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primary characterization of photovoltaic 
(PV) devices,[1,2] along with the current 
density-voltage (J  − V) characteristic. Most 
typically, the J − V curve at a given tempera-
ture (T) and under a given steady-state illu-
mination power density (Pin) provides the 
performance parameters of the cell: power 
conversion efficiency (PCE), open-circuit 
voltage (Voc), short-circuit current density 
(Jsc) and fill factor (FF). On the other hand, 
the EQE allows to discern how the charge 
collection behaves as a function of the inci-
dent photon energy (E) and one can estimate 
both the PV device bandgap energy (Eg, also 
labeled Eg,pv) and the theoretical Jsc under 
a given illumination, for example, 1 sun =  
100 mW·cm–2 standard AM1.5G spectrum 
(ΓAM1.5G). In single-junction-like solar cells, 
this set of device measurement param-
eters (T, Pin, Eg) allows one to estimate the 
detailed-balance limit for each performance 
parameter (PCE, Voc, Jsc, FF), also known as 
the Shockley–Queisser (SQ) limit.[3–5]

Experimentally, the EQE is measured by obtaining the cur-
rent density response (Jλ) per unit incident illumination power 
density (Pλ), as a function of the incident photon energy or 
wavelength (λ). In addition, Jλ can change with the voltage bias 
(V) applied to the device, the incident direct-current (DC) mode 

The external quantum efficiency (EQE), also known as incident-photon-to-
collected-electron spectra are typically used to access the energy dependent 
photocurrent losses for photovoltaic devices. The integral over the EQE 
spectrum results in the theoretical short-circuit current under a given incident 
illumination spectrum. Additionally, one can also estimate the photovoltaic 
bandgap energy (Eg) from the inflection point in the absorption threshold 
region. The latter has recently been implemented in the “Emerging PV reports,” 
where the highest power conversion efficiencies are listed for different applica-
tion categories, as a function of Eg. Furthermore, the device performance is 
put into perspective thereby relating it to the corresponding theoretical limit in 
the Shockley–Queisser (SQ) model. Here, the evaluation of the EQE spectrum 
through the sigmoid function is discussed and proven to effectively report the 
Eg value and the sigmoid wavelength range λs, which quantifies the steep-
ness of the absorption onset. It is also shown how EQE spectra with large λs 
indicate significant photovoltage losses and present the corresponding implica-
tions on the photocurrent SQ model. Similarly, the difference between the 
photovoltaic and optical bandgap is analyzed in terms of λs.
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1. Introduction

The external quantum efficiency (EQE) of a solar cell, sometimes 
referred to as the incident photon-to-collected-electron conversion 
efficiency, is one of the most frequently used techniques for the 
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background illumination power density (Pin) and the angular 
frequency (ω) of the alternating-current (AC) mode chopping/
modulation corresponding to the monochromatic light. Accord-
ingly, the corresponding spectrum results as,

EQE , , ,
, , ,

in
inλ ω

λ
λ ω( ) ( )= λ

λ
P V

h c

q

J P V

P
 (1)

where q is the elementary charge, h is the Planck’s constant, and 
c is the speed of light. Note that, although the spectral respon-
sivity S (λ) = Jλ/Pλ can be obtained in steady state (ω → 0), for 
practical reasons the AC mode is the preferred method, typi-
cally using choppers with lock-in amplifiers[1] or potentiostats 
for intensity modulated photocurrent spectroscopy (IMPS).[6,7]

At short-circuit (V  =  0), and arguably preferable under sim-
ulated background 1 sun illumination intensity, one can esti-
mate the theoretical photocurrent under ΓAM1.5G (in units of 
W·m–2·nm–1) according to the integral,

· ·sc AM1.5GJ
q

h c
EQE dλ λ λ λ( ) ( )= ∫ Γ  (2)

The agreement between Jsc from the J  − V curve and that 
after Equation  (2) from the EQE spectrum can be understood 
as an assessment on how well both measurement conditions 
were equivalent and how much the simulated light spectrum 
approached ΓAM1.5G for the J − V curve.

