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Investigation of Sub-Bandgap Emission and Unexpected
n-Type Behavior in Undoped Polycrystalline CdSe, Te,
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Stephen Glynn, and Matthew O. Reese*

Se alloying has enabled significantly higher carrier lifetimes and
photocurrents in CdTe solar cells, but these benefits can be highly dependent
on CdSe, Te, , processing. This work evaluates the optoelectronic, chemical,
and electronic properties of thick (3 um) undoped CdSe, Te, , of uniform
composition and varied processing conditions (CdSe, Te, , evaporation rate,
CdCl, anneal, Se content) chosen to reflect various standard device
processing conditions. Sub-bandgap defect emission is observed, which
increased as Se content increased and with “GrV-optimized CdCL,” (i.e., CdCl,
anneal conditions used for group-V-doped devices). Low carrier lifetime is
found for GrV-optimized CdCl,, slow CdSe, Te, , deposition, and low-Se films.
Interestingly, all films (including CdTe control) exhibited n-type behavior,
where electron density increased with Se up to an estimated ~10' cm~3. This
behavior appears to originate during the CdCl, anneal, possibly from Se
diffusion leading to anion vacancy (e.g., V., V1) and Cl;, generation.

1. Introduction

Cadmium telluride (CdTe) photovoltaics (PV) are important to
the health of the U.S. PV market, making up ~40% of the utility-
scale market and ~25% of plants >1 MW.['2] Since 2002, de-
vice efficiency has improved from 16.7 to 22.6%,>*] where in-
creases up to 22.1% were largely enabled by Se alloying at the
front of the absorber to form CdSe, Te, , (CST).> This allowed for
bandgap engineering and led to significant boosts in current den-
sity, carrier lifetime, and deep-level defect passivation.l®1% The
final 0.5% improvement resulted from a shift in doping chem-
istry from Cu, which has largely limited absorber hole density to
mid 10™ ¢cm~3, to group V dopants (“GrV”, e.g., As, P), which
has enabled carrier concentrations >10%® cm~3 in polycrystalline
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devices."""13] As absorber hole density in-
creases, theoretical studies have shown re-
combination at or near the front interface
becomes limiting.'*1 Thus, it is increas-
ingly important to not only understand the
improvements enabled by Se alloying, but
also what losses might originate in the
CdSe,Te, , layer.

This work attempts to isolate Se-related
losses by studying thick (3 um) evapo-
rated CdSe,;Te,,, the composition used
in champion NREL devices, with no in-
tentional doping and processing conditions
varied to reflect standard device process-
ing. Conditions evaluated were CdSe;Te, ,
deposition rate (reflective of historically-
used slow growth versus recent faster
growth), CdCl, anneal conditions (i.e., op-
timized for Cu- vs GrV-doped devices),
and CdSe,Te,, composition (reflective of
different source materials tested before arriving at CdSe, ;Te,,
as the “baseline”). Optoelectronic, chemical, and electrical prop-
erties of test structures were characterized using a suite of tech-
niques including photoluminescence (PL), time-resolved photo-
luminescence (TRPL), Auger electron spectroscopy (AES), deep-
level transient spectroscopy (DLTS), and scanning-spreading
resistance microscopy (SSRM). Sub-bandgap defect emission
~100-200 meV from the exciton peak was observed, which in-
creased relative to the exciton peak as Se content increased and
with “GrV-optimized CdCl,” (i.e., CdCl, anneal conditions used
for GrV-doped devices). Lifetime decreased with decreasing Se
content; for CdSe,;Te,,, both a slow deposition rate and GrV-
optimized CdCl, dramatically decreased lifetime (from 920 ns to
140-150 ns). The low lifetime in “slow deposition CdSe,;Te,,”
is attributed to reduced Se content in the final film (measured
CdSe, ,;Te, ;; via AES) with additional losses potentially from an-
ion vacancy (i.e., V., V1) generation. Low lifetime in CdSe, ;Te, ,
with GrV-optimized CdCl, appeared to result from increased
nonradiative recombination, possibly from a broader band of
defects relative to CdSe,;Te,, with Cu-optimized CdCl, (“base-
line”).

“Undoped” CdTe and CdSe,Te,, are typically thought to be
slightly p-type, usually due to Cd vacancies and/or Cu dopants
unintentionally introduced during the CdCl, anneal.['”'8] All
films studied here, however, were found to be n-type where elec-
tron density increased with Se content from barely detectable
(CdTe) to #10'°~10" cm™> for CdSe,;Te,, and CdSe,,Te,, de-
spite using conditions similar to standard device processing.
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Figure 1. a) TRPL and b) spectrally corrected absolute PL for double heterostructures (stack shown in the inset of panel a) evaporated from an alloyed
CdSeq 3 Teq 7 source with “baseline” conditions (16 A s=1 CST deposition, CdCl, anneal developed for Cu-doped devices — black traces), “slow dep.”
(2 A s™T CST deposition — red traces), and “GrV-opt. CdCl,” (CdCl, anneal conditions optimized for GrV-doped devices — blue traces).

The strong n-type behavior in the absence of intentional dop-
ing is surprising, particularly since electron density is about
the same as the desired hole density in GrV-doped devices.
Throughout the work, we develop the hypothesis that this n-
type behavior, and possibly sub-bandgap defect emission, orig-
inate from the CdCl, anneal. Specifically, anion vacancies may
form more readily in CdSe,Te,, than CdTe,'’] which could
then be filled with chlorine to form Cly, a known shal-
low donor defect in CdTe."?! Unintentional n-type behav-
ior in CdSe,Te,, at the front of devices could result in losses
from buried junction effects, compensation, low activation, and
SO o1.

