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Progress of state-of-the-art and next-generation thin-film photovoltaic devices is often stymied by
open-circuit voltage (V) that is significantly lower than theoretical and practical limits. Yet, effectively
diagnosing the primary sources of voltage loss remains challenging. Herein, a sequence of device-level
characterization techniques and simulations are employed to identify and rank loss mechanisms. For the
research-based Cd(Se, Te) device under study, most of the loss was at the front semiconductor heterointer-
face due to a clifflike conduction-band offset that lowered the recombination activation energy. Additional
losses due to band tails were quantified by photoluminescence analysis. The latter provided the absorption
coefficient and activation energy reduction associated with band tails as inputs to device models. Simu-
lations showed that alleviating front-interface issues would improve V., but it would then be limited by
bulk recombination. Further improvement of the bulk would then lead to back-contact limitations. Reduc-
ing band tails is beneficial in any circumstance. This analysis provides guidance for reaching toward the

radiative V. limit.
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I. INTRODUCTION

Thin-film photovoltaic (TFPV) and emerging devices
continue to make advances in power conversion efficiency
(n) [1]. A key challenge moving forward is overcoming
open-circuit voltage (V) deficits exhibited by technolo-
gies based on perovskite [2], kesterite [3], Cu(In, Ge)Se;
[4], and CdTe [5,6]. Therefore, effective approaches for
diagnosing the dominant causes of voltage loss are imper-
ative. In this work, an approach is demonstrated that com-
bines multiple device-level characterization techniques
and device simulation to distinguish and rank V. loss
mechanisms. In particular, current density versus volt-
age at various temperatures and light intensities (JVTi),
quantum efficiency (QE), photoluminescence (PL), and
time-resolved photoluminescence (TRPL) were measured
and modeled to determine V. losses associated with bulk
recombination (radiative and nonradiative), front interface,
back interface, and band tails. We also utilized thermome-
chanical cleaving to access the SnO,/Cd(Se, Te) interface
for x-ray photoelectron spectroscopy (XPS), ultraviolet
photoelectron spectroscopy (UPS), and low-energy inverse
photoemission spectroscopy (LEIPS), to determine band
alignments. Results are compared with device modeling
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as a means of independently assessing band positions.
Other measurements, including capacitance-voltage (C-V)
and secondary ion mass spectroscopy (SIMS), provided
complementary electronic and chemical information.

As a case study, we considered Cd(Se,Te) devices,
which are currently the thin-film market leader with
continued growth trajectory [5]. The thermodynamic
(Shockley-Queisser, SQ) limit is ¥V, = 1.122 V for a band
gap of 1.4 eV, and V. = 1.215 V for a band gap of 1.5 eV
[7]. Yet, record V,. of approximately 0.9 V has persisted
for a decade in polycrystalline CdTe-based devices (band
gap of 1.5 eV) [5]. The current record laboratory efficiency
is n =23.1% [1]. Increasing V. close to 1 V is criti-
cal for achieving n = 25% [8]. Strategies to achieve that
goal should be guided by device-specific limitations and
understanding where the greatest losses occur. Possible
issues include bulk nonradiative and interface recombi-
nation, interface band alignments, doping, carrier mobil-
ity, and band tails. Also important are optimizing carrier
selective contacts [6,9,10], and reducing spatial nonuni-
formities [11,12]. Advances beyond V,. = 1 V will likely
require clever optical management. Herein, V. loss eval-
uation is conducted to identify pathways for improvement
of a research-based device that has moderate n = 15.9%
and V. = 744 mV. The key question is where to focus
improvement efforts.
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The adoption of the ternary alloy Cd(Se,Te) for
CdTe-based devices has led to marked improvements
in performance but it has also increased the probabil-
ity of disorder-induced deleterious effects. Anion disorder
between Se and Te sites, fluctuating band gaps, and the
propensity for dopant compensation can result in sig-
nificant band tails. It has been shown that band tails
with characteristic decay energies (often termed Urbach
energy [13]) greater than about 20 meV can result in
significant radiative V. loss [14,15]. The latter conclu-
sions are typically drawn from thermodynamic calcula-
tions that compare the ideal V. limit (i.e., no band tails)
to that obtainable with sub-band-gap absorption and radia-
tive recombination caused by band tails. Band-tail effects
have also been incorporated into device models to study
their implications on nonradiative recombination [16—18].
Herein, PL data are analyzed using a generalized model
[19] to determine the key parameters associated with band
tails for inclusion in device simulations. Although one
recombination mechanism tends to dominate, an impor-
tant distinction with band tails is that they can exacerbate
all recombination channels by decreasing the effective
activation energy.

Front-interface recombination is particularly important
due to the polycrystalline p-n heterojunction in most TFPV
devices. Poor conduction-band alignment and high defect
density at the interface are known to increase recombina-
tion [20]. Measurements of current density versus voltage
at various temperatures (JVT data) have identified that the
front interface is often the primary recombination chan-
nel for various CdTe device architectures [21-25]. For the
device studied here, JVT indicated a low V. activation
energy that is likely associated with front-interface recom-
bination. Care must be taken in the interpretation of JVT
data to consider temperature and bias dependencies that
can affect the observed activation energy [26], as discussed
in Sec. V.

This paper first presents an overview of recombination
mechanisms and quantification of band-tail effects, along
with the associated V. losses. In Sec. VI A, details are pro-
vided on the device under study. The results in Sec. III A
combine analysis of several characterization techniques
and device modeling to identify and estimate sources of
Voe loss. Suggestions on where to focus efforts on perfor-
mance improvement are provided. The nuances associated
with the V. activation energy, limitations of the method,
and possible extensions of it are discussed in Sec. IV.
Methodology is described after the conclusions in Sec. VI.

II. VOLTAGE LOSS MECHANISMS

A. Recombination

Open-circuit voltage V. is established in an illuminated
photovoltaic device at a voltage such that the electron-hole
pair generation current equals that due to recombination.

Net current flow can be described by the conventional
diode equation [27],

S VIR 1, VIR
= €X —
*1FP\ kg Ran

where ¢ is the elementary charge, A is the diode ideality
factor, k is the Boltzmann constant, 7 is the temperature,
R, is the series resistance, Ry, is the shunt resistance, and
Jr(V) and Jy are the photocurrent and saturation current
densities, respectively. The photocurrent density J; (V) can
be voltage-dependent, as discussed below. At V =V,
J =0, and assuming Vo, > kT/q and Ry, > Vo /JL, the
balance of currents can be written as

_JL(V)7 (1)

y
Jp = Joexp (%) =it dytd D (2)

The recombination current densities are radiative (J,), bulk
nonradiative (J,.), front interface (Jy), and back interface
(Jp). All of the current densities in Eq. (2) are evaluated at
V = Vo.. Figure 1 depicts them in a band energy diagram
at Vo and 1-sun light intensity. Well-known analytical esti-
mates for the recombination current densities have been
summarized in previous work in the context of TFPV [28—
30]. Herein we calculate them numerically, so it suffices
to mention that they are thermally activated and, typically,
one of them tends to dominate such that the saturation cur-
rent density, Jy, can be expressed in terms of an activation
energy, E,,

—E,
Jo = Joo €xp (m) 3)

with Jy, E,, and A dependent on the mechanism.
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FIG. 1. Band edges of a Cd(Se, Te)/SnO, heterojunction at
V = Vo and 1-sun light intensity showing front (J), bulk nonra-
diative (J,,), radiative (J,), and back (J;) recombination current
densities. Here E. and E, denote the conduction and valence
bands; and Er, and Ef, are the electron and hole quasi-Fermi
levels. The bulk band gap, E,, can differ from the front-interface
band gap, E;, due to a conduction-band offset, AE.. For very
high interface charge density, the electron quasi-Fermi level can
be pinned at ¢}°.
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The activation energy is determined by the dominant
recombination pathway. For bulk mechanisms, J, and J,,,,
it is equal to the absorber band gap, E, = E,. At inter-
faces it may be equal to the interface band gap, E, = E,;
if E,; < E,. In that case, the conduction-band offset at
a heterojunction can be determined by AE. = E;; — E,.
When J; dominates and if charged interface defect den-
sities are sufficiently high, the Fermi-level pinning energy
above the valence band, ¢**°, can determine E, = o, 0 (see
Fig. 1) [31].

