up electric field under
short-circuit conditions is essential to enhance carrier separation
efficiency by tailoring the excess carrier distribution.

3.2 | Influence of the Generation-Rate Profile

In this section, we examine the influence of generation rate,
acting as the trigger for a steady state, on the excess-carrier dis-
tribution and its relation to the electric field. We begin with a
constant generation rate and quantify the resulting steady-state
profiles. The insights obtained here provide fundamental knowl-
edge for the next section, where we investigate a more realistic
generation profile—namely, an exponentially decaying profile.

To systematically investigate the effect of generation-rate distri-
bution on the excess-carrier distribution, we introduce a spatially
localized, constant generation rate. This approach elucidates the
relationship between the generation rate and the distribution of
the electric field without the influence of spatial variations of
generation rates, providing an essential insight into the analysis
of the practical generation profile discussed in Section 3.3. We
assume a linear relationship between the excess-carrier concen-
tration and the generation rate. In words, the excess-carrier dis-
tribution produced by the sum of segmented generation rates
equals the sum of the profiles calculated for each rate separately.
This linearity holds when the recombination rate is proportional
to the minority-carrier concentration and the photovoltaic effect
is negligible, as in the present system. Verification of this linear
relationship is provided in the Supporting Information.

The solar cell examined here, with Neff= 1018 cm−3 and
Nd= 1016 cm−3, is the same as that presented in Section 3.1.
As shown in Figure 3a, the generation rate was fixed at
1.03 × 1021 cm−3 s−1 within five 0.2 μm-wide segments (0–0.2,
0.2–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1.0 μm), forming a boxcar-
shaped spatial profile. Since the device under consideration is
a homo-pn junction, only the generation rate within the p-type
region was considered.

Figure 3b illustrates how varying spatial generation distributions
affect the excess-electron concentration. Although the total gen-
eration rate is identical in all segments, the distribution profile
and the total amount of excess electrons vary depending on
the generation position. In the p-type region, the peak position
of the excess-electron concentration aligns with generation site,
and the maximum concentration decreases as the generation
region approaches the pn junction. In other words, in regions
with stronger electric fields, excess carriers are less likely to
remain where they are generated, even when the generation rate
is the same. This trend can be attributed to enhanced drift trans-
port driven by stronger electric fields during the transient process
leading to a steady state. Therefore, to suppress the peak excess-
carrier concentration in photogeneration regions—which serves
as the reactant for recombination in Equations (7) and (8) —the
internal electric field must be strengthened.

Notably, a significant tail in the excess-electron concentration is
observed extending beyond the generation regions. This clearly
indicates that, as discussed in Section 3.1, the transition from
dark to short-circuit conditions involves both drift and diffusion
processes. Immediately after photogeneration confined to a spe-
cific region within the p-type layer (e.g., 0.4–0.6 μm), the gener-
ated electrons diffuse into both adjacent regions where no
generation occurs. Since the electron concentration in the dark
is sufficiently low, it has negligible influence on the diffusion
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(b) Excess-electron and (c) excess-hole concentrations for a device with relative permittivity ε = 10 under short-circuit conditions. (d) Built-in electric

fields for ε = 10 and 50. (e) Excess-electron and (f ) excess-hole concentrations for the otherwise identical device with ε = 50; the broader steady-state

electric-field profile responsible for these changes is shown in (d).
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driving force. In contrast, the built-in electric field driving elec-
trons toward the n-type region (right-side direction in our model)
is stronger near the pn junction. Consequently, the net driving
force to the left is weakened, whereas that to the right is
enhanced through drift transport, resulting in a longer tail on
the left and a shorter, sharper tail on the right due to the reduc-
tion of the apparent excess carrier concentration. For example,
when the generation occurs in the 0.0–0.2 μm region, the tail
accounts for 49.7% of the total excess carrier concentration in
the p-type region. In other words, a number of excess carriers
comparable to those generated locally appears as a tail in regions
without generation. Such a tail, despite appearing in a region
with zero generation rate, still contributes to recombination in
the same way as the peak excess-carrier concentration.
Therefore, suppressing these tails is essential for minimizing
recombination losses.

In contrast, the n-type region exhibits different behavior. The
excess-electron concentration (i.e., the majority carrier) shows
a local maximum at approximately 1.2 μm, despite the absence
of carrier generation in this region. This accumulation appears
as a tail far from the generation site, and the location of the maxi-
mum is largely independent of the generation position. The num-
ber of accumulated electrons (i.e., the concentration peak) in this
region becomes more pronounced when the generation occurs
closer to the pn junction. This indicates that carrier generation
occurring closer to the junction has a greater influence on the
excess electron distribution within the n-type layer.