However, care must be taken with the measurement and 
subsequent analyses of the EQE spectra. For instance, Saliba 
& Etgar[8] recently surveyed on several factors producing sig-
nificant mismatch between photocurrents calculated from 
EQE and J  − V curves in perovskite solar cells (PSCs). Some 
of these issues are not only present in PSCs, but are found 
among organic PV cells (OPVs) and dye sensitized solar cells 
(DSSCs), which report decreased EQE spectra as the DC illumi-
nation intensity increases (see Figure 1a).[2,9] Similarly, the AC 
modulation/chopping frequency has been reported to modify 
the spectra in PSCs[1] and DSSCs[10] (see Figure 1b), and in both 
cases[11,12] the presence of J − V hysteresis (see Figure  1c) due 
to ionic conductivity and/or performance instability can also be 
the cause of artifacts. Although these effects are more charac-
teristic of low efficiency devices, another minor influence can 
be the poor precision in the EQE measurement and the ΓAM1.5G 
spectrum interpolation: wavelength steps ≥ 10  nm are not 
encouraged (see Figure S1, Supporting Information). Interest-
ingly, Dunbar et al.[13] have proposed a re-normalization method 
for identifying possible issues in the EQE measurement when 
the integrated photocurrent exceeds 95% of the ideal value pro-
vided by the SQ model.

Nevertheless, the use of EQE spectra is encouraged in the 
recent “Emerging PV reports”[14] for validating performance 
parameters, especially for estimating the Eg value as a refer-
ence for putting each report in perspective to the SQ model at 
the appropriate Eg. Since the SQ-model idealizes the EQE to a 
step function with Eg as the threshold energy, a proper defini-
tion of a reference bandgap for real world (non-step function) 
EQEs is crucial, as discussed in the literature.[5,15,16] In the 
“Emerging PV reports,”[14] the Eg is taken as the inflection point 
of the EQE spectra in the absorption threshold region, by fitting 
to a sigmoid function. This procedure represents a parameteri-

zation of the definition of PV bandgap energy (Eg,pv) given by  
Rau et al.,[15] although one can find several alternative methods 
for extracting Eg from the EQE.[17]

The Eg,pv does not necessarily match the optical bandgap 
energy Eg,op, typically obtained from Tauc plots derived from 
absorption measurements.[18] The bandgap energy Eg,op deter-
mined by absorption measurements represents an internal prop-
erty of the absorber material. In contrast, the SQ-model uses the 
bandgap energy as an external threshold value to describe the 
solar cell device.[16] The theoretical basis of Eg,op has also been 
questioned since it assumes free carrier, rather than excitonic, 
absorption edges, reporting values reduced by the excitonic 
binding energy and a thermal broadening parameter.[19,20] On the 
other hand, the Eg,pv from EQE spectra characterizes the occu-
pied density of states, as defined in the full device rather than in 
the individual absorber material, and includes all the excitonic 
and/or thermal broadening contributions, as well as the geomet-
rical features of the device, for example, the thickness.

Interestingly, the first version of “Emerging PV reports”[14] 
presented several Jsc values (from the J − V curves) exceeding 

