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Increased Voltage in CdSe Solar Cells by Mitigation of
Charge Carrier Trapping Due to Se Vacancies

Darius Kuciauskas,* Taylor Hill, James R. Sites, Sachit Grover, Yijun Tong,

and Scott T. Dunham

Cadmium selenide (CdSe), with a 1.7 eV bandgap, is a promising
high-bandgap semiconductor for tandem solar cells, yet device efficiencies
are hindered by rapid minority carrier recombination. Here, polycrystalline
CdSe solar cells are investigated using radiative emission spectroscopy,
time-resolved photoluminescence, and density functional theory, revealing
fast (sub-nanosecond) minority carrier trapping by selenium vacancy-related
defect states with densities of (5-50) X 10" cm~3, limiting carrier mobility
and increasing recombination. By reducing absorber thickness to ~0.5 pm,
trapping effects are mitigated, achieving a record open-circuit voltage of

917 mV, a 165 mV improvement over prior reports. These findings clarify the
role of Se vacancies in limiting CdSe solar cell performance and provide insights
applicable to CdSe and CdSeTe thin-film photovoltaics. This work advances
understanding of defect-mediated losses in 11-VI semiconductors and suggests

especially for the larger bandgaps
where their absorber structure is more
complex.’] For II-VI semiconductors,
CdSe has near-ideal bandgap E, =
1.7 eV for the top junction in a tan-
dem, but CdSe solar-cell performance
continues to be relatively poor.*®!

In addition to having a high bandgap
junction for tandem cells, CdSe is a
model system for understanding defects
in II-VI semiconductors. Since 2014,1]
a ternary CdSe,Te,, absorber has be-
come standard in “CdTe” thin-film so-
lar cells, which have reached 50 GW,,
(peak power) cumulative installations
and in 2024 accounted for ~30% of

pathways for improving solar cell performance through defect control.

1. Introduction

Single-junction photovoltaic (PV) solar cells have reached 27-
28% power conversion efficiencies (GaAs 28.3%, Si 27.3%, per-
ovskites 27%),l'l and further advances will likely require tan-
dem or multijunction device architectures. Such efforts have pri-
marily been applied to crystalline III-V semiconductors and to
polycrystalline hybrid perovskites.?l However, I1I-V solar cells
are far from required cost targets for terrestrial applications,
and perovskite solar cells have stability/degradation limitations,
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all PV installations in the US.['% How-
ever, CdSe,Te,, solar-cell voltage V.
is only ~82% of the detailed-balance
limit and is the primary limitation on
power conversion efficiency.'!l We have recently shown that
CdSe,Te,, electronic defects and their impacts are unusu-
ally complex, including charge carrier traps that reduce hole
mobility!'?] and near-bandgap band tail states that limit radiative
voltage.¥] Understanding defects in CdSe might help mitigate
defects in ternary CdSe, Te, , to improve single-junction thin film
PV. Here we show that some electronic defects (carrier traps) in
CdSe are surprisingly similar to those in CdSe,Te, ,, which sug-
gests their common origin. At the same time, band tails are sig-
nificantly smaller in CdSe than in CdSe,Te, ,, which indicates dif-
ferent compensation mechanisms in binary II-VI semiconduc-
tors and their ternary alloys.

2. Results and Discussion

2.1. Device Results

We report CdSe devices here with record V,. and dis-
cuss the factors which limit their device performance. So-
lar cell fabrication is described in the Experimental Section.
Their device structure (illustrated in Figure 1a) consists of a
glass/TCO/CdSe/PTAA/MoO,/Au stack. The development of
this substrate device stack, and specifically the optimization of
the transparent hole-contact layers (PTAA/MoO,/Au), was de-
scribed in a conference publication where V. =752 mV was pre-
sented for absorbers with a thickness of ~1.2 um.[! To mitigate
charge carrier trapping (see Sections 2.2-2.5), we reduced the
polycrystalline absorber thickness to 0.5 um. Current—voltage
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Figure 1. a) Illustration of the device configuration used in this study. TCO is transparent conductive oxide (SnO,:F), PTAA is poly(triaryl) amine, GBs
are grain boundaries. Dark and light J-V curves b) and EQE spectrum c) for device with a thin (0.5 um) CdSe absorber.