Combining Egs. (2) and (3) yields

J
qVoe = E, — AkTIn ( % ) (4)

Ne(Voc)Jse

A voltage-dependent collection efficiency, n.(V), accounts
for photocurrent loss, J;(Voe) = ne(Voc)Jse, Where Jy. is
the short-circuit current density [32]. The effects of 7.
should be considered, especially in low-diffusion-length
devices (see Sec. V). Equation (4) indicates that V. is
linear in 7 and, if plotted as a function of temperature,
provides E, as the ordinate intercept (7 — 0). However,
E, itself can be a function of temperature. Band-gap
dependence on T can be approximated as linear near
room temperature, E,(T) = Eg9 — BT [33-35]. Typically,
B ~ 10~* eV/K for direct-band-gap semiconductors and
E4(T) becomes sublinear at lower temperature. As detailed
below, band tails can also have a temperature-dependent
E, -lowering effect that we denote as AE,(T). The activa-
tion energy at a given temperature is therefore

E(T) = Eqo — BT — AEL(T), ()

where E, is the 7 = 0 activation energy. The E, in Eq. (4)
should be replaced by Eq. (5). This implies that V,.(T) is
nonlinear if the band-gap and band-tail terms in Eq. (5) are
nonlinear (see Sec. IV B).

Deviations from linearity of V,.(T) are typically
observed, especially at low temperature. For practical pur-
poses, we focus on the region of normal operating temper-
atures and 1-sun light intensity (1 sun = 100 mW /cm?).
If Voo (T) is linear over that range, then nonlinearities due
to other temperature dependencies are reduced and, to a
first approximation, the measured E,(7) is representative
of the physical V, activation energy. If nonlinearity is
observed at operating temperatures, then the ordinate inter-
cept can significantly underestimate the actual activation
energy. Nonlinearity, and variations with temperature and
light intensity, are further discussed in Sec. IV.

The activation energy £, can also be impacted by system
disorder and bias dependencies. Next, we describe how
band-tail impacts on E, and V,. can be incorporated in
device models.

B. Band tails

Disorder in the semiconductor lattice can cause the oth-
erwise abrupt densities of states at the conduction- and
valence-band edges to extend into the band gap. These
band tails result in increased absorption of photons with
energy less than the unperturbed band gap, as well as
increased recombination and, therefore, V. loss. In TFPV,
common causes are: (i) band-gap fluctuations [36-38],
due to variations in alloy composition, stoichiometry, and
strain; and (ii) electrostatic fluctuations, due to charge
inhomogeneity associated with doping, impurities, heavy
compensation, and grain boundaries [39,40]. Tails man-
ifest as sub-band-gap absorption and broadening of the
luminescence peak, often accompanied by a red shift of
the emission energy (PL peak) from the absorption energy.

The red shift from absorption to emission energy has
been interpreted as a two-band-gap model with an absorp-
tion band gap, E, s, determined by the inflection of
absorption or QE data, and a PL band gap, E, pr, as the PL
peak energy [15,38,41]. The result is an effective reduc-
tion of E, in Eq. (4) by roughly AE, = Egaps — Egpr.
Previous work has included that effect in device models
by reducing the band gap by AE, [16,17,42] or including
an exponentially decaying distribution of trap states at the
conduction- and valence-band edges [18]. For the device
models herein, we employ the simple approach of reducing
the band gap by AE,, which governs recombination mech-
anisms. In doing so, the effect of the PL spectrum shape
on the activation energy is not taken into account. This
hypothesis is contrasted with more detailed approaches in
Sec. IV.

In addition to E, reduction, capturing band-tail effects
in device models requires inputting the absorption coeffi-
cient, «(FE), with the appropriate low-energy tail. Herein,
we determined it from PL data. The functional form of
a(E) depends on the underlying microscopic cause of the
band tails. However, a generalized model [19] expresses
1t as

E—E,

a(E) = aoﬁG( ) (fo —Jo)s (6

where E is photon energy, E, is the unperturbed band gap,
and y is the characteristic decay energy. For a direct-band-
gap semiconductor, g ~ 10° ecm™! eV~1/2 and G(x) is
the convolution of tail states with the typical square-root
density of states (DOS) for the conduction and valence
bands,

G(x) = exp (—|x|)vx —x'dx'. (7)

1 o0
2I(1 + 1/6) /oo

The normalization term includes the gamma function
I'(1 + 1/6). Only the real part of Eq. (7) is required. The 6
parameter depends on the band-tail model: 8 = 1 is Urbach

034019-3



MARCO NARDONE et al.

PHYS. REV. APPLIED 23, 034019 (2025)

[13]; 8 = 5/4 is screened Thomas-Fermi [40]; 0 = 3/2 is
Franz-Keldysh; and 6 = 2 is semiclassical Thomas-Fermi
[43]. When 6 = 2, the form of «(E) is similar to the “Gaus-
sian distribution of band gaps” model [36], discussed in
Sec. IV.

In Eq. (6), the band filling factor is [19,44]

E—Aun
4kT ) ’ ®)

fv—fc:tanh<

where f, and f; are the valence- and conduction-band occu-
pancies for a given quasi-Fermi-level splitting, Au. Band
filling results in bias-dependent absorption and QE [17],
and improved fitting of PL spectra when band tails are
present [15]. Equation (8) is an approximation based on the
Fermi-Dirac distribution, assuming bands with parabolic
dispersion and equal electron and hole effective masses.
The absorptance is approximated as

a(E) =1— e B4, )

where d is the lesser of the device thickness or the sum of
the absorption length (1/«) and the diffusion length of the
minority carriers in the absorber. The absorptance can be
expressed to include optical corrections for multilayer thin-
film structures [45] and interference effects [46], especially
when the absorber layer is relatively thin compared to the
absorption depth. Finally, from the generalized Planck law
[47], the PL flux can be expressed as

2ma(E) E?
h3c2  exp{(E — Aw)/kT}y — 1’

IpL(E) = (10)

where £ is the Planck constant and ¢ is the speed of
light. Absolute PL data at 1-sun equivalent light intensity
and room temperature were fit using Eqgs. (6)+10) with
parameters 6, y, Au, T, and E,. Using E, = E, 4 and
reasonable starting values for Au and 7 (which mostly
control peak height), the most sensitive parameters are
6 and y (which mostly control peak energy and skew-
ness, respectively). Parameters 6 and y provide clues for
the band-tail DOS shape and extent. Note that the fitting
parameter values also yield the peak energy, E,p.. From
the above analysis, «(£) and a uniform band-gap reduc-
tion of AE, = Eg a5 — Eg pr are used in the device models.
Note that y defines the energetic extent of the absorption
coefficient tail, but it is not a direct simulation input. This
approach is only considered reasonable if the PL data are
well fit by this band-tail model and not dominated by other
features, such as shallow localized states [45].

