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As-Doped Polycrystalline CdSeTe: Localized Defects, Carrier
Mobility and Lifetimes, and Impact on High-Efficiency Solar

Cells

Patrik Svéajev, Marco Nardone, Carey Reich, Rouin Farshchi, Kevin McReynolds,

Dmitry Krasikov, and Darius Kuciauskas*

The efficiency potential for single-junction photovoltaics (PV) is described by
the detailed balance model, which requires the elimination of nonradiative
recombination and perfect minority carrier collection. Improvements in GaAs,
Si, and perovskite PV follow this model. It might be more complex for CdTe, a
leading thin-film PV technology. While lifetime, passivation, and doping goals
for 25% efficient CdTe solar cells are largely reached, voltage is ~20% below
the detailed balance limit. Why is that? In Se-alloyed CdSe, Te, , (Se is required
for >20% efficiency) additional losses can occur due to electrostatic and
bandgap fluctuations and due to electronic trap states. To understand
mechanisms limiting CdSeTe solar cell performance and to suggest
improvements, carrier dynamics, and transport in CdSe, Te,, with variation in
Se composition and as doping is analyzed. It is shown that trapping, likely
due to anion-site defects and their complexes, is correlated with low charge
carrier mobility of 0.1-0.6 cm? (Vs)~'. Even with 1000 ns charge carrier
lifetimes, carrier diffusion length is less than the absorber thickness, reducing
efficiency to ~23%. Device simulations are used to analyze the performance
of CdSe, Te, , solar cells; thermodynamic models are not sufficient for
absorbers with electronic disorder and trapping.

1. Introduction

photovoltaics (PV). Efficiency and re-
liability were further augmented by
transitioning from cation (Cd) site to
anion (Se, Te) site doping/!!l which
from 2024 is implemented in GW-scale
manufacturing.?l.  Current  group-V
doped CdSeTe solar cells have 23.1%
certified efficiency and voltage from
Voc = 905 mV (record efficiency)l® to
917 mV (record voltage),[*] while detailed
balance voltage limit for E, = 1.40 eV
bandgap is 1122 mV.’] Further progress
in reducing voltage and fill factor (FF)
losses and increasing cell efficiency is
needed, as cell to module efficiency gap
is decreasing.[®l CdTe PV research was
focused on increasing minority carrier
lifetime 7 (controlling electron quasi-
Fermi level) and doping p (controlling
hole quasi-Fermi level) because modeling
indicated that such improvements will
lead to 25% efficient solar cells.”] Met-
rics identified by modeling (z > 100 ns,
surface recombination velocity SRV <
100 cm s71, net doping >10'° cm™=3) were

Alloying polycrystalline CdTe with Se enabled >20% efficient,
manufacturable, large-scale (>16 GW will be installed in 2024)

largely achieved due do group V doping' and mitigation
of Shockley-Read-Hall (SRH) recombination in the absorber
bulk (including grain boundaries)® and at polycrystalline
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interfaces.?! CdSeTe absorbers are impacted by shallow semi-
conductor defects, which can reduce radiative voltage and trap
charge carriers.[') Shallow defects create band tails and local-
ized defect states. Studies on absorbers fabricated using differ-
ent processes (vapor transport deposition, close space sublima-
tion, evaporation) identified radiative sub-bandgap defect states
in CdSeTe.['%1*] Somewhat unexpectedly, we learned that near-
E, defects in CdSeTe are qualitatively different from CdTe.["]
In addition to quantifying thermodynamic voltage entitlement,
understanding carrier dynamics is necessary for evaluating Cd-
SeTe solar cells where trapping can have a large impact on per-
formance. In this aspect, CdTe PV appears to differ from other
mainstream PV technologies (GaAs, silicon, or perovskites),
where external radiative efficiency data accurately predicts
improvements.[116]

Solar cells and other electronic devices require efficient charge
carrier collection when charge carrier diffusion length L4
(Lair=sqrt(z D), where diffusivity D = kT/e u; kT/e is thermal volt-
age, u1 is mobility) several times exceeds absorber thickness.!17:18]
While radiative and nonradiative recombination limits z, defect
scattering and trapping can limit u. In CdTe, u values can span a
broad range. Time-resolved microphotoluminescence measure-
ments find gy = 350-650 cm? (Vs)~™! in undoped single crys-
tal CdTe grown by molecular beam epitaxy (MBE),[!*2% light-
induced transient grating (LITG) measurements find y = 85—
100 cm? (Vs)™' in undoped polycrystalline CdSe,,Te,, films
with large crystalline grains (L,approaching grain diameter).*']
Both intrinsic defects and impurities can limit mobility. Us-
ing Hall and photo-Hall measurements we reported (at 300 K)
u = 800 cm? (Vs)™! in Cl-compensated single crystal CdTe
but g = 10-100 cm? (Vs)~! in As-doped single crystals with
low dopant activation.l??] Simulations for low-performance Cd-
SeTe solar cells suggested that mobility decreases to u <
0.1 cm? (Vs)™! is an important factor limiting performance,
but the mechanisms of such mobility reduction were not
identified.[?*]