(JV) and external quantum efficiency (EQE) characteristics for
thin absorber devices are shown in Figure 1b,c. Comparing de-
vices with 1.2 vs. 0.5 pm absorbers, V. increased from 752 to
917 mV, short-circuit current Jo- was approximately the same,
11.5 mA cm™2, and fill factor FF decreased from 51% to 42.5%.(°!
Power conversion efficiency increased to 4.5% for 0.5 um ab-
sorber devices. These results representa V. increase of 165 mV
from our initial results!®! and 331 mV from recent publication,!*!
indicating that carrier trapping is a significant loss mechanism
in polycrystalline CdSe solar cells. Additional device analysis
(Voer Jsor and fill factor FF) for solar cells where CdSe ab-
sorber thickness was varied is presented in Figure S1 (Support-
ing Information).l*l As shown in this data, voltage is decreasing
with thickness, which indicates increased losses due to trapping.
Next, we have applied spectroscopic analysis and density func-
tional theory calculations to help identify electronic defects that
can cause charge carrier trapping.

2.2. Emission Spectra

As described in Section 2.1, two film thicknesses were studied,
which we label S1 for 1.2 um thick polycrystalline CdSe films on
glass/TCO substrates and S2 for 0.5 pm films. Figure 2 shows
radiative emission spectra at 298 K and at low temperature. The
photoluminescence quantum yields (PLQY) at 1-Sun equivalent
excitation, PLQY = 2 x 10~ for S1 and PLQY =5 x 10~ for S2,
are comparable to polycrystalline solar cells.I*] For example, for
Voc = 845 mV Cu-doped CdSeTe solar cells PLQY = 3 x 1074 ,[1¢]
for As-dopedx=0, 0.2, and 0.4 CdSe,Te, , heterostructures PLQY
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= (0.02-1) x 1074121 and for large-grain Al,O;-passivated un-
doped CdSe,,Te, ¢ heterostructures PLQY = 2 x 1073,[Y7] which
is the highest-reported PLQY for bandgap emission in polycrys-
talline II-VI semiconductors.

Absorptance spectra calculated from PL using the Generalized
Planck’s Law are shown in the inset of Figure 2a. The bandgap
calculated from the absorptance spectra (using the derivative
method)!"*lis E, = 1.71 eV. The Stokes shift between absorption
and emission is #10 meV, the same as for crystalline semicon-
ductors, indicating good electronic quality of CdSe absorbers fab-
ricated by vapor transport deposition (VID). As shown in the in-
set of Figure 2a, Urbach energies are E, = 11.5 + 0.1 meV (S1)
and 15.8 + 0.1 meV (S2). The thermal (phonon-limited) E, at 298
K is 8-9 meV, and the increase of E, above these values indi-
cates electronic disorder, which can be complex in polycrystalline
semiconductors.l"! The E, values for our samples, however, are
among the lowest-reported for polycrystalline absorbers (e.g.,
~13 meV for hybrid perovskites in the highest-efficiency solar
cells* and >17 meV for the higher-E, hybrid perovskites,’] >15
meV for Cu(In,Ga)Se,,'"! and >20 meV for CdSeTe'?). Low elec-
tronic disorder is further indicated by the 4 K PL emission spec-
tra (Figure 2b), where exciton emission is observed. Two sharp
lines in the exciton emission spectral range (1.805-1.795 eV, in-
set in Figure 2b) have been attributed to bound and free excitons,
and broader emission above 1.6 eV to phonon replicas.?!l Exci-
ton PL at 4 K also identifies wurtzite CdSe phase, as exciton PL
would be different in zincblende CdSe.l??l The low-temperature
PL spectrum for S2 is shown in Figure S2 (Supporting Infor-
mation). This sample has larger exciton peak broadening due to
larger electronic disorder in the thinner film.
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Figure 2. a) Absolute PL emission spectra for S1 (black) and S2 (red) at 298 K. Inset shows absorptance spectra calculated from PL and fits to determine
Urbach energies E,. b) PL emission at 4 K for S1, where D1 and D2 emission spectral region is multiplied by 25x to more clearly show defect emission.