Alternative approaches to this generalized PL model
have been presented. Spaans et al. [46] employed this same
model as Ref. [19] and added to it a Gaussian fluctuation
of band-gap energies [36,37]. That unified model increases
the number of fitting parameters and it assumes a priori

a Gaussian distribution of band gaps, which may not be
appropriate in general or for our Cd(Se, Te) case study.
Rey et al. [48] also considered a hybrid approach that com-
bined electrostatic potential and band-gap fluctuations. The
band-gap distribution was again restricted to Gaussian and
was used to study band tails in kesterite TFPV devices. It is
our perspective that the shape of the band tails is unknown
and should be a flexible parameter in PL data analysis.

III. RESULTS

A. Device-level analysis

To demonstrate the voltage loss evaluation method,
one exemplary NREL (National Renewable Energy
Laboratory) device was subjected to several charac-
terization techniques. The device stack consisted of
Sn0;:F/Sn0O,/Cd(Se, Te) in superstrate configuration.
The 3-pm thick absorber was As-doped and had a graded
Se profile, resulting in a graded band gap. Fabrication
details are provided in Sec. VIA. This research-based
device had an efficiency of n = 15.9% and V,. = 744 mV.
The V,. deficit is rather large at 1% — V. = 402 mV,

oc,rad

where Viodc‘f;’;d = 1.146 V is the SQ limit [calculated below,
cf. Eq. (11)] for E, = 1.415 eV. The latter value was used
as the effective band gap when band tails are not present
and was derived from the inflection point of QE data [49],
as described in Sec. II B. Determining where and to what
extent voltage losses occur are key challenges. A simulated
band-edge diagram for this device at V. is shown in Fig. 1.

It is useful to first check the JVTi data for signs of
low-activation-energy issues. A plot of V,. as a func-
tion of temperature and over a range of light intensities
(1 sun = 100 mW/cm? of AMI.5G spectrum illumina-
tion), extracted from the JVTi data, is shown in Fig. 2.
From the high-temperature linear region (7 > 290 K), the
intercept is E£,9 = 1.470 = 0.014 eV at 0.02 suns, decreas-
ing to £, = 1.137 £ 0.033 eV at 1.78 suns. For practical
purposes, our focus is on V. loss diagnosis near operat-
ing conditions, where the higher-temperature linear regime
interpolated to 1 sun yields E,9 = 1.246 &+ 0.036 eV, well
below the room-temperature graded-band-gap range of
1.4-1.5 eV. The saturation of V. as temperature decreases
is often observed for polycrystalline devices [26,30]. The
low-light and low-temperature behaviors are interesting
and discussed further in Sec. IV.

Accounting for E, temperature dependence from
Eq. (5), and using 8 = 10~* eV/K, yields E, = 1.216 +
0.036 eV at T=300 K. That suggests a clifflike
conduction-band offset, AE, = E, — E; ~ —0.2 £0.036
eV, at the front interface (assuming £, = 1.415 eV, and
neglecting band-tail-induced lowering for the moment).
The uncertainty is discussed further in Sec. IV D. To study
the relationship between AE, and E,, we simulated JVTi
using a numerical device model tailored for this spe-
cific device. A broad parameter space was studied with
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FIG. 2. Open-circuit voltage as a function of temperature at the
light intensities shown in suns (1 sun = 100 mW/cm?). Linear
fits of the high-temperature region provide the activation energy,
E,o. The absorption band gap, E a5, from the QE inflection point
is also shown. The graded band-gap range at room temperature
is shown as the yellow shaded region.

AE. = —0.4to0 0.2 eV, front-surface recombination veloc-
ity Sy = 10107 cm/s, back-surface recombination veloc-
ity S, = 10-107 cm/s, and equal electron and hole lifetimes
of 7 = 1-1000 ns. To test the front-interface and bulk
effects, the back-contact recombination velocity was ini-
tially set to a constant S, = 10° cm/s. Simulations spanned
T =250-350 K and intensity 0.001—1 sun. The simula-
tion methodology is provided in Sec. VIC, and parameter
values are provided in the Supplemental Material [50].

A subset of the simulation results, shown in Fig. 3, indi-
cates that, at 1 sun, £, &~ 1.23 eV can be realized only for
AE, = —0.2 eV, but for any S, > 10° cm/s and t > 1 ns.
Flat-band and positive (spike) alignment result in £, ~ E,,
whereas, for the large cliff at AE. = —0.4 eV, E, is due
to the front-interface offset for all Sy and 7. Note that, for
AE. = —0.2 eV, there is a transition from front-interface to
bulk recombination (£, increasing from 1.23 toward 1.40
eV) when Sy and 7 are both relatively low.

Using AE. = —0.2 eV, simulations were compared to
Voc(T) data to narrow down the possible range of Sy and
7. Figure 4 shows V. (T) over the full range of Sy and
at 1-sun intensity. The simulations (shaded regions) and
data (points) are similar for Sy ~ 103—10* cm/s. Bulk life-
time remains unknown and is at least within T = 1-1000
ns, which implies that front-interface recombination dom-
inates V. loss under these conditions, even for the lowest
bulk lifetime of 7 = 1 ns. It is evident in Fig. 4 that V.
becomes less sensitive to T as Sy increases. Note that the
simulations do not include certain temperature-dependent
effects that play an important role in V,.(7), especially at
T < 300 K (see Sec. IV).

o 1-sun  E, (eV)
AE, =026V, 15

14 ‘
z AE,=0eV|
X | 13
: |
51 |
3 “ 1.2
o \
212 - |
e AE,=-02eV 1
"51.

FIG. 3. Activation energies from simulated JVTi at 1-sun
light intensity at various front-interface conduction-band offsets
(AE,. < 0 eV is a cliff alignment). Front-interface recombination
velocity, Sy, and bulk nonradiative lifetime, 7, are on the x and
y axes, respectively. The flat plane indicates an activation energy
of 1.23 eV, within the range of the measured 1.216 & 0.036 ¢V,
after correcting for the band-gap temperature dependence.

Bulk lifetime was further assessed by studying QE and
TRPL data. Using AE. = —0.2 eV and Sy = 10° cm/s,
comparison of the simulated and measured QE in Fig. 5
suggests that a low value of t &~ 1 ns could account for

1 0_1 sun, AE,=-0.2eV |
: 7=1000-1 ns
S;=10cm/s

S 0.9- 102 cm/s -
[0
8 10% cm/s
S 0.8+ 10* cm/s 8
3 10% cm/s
£ 6
(}) 0.7 - 10° cm/s >\\\ i
@ 107 cmi/s T~
§ T~

0.6 Sy i

| o Data \\
- - - Sim. with band tails
0.5 T T T

220 240 260 280 300 320 340 360
Temperature (K)

FIG. 4. Open-circuit voltage as a function of temperature at
1-sun light intensity. Each shaded region (simulation) is for front-
interface offset AE. = —0.2 eV and indicated front-interface
recombination velocity, Sy, within a range of bulk nonradia-
tive lifetime 7 = 1-1000 ns (shaded regions). Data (points) fall
between Sy = 10° and 10* cm/s. Band tails are included in the
simulation (dashed line) with the parameter values discussed in
the text.
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FIG. 5. Measured (points) and simulated (lines) external quan-
tum efficiency (EQE). Simulations without band tails include
front-interface recombination velocity Sy = 1000 cm/s and band
offset AE. = —0.2 eV with nonradiative bulk lifetimes 7 =
1-1000 ns. Simulation with band-tail effects used ¢ = 1 (dashed-
dotted) and 5 ns (dashed).

the lower carrier collection at longer wavelengths. Addi-
tional QE simulations indicated that increasing Sy with
fixed T = 1 ns resulted in declining carrier collection at
shorter wavelengths, contrary to observations, thereby cor-
roborating Sy ~ 10°~10* cm/s (see Supplemental Material
[50]). Near the band-gap energy, QE simulations have a
steeper decline compared to the data. Band-tail effects can
account for that QE broadening, as discussed below.

