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Module Differences: Singulated vs Monolithic

Singulated (Wafer-based) Architecture Monolithic (Thin-film) Architecture

Pro:  Can sort cells to match performance
Con: More handling and failure points

Pro:  All but connection to j-box is automatic
 Lower cost, fewer failure points
Con: Large area uniformity can be challenging
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Comparative Energy Yield of CdTe Relative to Si 

• CdTe has a favorable temperature 
coefficient (-0.32%/˚C vs -0.34%/˚C) 
• TOPCON → -0.29%/˚C
• SHJ → -0.21%/˚C
• Cd(Se,Te):As → -0.23/˚C

• CdTe has less spectral dependence 
from humidity

• CdTe has lower bifaciality
• Si → 80-90% bifaciality
• CdTe → ~15% bifaciality (today)

1. B.E. Sartor, et al. “Roadmap to 100 GWDC: Scientific and Supply Chain Challenges for CdTe Photovoltaics ” (under review)
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Evolution of Cadmium Telluride Photovoltaics

P. Verlinden, et al., “Photovoltaic device innovation for a solar future” Device, 1, 100013 (2023). https://doi.org/10.1016/j.device.2023.100013 

CdCl2Impurity control 
(Cu, Cl, O)

Contact refinement



PVCellTech 2025 NREL    |    23

Evolution of Cadmium Telluride Photovoltaics

P. Verlinden, et al., “Photovoltaic device innovation for a solar future” Device, 1, 100013 (2023). https://doi.org/10.1016/j.device.2023.100013 
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Evolution of Cadmium Telluride Photovoltaics

P. Verlinden, et al., “Photovoltaic device innovation for a solar future” Device, 1, 100013 (2023). https://doi.org/10.1016/j.device.2023.100013 

CdCl2Impurity control 
(Cu, Cl, O)

Front contact
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Entitlements

Eg (eV) Jsc (mA/cm2) Voc (mV) FF (%) Eff. (%)

CdTe 1.5 28.97 1215 89.9 31.64

CdSeTe 1.4 32.88 1122 89.3 32.91

1. S. Ruhle “Tabulated values of the Shockley–Queisser limit for single junction solar cells” Sol. Energy 130 (2016) 139-147. 
2. M.A. Green, et al. Prog. Photovolt.: Res. Appl. Solar Cell, “Solar Cell Efficiency Tables”; https://www.nrel.gov/pv/interactive-cell-efficiency.html

Detailed balance limit (25˚C, 1 sun, AM1.5G)1

Present record (31.66 mA/cm2): 
~95% of current entitlement

Why the historic gap?

• Minority carrier lifetime ~ ns
• Doping ~ mid-1014 cm-3

• Recombination at interfaces
• Electronic disorder

Voltage has appeared flat…
~100 mV increase relative to 
entitlement has been realized

Present record (904.8 mV): 
~80% of voltage entitlement
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A Method to Improve Voltage
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S	=	100	cm/s	 S	=	105	cm/s	 Difference	

A. Kanevce, M.O. Reese et al. J. Appl. Phys. 121 (2017) 214506.

• First generation devices confined to dashed 
boxes,

• Se-alloying enables higher lifetime,
 

• Realizing significant improvements requires 
(simultaneously):
• High lifetime
• High doping
• Low interface recombination (S)
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Finding a Replacement for Cu Doping

Cu is unstable with time & temperature even in single crystals

Doping in Single Crystals

1. J.M. Burst, et al. APL Mater. 4 (2016) 116102.
2. D. Krasikov, et al. Sol. Energy Mater. Sol Cells 224 (2021) 111012.

pX Thin-Film Devices
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Recent CdTe Record Cells

D. Lu et al. (in preparation)
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Present Opportunities for Improvement

Low dopant activation may 
cause sizable Voc losses: 

◦ P-doped ~ 20-50 mV
◦ As-doped ~ 50-100 mV

Activation is the ratio of electrically active 
carriers to chemically incorporated dopants 