Here, we apply detailed measurements of electronic defects
and carrier dynamics using a combination of spectrally- and time-
resolved methods. We study polycrystalline CdSeTe heterostruc-
tures with uniform and graded bandgaps (graded bandgaps are
used in record-efficiency solar cells)?* and with different levels
of As (group V dopant)! incorporation. Such correlative analysis
of electronic defects and their impact is applied to polycrystalline
PV absorbers for the first time: spectral photoluminescence
(PL) quantifies near-E, radiative defect states, time-resolved PL
(TRPL) quantifies trapping, picosecond-resolution LITG quanti-
fies initial mobility u;, nanosecond-resolution LITG quantifies
mobility on the charge collection timescale u,, and pump-probe
(PP) spectroscopy quantifies radiative and nonradiative state life-
times. We show that initial mobilities in As-doped polycrystalline
heterostructures (u; = 5-60 cm? (Vs)~!) are comparable with mo-
bilities in single crystal CdTe:As with similar dopant activation
(1 =10-100 cm? (Vs)~!).[”] Carrier trapping to the sub-E, defect
states (activation energies E, p; = 60-165 meV) within less than
1 ns results in ~50 times lower mobility, consistent with device
simulations.[1®23] Trapping can impact carrier lifetimes — trapped
carriers can be prevented from reaching SRH recombination cen-
ters, as was suggested for ZnSe Te, ..[’) In our samples and in
highly-radiative passivated CdSe,Te, , absorbers!'%2¢] most radia-

Adv. Energy Mater. 2024, 2403902 2403902 (2 of 12)

RIGHTS L1 N Hig

www.advenergymat.de

low-As: S1, 82,83
high-As: S5, S6, S7

Q
PL/TRPL glass |O| x=0.4,0.2,0
ps/ns LITG CdSe,Teq.

PP —_—

2.4um

low-As: S4
high-As: S8

ol -
junction back
PL/TRPL glass |O CdSe,Te;. PL/TRPL
ps/ns LITG graded Se composition ps/ns LITG
PP PP

4.4 um

Scheme 1. CdSe,Te,, heterostructures S1-S8 and electro-optical mea-
surements.

tive emission occurs from the trap states, therefore it is impor-
tant to examine not only lifetime and radiative efficiency but also
transport characteristics.

We show that sub-E, defect states in CdSe,Te,, primarily in-
troduce losses to devise performance by limiting charge carrier
transport. This is a different loss mechanism than a reduction in
radiative voltage due to sub-bandgap absorption and increased ra-
diative recombination.[?’-2°] Impact on solar cells is quantified in
device simulations, which agree with current CdTe PV efficiency
records.

2. Samples and Methodology

We analyzed CdSe,Te,, heterostructures fabricated by vapor
transport deposition (VID) as a function of Se composition (x=0,
0.2, and 0.4) and As incorporation (Scheme 1 and Table 1). Het-
erostructures S1-S4 had background As (determined by sec-
ondary ion mass spectrometry, SIMS) while the other four sam-
ples had typical As density used in high-efficiency solar cells. The
As dopant activation in doped heterostructures S5-S8 is 1-2%,
which is state-of-the-art in polycrystalline absorbers.!*] Two het-
erostructures (S4,S8) had graded bandgap used in highly efficient
CdSeTe solar cells.['*24] The bandgap profile for graded samples
is given in Ref. [30]; E, increases from ~1.4 eV near the front
junction to ~1.5 eV near the back contact.

Heterostructures S1-S8 did not have back contacts and op-
tical measurements were applied from both sides. (LITG and
PP are transmission-based measurements and require partially
transparent samples at 1053 and 1064 nm probe wavelengths.)
Sister samples were completed to devices using ZnTe back
contacts®! and capacitance-voltage (CV) was used to determine
net p-doping. CV doping was p = (2-3) x 10" cm™ for S1,S3
and p = (1-2) x 10'® cm™ for S6-S8. CV data was ambiguous
for S1,S2, and S5.