TRPL data and simulations indicate decay times of T <
1 ns when using the parameter values AE. = —0.2 eV,
Sy = 10° cm/s, and T ~ 1 ns (see Supplemental Material
[50]). Simulations enable visualization of charge trans-
port and/or recombination processes. They indicate that
the junction electric field is mostly screened by injected
charge within 0.1 ns after excitation. During the first 2 ns
of decay, most of the recombination is at the front surface
for the lower-wavelength excitation (405 nm) and close
to evenly split between bulk and front interface for the
higher wavelength (670 nm). In both cases, during that
time period, charge diffusion proceeds as electrons and
holes flow toward the back surface. However, the 405-nm
decay was slower than the 670-nm excitation decay due
to the higher fluence at 670 nm. That higher fluence by 7.5
times resulted in a high injection state (hole density greater
than acceptor doping) and therefore shorter lifetime. TRPL
simulations agree with the data, but it is difficult to distin-
guish interface from bulk recombination with single TRPL
measurements.

Simulation results thus far have provided initial esti-
mates of AE. = —0.2 eV, Sy = 10°-10* cm/s, and 7 = 1
ns, without accounting for band-tail effects. Figure 6 shows

T T T T T T T T T T T T T T T
Data AE, =40 meV » -— J
- - --Model A |

35 +

30 +

Q
>

Q
>

25 4

o,
o

Q
>

efficient (1/cm)

810724
4
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107

15 4

107 T T T T T T T
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FIG. 6. Absolute PL at 1-sun light intensity (black) compared
to the generalized model [Egs. (6)—<10), dashed line]. The E, 455
value was obtained from the QE inflection point and com-
pared to the PL peak, E, pr, to obtain the tail-induced band-gap
shift, AE,.

absolute PL data at 1-sun equivalent light intensity com-
pared to the model described in Sec. II B. Least-squares
fitting yielded band-tail parameters 6 = 1, y = 22 meV,
and Ap =0.710 eV, using fixed values of E, = 1.415
eV and 7 =300 K. The resulting absorption coefficient
from Eq. (6) is shown in the inset to Fig. 6. The PL peak
energy is Egpr, = 1.375 eV. A Gaussian fit of d(QF)/dE
yields the absorption band gap E ., = 1.415 eV (see Sup-
plemental Material [50]). The tail-induced energy shift is
AE, =40 meV and, as described in Sec. II B, the graded
band gap in the device models was reduced by 40 meV.
Estimates of AE, = 40—70 meV using different methods
are provided in Sec. IV A. With the reduced band gap, it
was required also to decrease the conduction-band offset
AE, from —0.200 to —0.160 ¢V to maintain the observed
E,=1216¢V.

The PL model fit in Fig. 6 underestimates the data at
higher photon energy. Typical fitting of the PL emission
high-energy slope is shown in the Supplemental Mate-
rial [50], where the best-fit line yields 7 = 370 K, which
is too high due to low photoluminescence quantum yield
(PLQY) and high background noise for this sample. That
fit also yields Ap = 0.56 V, which is too low given the
device Vo & 0.74 V. Similar fitting uncertainties were dis-
cussed in Ref. [51]. We know that the sample temperature
is much lower than 370 K — thin-film samples with similar
thickness and grown on similar substrates but with higher
PLQY typically yield T = 300 K. Constraining the temper-
ature to 300 K yields the poor fit shown in green in Fig. S6
in the Supplemental Material [50], for which Ay = 0.74
V — in agreement with device voltage. As stated earlier,
the poor high-energy fit is due to low PLQY and resulting
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higher background. Instead, we use full spectral analysis
with a reasonable adjusted R*> = 0.989. At E < Eg a5, the
critical features of red shift, AE,, and band-tail character-
istic energy, y, are effectively captured by the generalized
PL model.

To summarize, the dashed line in Fig. 4 is the simulated
Voe(T) for the case with AE. = —0.160 eV, Sy = 2000
cm/s, T =5 ns, and AE, =40 meV, along with «(F)
extracted from PL data. With the same parameter values,
QE broadens at longer wavelengths in accordance with the
data (see Fig. 5). However, QE comparison indicated that
7 = 1 ns is too low when band tails are added because
of lower recombination activation energy. When band tails
are present, the QE data are better fit with ¢ = 5 ns, as
shown by the magenta dashed line in Fig. 5.

Incidentally, fitting the absolute PL spectrum provides
the absorptance from Eq. (9) and enables calculation of the
radiative voltage limit [6]

KT, ([ aE)penc(E) dE
Voora = - In ( [aE)m(E)dE T 1)’

where ¢exc and ¢y, are the excitation and black-body
spectra. Ideally, the absorptance is a step function and
Eq. (11) provides the SQ limit of Vied, =1.146 V at
T = 298 K. Using the absorptance from the PL spectrum
fit with the y = 22 meV band tails gives Vocrag = 1.089
V, a loss of 57 mV. The radiative loss can also be esti-
mated from the QE data, as described in Ref. [49]. The
implied voltage can then be determined, iVoe = Ve rad +
kT/qIn(PLQY) = 707 mV, very close to the quasi-Fermi-
level splitting, A = 710 mV from the fitting. The band-
tail loss of 57 mV is within the range of 40—-70 mV
calculated in Sec. IV.

(11)

B. Photoemission spectroscopy: Band alignment

A key result in the above analysis is the presence
of a clifflike conduction-band offset. Front-interface band
alignment was independently measured using a combi-
nation of XPS, UPS, and LEIPS on thermomechanically
cleaved devices [52] (see Sec. VI for methodology). Rel-
evant graphical data are provided in the Supplemental
Material [50]. The results are in agreement with the AE,
range estimated above.

Figure S7 in the Supplemental Material [50] shows
XPS survey spectra of each side of the liquid-nitrogen-
cleaved device. As we have shown previously, cryogenic
cleaving of these devices occurs within an atomically
thin layer of the layered compound CdCl, that resides at
the SnO,/Cd(Se, Te) interface [53]. CdCl; is introduced
during fabrication (see Sec. IV A). Residual pockets of
Cd(Se, Te) absorber that remained on the SnO, side, iden-
tified by tellurium signals in Fig. S7, allowed location of
the absorber band positions at the SnO, interface by the
methods described below.