The inset shows high energy (exciton) region.

In contrast with most high-efficiency PV semiconductors,
strong sub-bandgap defect PL emissions are observed in our
CdSe samples. The full width at half magnitude (FWHM) for de-
fect D2 remains approximately the same (258 meV/213 meV at
298 K/4 K), while defect D1 emission is narrower at the low tem-
perature (366 meV/119 meV at 298 K/4 K), strongly suggesting
that D2 is a midgap state and that D1 is a shallower defect.

Defects D1 and D2 are well known in CdSe spectroscopy. E.g.,
Kindleysides and Woods identified similar defect states in photo-
conductivity and PL spectra of CdSe single crystals, where D1 was
photosensitive (in equilibrium with the conduction or valence
bands).[?*) Ermolovich and Milenin analyzed D1 and D2 PL emis-
sion in single crystal CdSe and in polycrystalline CdSe, Te, ,.1**]
Brasil et al. constructed configuration energy diagrams and at-
tributed these spectra to Vg, (D1) and Og, (D2).15] D1 emission
persists in CdSe grown by MBE (though the spectral range for D2
was not investigated)?®) and in thermally evaporated films used
to fabricate solar cells.’! By using time-resolved measurements,

in Section 2.4 we show that defects D1 and D2 are carrier traps
that impact device performance. This aspect was not identified in
earlier studies of CdSe semiconductors or solar cells.

Figure 3a shows the temperature dependence for D1 and D2
emission for S1. (The corresponding data for S2 is shown in
Figure S3, Supporting Information). D1 emission is more com-
plex. Between 4 and 100 K, the D1 PL amplitude increases (~2.5
times), and then above 100 K it is thermally quenched with an ac-
tivation energy of E, = 130 + 15 meV (fit is shown in Figure 3b).
These observations are similar to those made by Brasil et al. (max-
imum of D1 emission was at 1.35 eV and E, = 170 meV), where
D1 was assigned to Vg,.[**] First principles studies also consid-
ered Vg, in CdSe and CdSe, ,, Te, o, and estimated density of such
defects >10'° cm~ when growth temperature was 1100 K.l To
verify the D1 assignment, we conducted additional DFT calcu-
lations as described in Section 2.3, with particular attention to
optical properties, which were not considered in previous first-
principle analysis.”]
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Figure 3. Defect D1 and D2 PL emission. a) Temperature-dependence of defect emission bands for S1. b) Analysis of D1 emission in graph (a) to
determine activation energy E,. c) D2 emission temperature dependence for S1and S2.
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Figure 4. Calculated configuration coordinate diagram (CCD) between V¢.© and Vs *1. Q represents the distance in configuration space projected
linearly between the ground state structures of +1 (Q = 0) and neutral (Q = 27) Se vacancies. Arrows show the key processes manifested in PL and
solar cell behavior as described in the text. The metastable neutral vacancy V5., which has nearly the same structure as the +1 (and +2) ground states,

plays a key role in the optoelectronic response.

Defect D2 follows a simpler emission quenching model,
Figure 3¢.?**] Two activation energies are required to fit D2
quenching. The first sample-dependent activation energy is 22—
40 meV, and the second activation energy is >0.3 eV, amplitude
of which is higher for S2. Using a temperature range up to 550
K allowed determination of 0.8 eV activation energy for D2,[24]
making it a near-midgap defect. Time-resolved data (Section 2.4)
shows that carriers can be detrapped from D1 but not from D2, in
agreement with D2 assignment as a deep trap. Assignment of D2
emission to O, was suggested,?* which is possible in our sam-
ples where CdSe film was grown on oxide substrate and then an-
nealed to facilitate grain growth.l®) The difference in D2 PL band
thermal quenching behavior between S1 and S2 (Figure 3c¢) is in
agreement with a D2 attribution to extrinsic defects.