Figure 1. Typical factors affecting the EQE measurement and subsequent 
estimation of Jsc and/or Eg: a) background dark/illumination, and fre-
quency modulation with b) chopper and d) IMPS. In (a), the examples 
of an OPV (adapted with permission.[2] Copyright 2012, Elsevier) and 
a DSSC (adapted with permission.[9] Copyright 2012, Elsevier) are dis-
played. In (b), the data belongs to a PSC (see Section S1, Supporting 
Information) and a DSSC (adapted with permission.[10] Copyright 2012, 
IOP Publishing, Ltd.). In (c), the data correspond to PSCs: the inset J − V 
curves are adapted with permission.[33] Copyright 2019, Elsevier, and the 
IMPS spectrum is adapted with permission.[1] Copyright 2018, American 
Chemical Society.
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their SQ limit for PSCs[21–23] and DSSCs.[24,25] Note that in all 
of these cases the Jsc from the integrated EQE spectrum was 
below the SQ limit, indicating the influence of effects such as 
hysteresis, over-illumination or effective area underestimation. 
Alternatively, it may have happened that the EQE spectra did 
not correspond to the best device whose J − V curve parameters 
were reported. Moreover, these reports also questioned whether 
the EQE is the most appropriate method for estimating Eg and 
how to deal with different shapes of the EQE spectra regarding 
the SQ model. For instance, EQE spectra with low slope in 
the absorption threshold are frequently found among amor-
phous silicon solar cells (a-Si:H),[26,27] DSSCs,[9,24,28] OPVs,[26] 
PSCs,[29,30] quantum dot sensitized solar cells,[31] and Sb2Se3-
based cells.[32] In addition, the difference between PV and 
optical bandgap energy and its interpretation persists as a sub-
ject of discussion.

In the present paper, the measurement and analysis of the 
EQE spectrum for evaluation of the Eg, and the theoretical 
efficiency limits in emerging PV technologies are discussed. 
The sigmoid parameterization for evaluating the PV Eg in the 
“Emerging PV reports”[14] is further introduced and discussed, 
focusing on the useful quantifying parameter λs herein called 
sigmoid wavelength, or sloping wavelength range of the absorp-
tion threshold. The matter on how the SQ limit is influenced 
by λs is addressed, in relation with typical non-idealities in the 
EQE spectra. Moreover, the difference between PV and optical 
bandgap is also analyzed in terms of λs and the corresponding 
energy range Es.

1.1. The PV Bandgap through the Sigmoid Function

In classical semiconductor physics, the bandgap energy Eg is 
the difference between the energy levels for the top and bottom 
of the valence and conduction bands, respectively. That range of 
energy values is theoretically forbidden to electrons. Thus, an 
electron in the top of the valence band would need an energy 
E ≥ Eg to reach the conduction band in order to contribute to 
electronic current. Assuming an incoming energy to the system 
as photon flux, it would be expected that only those photons 
with E  ≥ Eg could generate charge carriers to be extracted as 
photocurrent when the absorber material is part of a selective 
structure forming a PV device. At this point, it is clear that the 
evaluation of Eg could be performed by an optical approach to 
the absorptance (𝔸) spectrum, for example, measuring trans-
mittance (𝕋) and reflectance ( )  or in an optoelectronic way 
through the EQE spectrum. In the SQ model of an ideal solar 
cell, both 𝔸 and EQE spectra should approach unity for E ≥ Eg 
and zero elsewhere.

In practice, the device structure and fabrication methods may 
modify the optoelectronic properties of the device, producing a 
mismatch Δ Eg = Eg,pv  − Eg,op between the optical value and the 
so-called PV bandgap. Note that the presence of ΔEg indicates 
a different absorption offset between the EQE and the internal 
quantum efficiency IQE  =  EQE/(1 −  𝕋 − ℝ).

“Pure” step function EQE spectra are not found in the experi-
ment. Instead, smoother absorption thresholds occur whose 
shapes resemble more a sigmoid function. Accordingly, the 
Eg value can be obtained from the inflection point of the EQE 

spectrum by locating the maximum in the spectra derivative 
∂EQE/∂E (or ∂EQE/∂λ). Alternatively, one can parameterize the 
absorption threshold as,