For clarity, characterization results are first presented with
minimal analysis in Section 2. After all results are presented, they
are analyzed and discussed en masse in Section 3, which is di-
vided into three subsections to highlight and evaluate the signif-
icance of the results in their varied aspects. Section 3.1 explores
the effect that processing conditions have on performance; Sec-
tion 3.2 discusses the observed n-type behavior and its implica-
tions in devices; and Section 3.3 takes a deeper dive into possible
underlying mechanisms.

2. Results

Figure 1 shows PL-related data for CdSe,,Te,, double het-
erostructures (DHs-3 um thick CdSe, ; Te, ; sandwiched between
two passivating Al,O, layers, film stack shown in Figure 1a in-
set) with (black trace) “baseline” conditions for high lifetime test
structures, i.e., evaporation from a CdSe ;Te, ; alloyed source at
16 A s7! and CdCl, anneal conditions developed for Cu-doped
devices; (red trace) “slow dep.”, i.e., 2 A s~! deposition (reflective
of historically used processing) rather than 16 A s~! and same
CdCl, anneal; and (blue trace) “GrV-optimized CdCl,,” 16 A s~
deposition and CdCl, anneal developed for GrV-doped devices.
“Baseline” CdCl, anneal conditions were 500 °C for 10 min un-
der 400 Torr He. These are standard processing conditions for
test structures as they have been shown to maximize carrier
lifetimes,®] but are slightly more “aggressive” than CdCl, anneals
typically done in devices (450—480 °C), as devices tend to start de-
laminating at ~500 °C.
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Minority carrier lifetime in the bulk!** was calculated by fitting
the “tail” of TRPL decays (at long time scales) in Figure 1a using:

I(t) = L™ (1)

where I(t) = intensity, I, = initial intensity, ¢t = time, and 7, =
minority carrier lifetime of the tail. 7, values are listed in Table
1. TRPL was collected at wavelengths between about 700 and
1100 nm (energy between ~1.1 and 1.8 eV) using a 700 nm
longpass filter and Si avalanche photodiode detector. While base-
line CdSe;Te,, showed a high 7, of 920 ns, the “slow deposi-
tion” and “GrV-optimized CdCl,” CdSe;Te,, only reached 140—
150 ns. The absolute PL in Figure 1b shows a large defect peak
~200 meV below the exciton peak for baseline CdSe;Te,, (it is
important to note this does not necessarily equate to the ther-
mal activation energy of the defect). Under slow deposition con-
ditions, the defect peak height decreased relative to the exciton
peak, and with “GrV-optimized CdCl,,” the overall luminescence
decreased but the defect peak grew relative to the exciton peak
(see Figure S1, Supporting Information for normalized PL data).
Photoluminescence quantum yield (PLQY, integration under the
entire PL curve) is listed in Table 1.

AES was used to measure Se/(Se+Te) ratios (also called Se
%, concentration, or content in this work) in the CdCl,-treated
CdSe,Te,, films by cleaving at the Al,0,/CdSe,Te,, interface
and ion milling (see Experimental Section for details); values are
given in Table 1. While “GrV-optimized CdCl,” conditions did not
significantly impact Se concentration, reducing the CdSe;Te, -
deposition rate from 16 to 2 A s7! caused Se in the film to drop
from 29 to 23 at%. This is discussed further in Section 3.1.

SSRM is an atomic force microscopy (AFM)-based electrical
technique used for nm-scale resistance mapping (typically with
a spatial resolution of 10-50 nm, depending on sample and
probe conditions).?”) While the resistance along the entire cur-
rent path through the film stack is involved, the SSRM-measured
resistance (R,,) is dominated by spreading resistance beneath
the probe (R, see Experimental Section for discussion), where
the probe depth is ~#50 nm. The change in R, as bias voltage
is switched from positive to negative polarity can give insight
into carrier type. SSRM was measured on CdCl,-treated cleaved
CdSe, ;Te,, with Au back contacts; R, is listed in Table 1. In-
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Table 1. Measured parameters for CdSe, Te,,, evaporated from an alloyed CdSe, 3 Tey ; source with “baseline” conditions (16 A s~ deposition, CdCl,
anneal developed for Cu-doped devices), “slow deposition” (2 A s~! deposition rather than 16 A s=1), or “GrV-optimized CdCl,” conditions (CdCl, anneal
developed for GrV-doped devices). Carrier lifetime (r;) measured via TRPL; energy at exciton and defect peak maxima (Eyjton and Egeper, respectively)
and photoluminescence quantum yield (PLQY) obtained from PL; Se/(Se+Te) in the final CdCl,- treated film measured via AES; average resistance

measured using SSRM under —5 V sample bias voltage (R,,;); and grain size measured with bright-field optical microscope.