Activation Electronic Disorder

www.advancedsciencenews.com www.advancedscience.com

Figure 3. a) TRPL and b) absolute spectrally corrected PL showing the effect of increasing Se concentration in CdSexTe1-x 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 CdSe0.23Te0.77 slow deposition sample was 150 ns while

CdSe0.19Te0.81 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 DLTSbetween baseline and slow

deposition CdSe0.3Te0.7 seen in Figure 2. I t could be that as the

density of defects that dominates the sub-bandgap PL peak and

capacitance for baseline CdSe0.3Te0.7 decrease, a defect(s) deeper

in theband becomesvisible, or it could bethesamedefect 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 CdCl2 anneal

conditions have been re-optimized. Here, CdSe0.3Te0.7 treated

with GrV-optimized CdCl2 conditions showed substantially lower

lifetime than baseline (i.e., Cu-optimized CdCl2) CdSe0.3Te0.7

(140and 920ns, respectively). Together with decreased PLQYand

broadened defect peak, low lifetime likely results from increased

nonradiative recombination and abroader band of defects. Since

CST is typically responsible for high lifetimes in Cu-doped de-

vices, this reduced lifetime with GrV-optimized CdCl2 may be

a reason that GrV-doped devices can suffer from relatively low

lifetimes, particularly when absorber hole density is low.[18] 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-

quiresan intact back contact (seeExperimental Section), thissug-

gests that the SnO2/CdSe0.3Te0.7 interface may be damaged dur-

ing the “GrV-optimized CdCl2” anneal (i.e., defect density greatly

increased – GrV-dopant pileup is regularly observed in devices

and may be related).[3,36] In highly doped GrV devices, this issue

may be exacerbated by the increased sensitivity to front interface

recombination.[14–16]

Finally, the samples with the highest PLQY, which is typically

taken as an indication of better material passivation,[7,8,37,38] also

showed thehighest sub-bandgap emission (e.g., CdSe0.3Te0.7 and

CdSe0.4Te0.6 in Figure 3b). This raises the question of whether

high PLQY (integration under the entire PL curve) always indi-

catesgood material quality. Sinceincreasingdefect emission with

higher Secontent has been observed for undoped CST fabricated

at other institutions using different methods,[28,39] this hints at a

fundamental defect that may lead to lossesin devices. It isunclear

how harmful these defects are though, since Cu-doped devices

with CdSe0.3Te0.7 at thefront still achievehigh carrier lifetimeand

photocurrent.[31,40] Becausethedefectsareradiativeand relatively

shallow, it ispossible that thelong carrier lifetimes originate from

the trapping/de-trapping of minority carriers (holes).[23] This is

supported by DLTS, which showed the dominance of hole trap-

ping in thesefilms. TRPL curvesdo not suggest detrimental trap-

ping though (i.e., nearly complete decay within first few nanosec-

onds followed by aflat tail hovering just abovebaseline),[41] likely

because deep (nonradiative) defects in CdTe are passivated by

Se.[6,10] Passivation of deep defects and introduction of shallow

hole traps at GBs via Se and Cl[10] 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.[42,43] 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., ashasbeen shown in graded

devices previously,[10,44] becomes flattened and only intrinsic GI

and GB resistivity are measured.

3.2. N-TypeBehavior

This section explores potential causes for the observed strong

n-type behavior and implications for device performance. Bi-

nary CdSe fi lms are commonly n-type,[33,34] 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 compositionsas low asCdSe0.3Te0.7

in some cases,[45,46] X-ray diffraction (XRD) analysis of the most
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Recombination

4. D. Lu et al. (in preparation)
5. R. Mallick et al. IEEE J. Photovolt. 13 (2023) 510. 1. B.E. Sartor et al. (under review)

2. W.K. Metzger, et al. Nat. Energy 4 (2019) 837
3. D.L. McGott et al. Adv. Sci. (2024) 2309264.