Aλ
κ λ λ λ( )( ) =

+ − 
EQE

1 exp /
m

g s

 (3)

where ln[7 4 3] 2.63κ = + ≅  is a numeric factor that results 
from calculating the roots of the second derivative (see 
Figure 2a). The PV device bandgap relates to the corresponding 
wavelength as,

g
gλ

=E
hc

 (4)

and Am and λs are fitting parameters related to the maximum 
EQE just after the step and the slope during the step (see 
Figure  2a), herein also called the sigmoid maximum and sig-
moid wavelength range, respectively. While the position of 
λg corresponds to the inflection point of EQE(λ), that is, the 
maximum of the Gaussian-like first derivative ∂EQE/∂λ, the λs 
value is the distance between the maximum and minimum of 
the second derivative ∂2EQE/∂λ2 (see Figure  2a). Importantly, 
note that the bandgap from definitions (3) and (4) are not nec-
essarily matching the optical bandgap from typical linear fits 

Figure 2. Sigmoid parameterization of EQE spectra: a) schematics of 
physical meaning of sigmoid fitting parameters and b) different EQE 
spectra for several values of the sigmoid sloping wavelength. The deriva-
tive plots in (a) are normalized.
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for Tauc plots of the absorption spectrum (see Section 3),[18,34] 
or other alternative methods.

In experimental spectra, one would expect the inflection 
point of the EQE spectrum to lie somewhere between the 20% 
and the 80% (ideally at 50%) of the maximum value. However, 
for λs > 200 nm, the maximum Am is hardly found within 
the typical wavelength measurement ranges, as illustrated in 
Figure 2b, which hinders the evaluation of λg.

The sigmoid is a relatively simple analytical function that 
resembles the Fermi–Dirac distribution and avoids the numer-
ical complications of similar metrics, such as the error func-
tion.[35] The sigmoid parameterization can be advantageous 
for automatized EQE data processing because λg and λs are 
taken directly from the EQE spectrum. In contrast, alterna-
tive methods calculate first the derivative ∂EQE/∂E and sub-
sequently locate their maximum, or apply a fitting to the 
derivative (e.g., see Rau and Werner).[36]

At this point, it is already suggested that the Eg value results 
straightly from the corresponding λg in the sigmoid parameteri-
zation of Equation (3) for λs < 100 nm when the EQE spectrum 
is presented as a function of the wavelength. In this situation, 
the PV bandgap energy is effectively defined as the inflection 
point of the EQE spectrum in the region of the absorption 
threshold, analogously to the conclusions by Rau et  al.[15] and 
the analyses by Green & Ho-Baillie[19] and Krückemeier et al.[16]

1.2. Some Typical Non-Idealities

The use of Equation  (3) can be “easy,” as in the case of 
Figure  3a, where there are no significant deviations from the 

sigmoid behavior and small values for λs are found. This hap-
pens when the absorption threshold region is narrow enough, 
thus the sigmoid parameterization approaches well the SQ 
assumption. Then, the integrated Jsc from the experiment and 
the sigmoid parameterization are lower than that for the SQ 
model (see Figure 3a and Figure S2a, Supporting Information). 
This can be called an “ideal” EQE spectrum.

Differently, the sigmoid approach finds some issues when 
the shape of the EQE spectrum is like those in Figure 3b,c. For 
instance, although the absorption threshold is narrow (small λs)  
in Figure 3b, the presence of extra sensitizers increases charge 
collection well above λg (below Eg), fostering the integrated 
photocurrent (see Figure S2b, Supporting Information). In 
this case, the “single junction” assumption in the SQ model 
would arguably be unsatisfied, and one would be tempted to 
consider a lower Eg (higher λg) value corresponding to the sen-
sitizer compound. Taking a lower Eg (higher λg) value would, 
in general, misread the real performance of the device, and 
besides, particular care should be taken with the sensitivity of 
sub-bandgap regions in the EQE spectra due to several sources 
of acoustic and electrical noise, as well as deep trap states with 
a spectral shape affected by micro-cavity interference.[37] More-
over, the example of Figure  3b would be called a “non-ideal” 
EQE spectrum in terms of the SQ model.