7 [ns] Eexciton [eV] Edefect [€V] PLQY Se/(Se+Te) Riot [€2] Avg. grain size [um]

Baseline 920 139 117 7.2E-04 29 5.5E + 04 1.9+0.1

Slow deposition 150 1.43 1.30 2.2E-04 23 3.7E+05 22+03

GrV-optimized Cdcl, 140 139 1.16 1.9E-04 27 4.4E + 04 21+0.
( a) 4 where p = resistivity, = elemental charge, C = charge concentra-
' ' \ ' ' 150x10 tion, u = mobility, r = probe/sample contact radius, and R = mea-
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Figure 2. DLTS measurements showing a) capacitance as a function of
temperature for varied transient time windows (from lightest to dark-
est = 100, 50, 20, 10, 5, and 2 ms) and b) Arrhenius plot using the
peak temperature values for the corresponding time windows where
closed circles represent minority carrier (hole) traps and open circles rep-
resent majority carrier (electron) traps. Black tones represent baseline
CdSeq 3 Teg 7 and red tones represent “slow deposition CdSeq 3 Te, ;” (mea-
sured CdSeg,3Teg 77). Inset of (a) shows the device stack measured and
reversed polarity of probes required for measurement.

terestingly, all films showed n-type behavior (Figure S2, Support-
ing Information), which was corroborated by the Hall effect (not
shown, done on cleaved CdSe,Te,, films with no back contact)
and the probe polarity required to measure DLTS (reversed from
a standard p-type structure, shown in Figure 2a inset). It was sur-
prising that these films were measurable via Hall since polycrys-
talline CdTe-based materials (no intentional doping) are typically
below the detection limit of the system used (~10'° cm=3).

A rough estimate for electron density can be extracted from
R, using:
1 1
L= ge @)
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baseline conditions and “GrV-optimized CdCl,” was ~10Y cm~3

and electron density for “slow deposition CdSe,;Te,,” (actually
CdSe,,;Te, ;) was ~10' cm™, assuming electron mobility in
all films is relatively constant. However, it is unclear if this is
a fair assumption as mobility may change significantly with Se
alloying,!?¥] so electron densities are not given in Table 1. R,
was uniform laterally, across grain boundaries (GBs; example in
Figure S2b, Supporting Information), and throughout the thick-
ness (Figure S2g, Supporting Information). R,,, was measured
across 12 pm; grain size for all three films was ~2 um (see Figure
S3, Supporting Information; Table 1).

DLTS is used to measure the transient capacitance change after
deep-level traps in the space charge region are filled with either
majority- or minority-carrier charges. Figure 2 shows DLTS re-
sults for baseline CdSe, ;Te,, and “slow deposition CdSe, ;Te,,”
(both CdCl,-treated) with SnO,:F/SnO, as the front contact and
Au as the back contact. CdSe,,Te,, with GrV-optimized CdCl,
was not measurable via DLTS or capacitance-voltage (CV, not
shown) and behaved as if contact was not being made. This may
indicate an issue with one or both contacts and is discussed in
Section 3.1. As mentioned above, probe polarity during DLTS
measurement was reversed from what would typically be used
for p-type absorbers (Figure 2a inset). This suggests that the
back Schottky barrier was probed rather than the front (typi-
cally p-n but in this case n-n) heterojunction. Because of this,
and due to buried junction effects observed previously in graded
CST devices**l which would dominate the capacitance signal at
the front, it is not likely that effects such as band offset at the
Sn0, /CST interface have a significant impact on DLTS measure-
ments.

The positive peaks in Figure 2a indicate minority carrier
trapping, which in n-type material are hole traps. Baseline
CdSe, ;Te, ; has a hole trap while “slow deposition CdSe,;Te,,”
(measured CdSe,,;Te, ,;) shows a hole trap and a negative peak
corresponding to a majority carrier (electron) trap that forms at
higher temperature, giving a defect level deeper in the bandgap.
For both samples, peak heights, and widths increased as the tran-
sient time window decreased, suggesting nonexponential decay
shapes and a band of defects rather than a low concentration of
point defects. Figure 2b shows an Arrhenius plot for the two sam-
ples from which activation energy (E,) of the carrier traps, carrier
density (N), and trap density (N;) are extracted;?*! values are
listed in Table 2. Changes in peak height were still observed at
the lowest time resolution of the DITS system, so the calculated
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Table 2. Measured DLTS parameters for CdSe, Te,., evaporated from an alloyed CdSe( ;Tey ; source with “baseline” and “slow deposition” conditions
(CdSe 3Te 7 with “GrV-optimized CdCl,” could not be measured). Activation energy (E,), carrier density (N), trap density (N1), and apparent capture
cross section (o,) were calculated from the DLTS data. The “slow dep. (electron trap)” E, is with respect to the conduction band and Ng = holes;

“baseline” and “slow dep. (hole trap)” E, is with respect to the valence band and Ng = electrons.

Ex [eV] Ng [em™3] Nt [cm™3] o, [cm?]
Baseline 0.23 +£0.01 79E+ 15 4.8E+ 14 7.6E-17
Slow dep. (hole trap) 0.42 +0.02 1.6E + 14 48E+ 12 4.0E-13
Slow dep. (electron trap) 0.70 +0.02 1.6E + 14 18E+ 12 1.3E-12

Table 3. Measured parameters for CdSe,Te,,, evaporated from alloyed source powders with x = 0, 0.1, 0.2, 0.3 (copied from above), and 0.4 under
baseline conditions (16 A s deposition, CdCl, developed for Cu-doped devices). 7, was measured via TRPL; E,yiton, Egefect, and PLQY via PL; Se/(Se+Te)

measured in the final films via AES; R,,; measured using SSRM; and grain size measured with bright-field optical microscope.