3. Results and Discussion

3.1. Sub-Bandgap Defect States

Figure 1a—c shows glass-side PL emission spectra for CdSe, ,Te,
heterostructures S1 and S5. While bandgap at this composition
is ~1.38 eV,*?l most emission occurs at lower energies and is
attributed to radiative defect states.['%1*] The level of As does not
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Figure 1. Analysis of radiative emission spectra. a) PL for heterostructures S1and S5 at 294K (solid lines) and at 5 K (dashed lines). The Blue dotted line
indicates bandgap emission (maximum at 1.354 eV) for S5 at 294 K. b,c) Injection-dependent PL spectra for S1and S5 at 5 K. d) PL intensity temperature
dependence for Se-containing heterostructures (data points) and fits to Equation (1) to determine E, p; . €) Analysis of spectral widths (FWHM) for defect
emission. Solid lines are fit to Equation (2). f) Configuration coordinate diagram describing band-to-band (BB) and defect PL emission. D is the ground
state, D+e+h is excited state where an electron has been excited from the valence band to the conduction band, D+e is excited state where the hole was

captured by the defect. The configuration coordinate is q.

change radiative emission spectra substantially, which suggests
that defect emission peak is not due to As dopants, but due to
intrinsic and/or impurity defects. The absolute quantum yield
of external radiative emission (PLQY) was determined at 294 K
using 1-Sun equivalent photon fluence (2 x 10?! photons/(m?s)
for this bandgap). PLQY increases about two times with higher
As (Table 1).

CdSe,,Te,, bandgap emission is observed as a shoulder at
294 K (blue dotted line in Figure 1a) and as a distinct peak at
5 K shifted by +45 meV, which is a typical bandgap increase
for I1-VI semiconductors of this bandgap at low temperature.*]
Injection-dependent PL emission spectra at 5 K (Figure 1b,c)
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more clearly resolve bandgap and defect emission bands. Only
a limited spectral narrowing of the defect band at low temper-
atures (full width at half maximum FWHM = 616/555 meV at
294 K and 237/349 meV at 5 K for S1/S5) indicates a complex
configurational diagram of the radiative defect state, which is an-
alyzed next.

PL emission spectra for other heterostructures are given in
Figures S1-S3 (Supporting Information). Broad defect emission
dominates for CdSe,,Te,, (S2,56) and for graded CdSe,Te,,
(S4,S8) compositions, but not for CdTe (S3,S7). This is in
agreement with radiative emission assignments to Se-related
defects.[10-14]
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Figure 2. a,b) TRPL decays at emission energies indicated in the legends for heterostructures S2 and S4. c) Configuration coordinate diagram indicating
excited state energy barrier (barrier crossing rate k;) and emission energies for band to band (BB) and defect PL. d) Full TRPL decays (at 1.35 eV) for
heterostructures S1-S8. e) Comparison of PL emission quantum yield (PLQY) and TRPL lifetimes. The dashed line is a guide to the eye showing linear

PLQY increase with z1gp, .

The configuration diagram in Figure 1f geometrically indicates
E, p; and ho parameters and band-to-band (BB) and defect radia-
tive emission. By using this diagram, we consider excited state
carrier dynamics including defect scattering (barriers E, ) and
trapping.[10:23:25]

3.2. Carrier Trapping Dynamics

Because defects dominating radiative emission are localized cen-
ters (not delocalized band tail states!*’]) they can trap photogener-
ated carriers and reduce charge carrier diffusion length.['% Trap-
ping signatures are directly shown using TRPL, Figure 2, where
graphs (a) and (b) display kinetics at emission energies from 1.51
to 1.18 eV for heterostructures S2 and S4. Corresponding TRPL
data for other heterostructures is given in Figure S6 (Supporting
Information).

Rate constant k, indicates fast (k;”! = 0.3 ns) decay of the
bandgap emission (at 1.51, 1.47, and 1.42 eV) and increase of
defect PL intensity with the same rate (at 1.24 and 1.18 eV).
Rate constant k; is attributed to crossing excited state barriers
(Figure 2c). Because the excited state barrier is relatively small
(see next Section for barrier measurement using LITG), carri-
ers can equilibrate between the minima in the excited state. As
a result of such trapping/detrapping, starting from =~3 ns life-
times are the same at all emission energies. Longer-time TRPL
decays for all heterostructures are given in Figure 2d. Single-
exponential fits were used to determine the lifetimes 71, from
wavelength-independent TRPL decays, Table 1. Lifetimes range
from 714, =4.1-5.3 ns (S3 and S7, typical values for CdTe with-
out Se alloying!*!) to 71, = 508-1084 ns (S1 and S5). A similar
lifetime dependence on composition x was reported.l®] Detailed
TRPL lifetime modeling in samples with the junction field was
reported in Refs. [30,42]
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Figure 2e shows that PLQY increases with 7. For het-
erostructures with x = 0.2 and x = 0.4, PLQY increase is approx-
imately linear (dashed line). Graded heterostructures with inter-
mediate Se composition have 7,; and PLQY in the intermediate
range. Graded and x = 0.4 heterostructures have lifetimes suffi-
cient for 25% efficient solar cells.”) However, the excited state en-
ergy surface is more complex with barriers between the energy
minima (Figure 2c), and charge carrier mobilities are reduced by
defect scattering and trapping, shortening L, Next, we analyze
these effects.