2.3. Density Functional Theory (DFT) Calculations

Selenium vacancies are dominant defects in CdSel”?’] and have
been suggested to account for some of the observed optoelec-
tronic behavior.”*) To understand their impact in more detail,
DFT calculations were performed as described in the Computa-
tional Methods section below. Three charge states of Se vacancies
were calculated: neutral, +1 and +2. The thermodynamic transi-
tion level (above VBM) is 1.6352 eV for (+2/+1) and 0.7463 eV for
(+1/0), which indicates negative-U behavior. The configuration
coordinate diagram (CCD) between V.’ and V¢ *! is shown in
Figure 4. The V¢, *? and V *! atomic structures are nearly iden-
tical and the associated charge distributions indicate that Vg *!
is essentially V. *? with a delocalized bound electron. This is
consistent with the +2/+1 ionization level location just below
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conduction band minimum. As seen in Figure 4, V.° shows a
metastable state (noted as Vg.”*) which shares the same struc-
ture as the ground state of V. */+2 and has a second delocalized
electron.

Based on the calculated ionization levels, the majority of sele-
nium vacancies in undoped CdSe is in the stable V,.° structure
under equilibrium conditions. During illumination, fast hole
trapping induces a transient boost in the concentration of Vg *!,
which can (1) transition into Vg, *? by emitting an electron, (2)
transition into V., by capturing an electron, or (3) detrap the
captured hole and relax back to V.. Process (3) is slow due
to large barrier and thus can generally be ignored. Process (1)
is reversible and relatively rapid, allowing equilibration of the
+1/+42 vacancy populations. Process (2) populates the metastable
V" state. There are two primary paths for relaxation of this
metastable state: 1) photon emission via recombination of free
hole with bound electron and 2) transformation to stable neutral
V¢ via structural deformation. The V¢ % radiative recombina-
tion pathway emits photons with energy calculated to be ~1.3 eV,
closely matching the experimental D1 PL value of ~1.35 eV. The
structural transformation from Vg.”* to stable Vg, which in-
volves symmetric contraction of the surrounding Cd atoms to-
ward the vacant site, requires overcoming an energy barrier and
thus is temperature dependent. As temperature is increased, the
thermal transition from metastable V¢ %" to stable V.° will de-
populate V%" and thus cause the defect PL to decrease. The ~150
meV barrier is likely to be the cause of D1 PL quenching above
100 K and matches well with the experimentally observed activa-
tion energy of 130 meV (this work) and 170 meV (Brasil et al.**]).

The asymmetry between fast hole trapping from V. ° to Vg, *!
and slow hole detrapping from V. ™! to V,.° is also consistent

© 2025 Wiley-VCH GmbH
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Figure 5. Summary of carrier dynamics. a) Injection-dependent bandgap PL emission. Excitation fluences are indicated in the legend. b) Dynamics of
photocarrier capture to D1 (red, measured at 1.35 eV) and D2 (black, measured at 1.0 eV) states. Blue line indicates fit with k;~! = 0.2 ns. c) Longer-time
dynamics for D1 (black measured at 1.35 eV, solid line is a fit with k,™! = 1.0 ps) and D1/D2 (measured at 1.24 eV, D2 lifetime 32 ps at 298 K and 19 ps

at 4 K).

with experimental results, as discussed below. Under illumina-
tion, most of the generated holes are trapped via formation of
positively—charged Se vacancies, which slowly decay via electron
capture by way of the neutral metastable state.

2.4, Carrier Dynamics

Time-resolved photoluminescence (TRPL) data is shown in
Figure 5. At low injection, PL from near the bandgap is quenched
with k;7! = 0.2 ns (Figure 5a) and defect D1 and D2 emission in-
creases with the same rate (Figure 5b), which is direct evidence of
carrier capture to D1 and D2 states. When injection is increased,
amplitude of the fast decay component for the bandgap emission
becomes smaller until bandgap TRPL approaches a single expo-
nential. This is attributed to saturation of D1 and D2 traps with
photoinjected carriers. Using excitation fluence of this saturation
(6 X 10" photons cm~?pulse), we estimate trap density [D1] +
[D2] = (5-50) x 10" cm3; lower if carriers are equilibrated over
the film thickness and higher if confined to the initial absorption
depth.