75 [ns] Eexciton [€V] Egetect [€V] PLQY Se/(Se+Te) Reot [ Avg. grain size [um]
CdTe 33 1.50 N/A 9.9E-06 0 1.7E+06 32403
CdSeq;Teg 42 1.46 N/A 1.7E-05 8 9.0E+05 3.4+0.1
CdSeq,Tegq 230 1.43 1.28 6.2E-05 19 1.8E+05 23+02
CdSeq;Te, 920 139 1.17 7.2E-04 29 5.5E-+04 1.940.1
CdSeq 4 Teg 1300 1.38 1.10 5.2E-04 36 2.6E+04 1.6+0.2

Ny is considered a lower bound. It is noted that DLTS showed
similarly high electron densities to SSRM. The apparent capture
cross-section (o,) of the hole traps is calculated assuming a hole-
effective mass of 0.63 m, (where m, is electron mass).[?®! It is
noted, however, that this value may hold little physical relevance
if there is any temperature dependence in the capture rate.

Using baseline conditions (16 A s~ deposition, CdCl, devel-
oped for Cu-doped devices), Se % was varied by evaporating from
alloyed CdSe, Te, , sources with x = 0 (CdTe), 0.1, 0.2, and 0.4, in
addition to the x = 0.3 explored above. This series was done in
a more complete sweep since CdSe,Te, , composition is graded
in devices. Table 3 lists extracted characterization data similar
to Table 1. Figure 3 shows TRPL and absolute PL data; normal-
ized PL data is in Figure S4 (Supporting Information). Gener-
ally, the measured Se % in the films was close to but slightly be-
low the source material, suggesting a slight loss of Se during de-
position and/or during subsequent CdCl, treatment. Se concen-
tration and E_, ., (often equated with bandgap) measured here
agree with literature demonstrating a bandgap “bowing” effect in
CdSe, Te, ,.[7]

As Se increased, 7, increased (in agreement with previous
studies),[”®] defect emission increased (in agreement with pre-
vious studies),[?>?429] grain size decreased (Figure S5, Support-
ing Information, also in agreement with previous studies),**) and
R,., decreased (i.e., electron density increased). All films, includ-
ing CdTe, demonstrated n-type behavior despite using processing
conditions standardly used for high-lifetime test structures(®3132]
and expected to result in slightly p-type films. The measured re-
sistance decreased by two orders of magnitude when Se content
increased from 0% (CdTe) to ~#40%, indicating electron density
likely increases by a similar amount assuming mobility stays rel-
atively unchanged. It is noted, however, that CdTe, CdSe,,Te,,,
and CdSe,,Te, 3 were too resistive to be measured via Hall (with
measurement threshold ~10'® cm~—) and CV showed decreasing
capacitance with voltage for both probe polarities on CdTe, so it
is likely only lightly n-type.

Adv. Sci. 2024, 11, 2309264 2309264 (4 of 9)

3. Discussion

The above results are now discussed in an integrated manner
where discussion is divided into three sections. The first section
focuses on the effect processing conditions have on CdSe,Te,
performance, particularly carrier lifetime. The second section
discusses the n-type behavior observed here and its potential im-
plications in devices. The third section explores mechanisms, in-
cluding Se- and Cl-related defects, which may be responsible.

3.1. Processing Parameters Effect on Performance

One of the major benefits of alloying CdTe with Se is the
significantly improved carrier lifetime. However, lifetime was
shown to be strongly dependent on processing conditions, which
can vary widely between institutions. In particular, deposition
rate, which is often not even listed in experimental sections,
showed a dramatic effect on carrier lifetime when the CdSe, ; Te,, ,
source was evaporated slowly (i.e., sample and source held at
high temperature under vacuum for longer). Importantly, AES
showed slow deposition resulted in reduced Se % in the final
film (CdSe,,;Te,,; measured), possibly resulting in a high den-
sity of anion vacancies which can act as nonradiative recom-
bination centers, reducing lifetime and luminescence. While
the CdTe community has largely not considered preferential
loss of Se during high-temperature deposition of Se-containing
films, it is not unknown. In fact, binary CdSe films are com-
monly n-type from high densities of Vg,,[****] and evaporation of
Culn,Ga,Se, is frequently done with a Se overpressure to pre-
vent Vg, formation.%]

Here, it appears changes in TRPL and PL can mostly be ex-
plained by the lower Se content, as the CdSe,,;Te, , (slow depo-
sition) sample closely resembled CdSe, ;o Te, s, (deposited from a
CdSe,,Te, ¢ source) with regard to grain size, R, 7,, and, re-
markably, PL curves looked nearly identical when normalized
(see Figure S6 and Table S1, Supporting Information for di-
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Figure 3. a) TRPL and b) absolute spectrally corrected PL showing the effect of increasing Se concentration in CdSe, Te,,, from x = 0 to 0.4 (referring to
the alloyed source material composition) with baseline conditions; x = 0.3 data copied here for reference.

rect comparison between the two). Additional losses in lifetime
(i-e., the CdSe,;Te,,, slow deposition sample was 150 ns while
CdSe, ;4 Te,g; Was 230 ns) may be due to anion vacancies and/or
other defect chemistries, as discussed in Section 3.3. This may
be reflected in the difference in DLTS between baseline and slow
deposition CdSe,;Te,, seen in Figure 2. It could be that as the
density of defects that dominates the sub-bandgap PL peak and
capacitance for baseline CdSe, ;Te,, decrease, a defect(s) deeper
in the band becomes visible, or it could be the same defect shifted
deeper under “slow deposition” conditions. Further research is
required.