Widespread absorption threshold spectra (large λs) may be 
very symmetric, such as in Figure 3c, but the integrated photo-
current for the experiment and the sigmoid fitting could be 
above that for the SQ limit (see Figure S2c, Supporting Infor-
mation). Thus, one would also say that this is a “non-ideal” 
EQE spectrum. In this case, the irregular distribution of the 
photon flux makes the region of the EQE spectrum above λg 

Figure 3. Illustrative EQE spectra for experimentally a) “ideal” and b,c) “non-ideal” cases, and d) integrated photocurrent for the sub-bandgap range 
(integral (2) from λg to ∞) assuming sigmoid EQE spectra. Data in (a) belongs to an OPV (adapted with permission.[38] Copyright 2019, Wiley); 
the spectra in (b) and (c) resemble those reported for a PSC[21] and a DSSC,[24] respectively; and the data (circles) in (d) correspond to PSCs in the 
“Emerging PV reports.”[14] The specified photocurrent integrals in (a–c) are shown in Figure S2, Supporting Information.
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(below Eg) to contribute more to the integral. The contour plot 
of Figure 3d shows the integration of Jsc following Equation (2) 
between λg and infinity for λs values up to 280 nm. One can see 
that for Eg > 1.5 eV we may have extra contributions to the short 
circuit current >2 mA·cm–2 for λs > 100 nm.

For further understanding large λs values in EQE spectra, 
one can approach the photocurrent factor in the definition 
(2), assuming steady state in an absorber of thickness L with 
homogeneous generation rate G for the appropriate wavelength 
range, around λg, resulting

λ λ( )( ) ( )≈ −λJ qL G R  (5)

where G is proportional to the absorption coefficient  
α (λ) =  hcG(λ)/λ Pλ, for example, considering a weak absorp-
tion in a thin film, and R is the recombination rate. Subse-
quently, one can rewrite Equation (1) as,

EQE λ α λ
λ

( ) ( )= −










λ
L

h c R

P
 (6)

The first term in Equation (6) can also be obtained by a Taylor 
expansion of the Lambert–Beer model.[16] The shape of the 
EQE spectrum may depend on both α(λ) and R contributions. 
Neglecting energy dependency in R, one can assume in the 
vicinity of λg that α ∝ exp[−2.63 λ/λs]. This behavior in the 
energy representation resembles that of α ∝ exp[E/EU] charac-
terized by the Urbach energy EU.[39,40] Small values of EU are 
typically associated with a high structural quality of the absorber 
material, convenient optoelectronic properties, such as a high 
carrier mobility, and minimal photovoltage losses.[41–44] With 
the proper operations, it can be demonstrated that λs ∝ EU in 
the range EU ≪ E < Eg, which is intuitive since both parameters 
affect similarly the logarithmic slope. For instance, the recent 
work by Vandewal et al.[45] estimated the voltage losses related 
to broader EQE tails due to charge transfer states in the low-
energy sub-gap regime of OPVs. Likewise, λs should be propor-
tional to the standard deviation of the error function used in 
the parameterization of Hood et al.[35] for evaluating disorder in 
organic semiconductors.

It can also be found that devices with different architectures 
and/or doping profiles present different absorption threshold in 
the EQE spectra due to R(λ) features. This is typically evidenced 
via the IQE spectrum, whose change depending on the wave-
length range has been reported in several technologies.[46–48] 
The most common effect of energy dependent recombination 
rate relates to the difference in charge carrier density, due to 
inhomogeneous G. This is typical in thick devices, such as 
silicon solar cells, where the diffusion limited transport favors 
the surface recombination toward the contacts for the larger or 
shorter absorbed photon energies.[49–51]