TRPL lifetimes 7 p; measured when traps are saturated indi-
cate Shockley-Read-Hall (SRH) recombination lifetime, 7gpy; g,
=7ns. Similar 7 5p; ® Tspy goiee = 4 NS Was measured using high-
excitation-fluence TRPL on a full device stack.l®) The difference
between 7y, 5, = 7 18 and 7ggy g, = 4 18 can indicate addi-
tional recombination at the device interfaces!?’! Lifetime 7 4z, es-
tablishes the minority carrier density and thus the minority car-
rier quasi-Fermi level (¢FL). Between absorber film and full de-
vice stack minority carrier gFL would change by

k,T T ;
B ln SRH,device (1)
€ TSRH film
where kj; is Boltzmann’s constant, T is temperature, and e is
elementary charge.[?®! This approximation yields an additional

26 mV X In(4ns/7ns) ~ —15 mV hole-contact interface recom-
bination loss. Interface losses are similar in highly efficient solar
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cells,?’] suggesting that hole contact optimization procedure re-
ported earlier was successful.l®) Recombination at the electron
contact is also seen here to not be significant. As shown in
Figure S4 (Supporting Information), using the initial part of
bandgap TRPL decay, it is possible to estimate the upper limit
for the interface recombination velocity at the electron contact,
Setectron <2 X 10* cm s7L.

Carrier lifetime of 7 ns is low in comparison to highly effi-
cient solar cells, but appears to be the best-reported for CdSe,
resulting in increased voltages in our study. Xue et al. reported
that carrier lifetime (measured in films) increased from 0.53 to
1.43 ns by alloying CdSe to form CdSe, o, Te, o4.”) Li et al reported
bi-exponential TRPL decay with 7, = 0.28 ns (which could indi-
cate trapping) and 7, = 1.34 ns.[*] Bastola et al. reported com-
plex TRPL decay with a tail lifetime of 100 ns and higher.l’]
This dynamics was likely due to detrapping from the D1 state,
as shown in the low-injection data in Figure 5a and discussed
next.

We analyze defect state dynamics from data in Figure 5c. Life-
time for D1 emission and bandgap emission tail lifetime at low
injection of k,™' ~ 1.0 + 0.1 us is attributed to hole detrap-
ping from D1. Trapping/detraping to/from the D1 state helps
understand charge transport in CdSe solar cells. Because mi-
nority carrier capture to defects is very fast (k,”! = 0.2 ns), car-
riers cannot be collected by electron and hole contacts imme-
diately after photogeneration. Instead, trapping/detrapping re-
peats many times, resulting in charge transport than can be de-
scribed by low mobility.'?) In CdSeTe solar cells, simulations
of transport limited by hole traps were reported, where it was
shown that such transport leads to reduction in voltage and
fill factor.'?!*] When trapping is reduced, mobility increases
more than an order of magnitude.?”) We analyze transport in
Section 2.5.

Finally, photocarrier lifetimes in the deeper D2 state are 32 +
3 ps at 298 K and 19 =+ 2 ps at 4 K, Figure 5c. Such very long
and near-temperature-independent lifetimes are typical for deep
states, and carriers in such deep trap states do not contribute to
photocurrent.
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2.5. Trapping Impact on CdSe Solar Cells

Solar cell voltage V. is often evaluated starting with thermo-
dynamic properties of radiative voltage V(% and implied voltage
iV, which are related as:[*7]

i Vo= Vil kBTTln (PLQY) )

The radiative voltage Vg‘g establishes voltage entitlement, and
implied voltage iV is reduced due to non-radiative recombina-
tion, which is quantified by PLQY. The bandgap for our samples
is E, = 1.71 eV, and the detailed-balance voltage for this bandgap

is Vgg = 1.41 V.B% When band tails increase to E, = 10-15 meV,

corresponding to values for our samples, voltage entitlement Vé%
is reduced by 10-30 mV,*!) to V% = 1.38-1.40 V. Since PLQY =
2x107* for S1and 5 x 10~ for S2, Figure 2a, iV, =1.17-1.18 V
(S1) and iV, =1.13-1.14 V (S2). Such iV estimates can be ver-
ified by fitting emission spectra.?2! As shown in Figure S5 (Sup-
porting Information), spectral analysis suggests iV, = 1.14 +
0.02 V for S1 in our data. A similar iV, = 1.1 V estimate for
CdSe was reported.[*!