Figure S8 in the Supplemental Material [50] comprises
photoemission data taken on the Cd(Se, Te) side of the
cleaved device that was used to determine core-level to
valence-band energies for the Cd(Se, Te) alloy as it exists
near the SnO, interface. To account for possible photovolt-
ages in UPS data, the core-level XPS spectrum of the Te
3ds; region in Fig. S8(a) was obtained with the UPS light
source on. The main component was found at 572.78 eV.
In Fig. S8(b), UPS data plotted logarithmically to empha-
size the low density of states [54] show 0.67 eV from the
valence-band maximum (VBM) to the Fermi energy (Er)
near the surface of the bare absorber, yielding a Te 3ds,,
to VBM energy difference of 572.11 eV for the particular
composition of Cd(Se, Te) used here.

XPS spectra from the SnO, side and of the Te 3ds,,
region show that tellurium detected here represents the
Cd(Se, Te) absorber as judged by the line shape and peak
position of Fig. S9 in the Supplemental Material [50].
Some oxidized Te® was revealed by curve fitting, with the
Te’ chemical component located at 0.6 eV higher in energy
than the lattice Te?>~. Using the previously determined Te
3ds;; to VBM core-level difference and the location of
the Te?~ component at 573.06 eV, the Cd(Se, Te) VBM
is found to be 0.96 eV below the Fermi energy at the
SnO,; interface. From the XPS-measured Se : (Se + Te)
ratio and the published bowing curve for Cd(Se, Te) [55],
the near-interface band gap is 1.43 eV and the conduction-
band minimum (CBM) is located 0.48 eV above E.

LEIPS from the SnO, side of the cleaved device are
shown in Fig. S10 in the Supplemental Material [50].
These data represent primarily the SnO, conduction band,
with the CBM being located at 0.27 eV above Er. Together
with the data from Fig. S9, the Cd(Se, Te)/SnO, align-
ment is shown in Fig. 7, indicating a 0.21-eV clifflike CBM
alignment between the SnO, and Cd(Se, Te) absorber.
Error analysis provided in the Supplemental Material [50]
indicates AE. = —0.21 £0.12 eV [56]. Assuming a nor-
mal distribution, that implies a most probable value of
—0.21 eV, with deviations becoming increasingly unlikely
as one moves away from the center of the distribution
[57]. The resulting interface band gap of 1.23 eV is within

CBM

—0.211
s 1.43

CdSeTe
SnO, CBM

FIG. 7. Schematic of SnO,/Cd(Se, Te) band alignment from
UPS, XPS, and LEIPS.
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TABLE L

Simulated V. losses compared to an ideal case, models 1 and 1T. Models with “T” include band-tails effect (quantified

by y). Front-interface recombination (due to AE, and Sy ) dominates for models 2 and 2T. Bulk nonradiative recombination (due to 7)
dominates for models 3 and 3T. Combined effects are models 4 and 4T. Back-interface recombination velocity is S, = 10° cm/s and

series resistance R, = 0 in all cases.

Ideal Front Bulk Combined
Model 1 IT 2 2T 3 3T 4 4T
Inputs
AE,. (eV) 0 0 —0.16 —0.16 0 0 —0.16 —0.16
S; (cm/s) 10? 10? 4 x 10° 4 x 10° 10? 10? 4 x 10° 4 x 10°
7 (ns) 10° 10° 10° 10° 5 5 5 5
y (meV) 0 22 0 22 0 22 0 22
Outputs
n (%) 259 25.1 19.4 18.6 21.0 19.3 18.9 17.2
Jic (mA/cm?) 29.5 29.9 29.4 29.8 29.4 28.8 29.3 28.7
Voe (V) 1.00 0.96 0.79 0.75 0.88 0.84 0.78 0.74
AVy (V) 0 0.04 0.21 0.25 0.12 0.16 0.21 0.26

the activation energy range determined from Vo, (7T) (cf.
Figure 2).

C. V. loss breakdown

Using the parameter values estimated above, we con-
sider the voltage losses associated with the front-interface,
bulk, and band-tail mechanisms. Key parameter values and
results are listed in Table I. An “idealized” model with
overall very low recombination and AE. = 0 acts as a ref-
erence to which the other cases are compared to quantify
the voltage loss, AV, as given in the last row. All models
had S, = 10° cm/s at the back contact and series resistance
R, =0 Q cm?. The ideal model had V.. = 1 V without
band tails (model 1) and 0.96 V with band tails (model 1T,
“T” indicates that band tails are included). Tails are char-
acterized by y = 22 meV and AE, = 40 meV. With tails,
efficiency declined by about 3% relative, mostly due to
V.. with some J,. increase. Values of V,. for models with
dominant front-interface losses (due to higher Sy and with
AE. = —0.160 eV, models 2 and 2T) and dominant bulk
losses (due to lower 7, models 3 and 3T), with and with-
out band tails, are provided. Front losses alone reduce Vo
from 1 V to 0.79 V and down to 0.75 V with the addition
of band tails. That comprised nearly all of the loss for the
measured V. = 0.744 V. The efficiency remains relatively
high for model 2 due to high Js. given the long bulk life-
time. Bulk recombination on its own results in V. = 0.88
and 0.84 V without and with band tails, respectively. Com-
bining front, bulk, and band-tail losses yields V,. = 0.74
V, listed as the combined model (models 4 and 4T). The
efficiency of model 4T would decrease from n = 17.2% to
16.1% if series resistance and a back-contact barrier were
added to reduce the fill factor (cf. Fig. 9).

The results in Table I suggest that the front interface is
the greatest source of V. loss. Minimizing front-interface

recombination would limit V,. to 0.84 V due to bulk
recombination. To investigate this further, Fig. 8 shows
the individual recombination current densities from Eq. (2)
as functions of voltage at 1-sun light intensity and 7 =
300 K. At V., shown as the vertical line, the recombi-
nation currents sum to the photogeneration current J; =
29.5 mA/cm?. For the device under study, based on model
4T in Table I, Fig. 8(a) indicates that front-surface recom-
bination, J; = 26 mA/cm?, is responsible for most of the
voltage loss, with bulk nonradiative J,. = 3.25 mA/cm?,
and back interface J, = 0.25 mA/cm? making up the rest.
However, for V' < 0.63 V, bulk nonradiative recombina-
tion, J,., becomes dominant. That may be one possible

o~ 102] : : : A —— ]
g (a) JL — /‘
2 ] o g1
E 10°{— — /7/ : "
z S | % 1
2 ] |
= J i
S 10-2 - !
E 10 | S—— i
E 4 J 1
3 107 Yoo
0.2 0.4 0.6 0.8 1.0
Voltage (V)
— 2 T T T T T
< 10*{(b) L
§ 1 —— Radiative 1
E 10° 1 Nonradiative, bulk f 9
; —— Back Interface i
D k| Front Interface i 3
2 ’ |
8 1072 ] Generation : ]
3 107 3 Ve |
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)
FIG. 8. Simulated recombination and photogeneration current

densities [cf. Eq. (2)] as functions of applied bias for (a) the
case study device given by model 4T in Table I, and (b) the
ideal model 1. For each device, V. is shown as the dashed line.
Simulations were at 7 = 300 K and 1-sun light intensity.
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FIG. 9. JV data (points) for the device under study compared
to the model with parameters determined here (black text) and to
a device with practical improvements in conduction-band align-
ment and bulk lifetime (red text). Key parameter values are
shown inset, as defined in the text.

explanation for the observed E, increase from E,; to bulk
E, as light intensity, and therefore V., decreased (see
Fig. 2); the same notion was proposed in Ref. [30].

Figure 8(b) shows that, for the ideal case of model
1 in Table I, the recombination current is greatest for
the back interface, J, = 11.9 mA/cm?, with the rest
nearly equal, Jr = 6.3 mA/cm?, J,, = 5.8 mA/cm?, and
J. = 5.4 mA/cm?. If all nonradiative losses were further
reduced, radiative recombination would become dominant
(i.e., radiative limit).