The radiative recombination coefficient 
An BBκ λ λ λ∝ Φ( ) ( ) ( )rad abs

2  could also be of significant influence,[52] 
mainly through the energy dependency of the refractive index 
nabs, since the black body photon flux ΦBB peaks at λ > 8 μm for 
typical cell operation temperatures. More exotically, one may  

find a trap recombination coefficient 
h c

Eκ
λ

∝ −





−

t g

1/2

 favoring 

Shockley–Read–Hall recombination for charge carriers 

generated by photons with energy close to Eg, given small 
electron-phonon and electron-electron scattering rates for long 
thermalization times.[53] For instance, for polymer-fullerene 
solar cells,[54] it has been found that photo-generated carriers 
can be extracted from the operating device before reaching 
thermal equilibrium. Furthermore, note that interference can 
be a significant energy-dependent effect, as pointed out by 
Armin et al.[55] in their study on bulk-heterojunction solar cells 
with a parameterization based on the non-adiabatic Marcus 
theory for charge transfer states in the sub-bandgap region.

Summing up, “good devices” with small-EU-absorbers and 
low non-radiative recombination are expected to present small 
λs values in the EQE. The non-idealities in the EQE spectra 
(large λs or asymmetries) can be tackled in detail, attending 
to their particular nature, as proposed in Section S2, Sup-
porting Information. Nevertheless, from Figure  3d one can 
easily get an estimation on how increasing λs values imply 
large integrated photocurrent for photon energies below Eg 
(wavelengths above λg). This, of course, leads to the discus-
sion on how the photovoltage is affected by large λs values and 
whether the theoretical performance limit is modified. Would 
photocurrents above the SQ limit mean efficiencies larger than 
those considered after the detailed balance principle?

2. On the SQ Model

The sigmoid parameterization is one of the easiest analytical 
approximations for the step function EQE spectrum used in 
the SQ model as λs  → 0. Thus, at this point one would want 
to know what range of λs makes a good approximation of 
Equation (3) for the SQ assumption. Accordingly, the SQ limit 
is calculated by numerically locating the maximum power point 
(MPP) for ideal J − V curves with the form,

J J
qV

k T
J= 





−






−exp 10
rad

B
sc  (7)

where kB is the Boltzmann constant, Jsc is the photocurrent 
matching the integral of Equation  (3) for different λs values, 
and the radiative saturation current follows the detailed balance 
principle as[3,4,56]

J f qc
hc

k T

d
∫π λ

λ
λ

λ
( )= 





−






+∞ −

2 EQE exp 10
rad

e

0 B

1

4  (8)

where fe =  2 accounts for the emission from both the front and 
rear contacts of the cell, or fe =  1 for emission only via the front 
side. Note that the ideal assumption entering fe =  2 into Equa-
tion (8) implies identical quantum efficiencies for front absorp-
tion and both front and rear emission, that is, EQEabs,front  = 
EQEem,front  = EQEem,back. It is further assumed that there is no 
angular dependence of the EQE and hence no angular depend-
ence of the luminescence emission. In the real devices, the 
EQE spectra for the PV absorption and luminescence emission 
have angular dependence and may be significantly different 
regarding the front and rear sides of the cell.
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With this, one can set J  =  0 in Equation  (7) for deducting 
the ideal radiative limit for the open-circuit voltage as

V
k T

q

J

J
= +









ln 1oc

rad B sc

0
rad

 (9)

which is proportional to the logarithm of the ratio between gen-
eration (Jsc) and emission ( 0

radJ ).
The substitution of the sigmoid Equation  (3) into Equa-

tions  (2) and (8) and then into (9), allows us to determine 
the complete J  − V characteristics and, hence all PV perfor-
mance parameters (Jsc, Voc, FF, PCE) as a function of λg and 
λs under the assumption that the only allowed recombination 
mechanism is radiative recombination followed by photon 
emission. As opposed to the original SQ approach (assuming 
a step-function like EQE), this radiative limit is based on a 
“real-world EQE” of a “real-world solar cell” but otherwise 
under the idealizing assumption of radiative recombination 
only.