Relating absorptance and radiative efficiency to iV, (also
called quasi-Fermi level splitting, qFLS) as described by Equa-
tion (2) and other thermodynamic models!!’~19293% assumes
(near) perfect charge carrier transport, which can be expressed
as “infinite mobility” and/or charge carrier diffusion length ex-
ceeding absorber thickness.**) Measurement of radiative emis-
sion alone, such as in Figure 2, does not verify this assump-
tion. For semiconductors with more complex defect states, such
as CdSe in our study (and probably all earlier reports on CdSe
as well as some reports for CdSeTel1%1334-3¢]) radiative emission
can be strong, but carrier mobility can be low, making it neces-
sary to apply device models — not thermodynamics alone — for
understanding device performance.[!213%] A similarly complex
relationship between radiative emission and device performance
was suggested for CdSeTe solar cells*! and for some perovskite
solar cells.®) In such “realistic” cases for absorbers that are not
yet “ideal”, thermodynamics only partially indicates what can be
realized at the current stage of material and device development.
As a next step after absorption/emission analysis, we consider
characteristics that define charge carrier transport: carrier life-
time 7 gy, mobility u, and diffusion length L;, which are critical
parameters for understanding performance when carrier traps
are present.

In Figure 6 we compare carrier lifetimes in CdSe,Te,, using
references listed in the legend and include V. for absorbers that
were completed to devices. Glockler, Sankin, and Zhao summa-
rized data for CdTe (x = 0) solar cells with V. = 840-903 mV and
TRPL lifetimes 745, = 2-30 ns.*!] For CdSe (x = 1) 714p; Were re-
ported by Li et al.,[l Xue et al.,””] and in this study. For intermedi-
ate x compositions 74, increased up to 1200 ns****! due to grain
boundary (GB) and extended defect passivation in the bulkl**l and
surface recombination velocity reduction to S ~100 cm s~! for
CdSe, ,Te,3/Al O, interfaces.*’] As reported by Ablekim et al.,
Trgp Teached 250 ns in CdSe, ;Te, ; without surface passivation
with AL,O,.146]

In the CdTe solar cell literature, it was long assumed that in-
creasing carrier lifetime is the most promising pathway to higher
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Figure 6. Minority carrier lifetimes in polycrystalline CdSe,Te;, (CdTe at
far left and CdSe at far right). For x =0 and x = 1, device V¢ are also given
in the figure. The best-reported V¢ for CdSe,Te;,, (in a graded bandgap
device with x ~ 0.25 near the front junction) was 917 mV.[4°]

voltage.l*38] Data Figure 6 strongly suggests that V. is also
contingent on other factors. E.g., voltages are comparable for x
=0 (903 mV),*®¥ x ~ 0.25 (917 mV in a device with a graded
bandgap with this composition near the front interface),[*) and
x = 1 (917 mV, this study), where recombination lifetimes dif-
fer by more than an order of magnitude. Changes in bandgap
and free carrier density (doping) have rather minimal effect on
the voltage/lifetime/composition trends in Figure 6. For exam-
ple, increase in bandgap between x =0 (E, = 1.5eV) tox=1 (E,
= 1.7 eV) and increase in free carrier density by ~100x for the
same samples results in V. gain of only +(15-50) mV.

We suggest that carrier trapping by defects D1 and D2 identi-
fied in Sections 2.2-2.4 is a key limitation for CdSe. As a result,
better performance is obtained for thin absorbers. (In contrast,
spectroscopy for CdTe devices with V- =~ 900 mV did notidentify
trapping effects!*®*9). Trapping can negatively affect solar cells
by reducing mobility.[12133637] A density of traps N, at energy E,
from the band edge (with E, > k,T) results in reduced mobility

“tmp:[SO]
-1
1+ L exp Eu (3)
NV kB

Mtrap = Hy,

where , is mobility without trapping and N, is the effective den-
sity of states at the band edge. Using N, and E, found in this study,
Equation (3) predicts ~30 times lower p,,,, in comparison to p,.
Hill et al. found electron Hall mobilities g, = 10-100 cm? V-1 s7!
in our polycrystalline absorbers.[®! Since hole effective mass is
~3.5 times higher, the estimated free hole mobility is u, = 3-30
cm? V-1 s71, whereas due to trapping, the mobility is reduced to
Hirgp = 0.1-1 cm?* V' 571,