3.3. Free and Trapped Carrier Diffusivity (Mobility)

We used light-induced transient grating (LITG) spectroscopy to
directly measure lateral charge carrier diffusivity over the dis-
tance of 1-3 pm (grating period A). To analyze carrier trans-
port before and after trapping, LITG measurements were per-
formed using the same excitation (10 ps pulses at 527 nm)
but probing carrier diffusion and recombination on picosec-
ond (ps) and nanosecond (ns) time scales, as explained
below.

For LITG spectroscopy two excitation beams, intersecting
at an angle O, create an interference pattern with a period
A & Asy7,,/sin (©) in the sample (Figure 3a). The light-induced
spatial modulation of carrier density AN (1 + cos(z”Tx)) was
monitored by the diffraction of probe beams at 1053 nm
(10 ps pulses, fast grating, Figure 3b) and 1064 nm (2 ns
pulses, slow grating, Figure 3c). LITG data for other het-
erostructures are given in Figures S7 and S8 (Supporting
Information).

The gratings decay exponentially (grating lifetime 7) due to
carrier diffusion (diffusion lifetime 7 ) and recombination (re-
combination lifetime ;). We varied grating periods A using
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Figure 3. Light-induced transient grating (LITG) data and analysis. a) Illustration of LITG measurement. The grating period A is set by the angle (©)

between two excitation beams and excitation wavelength (527 nm). Part
dependence of LITG signal indicates carrier diffusion and recombination.
and grating periods A indicated in legends. Single exponential fits (shown

of the probe beam is diffracted from the grating (LITG signal). The time
b) “Fast” and c) “slow” LITG data for CdSej,Teq g:As heterostructure S6
as solid lines) indicate grating decay times 7 for each geometry and time

resolution. d) Analysis of 1/z¢ versus 1/A? data to determine diffusivity (proportional to the slope of the linear fit) and recombination lifetime ;75
(inverse intercept of y-axis). e) Mobilities y; and u, for all heterostructures (Table 1). f) Correlation of mobility and PL activation energies.

three angles ©, and calculated diffusion and recombination com-
ponents using**!

1 1 1 1 472D
— = + — = + > (3)
TG Ture  Tp  Turc A

where recombination rate (1/7;7c) and diffusion rate
(1/rp) are additive. Grating lifetimes 7, are analyzed versus
grating period A in Figure 3d, where solid lines indicate fits
to Equation (3). Slopes of linear fits indicate D, = 0.18 cm?/s
and D, = 8.3 x 107% cm? s7!, corresponding to mobilities
u; = 6.8 cm? (Vs)™! and u, = 0.32 cm? (Vs)~! for heterostructure
S6.

Data measured through glass substrates can be impacted by
the junction field, and data measured from the back side can
be impacted by the surface recombination. To evaluate the im-
pact of these effects, we performed LITG measurements from
both sides. For nongraded heterostructures, mobilities for junc-
tion and back sides are similar (both values are given in Table 1),
indicating that LITG data mostly reflects bulk diffusion and re-
combination, not interface or drift effects. Because of relatively
high injection (see next Section where injection dependence is
reported), diffusivities and mobilities in this study are ambipo-
lar, D, and y,. They are related to electron and hole properties

2 . . . . .
as u, = 2 Because hole effective mass is ~4 times higher in
Hy = =
H,

2 h
CdTe, u, ~ 2u,.
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For all samples, we find that ns-scale mobility u, is ~50 times
lower than the initial mobility x4, .1 This reduction in mobility in
less than 1 ns is attributed to trapping. Using the model from dis-
ordered semiconductors we can quantify the difference between
4y and y, using mobility activation energy E, ,

E,,=kTn (& @)
Hy

Parameters of LITG analysis (u;, u,, and E,,) are given in
Table 1; uncertainty in E,, is calculated by averaging junction
and back-side mobilities. Figure 3e graphically summarizes mo-
bility data. Several aspects are interesting and important for thin
film solar cells.

First, iy, and u, do not significantly depend on the doping level.
(Similar trends were observed with PL and TRPL, Sections 3.1
and 3.2.) This supports the earlier suggestion that electronic de-
fects (in this case, scattering centers) are primarily due to Se
alloying, but not due to low As-dopant activation and resulting
compensation.!*(]

Second, initial mobilities p; are relatively high and simi-
lar to values used in device simulations. For example, Ref.
[7] used p, = 320 cm?/(vs) and y, = 80 cm?/(vs), implying
u, = 128 cm?/(vs). Nardone et al used g, = 100 cm?/(vs),l*"]
implying y, = 40 cm?/(vs). We reported LITG mobilities
u;, = 85-100 cm? (Vs)~! (measured with ps resolution) for Al,O;-
passivated CdSe,,Te,s double heterostructures fabricated by

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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evaporation and annealed at high temperature to increase crys-
talline grain sizes up to 10 um.[?!! Interface passivation with
Al O, increased PLQY and 7p, by more than an order of
magnitude,/?!l but initial mobilities for our VT D-fabricated sam-
ples with smaller grains are only somewhat lower; u; ~ 23—
25 cm? (Vs)~! for CdSe,,Te, 4 heterostructure S2.