The simulated radiative limit was calculated for different 
values of λs, from 20 to 1000  nm (see Figure 4). As already 
noted in the previous section, Figure  4a shows that EQE 
spectra with λs  ≥ 100 nm result in integrated photocurrents 
above those of the SQ model for Eg  > 1.8 eV. However, as 
λs approaches and exceeds 100  nm, the emissive losses are 
also significantly affected, increasing 0

radJ , and thus reducing 
the Voc, which is illustrated in Figure  4b. The stronger photo-
voltage losses are respectively shown in Figure 4b,c to lower 
the limiting values for Voc and PCE as λs increases. In 
other words, although large λs values do produce Jsc above 
the values of the traditional SQ case, the broadening of the 
absorption threshold in the EQE spectra strongly reduces 
the maximum achievable Voc and, consequently, efficiency 
with respect to the values provided by the SQ model to those 
in the radiative limit.

The substantial need for consistency in terms of detailed 
balance and reciprocity can be demonstrated by neglecting the 
emission contribution below Eg (above Eg), that is, take the λs 
effect only for the photocurrent integration in Equation (3) but 
using the traditional SQ step function (λs  → 0) for the satu-
ration current in Equation  (8). Since such assumption clearly 
violates reciprocity (e.g., Equation (8)), no significant reduction 
in the radVoc  produces unrealistically large values for FF and PCE 
above the ideal SQ limit for λs ≥ 100 nm (see Figure S4, Sup-
porting Information).

Importantly, photocurrents above the ideal SQ limit in 
Figure 4a are a correction to the SQ model resulting from the 
broadening λs of the absorption threshold. Note that even in 
the experiments there are some reports of photocurrent values 
above the SQ value, but none beyond the efficiency or photo-
voltage SQ values, as recently surveyed in the “Emerging PV 
reports.”[14] This finding demonstrates how careful the term 
SQ limit should be handled and that it is more advisable to 
use the term SQ model. This model predicts PV parameters 
as a function of bandgap energy under the strict assumption 
of a step-like EQE, and note that it is only a valid limit in 
terms of current at the optimum bandgap.[57] For bandgap 
energies above the optimum, adding some EQE below the 

threshold will lead to an enhancement of Jsc that is outbal-
anced by the simultaneous reduction of Voc. In turn for Eg 
smaller than the optimum value, adding some EQE below the 
threshold will enhance the losses associated with both the Jsc 
and the Voc.

For the special case of the sigmoid parameterization of the 
absorption threshold of the EQE spectrum will always result in 
values of Voc, FF and PCE below those of the SQ model, inde-
pendently on how large λs can be. However, for EQE spectra 
whose sigmoid fits reports λs  > 100  nm and Eg  > 1.6  eV, the 
radiative limit of the photocurrent is not properly described by 
the step function of the SQ limit at that λg value, and a cor-
rection should be introduced. In these cases, the appropriate 
photocurrent theoretical limit can be obtained, from the inte-
gral of Equation  (2), by using the sigmoid Equation  (3) with 
Am =  1 and depending on both λg and λs.

Figure 4. SQ limit of solar cells performance parameters as a function 
of bandgap energy assuming EQE spectra with different values of the 
sigmoid wavelength (e.g., see Figure 2b): a) short-circuit current density,  
b) open-circuit voltage, and c) power conversion efficiency. Emission 
from both the front and rear contact of the cell was considered.
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3. PV versus Optical Bandgap Energy

From the above analysis, one can correlate the large λs 
values, that is, significantly broad absorption threshold in 
the EQE spectra, with the presence of i) undesired energy 
dependent recombination rate and/or ii) poor structural and 
optoelectronic properties associated with broad density of 
states, typically parameterized with large EU. Thus, the use 
of λs as a figure of merit would be advisable: the smaller λs 
the better the device performs. However, care must be taken 
with the comparison of devices with different bandgaps, for 
which the corresponding sigmoid energy or energy sloping 
range is,
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where each term in the parenthesis represents the corre-
sponding energy in the energy representation for the positions 
λg ± λs/2 in the wavelength representation (see Figure 2a).