Figure 3c shows that the excess-hole distribution with different
generation profiles exhibits three prominent features. First, the
maximum excess-carrier concentration appears at the generation
site. Similar to the excess electrons in the p-type region, the maxi-
mum value decreases as the generation location approaches the
pn junction due to the distribution of the electric field. Tails are
also observed in these distributions. Second, a distinct local accu-
mulation is observed around 0.8 μm, similar to the behavior of
electrons in the n-type region. Third, diffusion of holes into
the n-type region is negligible.

The electric field plays a crucial role in regions near the pn junc-
tion, as discussed in Section 3.1. Figure 3e,f shows the impacts of
a broader electric-field profile on the excess-electron and excess-
hole distributions, respectively. The broader electric field was
obtained using ε = 50, as shown in Figure 3d. In the p-type layer,
when the generation occurs in 0.0–0.8 μm, the excess-electron
concentration for ε = 50 is lower than that for ε= 10. This is
because the electric field in this region is stronger for ε= 50.
In contrast, when the generation position is at 0.8–1.0 μm, the
opposite trend is found. Furthermore, the accumulation in the
n-type region occurs around 1.45 μm, which is farther away from
the pn junction compared with the previous condition. In
Figure 3f, similar features are also observed in the excess-hole
distribution, including the influence of the electric field and
the shift in the accumulation position.

In summary, systematic simulations revealed that the overall
excess-carrier profile consists of the carrier generation at specific
positions and the transport across neighboring regions, with the
internal electric field emerging as a decisive factor. Both the local
peak and the extended tail of the excess carrier concentration

diminish as the electric field strengthens, yet each contributes
to recombination, regardless of the presence of generation.
This highlights that recombination is not limited to regions with
carrier generation. As discussed in Section 3.1, the overall excess-
carrier concentration, including both the generation and the
transport, is characterized by the steady-state electric field.
Therefore, it is necessary to design the built-up electric field
in accordance with the actual generation-rate profile to control
the excess-carrier concentration in both generation and nongen-
eration regions.

3.3 | Exponential Generation

In practical solar cells, the generation-rate profile is seldom uni-
form; it usually decays exponentially from the illuminated sur-
face, and advanced architectures—heterojunction [11, 34–37],
multijunction [38–41], back reflectors [42], or bandgap grading
[15]—can render it more complex. An exponential profile, there-
fore, remains a useful model for capturing the essential inhomo-
geneity of carrier generation. As discussed in the previous
section, which showed that the locations of generation rate
and electric field strongly shape the excess-carrier distribution,
we now analyze the influence of inhomogeneous generation pro-
files, together with the electric field, on the steady-state carrier
distributions and recombination rates.

The solar cell design used was identical to that described in
Section 3.2. The dielectric constant was primarily set to ε= 10.
The p-type layer was designed as the sole absorber, whereas
the n-type layer is treated as optically transparent. The absorp-
tion coefficient α in the p-type region was calculated with
the Eg-sqrt model implemented in SCAPS, that is,
α ∝ (ħω − Eg)

1/2. To examine the influence of the generation-rate
distribution, we also simulated a case in which the absorption
coefficient was reduced to half its default value, keeping all other
parameters fixed. In both cases, a 1 μm-thick p-type layer absorbs
all above-gap photons.

Figure 4 shows the simulated generation-rate profiles for solar
cells with different absorption coefficients in the p-type layer,
irradiated from the n-type surface under the AM1.5 solar
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spectrum. Additionally, following the approach in Section 3.2,
spatially segmented generation rates were considered as well.
To capture the steep variation near the pn junction, the genera-
tion region was divided into five segments—0.0–0.6, 0.6–0.7,
0.7–0.8, 0.8–0.9, and 0.9–1.0 μm—which were used in the
simulations.