© 2025 Wiley-VCH GmbH
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Minority carrier diffusion length is

Ly = \/Dygpy (4)
where diffusivity

kT
D, = — M (5)

Therefore, due to trapping diffusion length decreases from
Ld =02 - 0.7 ym (TSRH =7 ns, H, = 3 — 30 szv—lsq)
to Ld,trapping =0.05 — 0.15 Hm
(TSRH =7 ns, Hirap = 01 -1 szv_ls_l) (6)

which appears to be a critical limitation for CdSe solar cells. As a
result, better performance is obtained with thin CdSe absorbers,
when their thickness (0.5 um) approaches L ;i

3. Summary and Conclusion

We reported improved CdSe solar cell performance where V.
increased more than +300 mV from the literature study'® and
+165 mV from our initial report.®! This improvement was
achieved by using thin absorbers. Reduction of trap density (N, =
(5-50) X 10" cm™ in this study) needs to be a future focus, be-
cause traps D1/D2 are not expected to be saturated at 1 Sun. Us-
ing detrapping lifetime k,™! = 1 ps, the estimated photogenerated
minority carrier density is 10! cm™3, at least 10-100 times less
than N,. Thus, to improve device performance, reduction of trap
density at least 10-100 times is required. Since DFT calculations
indicate that D1 properties are consistent with the expected opto-
electronic behavior of Se vacancies and D2 has been attributed
to O on the group VI site, post-deposition selenization®!! and
tellurization!”) are potential avenues for trap mitigation. Since
CdSe absorbers are highly crystalline (exhibit exciton PL at low
temperature and have E, values comparable to those in single
crystals), a reduction in trapping can in principle significantly im-
prove transport characteristics potentially increasing mobility to
single-crystal values.[>?l Reducing SRH recombination is also im-
portant: minority carrier lifetime was 7 55, = 7 ns in our samples,
about two orders of magnitude lower than the radiative lifetime
limit (radiative lifetime 7, = 1/(Bn) ~ 500 ns, where radiative
constant B=2 x 1071 cm’s~! and n » 10'® cm~3).1 When 74,
reaches the radiative limit, PLQY would also increase by about
two orders of magnitude, to PLQY ~ 1072, the value typical for
the best polycrystalline absorbers.[?’]

We showed that polycrystalline CdSe have D1 and D2 defect
states similar to those in CdSe single crystals,!?2~2 attributing de-
fects to semiconductor bulk (not interfaces such as grain bound-
aries). Defect D1/D2 emission spectra in this study and in earlier
reports(?*2*] are very similar to PL spectra for CdSe, Te, 1121332734
suggesting that mobility-limiting defects in binary CdSe and
ternary CdSe,Te,, absorbers may have similar characteristics.
Since hole traps in CdSe and CdSe,Te, ['>13] have similar char-
acteristics, improvements in one material may inform advances
for the other. The carrier trap assignment is supported by density
functional theory calculations.
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In contrast, band tails are much smaller in CdSe (this study)
than CdSeTe.[121332735] [n polycrystalline absorbers band tails are
commonly attributed to bandgap!®® and electrostatic potential
fluctuations.l®* For example, high density of compensating de-
fects can create electrostatic potential fluctuations, which was
shown for group-V doped Cd(Se)Te.l®! Such characteristics are
not observed for CdSe. While CdSe has sufficient carrier density
for efficient solar cells (n = 10'° cm~3),[%] it has near-single-crystal
band edge emission. This aspect is very useful for potential tan-
dem applications, as band tails in the top junction absorber can
complicate light absorption by the bottom junction, photon man-
agement, and junction photon coupling.?!

