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ABSTRACT

Standard Shockley-Queisser (SQ) loss analysis of CIGS solar cells assumes step-like absorptivity, ignoring both band-
tail absorption and the quasi-Fermi-level splitting (QFLS). We extract the tail energy y, QFLS Ay, and bandgap E, of CIGS
absorbers simultaneously from a single photoluminescence spectrum using a generalized Planck law. For two devices
(18.0% and 16.9% efficiency), we obtain y = 17 and 22 meV and Ap = 0.76 and 0.69 eV, consistent with EQE analysis.
Including these parameters lowers the radiative-limit Voc by 27 and 49 mV, reassigning part of the apparent
nonradiative deficit to the tail-enhanced radiative saturation current. The corrected nonradiative losses (180 vs. 174
mV) now match the nearly identical TRPL lifetimes of the two absorbers (80 vs. 76 ns), resolving an apparent
contradiction of the SQ analysis and providing a more realistic partitioning of the Vy losses.

keywords: CIGS Solar Cells; Open-Circuit Voltage Losses; Quasi-Fermi-Level Splitting; Shockley-Queisser Detailed
Balance.

1 INTRODUCTION

The open-circuit voltage (Vo) is one of the key parameters governing the power conversion efficiency of a solar cell,
and identifying the mechanisms that limit it remains a central task in photovoltaic research. The Shockley-Queisser
(SQ) detailed-balance model provides the standard framework for such an analysis. From the fundamental assumption
of a step-like absorption function, in which only photons with energies above the bandgap E; are absorbed, it defines
the radiative limit of the device and allows the total V¢ loss to be decomposed into distinct contributions. Within this
idealized picture, the dark and illuminated current densities, and, in turn, the individual loss terms, can be rigorously
defined. A key limitation of this approach, however, is that no real absorber possesses a step-like density of states (DOS)
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and absorption coefficient. Practical photovoltaic materials, such as Cu(In, Ga)Se, (CIGS), exhibit an exponentially rising
absorption below the bandgap, commonly referred to as the Urbach tail [1]. These tails are described by:

E—Eg
a(E) = a, exp <T),(E < Eg) (D

where ao is the absorption coefficient at the bandgap position and vy, the Urbach energy, is the characteristic energy of
the tailing states. The Urbach energy reflects both the structural and thermal disorder of the material [2], and its
magnitude is strongly influenced by the degree of electrostatic potential fluctuations. CIGS films, especially those grown
by the three-stage co-evaporation process, exhibit pronounced spatial inhomogeneity, as confirmed by spatially
resolved photoluminescence (PL) measurements. Local variations in composition give rise to fluctuations of both the
local bandgap and the quasi-Fermi-level splitting (QFLS), which are directly reflected in the exponential shape of the
absorption edge. Figure 1 contrasts the ideal step-like absorption edge assumed in the SQ model with that of actual
samples.
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Figure 1: Schematic representation of the absorption edge of a semiconductor in (A) the SQ model where the

absorptivity switches from 0 to 1 at the bandgap position E, (B) a real sample with an exponential shape for

the DOS at the band edges. (C) Impact of the exponential tail on the DOS edges and the subsequent shrinking
of the bandgap.

The impact of such band tails on photovoltaic parameters has attracted considerable attention in recent years [3,4].
Because photocurrent generation from sub-bandgap states is negligible, the influence of tail absorption concerns almost
exclusively the V. Indeed, it has been shown that V¢ losses increase with increasing Urbach energy across a range of
solar cell materials [4-6]. Sub-bandgap absorptivity must therefore be taken into account in order to estimate realistic
values of the radiative-limit and bulk-limit Vj¢, and hence of the corresponding V¢ losses.

In this work, we extended the V¢ loss analysis of CIGS solar cells to account for the presence of exponential band tails.
Specifically, we incorporated the influence of tailing states into the radiative recombination coefficient B used in the V¢
loss analysis. Then an expression that quantifies the additional radiative-limit Vj loss, and the associated reduction of
the QFLS, arising from the exponential DOS tail was derived. Finally, we compared the impact of tail states on the Vg
losses of CIGS absorbers prepared under different deposition conditions.