Given the above analysis, it is interesting to consider
what modifications can produce a Cd(Se, Te) device with
Voe 2 0.90 V, comparable to the current record. Figure 9
shows the simulated current density versus voltage (JV
data) using the parameter values determined above (model
4T in Table 1) overlain with the data. A series resis-
tance R, = 1.1 Q cm? and a back-contact hole barrier
¢p, = 0.4 eV were added to match the slope near Vi
and the current saturation (“roll-over”) at higher voltage,
respectively. Increasing V,. from 0.744 to 0.909 V was
achieved by setting AE. =0 eV and Sy = 10° cm/s (to
minimize front-interface issues) and increasing t from 5
to 50 ns. Roll-over was eliminated by reducing ¢, to
0.3 eV. Those modifications lead to an efficiency increase
from n = 16.1% to 21.8%. Analysis of recombination cur-
rents, as in Fig. 8, showed that most of the V. loss was
in the bulk absorber (J,,, = 19 mA/cm?), with lower con-
tributions from the front interface (Jy = 9 mA/cm?) and
back contact (J, = 1.5 mA/cm?). Simulations also indi-
cated that varying ¢, from 0.1 to 0.4 eV did not affect V.,
but reduced fill factor and enhanced roll-over.

IV. DISCUSSION

Disorder and nonidealities associated with thin-film
polycrystalline systems create challenges for V. loss
assessment that may be subdued for crystalline devices.
The effects discussed in this section, such as band tails,
and the sensitivity of the V. activation energy to tem-
perature and light, can result in misleading device-level
characterization and standard diode analysis. Furthermore,
techniques that inspect device properties at various lev-
els of completion are questionable, since device properties
evolve during the course of fabrication. Finally, for a
multimode characterization approach, devices that exhibit
any metastability should undergo the same preconditioning
procedure before every measurement.

A. Interpretation of V. loss due to band tails

In device models with band tails, the graded band
gap was uniformly reduced by the Stokes shift, AE, =
Egabs — Egpr [16,17] (also discussed in Ref. [58]), and the
absorption coefficient was obtained by fitting the full PL
spectrum. The Stokes shift is a voltage penalty due to car-
rier thermalization to a lower energy due to band tails [15].
It has been shown that using AE, in this way can over-
estimate radiative losses by ~ 10-20 mV in many cases
[59]. That range is within our activation energy uncertainty
of £0.036 eV. Here we consider other methods by which
to calculate AE, and its dependence on the tail decay
energy, y.

Closer examination of the relationship between the
observed PL and AE, can be sought by noting that
the radiative recombination current density can be
expressed as

E,—Aun
Jo=q [ Ipp dE = Joo, exp T ) (12)

where Jyo, is the pre-exponential for radiative recombi-
nation, in connection with Egs. (2) and (3). In the ideal
case, E, = E, (i.e., the unperturbed band gap, AE, =
0). Numerical integration of Eq. (12), with Ipp given
by Eq. (10), over the temperature range 7 = 200450
K is shown in the Arrhenius plot of Fig. 10. To obtain
the dependence of E, on y and temperature, as part
of the numerical analysis, we assume that Ay and y
are temperature-independent and 4 = 1. Solid points in
Fig. 10 represent band-tail parameter values that were used
in Fig. 6. For y =22 meV and T > 300 K, the slope gives
E,— Ap=10.649 eV, or E, = 1.359 eV, for A = 0.710
eV (neglecting the nonlinear temperature dependence of
Voe for the moment). In this case, the band-gap reduction
due to tails is AE, = 1.415 — 1.359 = 56 meV, which is
slightly larger than the 40 meV shown in Fig. 6. However,
it is quite close to the 57 meV calculated as the difference
for Ve raa With and without band tails [cf. Eq. (11)]. Note
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FIG. 10. Arrhenius plot of J, from Eq. (12) for y = 5-30 meV,
0 =1, An=0.710 eV, and E, = 1.415 eV. The value y =22
meV (solid points) provides the same band-tail settings as the
model in Fig. 6.

that this £, is related to the bulk band gap, while E, in
Sec. IIT A is the interface band gap. It is also noteworthy
that the integral of Eq. (12) yields J, ~ 1073 mA/cm?,
on the same order as J, from the device model shown in
Fig. 8(a).

Activation energies for different y were also obtained
from Fig. 10. For small tails up to y = 15 meV, E, 2
1.41 eV and is relatively constant with 7. For y > 15
meV, E, becomes increasingly temperature-dependent and
it decreases with temperature until saturating when the
slope goes to zero, £, = Apu. It has been shown [15] that
the activation energy decreases rapidly for y 2 kT, then
saturates near Au. These results are for & = 1 and the
effects are reduced as 6 increases, but the results are qual-
itatively the same. Additional temperature dependencies
can affect £, as discussed in Sec. IV B.

An alternative approach to estimating band-tail-induced
Vo loss considered a Gaussian distribution of band gaps.
The derived absorptance was [31,37,60,61]

1 E,—E
a_2erfc( o ) (13)

The integration of Eq. (12) using Egs. (10) and (13)
provided the activation energy reduction

0_2

AE, = .
24kT

(14)

Equation (14) holds for a Gaussian distribution of fluc-
tuations with standard deviation o [36]. For band-gap

fluctuations, o is the standard deviation of the band-gap
distribution in the absorber. In the case of potential fluctua-
tions, o can be related to charged dopant and compensating
impurity distributions [43,62] (o was denoted el in
Ref. [63]).

As in previous work [38,49], here we obtained o by
fitting the first derivative of the QE absorption edge,
d(QF)/dE, to a Gaussian function, providing o = 62 meV,
as shown in the Supplemental Material [50]. A value
o = 1565 meV was reported for Cu(In,Ga)Se, (CIGS)
[37,38], and a numerically estimated value o = 20-70 for
Cd(Se, Te) [63]. For 0 = 62 meV, Eq. (14) yields AE, =
37to 74 meV for4 =2 to 1.

Of the four approaches discussed, AE, ~ 40—70 meV is
a reasonable range to use in the device models at normal
operating temperatures, suggesting 55 £+ 15 meV. How-
ever, as shown in the Supplemental Material [50], the
Gaussian distribution model from Egs. (10) and (13) with
o = 62 meV cannot fit the PL data. It produces a more
symmetric PL spectrum, similar to the generalized model
with § =2 and y = 62 meV in Eq. (7), also shown in
the Supplemental Material [50]. Regardless of the micro-
scopic cause, the hypothesis that increasing y reduces the
effective band gap and, therefore, increases all thermally
activated recombination mechanisms, appears to be war-
ranted [37]. Hence, interface band gaps are also reduced
for a given conduction-band offset, thereby increasing
interface recombination.

B. Temperature dependence of activation energy

It is evident from Fig. 2 that £, depends on temperature
and V,.(T) can be nonlinear, especially at low temper-
ature, contrary to Eq. (4). Nuances with interpreting E,
must be considered to question the validity of assigning
the room-temperature £, to the front-interface band gap
(related to conduction-band offset), as done above and in
several previous reports [21-25,28].