Figure 5a,b shows the excess-electron and excess-hole distribu-
tions, respectively, obtained by applying different segments of
an exponential generation rate. Note that the vertical axis of
the excess-electron concentration in the p-type region is mag-
nified for clarity. The curves may appear separated at 1.0 μm,
but it is in fact a single continuous curve. Due to the exponential
nature of the generation rate, the excess-carrier concentration
profile deviates significantly from that obtained under a uni-
form generation rate, as shown in Figure 3. In Figure 5a, the
maximum excess-electron concentration of each segment in
p-type region increases as the location approaches the pn junc-
tion, overcoming the influence of the increasing electric field.
Notably, carriers generated in the 0.8–0.9 and 0.9–1.0 μm
regions exhibit almost no tail on the contact side, whereas car-
riers generated in other regions display tails, though of small
magnitude. In the n-type region, substantial accumulations
of electrons are observed, with their concentration significantly
higher than in the p-type region. This behavior arises from the
exponential generation profile, which concentrates carrier gen-
eration near the illuminated surface. Before reaching the steady
state, electrons generated in the p-type layer do not accumulate
there but are instead swept by the electric field and collected in
the n-type region. On the other hand, as shown in Figure 5b, the
excess-hole distribution is predominantly an accumulation
component in the p-type region and is scarcely present in
the n-type region.

Figure 5c illustrates the distribution of the recombination rate,
which occurs predominantly in the p-type region and is nearly
absent in the n-type region, reflecting the distribution of
excess-minority carriers. The sharp peak near the interface is pri-
marily due to carriers generated in the 0.8–1.0 μm region. In con-
trast, the broad recombination observed deeper in the p-type is
due to carriers generated in the 0.0–0.7 μm range. Compared to
the case with a uniform generation rate in the p-type region
shown in Figure 2e, the overall recombination is lower except
in the immediate vicinity of the pn junction. This indicates that
the high generation rate near the pn junction is well aligned with
the internal electric field and therefore effectively suppresses
recombination.

Building on the linear relationship between generation rate and
excess-carrier concentration detailed in the Supporting
Information, the total excess carrier concentration in
Figure 5a,b can be regarded as the linear superposition of the
excess-carrier profiles obtained from infinitesimally thin spatial
slices of uniform generation. Furthermore, Section 3.1 shows that
the shape of each slice-derived profile is governed by the electric
field. Section 3.2 further reveals that this shape invariably con-
sists of a peak within the generating region and a tail extending
into nongenerating regions. The absolute magnitude of the gen-
eration rate merely scales this field-defined profile. For the uni-
form generation profile shown in Section 3.2, both the peak and
the tail diminish in regions with strong electric field. An expo-
nential generation profile, in contrast, redistributes the genera-
tion rate from deeper regions—where peaks and tails would
otherwise be pronounced—toward the near pn-junction region,
where the field is stronger and both features are suppressed. This
redistribution moderates the overall excess-carrier distribution
and consequently mitigates recombination losses.
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Figure 5d–f corresponds to Figure 5a–c but presents the results
when the absorption coefficient is halved. Halving the absorption
coefficient effectively redistributes photogeneration toward
deeper regions, as noted above. As shown in Figure 4, the gen-
eration rate in the 0.9–1.0 μm region is reduced in halved α,
resulting in decreased excess-electron concentration in that
region, as shown in Figure 5d,e. Conversely, in the deeper region,
the generation rate becomes higher than in the default case, lead-
ing to a correspondingly increased excess-carrier concentration.
Additionally, the contribution of tail becomes more pronounced.
In Figure 5e, excess electrons generated in the 0.6–0.7 and
0.7–0.8 μm regions exhibit extended tails that reach the left con-
tact. Together, these tails account for more than half of the total
excess-electron concentration in the 0.0–0.6 μm region, resulting
in most of the recombination there originating from electrons
generated in the 0.6–0.8 μm region, as shown in Figure 5f.
Although the generation rate in the 0.0–0.8 μm region constitutes
only 1.30% of the total, the recombination associated with these
carriers contributes up to 85.7% of the total recombination. This
reflects the fact that an excessive large portion of the photogen-
eration is assigned to deep region where the internal electric field
is insufficient, thereby magnifying the influence of the carrier
tails, as shown in Figure 3b. Although removing generation in
the 0.9–1.0 μm range lowers the local excess carrier concentra-
tion, it provides no relief in the overall recombination rate.

In practical devices, the strength and width of the internal elec-
tric field must be matched to the photogeneration profile to min-
imize the excess-carrier concentration and, consequently, the
recombination rate. To explore this dependence in isolation,
we varied the dielectric constant ε from 1 to 100 while keeping
the built-in potential fixed and calculated the resulting recombi-
nation profiles under short-circuit conditions.