2 MATERIALS AND METHODS

2.1 Sample processing

The solar cells were fabricated on soda-lime glass (SLG) substrates coated with a 0.8 pum-thick DC sputtered Mo back
contact. Besides acting as the electrical contact, the Mo layer serves as a diffusion barrier between the absorber and the
glass, while the SLG substrate provides a natural source of Na incorporation into the absorber during growth, which is
known to improve its electrical quality. CIGS absorbers, about 2 um thick, were deposited by multi-source co-
evaporation using the three-stage process [7]. In this growth sequence, the (In, Ga),Se; precursor is deposited in the
first and third stages, while Cu and Se are co-evaporated in the intermediate second stage until Cu-rich conditions are
reached, followed by a short Cu-poor finishing step. The Cu-to-group-III ratio (CGI) was controlled at 0.95 for both
samples, ensuring the slightly Cu-poor composition required for efficient junction formation. Two absorbers with
different deposition schemes were prepared (Table 1). For the first (high-performance) sample, the Ga-to-group-III
ratio, [Ga]/([Ga]+[In]) (GGI) was set to 0.4 in the first stage and reduced to 0.25 in the third stage to tailor the Ga
(bandgap) gradient, and the substrate temperature was 350 °C during the first stage and 550 °C during the second and
third stages. The second (low-performance) sample was grown with a constant GGI of 0.3, at substrate temperatures of
400 °C and 625 °C in the corresponding stages. Apart from these growth conditions, both absorbers underwent strictly
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the same processing route. After growth, both samples received an identical post-deposition treatment (PDT) at 350 °C,
where KF and NaF were co-evaporated simultaneously under a Se atmosphere for 10 min. This alkali treatment
passivates the absorber surface and improves the quality of the CIGS/CdS interface.

The devices were then completed by chemical bath deposition of a 35-nm-thick CdS buffer layer, followed by rf- and
DC-magnetron sputtering of an undoped ZnO layer and a doped ZnO:Al layer serving as the transparent front electrode.
A Ni/Al/Ni grid was deposited by evaporation to form the top contact, and a 110-nm-thick MgF, layer was added as an
antireflection coating on top of the device to reduce reflection losses at the front surface and to enhance the short-circuit
current density. The active cell area was defined by mechanical scribing of the layer stack.

Table 1: Deposition conditions for sample 1 and sample 2. Variations in the substrate temperatures (T, (°C))
as well as the [Ga]/([Ga]+[In]) at different stages are shown.

Sample 1 (high performance) Sample 2 (low performance)

Stage Tsup(°C) | GGI | Stage Tsup (°C) | GGI
1st In,Ga,Se | 350 04 | 1st In,Ga,Se | 400 0.3
2nd Cu, Se 550 - 2nd Cu, Se 625 0.3
3rd In,Ga,Se | 550 0.25 | 3rd In,Ga,Se | 625 0.3

2.2 Measurement setup
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Figure 2: Steady-state PL and TCSPC-based TRPL setup for CIGS thin films.

Time-resolved photoluminescence (TRPL) measurements were performed at room temperature using a femtosecond
Ti:sapphire laser operated in pulsed mode (pulse width ~80 fs, repetition rate 2 MHz) as the excitation source. The laser
spot size on the sample was 40-80 um. To record the PL transients, CIGS films covered only with CdS were used. The
decay curves were recorded at the maximum energy position of the corresponding emission spectra. Emission from the
narrow-gap samples was detected with an InGaAs photomultiplier tube (Hamamatsu H10330A-75), while the wide-gap
samples were measured with an avalanche photodiode (IDQ ID-100, 40 ps time resolution, 300-900 nm detection
range). Figure 2 shows a schematic representation of the setup.

2.3 Theoretical framework

We first outline the theoretical framework used to quantify the open-circuit voltage losses of a real device relative to an
ideal device in the radiative limit (SQ model).

The SQ model defines the thermodynamic limit of photovoltaic energy conversion for a single-bandgap solar cell on the
basis of the detailed-balance principle [8]. The model idealizes the cell by equating its quantum efficiency to the
absorptance, EQE(E) = a(E), the latter behaving as a step function of the photon energy E; the cell is then fully
characterized by its temperature T and bandgap E,. Applying this framework to an actual device, whose absorptance is
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not a step function, leads to the definition of the radiative limit [9]. Within the SQ framework, all recombination
processes are assumed to be radiative. The short-circuit current density is then given by:

Jsc = q f EQE(E) sun (E)dE @)
0

where q is the elementary charge, EQE the external quantum efficiency, ¢, (E) the solar spectral photon flux, and E
the photon energy. The radiative saturation current density follows as