4. Experimental Section

Solar Cell Fabrication and Characterization: CdSe absorbers were de-
posited on commercial soda-lime glass coated with fluorine-doped tin ox-
ide (FTO) using vapor-transport deposition (VTD).l] The as-deposited
CdSe films are intrinsically n-typel®®] and polycrystalline with grains in the
nanometer range. Optoelectronic properties of as-deposited CdSe were
improved with a CdCl, heat treatment (CHT)[>’>* applied by spin-coating
aqueous CdCl, onto CdSe surface and annealing at 400-500 °C for 20-60
min. in a mixture of nitrogen and oxygen at 500 torr. CHT promotes large
grain growth, to >5 um on average, improves external radiative efficiency
by orders-of-magnitude, and increases charge carrier lifetimes from the
picosecond to the nanosecond range.l®] PL emission spectra prior and
after CHT treatment indicate ~100 times increased radiative efficiency
and some decrease in band tails.l®14] Columnar grain structure in CdSe
films is shown in cross-sectional SEM images (Figure S6, Supporting
Information).[14]

Device stack optimization, and specifically the development of the
transparent hole-contact stack (PTAA/MoO;/Au), was also described
previously.[®] In addition, the properties of the PTAA (poly(triaryl) amine)
hole transport layer (HTL) have been reported by Hack et al,[%0] and the
PTAA HTL impact on interface recombination has been characterized.[®1]
Optimized PTAA concentration in solution was 10 mg mL™" (PTAA layer
thickness 10-50 nm), MoO; thickness was 5 nm, and gold layer thick-
ness was 10 nm.['#] The development of transparent hole contacts allows
solar-cell use in the substrate geometry (Figure 1a) and is essential for
potential future applications as a top junction in a tandem solar cell archi-
tecture. Previously reported Hall measurements identified n-type conduc-
tivity with n ~10'® cm~3 and electron mobility g, = 10-100 cm? V=1 571.6
The carrier concentration was also confirmed by capacitance-voltage (CV)
measurements on devices.[®]

Spectroscopy:  PL emission spectra were measured with spectrally cor-
rected Si CCD and InGaAs linear array detectors (Pixis F100 and PyLoN-
1024 IR, Princeton Instruments) using an f = 300 mm spectrograph.
Calibration with absolute photon numbers was performed using 2% re-
flectance standards (Lab Sphere). The excitation wavelength was 442 nm
(He-Cd laser) for the variable-temperature PL measurements and 632.8
nm (He-Ne laser) for the absolute PL measurements. For TRPL excita-
tion at 450 nm, a Pharos/Orpheus KGW:Yb optical parametric amplifier
laser system was used (Light Conversion, 300 fs pulses at 1.1 MHz and
lower repetition rates). Time-correlated single photon counting (with Pi-
coharp 300 electronics, Picoquant) and detection with Si and gated In-
GaAs/InP avalanche photodiodes (both from Micro Photon Devices) was
used. Closed loop He cryostats were used for low temperature PL and
TRPL measurements.

Density Functional Theory Calculations: DFT calculations were per-
formed with the Vienna ab initio simulation package (VASP),[%2] in which
the ion-cores are described by the projected augmented wave (PAW)
method.[63] Perdew—Burke—Ernzerhof exchange-correlation functionall®4]
was employed with the spin polarization included in both the electronic
calculations and the structural relaxation of bulk cells and supercells with
defects. The kinetic energy cutoff for plane-wave basis was set to 520 eV,
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and the convergence criteria for electronic self-consistent loops and ion
relaxation loops are 107> eV and 5 meV/angstrom, respectively. Effective
Hubbard parameters!®] in the simplified (rotationally invariant) approach
were employed on d orbitals of Cd (U.g = 12 eV), which gives bandgap
value and lattice parameters comparable to experimental results for both
CdSe and CdTe.[?6] The supercell for defect calculations consists of 300
atoms and the k-point sampling contained a single-I" point. Charged-cell
correction to defect formation energies (DFE) due to the interaction of
localized defect charge in a finite-size supercell with its periodic images
was calculated in the Freysoldt, Neugebauer, and Van de Walle (FNV) cor-
rection scheme.[®%] Configuration coordinate diagrams (CCD) were cal-
culated according to linearly interpolated structures between two fixed
ground state structures belonging to two different defect charge states.
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Supporting Information is available from the Wiley Online Library or from
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