An important recent shift in processing for the CdTe commu-
nity has been from Cu to GrV doping, for which CdCl, anneal
conditions have been re-optimized. Here, CdSe;Te,, treated
with GrV-optimized CdCl, conditions showed substantially lower
lifetime than baseline (i.e., Cu-optimized CdCl,) CdSe,;Te,,
(140 and 920 ns, respectively). Together with decreased PLQY and
broadened defect peak, low lifetime likely results from increased
nonradiative recombination and a broader band of defects. Since
CST is typically responsible for high lifetimes in Cu-doped de-
vices, this reduced lifetime with GrV-optimized CdCl, may be
a reason that GrV-doped devices can suffer from relatively low
lifetimes, particularly when absorber hole density is low.'®] Un-
fortunately, DLTS (or CV) could not be measured on these sam-
ples; SSRM, however, was measurable. Because DLTS and CV
require current flow through both contacts while SSRM only re-
quires an intact back contact (see Experimental Section), this sug-
gests that the SnO, /CdSe, ,Te, , interface may be damaged dur-
ing the “GrV-optimized CdCl,” anneal (i.e., defect density greatly
increased — GrV-dopant pileup is regularly observed in devices
and may be related).[>3¢] In highly doped GrV devices, this issue
may be exacerbated by the increased sensitivity to front interface
recombination.!1416]

Finally, the samples with the highest PLQY, which is typically
taken as an indication of better material passivation,”*3738] also
showed the highest sub-bandgap emission (e.g., CdSe, ;Te, , and
CdSe, ,Te,, in Figure 3b). This raises the question of whether
high PLQY (integration under the entire PL curve) always indi-
cates good material quality. Since increasing defect emission with
higher Se content has been observed for undoped CST fabricated
at other institutions using different methods,[?#3%] this hints at a
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fundamental defect that may lead to losses in devices. Itis unclear
how harmful these defects are though, since Cu-doped devices
with CdSe, ; Te, , at the front still achieve high carrier lifetime and
photocurrent.?14%l Because the defects are radiative and relatively
shallow, it is possible that the long carrier lifetimes originate from
the trapping/de-trapping of minority carriers (holes).[?*] This is
supported by DLTS, which showed the dominance of hole trap-
ping in these films. TRPL curves do not suggest detrimental trap-
ping though (i.e., nearly complete decay within first few nanosec-
onds followed by a flat tail hovering just above baseline),[*!! likely
because deep (nonradiative) defects in CdTe are passivated by
Se.[619] Pagsivation of deep defects and introduction of shallow
hole traps at GBs via Se and Cl'% may be a reason that lifetime
and conductivity increased as grain size decreased (Figure S7,
Supporting Information), both unexpected trends.

Because SSRM did not show a distinguishable difference be-
tween GBs and grain interiors (GIs), this suggests that electron
density is within a factor of ten between the two. Since the GB
region is likely only a few atomic layers thick (less than a few
nanometers), it is possible that the resistivity change around the
GB is not detected via SSRM, which has a spatial resolution of
10-50 nm. It is noted, however, that changes in GB resistivity
have been detected for CdTe and other PV materials using the
same SSRM tool previously.*#}] Additionally, a large forward
bias (5 V) is applied during SSRM measurement to overcome
probe/sample contact resistance (see Experimental Section) so
any band bending around GBs, e.g., as has been shown in graded
devices previously,'**] becomes flattened and only intrinsic GI
and GB resistivity are measured.

3.2. N-Type Behavior

This section explores potential causes for the observed strong
n-type behavior and implications for device performance. Bi-
nary CdSe films are commonly n-type,[****] so it was questioned
whether n-type behavior could originate from phase segregation
into Se-rich and Se-poor regions, which would have wurtzite and
zincblende structures, respectively. While the literature suggests
this transition may happen at compositions as low as CdSe 5 Te ,
in some cases,[**® X-ray diffraction (XRD) analysis of the most
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Se-rich films, CdSe, ,Te,, did not show evidence of the wurtzite
phase here (Figure S8, Supporting Information). Some spatial
variation in composition was observed in these films (Figure S9,
Supporting Information), but it did not appear to affect the intrin-
sic electronic properties (Figure S2b, Supporting Information).
Importantly, this shows that spatial nonuniformities in electrical
properties seen in graded devices!“**’l are not inherent to poly-
crystalline CST thin films (here without intentional doping), but
are likely driven by differences in composition within the stack
(i-e., from sequential evaporation of CdSe or CST and CdTe fol-
lowed by CdCl, treatment, or co-evaporation of CdSe and CdTe).

Several studies have shown n-type GBs in CdTel**%] and
CST.05051 [t is possible that a common defect chemistry is
shared between GBs and Gls, and as the density of GBs increases,
the density of hole traps responsible for the trends seen in this
work also increases. This may be why resistance (electron den-
sity) and grain size are particularly well correlated (Figure S7,
Supporting Information). Thus, GBs contribute to, but are not
solely responsible for, n-type behavior in these films. By bevel-
ing the samples and measuring SSRM as a function of depth
(Figure S3g, Supporting Information), it was shown that n-type
behavior was uniform throughout the film and not a result of
altered chemistry at the front interface (e.g., oxidation,*>*3 accu-
mulation of Cl/CdCl,).’*] Hall effect measurements (not shown),
which probe the bulk, also showed n-type behavior.