Third, y, decreases with x from 40-60 cm?/(Vs) for S3/S7
(x=0) to 7-10 cm?/(Vs) for S1/S5 (x = 0.4). In contrast, u, is ap-
proximately constant at 0.2-0.6 cm?/(Vs) for all x compositions,
indicating that disordered transport on ns time scale does not
substantially change with Se composition.

Fourth, initial mobility g, is more complex in graded samples.
It is higher from the back (x ~ 0) than for the CdSeTe region
near the front junction (x & 0.25), confirming a gradual y, de-
crease with x. PL analysis also indicated defect dependence on x
(E4 pr in Table 1). We examine if PL defects and mobility-limiting
defects are correlated by plotting E, »; versus E, , in Figure 3f.
Because correlation is absent, it appears that PL-defects and scat-
tering centers have different origins, which is reflected in the con-
figuration diagram in Figure 1f.

Fifth, ns-scale mobility is lower in all samples, which is
unexpected. PL/TRPL and earlier work!!™!* indicated that
only CdSeTe alloys have strong sub-bandgap radiative emis-
sion. CdTe absorbers have PL bands attributed to dopants
and other defects,!***’] but CdTe absorbers without Se do not
have substantial losses in radiative voltage and do not ex-
hibit carrier trapping.['®) One possibility is that As-doping in-
troduces electrostatic potential fluctuations in S3 and S7, as
reported by Moseley et al for As-doped CdTe.[*) This aspect
needs to be investigated in the future, as the origin and
impact of electrostatic potential fluctuations in doped CdTe
differs from localized anion-site defects in CdSeTe analyzed
here.

3.4. Carrier lifetime analysis

Minority carrier lifetime 7 is a key characteristic in solar cells (it
determines minority carrier quasi-Fermi level) and in Cd(Se)Te
solar cells 7 is usually measured using TRPL.I*1%8] While detailed
modeling is needed to interpret TRPL data in devices,[**] using
other measurements (such as transient photovoltage) yields sim-
ilar lifetimes when both techniques can be applied.[*! When car-
rier dynamics is more complex, such as with excited state trap-
ping, radiative and nonradiative states can have different life-
times. For example, in As-doped single crystal CdTe, TRPL life-
times were limited by surface recombination, while nonradiative
bulk lifetimes were up to 35 ps.[22l Here, we report and compare
lifetimes measured with TRPL (Figure 2d, 7 14p; in Table 1), LITG
(Figure 3, 7} ;7¢ in Table 1), and pump-probe (PP) spectroscopy.

PP kinetics for heterostructure S6 are shown in Figure 4a. At
high excitation fluence (71 uJ cm=2) PP decays are dominated by
radiative recombination, while at the lowest fluence (2.1 pJ cm™2)
a single-exponential decay (fit is shown with a solid line) indicates
SRH recombination and PP lifetime is 7, = 430 ns. PP kinetics
for other heterostructures are shown in Figure S9 (Supporting
Information).

Single-exponential fits for the lowest injection data were used
to determine 7p, in Table 1. PP and LITG measurements
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were performed for a range of excitation densities; injection-
dependent lifetimes are summarized in Figure 4b and injection-
dependent ambipolar diffusivities in Figure 4c. To calculate in-
jection from the excitation fluence, we assumed 0.1 um ab-
sorption depth. When carriers equilibrate over the 2.4 um thick
absorber (Scheme 1), injection is ~24 times lower, >5 X 10%°
cm~3 for PP spectroscopy, less than p ~ 10'® cm~ in doped
heterostructures. Injection lower than doping allows SRH life-
time determination directly from fit lifetimes. The transition
from radiative to SRH recombination when decreasing exci-
tation fluence is evident in Figure 4b, where 7., asymptot-
ically approaches injection-independent values at the lowest
fluence.l*”)

Diftusivities D, (Figure 4c) also approach asymptotic values,
and the lowest values are reported in Table 1 (D, = £ 4,). At
higher fluence, photogenerated carriers screen scattering‘2 centers
and mobilities/diffusivities increase. The D, increase by about
an order of magnitude for low-As heterostructures S1-S4 sug-
gests that more than one type of scattering center is present and
that the density of scattering centers is <10'® cm~3.1**] For doped
heterostructures S5-S8 D, increase with injection is ~2 times
smaller, presumably because >10® cm= As-related scattering
centers are dominant in doped samples.