Jo=a | EQEE)pu(E)E 3)
0
27 E2
c2h3 [exp(E/kgT)—1]
Boltzmann constant, and c the speed of light in vacuum.

where ¢y, = is the black-body spectral photon flux at temperature T, h is Planck’s constant, kg the

In the SQ approximation, EQE(E) = a(E) = H(E — Eg), with H the Heaviside function (H =1forE = Eg,H =0 forE <
Eg). In this case Jsc approaches its maximum value ]Sg and J, becomes ](S)Q, and the SQ-limit open-circuit voltage is given
by [10]:

kT (Jog
Vel = —21n (’g—g) (4)
q 0
To correlate this approach with the electronic properties of actual CIGS absorbers, the Vg losses due to nonradiative
recombination must be evaluated. For this purpose, it is useful to express the saturation current density in the radiative
limit J§29, as well as in nonideal cases (J,), in terms of the radiative recombination coefficient B. Following Werner et al.
[11] and assuming a thin absorber (i.e., the effective minority-carrier diffusion length exceeds the sample thickness),

rad can be written as

rad _ qWn?B _ qWn? ( 1 ) 5)
° 4n1% 4n1% TraaNa
where n, is the refractive index (n, = 3), n; the intrinsic carrier concentration, N, the net doping density, and W the film
thickness. In the low-injection regime (excess carrier density An < N, [12]), the ideal radiative lifetime is T,,q =
1/(BN,) [10].

Since Eq. (5) incorporates the actual absorption properties of the material, it yields a more realistic value of the
radiative-limit open-circuit voltage, which is given by

kT (]
d_ "B SC
VCI;?: - ln< rad (6)
a 0
where Jgc is the experimental short-circuit current density. This description of V2 accounts for the impact of
nonradiative recombination on Jsc and therefore does not represent a strict radiative limit, but it permits a more
straightforward definition of the open-circuit voltage losses.
bulk
0

For real, non-ideal samples, the saturation current density associated with bulk nonradiative recombination, ] is

obtained by substituting the effective lifetime T for the ideal radiative lifetime t,,4 in Eq. (5):

]bulk — aniz ( 1 ) (7)
° 4ng \TeNa
The effective lifetime is given by
1 1 1
—= (8

Teff  Trad Tnonrad
where T,,nraq denotes the nonradiative recombination lifetime. t.¢ is determined from the analysis of the TRPL
transients and is closely related to the density of nonradiative centers in the bulk. Note that Eq. (7) implicitly assumes
that the doping density in the interfacial region varies in the same manner as the value measured in the bulk. Finally,
replacing J52¢ with ]9 in Eq. (6) yields the bulk-limit open-circuit voltage VS&!¥, i.e., the voltage of a cell limited only
by nonradiative processes in the bulk; any increase (decrease) of V38X therefore indicates a reduction (increase) of
bulk nonradiative recombination. For a systematic discussion of the origins of the voltage losses, the bulk-limit
approximation assumes that nonradiative recombination is located mainly in the quasi-neutral region (QNR) and
neglects recombination in the space-charge region (SCR); in reality, the SCR is subject to Shockley-Read-Hall (SRH)

recombination owing to the position of the Fermi level and the presence of deep-level traps near midgap [13].
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From this analysis we extract the total open-circuit voltage losses AVS®a! = Vgg(Eg) — V5, together with the losses

attributable to nonradiative recombination, AV42"2d = V2% _ &P [14], where VS is the experimental value of the
open-circuit voltage.

This approach alsg allows the nonradiative losses to be separated into bulk (AV3Ek = Vcs)g(Eg) — Vv5u%y) and interface
contributions (AVIRer = AySoal — Aypulk),

3 RESULTS AND DISCUSSIONS

3.1 Device performance

Table 2 summarizes the photovoltaic parameters of the two devices. Both cells deliver comparable short-circuit current
densities and fill factors, so their efficiency gap (18.0% vs. 16.9%) is governed mainly by the open-circuit voltage, where
sample 2 lags by 26 mV (684 vs. 710 mV). In voltage-equivalent terms, the ~5% current deficit of sample 2 amounts to
only ~1 mV, i.e, (kgT/q)In(Jic/J%c), and is negligible (here Ji./]J3. represent the short-circuit currents of samples 1/2).
Since both absorbers underwent strictly the same processing route apart from the growth scheme (Section 2.1), the
pair constitutes a well-controlled case study for the Vy¢ loss analysis. Any meaningful decomposition of these losses,
however, first requires two absorber quantities: the tail-state energy y and the quasi-Fermi-level splitting (QFLS) Ap.