Because most studies show slightly p-type behavior in the bulk
under standard device processing, particularly in CdTe, it is im-
portant to understand the conditions at which CST becomes
strongly n-type, and whether it commonly is in devices. This is
particularly important since the conditions used here were sim-
ilar to standard device processing and are standard conditions
used for test structures. Jiang et al. previously showed n-type be-
havior in the Se-rich region of graded CST devices (not fabricated
at NREL),!?* which led to buried junction effects and associated
losses. In a theoretical study by Good et al., a thin compensating
layer at the front of GrV-doped devices was shown to result in dra-
matic V. loss.?l Generally, donor defects are undesirable since
they can compensate p-type dopants and/or compete for dopant
sites (e.g., Cl or O competing with As for V., sites); see Section 3.3
for further discussion on potential defect chemistries.

High electron density (on the order of 10 cm~3) in CST may
also be a reason it is more difficult to dope p-type than CdTe.l*!
This could also be a reason CST-only devices (including graded
CdSe, ,Te, ,/CdSe,, Te, ¢ devices) do not typically perform as well
as graded CST/CdTe devices.>! In addition to the electron reflec-
tor role Shah et al. demonstrated CdTe plays at the back,>®! re-
combination may be lower at the back of CST/CdTe devices due
to, at least partially, the reduced electron density there. Know-
ing that CST (no intentional doping) can be strongly n-type and
accounting for this may open avenues to make highly doped n-
type devices, particularly since the CST measured here showed
an electron density of 101°~10" cm~ (assuming an electron mo-
bility of 100 cm? Vs~!). Future work should evaluate whether
CST in devices (which is typically treated at 450480 °C CdCl,
rather than 500°C since the latter typically causes delamination)
has similarly high electron density. Finally, the inclusion of n-type
CST in device models, rather than assuming it is p-type as is of-
ten done, may help elucidate differences between theoretical and
measured device performance.
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3.3. Potential n-type Defect Chemistries

This section develops arguments for which defect chemistries are
likely to contribute to the trends observed in this work, namely
sub-bandgap PL emission at room temperature and n-type be-
havior. Polycrystalline CdTe films are typically slightly Te-rich,
and therefore p-type, due to the lower formation energy of cation
vacancies (V)77 Additional hole density is thought to origi-
nate from Cu impurities (on Cd sites) introduced during CdCl,
treatment.!’8°8] For the films studied here to be n-type (includ-
ing CdTe), it is likely that a stable donor defect (or defects, defect
complex(es)) has overwhelmed the intrinsic acceptor defects, po-
tentially pinning the Fermi level and changing the conductivity.
Since CdTe appeared mostly intrinsic with minimal n-type behav-
ior, it is likely that Se plays a key role in defect generation.

Anion vacancies (Vs., Vy.) are a logical assumption since
binary CdSe films are typically n-type due to high densities
of V13334 and CdSe,Te,, (specifically, CdSe,<Te,s) has been
shown, theoretically, to have a lower formation energy for an-
ion vacancies than CdTe.['’] However, anion vacancies are not
thought to be solely responsible for the sub-bandgap defect emis-
sion and n-type behavior observed here for a few reasons: i) the
sample expected to have the highest anion vacancy density, “slow
deposition CdSe,;Te,,,” which did have a lower measured Se
% of CdSe,,;Te,;, had higher resistance (lower electron den-
sity) and lower defect emission than baseline CdSe;Te,,, ii) if
CdSe, Te, , has a higher density of isolated anion vacancies than
CdTe, it would be expected to be easier to dope p-type, but the op-
posite is typically observed,>> and iii) when chlorine is present, it
is likely more thermodynamically favorable to form Cl, than Vo,
in CdTe.’! It is possible, however, that the difference in DLTS be-
tween baseline and slow deposition CdSe, ;Te, ;, namely higher
activation energy and the emergence of a deep electron trap in
the latter, may be related to anion vacancies; further research is
required.

Since all samples required CdCl, treatment to be measurable
via PL, TRPL, DLTS, etc., it is challenging to decouple Se from ClI
effects. Cly, is a known shallow donor defect in CdTe and has been
identified, primarily at GBs for polycrystalline material, in both
CdTel*+4841 and CST,[1*503 turning them n-type. Importantly,
films that were not CdCl, treated were too resistive to measure
via Hall. Likewise, when the “CdCl, anneal” was done without a
Cdcl, source (i.e., CdSe, ;Te, ; was annealed using the same tem-
perature profile and ambient that might generate non-Cl related
defects, such as anion vacancies, Ser,, Ox.), the films were too re-
sistive to be measured. This suggests that the n-type defects that
dominate here are related to chlorine and/or require the pres-
ence of CdCl, to be generated (e.g., impurities introduced from
the CdCl, source).

Importantly, the CdCl, anneal has been identified as the pri-
mary driver for Se diffusion in CST.[®*-62] Because diffusion in-
creases with temperature, it is possible that the more aggressive
CdCl, treatment used here (500 °C vs 450-480 °C commonly used
in devices) moves Se around more, creating a higher probabil-
ity for defect creation, whether it is impurity substitution (e.g.,
Cly., Or), anti-sites (e.g., Ser.), interstitials (e.g., Cd,), or vacan-
cies (e.g., V.). Interstitial chlorine may also exist at high chlorine
concentrations (e.g., from long and/or high-temperature CdCl,
anneals). If a high density of anion vacancies are generated dur-
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ing the CdCl, anneal, Cd-rich conditions would be created and
the CdSe,Te,, film may be easier to dope with Cl, as demon-
strated in CdTe single crystal studies.[!214]