Lifetimes 7;;7¢, Trrpr, and 7pp are compared in Figure 4d.
Comparison also includes PLQY, which is measured at 1-Sun
equivalent photon fluence and according to thermodynamic
models indicates recombination losses in solar cells.['”] Four met-
rics (¢ 76> Trrpws ©ppr a1d PLQY) are in approximate but not exact
agreement.

Lifetime 7,1 differs the most from the other three char-
acteristics, especially for x = 0 heterostructures S3 and S7.
This is likely because LITG measurement requires higher injec-
tion (modulated photocarrier density needs to allow measurable
diffraction of the probe beam, Figure 3a). In addition, x = 0 het-
erostructures have high mobilities u;, and data can be impacted
by the lateral carrier redistribution which changes the relative
contributions of radiative versus nonradiative recombination. For
CdSeTe heterostructures (x#0) transport is slower and ;. are
similar to 7 pp.

Lifetime 7 pp; correlates with PLQY best, within 2 or less us-
ing ranges chosen in Figure 4d (larger difference for x = 0.2 het-
erostructures S2 and S6 with shallower PL defects). Good 7,
and PLQY correlation was also shown in Figure 2e and in Onno
et al.1?6] While PL uses continuous and TRPL uses pulsed excita-
tion, both experiments are more sensitive (than PP and LITG) to
surface effects,?>*] and surface/interface recombination is large
in Cd(Se)Te solar cells.*!]

Agreement between 7;;rc, Tpp, Trrpr, anid PLQY indicates
that minority carrier lifetimes are determined accurately, in
part because carrier traps and scattering centers are rela-
tively shallow, E,,; = 69-165 meV and E,, = 68-124 meV.
Only when E,p; >200 meV trapping is largely irreversible at
294 K 110

We use lifetime and mobility data to estimate charge carrier

s [ kT
diffusion length Lz = /u, =7, where 7 =77, Tpp, and 7).

Diffusion lengths range from L,z = 0.1-0.3 um for CdTe to
L= 0.8-1.4 um for CdSe,,Te, s (Table 1). These relatively low
L, values illustrate the impact of reduced mobility y,-even with

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Carrier lifetime analysis. a) PP decays for CdSeg ,Te, g:As heterostructure S6 with excitation fluences indicated in the legend. Solid lines show
single exponential fits indicating 7 pp lifetimes. b) Lifetimes ;75 (open circles) and 7pp (filled circles) versus injection and excitation fluence. Solid lines
show data for high-As heterostructures S5-S8, dashed lines show data for low-As heterostructures S1-S4. c) Diffusivities D, corresponding to 7,1 in
(b). d) Comparison of 7, ¢, 7pp,T7gpL, and PLQY. PP and TRPL lifetimes were measured at 2 uj cm~2, LITG lifetimes were measured at 10 uj cm~2, and
PLQY were measured at 1 Sun equivalent excitation. Data in (d) is also given in Table 1.

lifetimes ranging from 7., = 508 ns to 7,,, = 820 ns (S1), diffu-
sion length is shorter than the absorber thickness. The radiative
lifetime 7, = (Bp)~' ~1 us (if p ~#10'° cm~ and radiative recom-
bination coefficient B ~ 1071 cm® s7'5)). For L to exceed ab-
sorber thickness when u, has values reported in this study, carrier
density must be <10'® cm~3. Such low-doping cases could poten-
tially enable high L,z with corresponding requirements for bulk

and interface passivation.

3.5. Impact on CdSeTe Solar Cells

We estimate the effect of reduced mobilities on the performance
of a solar cell with a graded CdSeTe absorber, where the graded Se
profile allows for higher current (J4c).l**?*] In such a cell, other
properties become Se-dependent besides mobilities: bandgap,
electron affinity, and the corresponding conduction band offset
(CBO) at the front interface, absorption coefficient, carrier life-
times, and acceptor ionization levels.

To simulate the effect of Se grading on solar cell performance,
we implement a drift-diffusion model with spatially dependent
absorber properties defined by the Se profile. We use a linear

Adv. Energy Mater. 2024, 2403902
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Se grading model, where the Se concentration changes from
the “peak Se” value at the front interface to 0% at the back in-
terface (Figure 5a). The peak Se value varies from 0% to 30%.
We define the values of parameters for 0% and 30% Se concen-
trations (Table 2), and the values for all intermediate concen-
trations are defined by linear interpolation. We use a compen-
sated doping model with an acceptor density of 1.01 x 10
cm™ and a donor density of 10"® cm™ so that the net dop-
ing corresponds to the CV-measured value of 10'° cm™ for As-
doped devices. With the compensated doping model, when the
acceptor ionization level is non-shallow, the free hole density
is lower than the net doping defined by the difference between
acceptors and donors.’!] Additionally, we set up 10° cm™2 of
deep acceptors at the front interface and a valence band offset
of —0.15 eV and a deep donor density of 10’ cm~2 at the back
interface.