Band-gap and band-tail temperature dependencies were
implicit in Eq. (5). Figure 10 and Eq. (14) both indicate
decreasing £, with decreasing temperature due to band
tails. That dependence on the interpretation of V,.(7) was
also considered in Ref. [26]. For the band-tail param-
eters determined above from PL data (6 =1, y =22
meV), Fig. 10 indicates that E, is relatively temperature-
independent for 7 > 300 K.

Further analysis includes possible temperature depen-
dencies of 4, 7., and Jy from Eq. (4). Any significant
T dependence of those terms would result in a devia-
tion from linearity in V. (7T), which appears to be mini-
mal in our range of concern, 300350 K. The curvature
observed at 7 < 300 K can be evaluated by inserting
Eq. (5) into Eq. (4) and expanding to first order near ref-
erence temperature 7y. Taking the limit 7 — 0 yields the
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temperature-dependent ordinate intercept:

lim gV, AE(Ty) + T, d(AEy)
m oc — Lg0 — a
o ’ CTar |,
Joo \ dA
+ kT3 1n< w )—
NeJse ) dT T
d Ji
+AkTg—[ln< % )] . (15)
dT NeJse Ty

Equation (15) lays out the complexity of V,.(7) when
nonlinear behavior is observed. The second term is the
reduction of the activation energy due to band tails. The
third term is expected to be negative based on Eq. (14). The
ideality factor variation with temperature depends on the
underlying mechanism, but generally d4/dT < 0, being
close to zero at room temperature and becoming increas-
ingly negative as temperature decreases. At lower tem-
peratures, trap-assisted tunneling mechanisms can lead to
A o« 1/T [64,65] and nearly temperature-independent V.,
as observed in Fig. 2 above. The last term can be positive or
negative depending on the 7" dependence of the logarithmic
terms. For example, Jy can depend inversely proportion-
ally to hole density, which is thermally activated, thereby
making the last term negative.

It has been shown that the back-contact barrier can
also cause V,.(7) nonlinearity as temperature decreases
[42,66,67]. We tested that for our case by simulating JV
data down to 7= 200 K using the same parameters as
the black curve in Fig. 9, including the back barrier of
0.4 eV. Results are provided in the Supplemental Material
[50]. In the simulations (Fig. S14), the curvature of V. (7)
occurred for 7 < 250 K, while it was observed in the data
for T' < 300 K (see points in Fig. 4). Therefore, the back
barrier may be affecting the V,.(7) nonlinearity, but it is
certainly not the primary cause.

Broadly though, any of the T dependence in Eq. (15)
can lead to the observed nonlinearity in V,(7) as temper-
ature decreases (cf. Fig. 2). The extended linear portion
of Voo (T) at T > 300 K from which we extracted E, for
a given light intensity is likely more representative of the
physical activation energy than E, extracted from lower
temperatures because the 7-dependent terms in Eq. (15)
tend to diminish at higher temperature. A detailed study of
the nonlinearity is beyond the present scope. Further dis-
cussion of factors that influence this analysis are presented
in Refs. [26,28,29,68].

C. Light dependence of activation energy

As observed previously [30], the light-intensity depen-
dence of E, evident in Fig. 2 may be due to a transi-
tion from interface to bulk recombination with decreasing
intensity, such that the activation energy increases from
Eq; to E;. We noted a similar trend in our simulation

parameter space in the region of low bulk lifetime T < 10
ns and Sy < 10° cm/s, as shown in Fig. 3. However, the
data for activation energy versus light intensity are quite
different than the simulated results; the data indicate that £,
decreases more rapidly with light intensity than predicted
by the model. From Fig. 2, the trend suggests eventual
saturation at a lower limit of £, ~ 0.8 eV as light inten-
sity increases. It is plausible that the activation energy is
light-sensitive due to defect occupation and photoinduced
effects that can alter the conduction-band offset [69—71]
and affect tunneling transport. Including light-biased pho-
toemission spectroscopy, with the nondisruptive cleaving
techniques presented herein, would help to elucidate the
light dependence of the heterointerface band alignment
[52].

We note that diode analysis to study Vo.(7) and deter-
mine E, based on dark JV measurements should be
approached with caution because £,, and therefore Jj, can
be very light-sensitive, as shown in Fig. 2.

D. Semiquantitative nature of the results

The obtained key values that govern recombination are
inherently rough estimates. In particular, the value of S is
very sensitive to AE,. The fitting error of +0.036 eV for
AE, leads to a range of Sy that provides the same observed
Voc = 744 mV. For the scenarios of Figs. 3 and 4, Sy =
3005000 cm/s provides the same V. over the AE,. range
of —0.236 to —0.164 eV, as shown in Fig. 11. Additional
uncertainty can arise from extraction of the effective band
gap from QE, which can be affected by band-gap depth
grading, especially for steep gradients [72,73].

We showed that QE is affected by the bulk lifetime value
7, but it also depends on the carrier mobility, w«, through

T T T T T T
0.9
. o~ o S AE,=02eV
S = Y —e——— o
0.8 he o JE=0eV ]
_________ Ce_.___r44mv.____________
= 0.7 4 N \\‘\ +0.036 eV
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\\ AE,=-020eV
N
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Front-Surface Recombination Velocity (cm/s)

FIG. 11. Plot of V. versus front-surface recombination veloc-
ity for various conduction-band offsets, AE.. The shaded region
indicates AE. uncertainty. The dashed line is V,. = 0.744 V.
Model parameters are the same as those from Figs. 3 and 4.
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the diffusion length, L = /utkT/q. Accurate mobility
measurement in thin-film photovoltaics is challenging.
Reported measurements include i = 85-100 cm?/(V s) in
undoped, large-grained polycrystalline CdSeg,Tegs [74],
800 cm?/(V's) in Cl-compensated single-crystal CdTe,
and 10-100 cm?/(V s) in As-doped single crystals with
low dopant activation [75]. A minority-carrier mobility
of u, < 100 cm?/(V s) has been estimated in polycrys-
talline CdTe [76]. The simulations herein used w, = 40
and u, = 10 cm?/(V s), which are in the range of the latter
measurements. The fu,:,, ratio is from the common esti-
mate of hole effective mass about four times greater than
that of electrons in Cd(Se, Te) [77]. Given our T = 5 ns,
the minority-carrier diffusion length is 720 nm, resulting in
some collection loss over the 3-pm absorber depth.

With V,. dominated by front-interface recombination, it
is questionable whether bulk or back-interface recombi-
nation governs the shape of the QE curve at long wave-
lengths. Hence, QE was simulated for a range of v =
5-1000 ns and S, = 10-107 cm/s, with all other param-
eters as in the case study device (model 4T in Table I)
and a back barrier of ¢y, = 0.4 eV. The results shown
in the Supplemental Material [50] indicate that minimiz-
ing bulk recombination (r = 1000 ns) and maximizing
S, = 107 cm/s does not account for the drop-off in QE with
wavelength. For this device, carrier collection is relatively
insensitive to S, under short-circuit conditions.

Given that many of the parameters are coupled and
uncertain, the method demonstrated here provides semi-
quantitative estimates, but important insights into the rel-
ative impacts of various V. loss mechanisms. It also
provides guidance for where to focus attention for device
improvements, which in this case is the front interface.
Uniquely identifying V. loss pathways may be more chal-
lenging for high-efficiency devices. In such cases, the
same approach can be used, but additional data may be
required. For example, model parameters could be further
constrained by light- and/or voltage-biased QE, additional
intensity-dependent PL and TRPL, drive-level capacitance
profiling, and improved mobility measurements. Finally,
the scope of this work was to describe and demonstrate a
multimode approach for evaluating V. losses, but a statis-
tically representative number of samples should be studied
in practice.