Of course, defect complexes may also form, such as the
chlorine “A-center” (V4-Cly), which acts as a shallow donor
when in Cg symmetry*! Oxygen complexes such as the oxy-
gen “A-center” (Vy-Oq.) or Teqy-Of may also form, but these
defects may tend to be shallow acceptors.l*®] Divacancy com-
plexes, e.g., V4-Vy., are another possibility that has been iden-
tified in CdTe films via techniques like positron annihilation
spectroscopy.[®>%] If this is the case, it would parallel the de-
fect complex thought to be responsible for recombination and
metastability in Culn,Ga,,Se,: V.-Vl Further research is
required to evaluate activation energy (e.g., as a function of Se
content, CdCl, anneal temperature, CdSe, Te, , deposition rate at
varied alloyed source compositions) to better understand which
defect(s) can turn CdSe,Te, , n-type and which defects, if any, re-
main in GrV-doped films. It would be enlightening to repeat den-
sity functional theory modeling[®®! with the inclusion of Cl, Se,
and GrV dopants.

4, Conclusion

Se alloying of CdTe solar cells may present a double-edged sword
where the density of deep non-radiative defects is reduced on one
hand, but shallower, radiative donor defects are introduced on the
other, which can turn the CdSe, Te, , n-type (with electron density
on the order of 10'® cm=3) and limit V.. Losses associated with
n-type CdSe,Te,, (e.g., buried junction effects, compensation,
low activation) may be amplified in highly-doped GrV devices,
which theoretical studies show are more sensitive to the front
interface than low-doped Cu devices. Additionally, CdSe,;Te,
(the composition used in champion NREL-grown devices) treated
with GrV-optimized CdCl, conditions demonstrated increased
nonradiative recombination, which may be one of the reasons
GrV-doped devices can have lower lifetimes than Cu-doped de-
vices.

Preferential loss of Se, as evidenced in the “slow deposition”
sample which was evaporated from an alloyed CdSe, ; Te, ; source
but measured CdSe,,;Te,,, in the final film, along with re-
cent theoretical work suggests anion vacancies may be generated
more readily in CdSe,Te, , than CdTe. This may lead to a much
higher density of anion vacancies, particularly during the CdCl,
anneal, which is the main driver for Se diffusion. This would
then create optimal conditions for chlorine doping of CdSe,Te,
(e.g., Cly, formation), which is of concern in GrV-doped devices
since dopants and Cl would compete for the same sites. This may
be a reason that CdSe,Te, , is harder to dope p-type than CdTe.
Importantly, this work suggests defect generation during the
CdCl, anneal may be more harmful than defects generated dur-
ing CdSe,Te, , deposition (e.g., anion vacancies in either case),
meaning it may be more impactful to maintain a Se overpres-
sure during the former. DITS showed a band of defects, which
may include defects that interact to form complexes.

Finally, the uniform n-type behavior shown throughout the
films here suggests that spatial non-uniformities in electrical
properties seen in graded samples, are notinherentin CdSe, Te, ,,
but are likely driven by differences in composition within the
stack, so deposition from an alloyed source may be preferential.
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Understanding the conditions at which CdSe,Te,, becomes n-
type and controlling/accounting for this behavior may help in
realizing the full potential of Se alloying, both in standard p-
type CdTe architectures and potentially for highly doped n-type
CdSe,Te, ,-only devices.

5. Experimental Section

Sample Preparation: CdSe,Te,, test structures were fabricated on
TEC12D, a commercial soda-lime glass substrate coated with a conduc-
tive SnO, layer. TEC12D substrates were used rather than uncoated glass
(e.g., Eagle XG) to keep the structure of the CdSe, Te ., (e.g., grain mor-
phology, size, crystallinity) as similar to devices as possible. Test struc-
ture architecture varied slightly based on the characterization method. For
TRPL and PL characterization, CdSe,Te;, double heterostructures were
fabricated by first depositing 100 nm of Al,O3 on the TEC12D surface via
electron beam evaporation with no intentional heating of the substrate
(pressure ~mid 107° Torr, 2 A/sec deposition rate). The 3 um of uniform-
composition CdSe,Te;, was then thermally evaporated from a ternary
source powder (x =0, 0.1, 0.2, 0.3, 0.4) at substrate temperature (T,p)
=450 °C. Typically, a deposition rate of 16 A s~ was maintained, except
in the case that the deposition rate was intentionally decreased to 2 A s~
(“slow deposition” CdSeq 3Teg 7).

Film stacks were then annealed in a CdCl,-rich ambient in a close-
space sublimation configuration with no Se overpressure. In most cases,
the source material (CdCl, beads) was held at T, = 495 °C and
Teup = 500 °C for 10 min in 400 Torr He. In one case, CdSe;;Tey; was
annealed at Ty, = 500 °C with other conditions changed to what is
commonly used for NREL-grown GrV devices (labeled “GrV-optimized
CdCl,” in this work). Because this process uses proprietary conditions,
they are not detailed here. After CdCl, treatment, CdSe,Te;, films were
briefly rinsed in DI water, as is done in NREL-grown devices. For PL
and TRPL measurements, 20 nm of Al,O; was evaporated (same con-
ditions as above) followed by a second, lower-temperature CdCl, anneal
(Tsup = 400 °C, 400 Torr He, 10 min). The wide bandgap Al, O3 layers that
sandwich the CdSe,Te,, are thought to provide field-effect passivation and
possibly also chemical passivation.[?]