Simulation results suggest that with a graded Se profile, low
hole mobility has a detrimental effect on device performance
(Figure 5b—d). No J¢ loss is observed for any peak Se concentra-
tion analyzed, even with the lowest hole mobility of 0.5 cm? Vs™!
in the high-Se region. A minor V loss of up to 10 mV is pre-
dicted by the model with a 30% peak Se concentration. The main

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. a) Linear Se% grading model for 3 peak Se concentrations (0%, 15%, 30%). b—d) Simulated dependence of efficiency, V¢, and FF on peak Se

for three different values of hole mobility in 30% Se.

factor limiting performance growth with increasing peak Se con-
centration is fill factor (FF) loss. The model predicts FF increases
with increasing peak Se concentration due to increased lifetime,
reduced CBO, and electron affinity grading. However, at high
peak Se concentrations, FF becomes sensitive to hole mobility.
Up to 5% FF loss is observed in this model when hole mobil-
ity reduces from 50 to 0.5 cm? Vs~! in 30% Se. As a result, even
though ] and FF grow with peak Se concentration, efficiency
eventually saturates, which prevents efficiencies from reaching
24-25%.

Simulated performance metrics for peak Se of 25-30% and
1, (30%) = 0.5-2 cm? Vs~! roughly correspond to the measured
performance metrics of the latest CdSeTe record cell.*] Other
models may also be able to simulate real device performance, and
a thorough model fit to additional experimental data is required
to conclude on model uniqueness. However, it is reasonable that
our model qualitatively reflects the main trends and losses in real
devices. In this case, low hole mobility in the high-Se region may
represent a real limitation for further FF improvement, especially
for high-J. devices with high Se concentrations.

Another hole-mobility-dependent effect suggested by device
modeling is the possibility of inflated quasi-Fermi-level splitting
in the front region of the absorber when the partial hole conduc-

Table 2. Se-dependent properties in the device model.

tivity is very low. When the partial conductivity, which is the prod-
uct of mobility and hole density, is low, the hole quasi-Fermi level
does not fully “equilibrate” between the high-generation region
near the front and the rest of the absorber. This results in non-
uniform quasi-Fermi-level splitting with higher splitting near the
front. As a result, optical metrics such as external radiative effi-
ciency and implied voltage (quasi-Fermi level splitting) may not
accurately represent the “absorber quality.” This effect is ampli-
fied by compensated p-doping, where the net doping is consid-
erably less than the total acceptor density, and by nonshallow ac-
ceptor ionization levels, which is the case for CdSeTe absorber.
More details will be published elsewhere.[>?]

4. Conclusions and Outlook

CdTe is the only thin film technology to demonstrate large-
scale manufacturability and long-term reliability.?*! It is cost-
competitive with crystalline PV and has lower embedded energy
and carbon.>¥! To further reduce cost per watts, efficiency im-
provements are needed. Loss analysis and defect models guide
and benchmark such improvements.

We show that electronic defects in high-efficiency As-doped
CdSeTe solar cells!"*?*] are more complex than usually assumed

Se concentration Hole mobility, cm? Vs~! Lifetime, ns Eg (300 K), eV CBO, eV Acceptor ionization level, eV
0% 50 400 1.5 —-0.40 0.13
30% 50,2,0.5 4 1.39 —0.20 0.16

Adv. Energy Mater. 2024, 2403902 2403902 (9 of 12)
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in solar cell models,[1®17:1827.28] and more complex than defects
in perovskites!>** or Cu(In,Ga)Se,.[?>>> Our work builds on re-
cent observations of sub-bandgap emission in CdSeTe,!!%14 de-
velops a more detailed understanding of charge carrier trans-
port and recombination, and examines the impact on state-of-
the-art solar cells. We showed that electronic defects at Se-sites
are present at low and high As incorporation and they reduce
charge carrier diffusion length to less than the typical absorber
thickness (L, <1.5 pm) even when charge carrier lifetimes ap-
proach the radiative limit. We used device simulations to show
that absorber bandgap grading while increasing the current, does
not alleviate fill factor losses due to reduced diffusion length. Es-
timated maximal efficiency (=23%) is similar to the current ef-
ficiency record.3* Electronic defects identified here appear to
be similar to the long-recognized anion-site disorder in II-VI
semiconductors.?>3738] Similar transition to disordered trans-
port was observed for some perovskites!*®! and kesterites.[’] Un-
like these cases where disorder led to reduced performance, the
highest-performing CdSeTe solar cell devices have a large density
of sub-bandgap defect states. In this aspect, CdTe PV appears to
be distinctly different from other state-of-the-art PV technologies.