Table 2: Photovoltaic parameters of the two samples.

Jsc(mA - cm™2) Voc (mV) FF (%) n (%)
Sample 1 34.6 710 74 18.0
Sample 2 33.0 684 76 16.9

3.2 Conventional extraction of Apandy

The generalized Planck law relates the electrical properties of a photovoltaic absorber to its photoluminescence (PL)
spectrum. Under quasi-equilibrium conditions, the spectral photon flux can be written as:

a(E)E?
e (E—A 9)
T e (Cr) 1
where a(E) is the absorptivity. In the high-energy wing of the emission, a(E) = 1 and varies only weakly with energy,
and Eq. (9) reduces to

¢pL(E) =

n = - (10)
1023E2 kg T

so that Ap follows from the intercept of a linear fit to the high-energy side of the semi-logarithmically plotted spectrum,
while the slope yields 1/kgT.
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Figure 3: (A) PL spectrum of sample 2, recorded under one-sun illumination conditions showing the fit of Ap,
the quasi-Fermi-level splitting. (B) Fit of the tail-state energy y (Urbach energy) using the EQE spectrum of
sample 2.
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The PL spectrum was recorded under approximately one-sun equivalent illumination using a 640 nm laser (Figure
3(A)). Since Ap/q is the maximum voltage the absorber can sustain under these conditions, it constitutes an upper
bound for Vg¢. The fit returns Ap = 0.78 eV, compared with an experimental V¢ = 684 mV. The tail-state energy was
obtained independently by fitting the sub-bandgap region of the EQE with the Urbach relation, Eq. (1) (Figure 3(B)).

This conventional procedure, however, has several limitations. First, Eq. (10) returns a fit temperature of 405 K, which
is unphysically high even when laser-induced heating is considered. Second, the extracted Ap depends strongly on the
spectral range chosen for the fit [15]. Third, the Urbach analysis of the EQE implicitly assumes an exponential (Urbach-
like) tail and neglects other sub-bandgap absorption mechanisms. Finally, Apu and y are obtained from two separate
measurements, which introduces an additional uncertainty when the two parameters are combined in the voltage-loss
analysis. A more self-consistent model is therefore required.

3.3 Generalized description of sub-bandgap absorption

To this end, we adopt the model of Katahara and Hillhouse [15], which unifies the various sub-bandgap absorption
mechanisms in a single functional form. Sub-bandgap absorption is conventionally written as an exponential decay of
the absorption coefficient from the band edge into the gap (Figure 1(C)); in its simplest form the decay power is unity
(Urbach tail). Deviations from this behavior are well documented: in the presence of charged defects the tail sharpens
to a decay power of 5/4 [16]; field-assisted absorption (Franz-Keldysh effect) yields 3/2 [17]; and heavily doped
semiconductors exhibit a power of 2 [18]. CIGS films grown by the three-stage process are highly disordered and
strongly compensated, with charged grain boundaries [19]; a decay power exceeding unity is therefore expected,
motivating a generalized treatment. Katahara and Hillhouse introduced:

[ JAE[\"
G(AE) = exp|— <T> (E <Eg) (11D

where vy is the characteristic decay energy and 6 the decay exponent, whose value discriminates between the
mechanisms above, with AE = E —E;. Convolving Eq. (11) with the band-to-band absorption of a direct-gap
semiconductor yields a closed-form expression valid over the entire spectral range:

car) - ;J-AE exp [_ <|AE*|)9
2yr (1+ %) ~a Y

where I is the gamma function and the prefactor is a normalization constant [20]. The absorption coefficient follows as
a(E) = ayG(E), and the absorptance follows from the Lambert-Beer law, a(E) = 1 — exp[—a(E)d], where d is the
absorber thickness. Including the occupation probabilities of the conduction and valence bands [21], the full PL
spectrum becomes

VAE — AE*dAE” (12)

EZ
E) =
$pL(E) 412 h3c2 ex (E — AH) 1
PUTKT
(13)
1 A d{1 2
X311 —exp|—G(AE)q, - E—an

exp ( 2K5T )+1
Fitting the complete spectrum with Eq. (13), rather than its high-energy wing alone, yields y, Ay, and Egsimultaneously

from a single PL measurement. Moreover, because the entire spectrum constrains the fit, the extracted parameters are
independent of the chosen fitting range.