For DLTS and SSRM measurements, CdSeq 3 Te, ; was grown directly on
TEC12D rather than Al,O5-coated TEC12D. CdCl, was done as described
above and 100 nm of Au was thermally evaporated on the back. A small
amount of film stack was then scraped away to reveal the front contact.
For SSRM measurements, these film stacks were thermo-mechanically
cleaved at the SnO,/CdSe,Te,, interface using a process similar to that
described by Perkins et al.[>#] Briefly, an Al shim handle was epoxied to the
CdSe, Te,, back surface with a conductive Ag-filled epoxy (Epo-tek H20E)
and annealed in an oven overnight at 80 “C. These stacks were then dipped
into liquid nitrogen (LN,) within an Ar-filled glovebox until spontaneous
cleavage occurred. For AES and Hall, CdCl,-treated CdSe, Te ., films grown
on Al,0;-coated TEC12D (no back surface layers) were cleaved using the
same process, where samples for Hall were cleaved using an insulating
epoxy (Hysol 1C). After cleavage, the CdSe,Te,,, side of the cleave was ex-
tracted from the LN, bath into a stream of dry N, until room temperature
was reached. Samples were then transferred without air exposure into the
respective characterization tool for measurement.

Characterization: TRPL measurements were taken on a home-built
system described elsewhere.[*1] A diode laser with 670 nm wavelength ex-
citation and 50 um beam diameter was used at a repetition rate of 125 kHz.
Laser power measured at the sample was 0.11 uW, giving a fluence of
~2 % 10" cm=2 and injection level of ~8 x 10" cm~3 assuming a genera-
tion depth of 200 nm for 670 nm excitation in CdSeq 3 Teq 7.4l A longpass
filter of 700 nm (~1.77 eV) was placed in the optical path before the Si
avalanche photodiode detector.

PL measurements were taken using 632.8 nm excitation with a HeNe
laser of beam diameter 0.9 mm at 1 Sun equivalent excitation (2 x 102
photons/(m?s)). A pairing of spectrally corrected Si and InGaAs detectors
(PIX100F Si CCD and Pylon IR, respectively) was used to obtain a larger
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spectral range (Si sensitive up to ~#960 nm, InGaAs sensitive at longer
wavelengths, see Figure S10, Supporting Information). Detectors were cal-
ibrated using an IntelliCal intensity calibration system (Princeton Instru-
ments). A comparison with absolute reflectance standards (LabSphere)
was used to measure PL emission spectra in absolute photon numbers.

Prior to AES, CdSe,Te;., films were thermo-mechanically cleaved from
their TEC12D substrates using the process described above. To better
understand bulk composition, exposed films were first sputtered with
a 2 kV ion beam at 70° angle measured from the surface normal and
while rotating at 1 rpm. AES sensitivity factors were calculated as de-
scribed previouslyl®®! using sputter depth profile data on an ungraded
CdSeq gg Teg g, film whose composition had been determined by X-ray flu-
orescence. AES measurements were done using a 5 kV, 20 nA beam. The
spectrometer binding energy scale was calibrated at high and low energy
using clean gold and copper foils and known transition energies.[”%! Data
analysis and peak fitting were performed using a combination of Igor and
PHI MultiPak.

DLTS data were collected using a SULA Technologies digital model
DDS-12 DLTS system.[”] This system uses a 1 MHz modulating signal.
The samples were measured between 0.3 V reverse bias and 0 V. Capaci-
tance transients were averaged with a 40 s time constant with temperature
held steady during measurement of all transients in the designated time
windows (2, 5, 10, 20, 50, and 100 ms).

SSRM was done using an AFM (Veeco D5000 and Nanoscope V)
housed in an Ar-filled glovebox. During measurement, a highly doped
(p-type) diamond-coated Si probe (Bruker-nano DDESP) is pressed into
the sample with a large indentation force (~uN), and a large bias voltage
(=5 V) is applied at the back contact. The total resistance (R,,;) measured
is composed of the spreading resistance (R;,) of the sample, contact re-
sistance at the probe/sample interface (R.), and back-contact resistance
(Ry)- Ry is much smaller than R and R, since current pathways are spread
out when reaching the back contact and series resistance in the film is rel-
atively low (typically only a few Q - cm?). Thus, if contact resistance is
minimized (by using a large indentation force and large forward bias volt-
age and maintaining an inert ambient to prevent sample oxidation),[?272]
the measured resistance is dominated by Ry,. For depth profiling, sam-
ples were bevel-polished from the back using plane-view ion-milling at a
maximum glancing angle of 7°.

Hall measurements were done using an Accent HL5500PC system.
Thermomechanical cleaving, as described above, results in films with ir-
regularly shaped areas so prior to measurement, a square &5 X 5 mm
was cut through the film and epoxy. Indium contacts were placed in the
corners and the van der Pauw technique was used. XRD measurements
were made using a Rigaku DMAX X-ray diffractometer that was set up us-
ing Bragg-Brentano geometry. A Cu Ka radiation source was used at 40 kV
and 250 mA excitation, and samples were scanned from 20 to 140 degrees
20. Phase information and lattice parameters for CdSe, Te;, were extracted
from the literature.[*3]

Optical images were taken on CdCl,-treated CdSe,Te;,, (no back sur-
face layers) using a Zeiss M2m Imager with AxioVision software at 100x
magnification. While a Benson etch[”3! is typically required to increase the
contrast between grain boundaries and interiors (GBs are preferentially
etched), this was not required here. Average grain size was calculated us-
ing Image) software and standard E112-12 developed by the American So-
ciety for Testing and Materials (ASTM).[74]

Supporting Information

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