What is the possible path forward toward 25% and higher
efficiency? In addition to doping and lifetime,/”! front®®%] and
backl®061] contact details, an electronic disorder in the absorber
needs to be considered and reduced. Earlier studies analyzed
bandgap fluctuations,®?) Urbach band tails,!®*] and electrostatic
potential fluctuations.[*) In these cases, authors investigated ra-
diative voltage, not transport, and applied thermodynamic solar
cell models. Based on our results, it appears that more detailed
solar cell models are needed for CdSeTe.

For 25% efficient CdSeTe solar cells, it appears that anion
site defects, primarily due to Se, need to be better controlled.
Absorber selenization and grading enabled industry-leading
Cu(In,Ga)Se, and (Ag,Cu)(In,Ga)Se, solar cells.[* That work
was aimed at reducing Vg—V(, divacancy density, as such
divacancies result in metastabilityl®! and band tailsl®® in
Cu(In,Ga)Se,. Perhaps a similar control of Se composition
applied to reduce anion vacancy density will enable Cd-
SeTe solar cell advances. Radiative emission spectra identify
near-E, defects in Cu(In,Ga)Se,*%] and CdSeTe,"*"*
providing inputs to device models and enabling defect
metrology.

5. Experimental Section

Fabrication and Characterization of Heterostructures and Solar Cells:
Heterostructures with uniform and graded bandgap were fabricated by va-
por transport deposition (VTD) with and without in situ As doping, as de-
scribed by First Solar.#] Samples used for spectroscopy did not have back
contacts. Sister samples used to measure net doping using capacitance-
voltage (CV) had ZnTe back contacts. As incorporation was measured by
SIMS (secondary ion mass spectrometry). Bulk As concentrations were
3% 10" cm™3 (As background) and (1-3) x 10'® cm™ (As doped).

Spectroscopy: Absolute PL emission spectra were measured with
632.8 nm cw (constant wave) excitation using Si and InGaAs detectors
(Pixis F100 Si CCD and PyLoNIR 1024 InGaAs linear array, Princeton In-
struments). The spectral response was corrected using calibration sources
provided by the manufacturer, and absolute photon numbers were ob-
tained using reflectance standards (Lab Sphere).['®) TRPL was measured
using excitation at 640 nm (300 fs pulses) and time-correlated single pho-
ton counting (Picoharp 300, Picoquant). Avalanche photodiode (APD, Mi-
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Scheme 2. lllustration of LITG and PP measurement setups.

cro Photon Devices) was used for photon counting, emission wavelength
was selected using bandpass filters.[6]

For ps-resolution LITG (Scheme 2a), Nd:YLF laser was used (PL2243,
EKSPLA, 10 ps pulses at 10 Hz). Excitation (527 nm, 2nd harmonics) was
split by a diffraction grating creating carrier-density modulated LITG. By
using the optical delay line (Aerotech ACT115DL) diffraction efficiency (de-
scribed by the ratio of detector D2 and D3 readings) kinetics were obtained
using 10 ps 1053 nm probe pulses. For ns-resolution LITG (Scheme 2b)
excitation was the same and probing was with the synchronized pulsed
Nd:YAG laser (NL202, EKSPLA, 2 ns pulses at 1064 nm). The delay was
controlled by a digital generator (Highland Technology P400).[5¢]

The same Nd:YLF laser was used for excitation in PP measure-
ments (Scheme 2c). A single-mode 1550 nm cw laser (Eblana Photon-
ics) was used for probing. Transmitted probe intensity was monitored
with 5 GHz bandwidth biased InGaAs photodetector DET1 (Thorlabs
DETO8CFC/M), 10 kHz-2 GHz bandwidth low noise amplifier (LNA),
and 6 GHz LeCroy oscilloscope (SDA 6000). Decay kinetics were av-
eraged 100 times with and without excitation, measurement resolution
was ~0.5 ns.[9]

Device Modeling:  The solar cell model consists of 0.5 um n-TCO, 3 pm
CdSeTe absorber, and 0.1 um p-ZnTe. Negative CB/VB band offsets at
front/back interfaces correspond to reduced front’%] and back!’"l inter-
face bandgaps in comparison CdSeTe. The numerical model solves drift-
diffusion and reaction equations for electrons and holes and the Poisson
equation for charge conservation. Equations are discretized using the fi-
nite volume method (in 1D) with 400 mesh points and solved simultane-
ously using a custom-damped Newton method with an analytical Jacobian.
Solutions are verified against the SCAPS 1D solar simulator.”2! More de-
tails on our numerical solver will be published elsewhere.[”3]
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