The λs−Eg dependence of Equation  (10) is illustrated in 
Figure 5a, where the “Es-isolines” show λs to be most critical at 
larger Eg values (see also Figure S5a, Supporting Information). 
Keeping this in mind, Figure  5b displays Es as a function of 
the PCE for several PV technologies, as listed in the “Emerging 
PV reports.”[14] The general trend indicates that the larger 
PCE values present the lesser Es, and thus the lower λs for the  

corresponding Eg (see Figure S5a, Supporting Information). 
Similarly, lower Voc values seem to allow larger Es (see Figure S5b, 
Supporting Information). Interestingly, larger Eg exhibit larger 
Es values (see Figure S5c, Supporting Information). Overall, 
the most typical Es values among the sampled best performing 
devices are within 25–50 meV, which is between once and twice 
the thermal energy (kBT) at room temperature (see histogram 
in Figure 5b).

In addition, besides a few exceptions, the optical bandgap 
energy (e.g., from absorption Tauc plot) is typically equal or 
lower than the PV bandgap (from the sigmoid definition for the 
EQE spectrum), as shown in Figure 5c. Furthermore, in close 
relation with the λs behavior, the difference ΔEg between these 
two bandgap energies also decreases in Figure  5d as the PCE 
does. Similarly, lower Voc exhibit larger ΔEg values and even 
some proportionality seems to exist with Es (see Figure  5b,d 
and Figure S5b,d, Supporting Information). Also note that ΔEg 
is mostly within 0–3kBT, at room temperature, being ΔEg  < 
kBT the most common case (see histogram in Figure 5d). Par-
ticularly, the energy difference of kBT, at room temperature, 
has previously been found as a basic mismatch between the 
methods (Tauc plot versus EQE inflection point).[16] This sug-
gests that only significantly higher ΔEg values may be associ-
ated with actual physical meaning, like the energy dependent 
recombination rates discussed in the previous section. In addi-
tion, the different distributions in the histograms of Figure  5 
may also indicate that larger Es is not necessarily relating to 
larger ΔEg.

In general, it seems that the closer the two definitions 
of bandgap are, the best, and for most of the top optimized 

Figure 5. a) Theoretical and b) experimental behavior of the sigmoid wavelength and energy ranges of the EQE spectrum absorption threshold as 
a function of the bandgap energy and power conversion efficiency, respectively. Difference between photovoltaic and optical bandgap energy, c) one 
versus the other Eg,op(Eg,pv), and d) absolute mismatch Δ Eg =  |Eg,pv − Eg,op| as a function of the power conversion efficiency. Insets in (b,d) are the 
corresponding histograms. The experimental data (circles) is from the “Emerging PV reports.”[14]
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devices ΔEg  < kBT. The latter means that, for instance, when 
reporting the photovoltage losses from the optical definition an 
uncertainty of ±kBT would not be critical. However, ΔEg > 3kBT 
are often found, meaning misevaluations of up to hundreds of 
mV for the photovoltage losses. In any case, the report of both 
the optical and PV bandgaps is encouraged.

4. Conclusions

In summary, we have shown that the PV bandgap is effectively 
determined from the EQE spectrum, as the inflection point at 
the absorption threshold. However, care must be taken when 
the EQE spectrum onset shows low sloping, deviating too much 
from the ideal step-like behavior. By applying a sigmoid function 
parameterization, we identify two mechanisms (broad λs and sub 
bandgap photocurrent outside λg + λs) and discuss their physical 
meaning in terms of Urbach tail and (wavelength dependent) 
recombination behavior. As a guideline, we propose that the 
PV bandgap is best determined when the absorption threshold 
of the EQE spectrum can be properly described by a sigmoid 
fit with a sloping parameter λs smaller than 100 nm. For values  
λs  > 100  nm, the SQ limit value for the photocurrent should 
be corrected considering both λg and λs. We also stress on the 
importance of using the PV bandgap, over the optical bandgap, 
for reporting limit performance in comparison to the SQ model.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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