Figure 6a presents a heat map of the electric field in the dark as
functions of position and the dielectric constant ε. The dash–dot-
ted contour marks where |electric field| = 1 kV cm−1; the region
enclosed by this contour corresponds to the depletion layer. As
ε increases, the depletion layer width xD expands, and the maxi-
mum interfacial field EMAX decreases. Figure 6b shows the cor-
responding heat map of the steady-state recombination rate,
calculated using the Eg-sqrt-based absorption coefficient α shown
in Figure 4 (the underlying carrier distributions are given in
Figure S2 of the Supporting Information). Most recombination
occurs on the p-type side, reflecting the excess-minority-carrier

profile shown in Figure 5a,b. Two high-recombination regions,
labeled Region I and Region II, can be distinguished by dotted
contours at 25% of the maximum recombination rate. Region I
appears where the depletion layer is narrow, and recombination
there is dominated by the long tails identified in Figure 5d.
This region diminishes as xD broadens and becomes negligible
for ε > 3 (xD > 0.4 μm). Region II appears at larger ε and is
driven by the photogeneration peak near the junction
(see Figure 5b). When ε ≤ 5.5 (EMAX > 55 kV cm−1), Region
II diminishes. Taken together, these results indicate that a
strong interfacial field is required to sweep out carriers gener-
ated near the junction. A dielectric-constant range of 3 < ε < 5.5
provides a balanced solution under the default α, avoiding both
Region I and Region II.

Figure 6c shows the recombination heat map for the halved
absorption coefficient. As photogeneration shifts deeper into the
bulk, the area of Region I expands, and recombination suppression
requires xD> 0.6 μm. Simultaneously, the reduced generation peak
at the junction lowers the threshold EMAX for avoiding Region II to
18 kV cm−1, thereby broadening the optimal electric field corre-
sponding to dielectric-constant range to 7.3 < ε < 53.

Although the default absorption coefficient yields a lower
total recombination rate (see Figure S2 in the Supporting
Information for the total recombination and diode currents),
in practical materials a larger α typically corresponds to a
higher effective density of states and reduced mobility [43],
which in turn increases the excess carrier concentration and
thus the recombination rate. The analysis presented in
Figure 6 remains valuable for assessing the role of the internal
electric field given a specific generation rate profile rather than
for comparing absolute recombination rates across different
α values.

These insights are reflected in advanced solar-cell architectures. In
Cu(In,Ga)(S,Se)2 (CIGS) cells, for instance, a double bandgap grad-
ing is employed in which the Ga/(Ga+In) ratio increases toward
both the pn junction and the back contact, thereby widening the
local bandgap. While this grading is primarily designed to harvest
long-wavelength photons and suppress back-surface recombina-
tion, it also reduces both the excess-carrier peak and tail, as
observed in our findings. With a dielectric constant ε ~13, a dopant
concentration of ~1016 cm−3, and a front-grading width of ~200
nm, the interfacial field in CIGS remains below 100 kV cm−1
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[44, 45] By contrast, if the absorber were CuInSe2
(CIS, bandgap ~ 1 eV), its higher absorption coefficient would
be expected to produce a more pronounced excess-carrier peak
at the interface [46]. In CIGS, however, front grading up to
1.4 eV redistributes photogeneration deeper into the absorber,
thereby suppressing the excess carrier-peak at the interface com-
pared with the CIS case. The remaining photogeneration in deeper
regions is then addressed by the back grading, which reduces the
tail and bulk recombination, as well as recombination at the back
contact.

In general, absorbers with high α require either a strong electric
field near the surface or a high-quality interface with minimal
defects, so that recombination remains low even at a high
excess-carrier peak. Conversely, low-α materials demand
doping or band-engineering schemes that create a broad inter-
nal field and reduce defect-mediated recombination, which is
most likely to arise from carrier tails. Hence, the internal
electric-field design must be tailored to the generation
profile of the material and coordinated with defect-control
strategies.