3.4 Validation of the full-spectrum fit

Figure 4 compares the bandgap and Urbach energy of sample 2, obtained from the PL fit of Eq. (13), with the values
derived from the EQE.
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Figure 4: (A) PL spectrum fit with Eq. (13) vs. EQE. The PL fit is shown in blue and the fit of the EQE to extracty
is displayed in dark green. (B) PL spectrum vs. d(EQE)/dE showing the bandgap position and the peak energy
position of the PL spectrum of sample 2.

Table 3 summarizes the results, together with Ap and the fit temperature. The bandgaps agree within 10 meV (1.15 vs.
1.16 eV) and the tail energies within 2 meV (22 vs. 24 meV), confirming the mutual consistency of the two
spectroscopies. In contrast to the high-energy fit (Ap = 0.78 eV at T = 405 K), the full-spectrum analysis returns a
physically reasonable temperature (318 K); in addition, y and Ap are range-independent, and all parameters are
extracted from the same measurement.

Table 3: Bandgap energy E,, tail-state energy y, QFLS Ap, and temperature extracted from the fits of the PL
spectrum and the EQE of sample 2.

Eg(eV) | y (meV) | Ap (eV) | T(K)
PL 1.15 22 0.69 318
EQE | 1.16 24 - -

3.5 Benchmark: Shockley-Queisser loss analysis

To quantify the impact of these parameters on the voltage losses, the two devices are first analyzed within the classical
Shockley-Queisser (SQ) framework; the resulting values serve as benchmarks throughout this work. As described in

Section 2.3, the total Vy loss is defined as AVS®R! = VSS(Eg) - Vg)ép, and the loss due to nonradiative recombination as

Avgenrad = yiadsa _yex Here V32 depends exclusively on the bandgap, whereas Viat*? is further determined by the

measured EQE; the bandgaps were obtained from the first derivative of the EQE with respect to energy. Table 4 lists the
results. Sample 2 exhibits the larger losses, with AVE?!= 231 mV and AVE2"4 = 223 mV, compared with 212 and 207
mV for sample 1.

Table 4: Vo in the SQ limit (V52 ), in the radiative limit (Via %), and experimental values (Vo) for samples 1
and 2. AVEY?! and AV52"4 are the total V, losses and the losses due to nonradiative processes, respectively.

Vod(E)(mV) | VE24s9my) | Vo' (mV) | AVEE! (mV) | AVgenrad(mV)
Sample 1 922 917 710 212 207
Sample 2 915 907 684 231 223

If the nonradiative losses were governed by the minority-carrier lifetime alone, this difference should be reflected in
the carrier lifetimes of the two absorbers which is not the case. As shown in Figure 5, room-temperature TRPL excited
at 400 nm yields nearly identical slow decay components, 1, = 80 ns for sample 1 and 76 ns for sample 2, both
dominated by bulk recombination.
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Figure 5: Room-temperature TRPL curves for Samples 1 and 2 measured with a 400 nm laser. 7, is the slow
decay component related to bulk recombination as shown on the graph.

3.6 Tail-state analysis of both absorbers

To assess how sub-bandgap absorption affects this analysis, Eq. (13) was fitted to the PL spectra of both devices (Figure
6). Sample 1, the higher-efficiency device, exhibits both a smaller tail energy (y = 17 vs. 22 meV) and a larger QFLS (Ap
=0.76 vs. 0.69 eV), indicating a lower density of structural defects and weaker electrostatic-potential fluctuations, i.e.,
a superior absorber quality. The remaining question is how strongly y and Ap affect the voltage losses.
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Figure 6: PL spectrum fit with Eq. (13) for samples 1 and 2. The spectra were recorded under one-sun
illumination conditions with a 640 nm laser source.
3.7 Radiative limit with sub-bandgap absorptivity

Accounting for the sub-bandgap absorptivity lowers the radiative-limit V¢ by

AV = Ve — Vg (14
where V329 includes the tail absorption and V(r)%d‘sq is the radiative limit of the SQ model. In the SQ limit, ](r)ad'sq follows
directly, since the EQE equals unity above the bandgap and small energy terms can be neglected:

2nq (* E 2mq E
rad,sq __ ~ g
o e, Bew (i) = e e (-1 ) (15)
With an exponential tail, the sub-bandgap EQE takes the form
E —E,
EQE(E) = a, exp< Y ) (16)