V. CONCLUSIONS

A combined multiple characterization and device simu-
lation approach was employed to determine the primary
sources of V. loss in a Cd(Se, Te) photovoltaic device.
A summary of the calculated V,. values for the cases
considered herein is provided in Fig. 12. The case study
device had V,. = 0.744 V, significantly below the radia-
tive limit of 1.146 V. Most of the losses occur at the
front interface due to a clifflike conduction-band offset

T T T T T T T T T
1445~~~ ~—---- Eg=1.415eV ************ E

I no band tails |
I with band tails

Ve (V)

idealized bulk front  combined

limited

radiative
limit limited

FIG. 12. Open-circuit voltage V, with and without band tails
for the radiative limit case and the models in Table 1. Band-
tail losses are estimated at 55 mV with error bars of 15 mV
in each case. The combined model represents the device under
study, with voltage losses almost entirely due to front-interface
limitations.

and interface recombination. Band tails with an exponen-
tial decay energy of 22 meV result in an additional loss
of 40—70 mV. Alleviating front-interface effects alone can
increase V. by about 100 mV. Further improvement would
require increasing the bulk lifetime. Minimization of front-
interface and bulk-recombination along with band-tail
effects leads to V,. = 1 V, at which point back-surface
recombination becomes increasingly important. Nuances
of this generally applicable approach were discussed.

VI. METHODS

A. Device fabrication

The superstrate TFPV device structure was fabricated at
NREL, beginning with clean TEC12D (commercial glass
coated with fluorine-doped SnO,) that was coated in a
two-step evaporation process with a 500-nm layer from an
effusion cell loaded with CdSe(;Te; material (SN plus,
—14/+60 mesh) followed by a 250-nm layer from an effu-
sion cell loaded with CdTe material (5N plus, —14/4-60
mesh) with the substrate held nominally at 450 °C. That
was followed by growth of a 2-pm-thick CdTe:As layer
grown by vapor transport deposition (VTD) from a mixed
powder source of CdTe (5N plus, —100/4-200 mesh) and
Cd;As; (Materion, —100 mesh). After deposition, a “den-
sification anneal” at 575 °C with a CdTe overpressure was
performed to mitigate voiding from rapid cooldown in the
VTD. This is followed by a 60-min 450 °C CdCl, anneal
that leads to diffusion of both the Se and As, resulting in
a graded Se profile and redistribution of the As throughout
the device. The CdCl, treatment is also known to enhance
crystallite grain growth while passivating grain boundaries
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and interfaces [78,79]. Prior to metallization, the back sur-
face was prepared by rinsing the CdCl,-treated sample in
deionized water, then annealing in static air at 210 °C for
25 min. Evaporation was then used to deposit 100 nm of
Au through a shadow mask, forming a 5 x 5 mm? device.
The TCO layers were exposed and the cell was isolated
using mechanical scraping. Finally, an indium busbar was
soldered around the cell on the exposed TCO layers to
finish the device.

Selenium variation produced a graded band gap between
1.4 and 1.5 eV, as measured by SIMS (see the Supplemen-
tal Material [50]). Arsenic was more evenly distributed
with depth, except for significant accumulation near the
Cd(Se, Te)/SnO, interface. Capacitance-voltage measure-
ments indicated acceptor doping of approximately 2 x
10'® cm—3 (see Supplemental Material [50] for data). Com-
paring the latter to the integrated SIMS measurements of
As suggests an averaged dopant activation of 2%; such low
activation is an ongoing area of research for Cd(Se, Te)
absorbers [80—82].

B. Characterization

JVTi data are collected using a current-voltage source
and meter (Agilent B2912A) connected to the sample
contacts in a two-wire configuration when the sample is
mounted in a closed-cycle helium cryostat. Even though
absolute currents are small, there may be some series resis-
tance effects. Temperature is swept through the desired
range using a temperature controller (Lakeshore 331) that
stabilizes the sample temperature to within one degree
Celsius. An automated data collection program is set to
maintain the stabilized temperature for a designated time
(1-5 min) before the current-voltage data are collected.
Since conductive cooling and heating through the glass
leads to temperature offsets between the cold-finger stage
and the sample, the device temperature is recorded using
a second sensor that is attached directly to the device
side of the glass substrate. The sample is illuminated
through the cryostat windows and a hole in the cold-
finger stage with a Xe-bulb-based solar simulator capable
of greater than 1-sun intensity. Multiple intensity levels of
the solar-simulated light can be selected with automated
neutral-density filters.

For photoelectron spectroscopy (PES) measurements,
devices were mounted for thermomechanical cleaving,
cleaved in an argon atmosphere, and transferred to the
photoemission system without air exposure. XPS and UPS
data were taken on a customized Physical Electronics Ver-
saProbe III using monochromatic Al K« radiation for XPS
and light from a polychromatic windowless helium lamp
for UPS. High-energy-resolution spectra were taken at
a pass energy of 27 eV and at normal exit angle. The
binding-energy scale was calibrated at low binding energy
using the Fermi-edge feature of cleaned metal foils, and

at higher binding energy using the copper 2p;,, pho-
toelectron line. Satellites in UPS spectra were removed
numerically. Low-energy inverse photoemission data were
energy-calibrated using the Fermi-edge feature of clean
silver foil.

A Newport-Oriel IQE-200 system was used to take
external quantum efficiency measurements over a wave-
length range of 300-1000 nm with a 10-nm step
size and lock-in frequency of 37 Hz. PL was mea-
sured with 632.8-nm wavelength excitation using 1.98 x
10?! photons/(m? s) fluence. Absolute calibration was
from comparison with a 2% reflectance standard. To
increase PL signal-to-noise ratio, for the relatively weakly
emitting sample, an interface cleaving technique was used
[52]. The PL setup was calibrated for spectral sensitiv-
ity using manufacturer-provided traceable quartz tung-
sten halogen light calibration sources (Intellical, Princeton
Instruments) [83]. Absolute photon numbers were obtained
by using reflectance standards (LabSphere). TRPL with
excitation at 405 and 670 nm was used to generate car-
riers with different initial distributions, as described in the
Supplemental Material [50].

C. Numerical modeling

Device simulations were based on solving the Poisson
and current continuity equations with the finite-element
method using COMSOL Multiphysics® software. Simula-
tions of JVTi, QE, and TRPL were conducted. JVTi
studies included temperature dependencies of the carrier
densities given by Fermi-Dirac statistics, mobility, and
effective densities of states of the valence and conduction
bands. Light intensity was controlled by evenly scaling the
AM1.5G spectrum relative to 1 sun = 100 mW /cm?. To
account for band-gap grading, a depth-dependent absorp-
tion coefficient was used in the Cd(Se, Te) layer, «(E,x) =
AJE — E4(x), where 4 =10° cm™! eV™"? and E > E,
is photon energy. The absorption coefficient was replaced
by Eq. (6) for cases with band tails. Both the absorber £,
and electron affinity varied with depth, depending on the
Se grading, according to bowing parameters [55]. Parame-
ter values and temperature dependencies are provided in
the Supplemental Material [50]. For TRPL simulations,
the time-dependent versions of the equations were solved
with laser pulse excitation centered at 3 ps and a FWHM
of 0.35 ps. Further details and parameter values, largely
based on Refs. [8,77], are provided in the Supplemental
Material [50].
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