4 | Conclusion

This study establishes a clear physical perspective of carrier sep-
aration under short-circuit conditions in homo-pn junction solar
cells by means of the charge-balance scheme and systematic
SCAPS-1D simulations. Because the divergence of the current
density equals the net generation, quantifying JSC reduces to
identifying the set steady-state excess carrier distributions.
Using hypothetical systems in which the electric field is fixed
while carrier concentration varies in the dark, we show that
the steady-state carrier profile is determined by the internal elec-
tric field. Although the equilibrium carrier distribution in the
dark does not affect the excess carriers, both drift and diffusion
govern the transient pathway from equilibrium to the steady
state. Segmented-generation analysis further confirms that the
excess-carrier profile consists of not only a locally generated
excess-carrier peak but also a tail transported from other regions.
Combining this insight with the linear relationship between
generation rate and excess-carrier density, we find that represent-
ing the overall excess-carrier landscape as a superposition of
these peak and tail features offers a direct, quantitative route
to JSC. Applying the method to exponential generation profiles,
as a realistic example, demonstrates how the absorption coeffi-
cient—together with field width and strength—jointly sup-
presses peaks and tails. Future extensions will incorporate
spatially varying trap distributions and band-offset effects to
extend the framework toward realistic solar cells.

5 | Simulation Details

Numerical simulations are valuable tools for analyzing device
performance. In this work, we employed SCAPS-1D, a special-
ized device simulator for solar cells developed by Burgelman
et al. [29] to investigate steady-state carrier distributions. The cal-
culations are based on the continuity equations for electrons
and holes, as well as Poisson’s equation. These coupled equations

are solved using the Gummel–iteration scheme with Newton–
Raphson substeps. A classical drift-diffusion model was adopted,
neglecting quantum transport effects.

We consider hypothetical homo-pn solar cells. Nd denotes the
acceptor concentration for p-type layers and the donor concen-
tration for n-type layers. The effective density of states Neff was
set to the same value in the conduction and valence bands to
preserve the homo-pn junction. The input parameters are listed
in Table 2, and the band diagram is shown in Figure 7. These
parameters were primarily obtained from the literature [47],
with particular reference to CdTe solar cells. In our model,
the bandgap of p- and n-type layers, Eg, was set to 1.4 eV.
We also included uniform Shockley–Read–Hall (SRH) defects
as the primary recombination mechanism [27, 28]. The capture
cross sections for electrons and holes, σ, the trap density, Nt, and
the trap level from vacuum level were 10−13 cm−2, 2 × 1014 cm−3,
and 4.98 eV, respectively. The trap level corresponds to the
midgap in the absorber. The surface recombination velocities
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FIGURE 7 | Schematic band diagram of the homo-pn junction

solar-cell setup in the device simulator.

TABLE 2 | Input parameters for SCAPS-1D.

Parameters Values

Thickness of each layer (μm) 1

Electron affinity, χ (eV) 4.28

Bandgap, Eg (eV) 1.4

Dopant density, Nd (cm−3) 1014–1020

Effective density of states, Neff (cm
−3) 1014–1020

Electron mobility (cm2 V−1 s−1) 102

Hole mobility (cm2 V−1 s−1) 102

Relative dielectric constant 10−3–103

Surface recombination velocity for majority
carriers (cm s−1)

107

Surface recombination velocity for minority
carriers (cm s−1)

102

Trap density, NT (cm−3) 2 × 1014

Capture cross-section, σ (cm−2) 10−13

Trap level from the vacuum level (eV) 4.98
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for majority and minority carriers were set to 107 and 102 cm s−1,
respectively.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Figure S1. Cumulative plots for each profile shown in
Figure 3. (a) excess-electron and (b) excess-hole concentrations for the
device with relative permittivity ε = 10; colored curves correspond to
the five individual boxcar segments (0.0–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8,
0.8–1.0 μm). The dotted curve shows the profile calculated for the sum
of the five generation profiles, and the black curve plots the residual.
Panels (c) and (d) repeat the analysis for a device with a broader electric
field realized by ε = 50. Figure S2. Heat maps of the steady-state excess-
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carrier distributions and recombination currents under short-circuit con-
ditions, plotted versus position (horizontal axis) and dielectric constant ε
(vertical axis). Panels (a) and b) show the excess-electron and excess-hole
concentrations, respectively, for the case using the default absorption coef-
ficient, corresponding to the recombination rate maps in Figures 6a and 6b
of the main text. Panel (c) shows the total bulk-recombination current den-
sity (r) defined by Equation (6), together with the surface-recombination
current density at the p-type side contact, v1(ne – n 0

e) and that at the n-type
side contact, v2(nh – n 0

h). The sum of surface-recombination current den-
sities gives the total diode current density. Panels (d–f ) present, in the same
order, the excess-electron concentration, excess-hole concentration, and
recombination current density curves obtained when the absorption coef-
ficient is halved.
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