165



GSC Advanced Research and Reviews, 2026, 28(03), 158-168

o . . . d, )
and the additional absorption increases the radiative saturation current, J;34 = ];a T ]{f‘d'S“bb, where ]gad'S“bb is the

sub-bandgap contribution. Neglecting the small terms and setting a = 1, the tail-induced change in the radiative Vy is

kgT Y
AV = 2] (1 - —) 17
oC q n KT (17)

When the QFLS is taken into account, the small terms can no longer be neglected and the band occupation must be
included. The black-body term then reads

. 2m E?
q)PL( ) - h3c2 ex (E — A|J.) 1 (18)
PUTRGT
and the EQE acquires an occupation factor,
EQE(E) = (E_Eg)t h(E_A”) 19
QE(E) = ag exp (— %) tanh (— (19)
The resulting change in the radiative Vg is
1 1
koT exp [\ — 5 ) Eg \‘
AVERd = %m (1 + [(kBT Y) ]I(Y.Au) (20)

\ kpTEZ

where I(y, Ap) is the van Roosbroeck-Shockley integral including both the QFLS and the sub-bandgap absorptivity [22-
25]. For tail energies below the thermal energy at room temperature, Eq. (17) is recovered, with V3! the radiative V¢
including y and Ap and V5 *? the SQ radiative limit.

Figure 7 shows AV3d as a function of y. For tail energies below ~ 26 meV, y dominates the correction, while the QFLS

contribution is minimal, which is why the two curves (sample 1, red; sample 2, black) are indistinguishable from one
another in this range. Since both absorbers exhibit y < 25 meV, including the QFLS and the sub-bandgap absorptivity
lowers the radiative V¢, and hence the loss attributed to nonradiative recombination, relative to the SQ benchmark, the
more so the larger the tail energy.
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Figure 7: Radiative voltage deficit AV;2? as a function of tail-state energy y: (A) for y < 25 meV, (B) where the
QFLS contribution is more visible for y > 25 meV.
3.8 Resolution of the lifetime paradox

With y = 17 meV (sample 1) and 22 meV (sample 2), the radiative limits drop from 917 to 890 mV and from 907 to 858
mV, corresponding to AV529= -27 and -49 mV, respectively (Table 5). The total losses (212 and 231 mV) are of course
unchanged; what the corrected model modifies is their partition.
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Table 5: Tail-state energy y, radiative-limit Voc without (Via"*%) and with (V52%) sub-bandgap absorptivity, and
the resulting correction AVS29,

y(meV) | y72959my) | Vi2d(mV) | AV (mV)

Sample 1 17 917 890 =27
Sample 2 22 907 858 -49

As Table 6 shows, the nonradiative losses become 180 mV for sample 1 and 174 mV for sample 2, now nearly identical,
in agreement with the nearly identical TRPL lifetimes of Figure 5. The apparent contradiction posed by the SQ analysis
is thus resolved. Part of the voltage deficit attributed to nonradiative recombination under the step-like-absorption
assumption in fact originates from the tail-induced increase of the radiative saturation current. Partitioning the Vi
losses with the QFLS- and tail-corrected radiative limit therefore provides a more accurate description of nonradiative
recombination in CIGS devices.

Table 6: Summary of the V. losses analysis for samples 1 and 2.

VS2(E,)mV) | vt (mv) | VR mv)| Vet (mv)| avie™ (mv) | avgerr+eor(mv]

Sample 1 922 917 890 710 212 180
Sample 2 915 907 858 684 231 174

4 CONCLUSION

In this work, we have shown that the quasi-Fermi-level splitting Ap and the energy of the tail states y of CIGS absorbers
can be extracted accurately and simultaneously from a single PL. measurement by fitting the full emission spectrum with
the generalized Planck law, Eq. (13). The values obtained agree with those derived independently from EQE
measurements, remain independent of the spectral fitting range, and return physically reasonable fit temperatures.
Incorporating y and Ap into the detailed-balance analysis lowers the radiative-limit Vo by 27 and 49 mV for samples 1
and 2, respectively, relative to the SQ benchmark. This correction redistributes the partitioning of the V¢ losses. The
nonradiative losses of the two devices become nearly identical (180 vs. 174 mV), in quantitative agreement with their
TRPL lifetimes, thereby resolving the apparent contradiction posed by the SQ analysis. The approach thus provides a
more realistic partitioning of the open-circuit voltage losses in CIGS devices and a reliable benchmark against which the
impact of performance-enhancing treatments, such as alkali post-deposition treatment and heat-light soaking, can be
assessed in a more meaningful way.
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