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Recent material improvements in polycrystalline cadmium tel-
luride (CdTe) photovoltaic solar cells have increased both the 
effective minority-carrier lifetime, τ, and the acceptor (acti-

vated p-type dopant) concentration, NA. In particular, alloying CdTe 
with selenium (CdSeTe) has led to an increase in τ from a few nano-
seconds to tens of nanoseconds1,2. Further, metal-oxide-passivation 
layers, such as aluminium oxide (Al2O3) and magnesium zinc oxide 
(MZO), can reduce recombination at the front and back interfaces, 
resulting in surface recombination velocities below 100 cm s−1 and 
lifetimes well above 100 ns (refs. 3–6). Finally, arsenic doping has led 
to NA > 1016 cm−3, along with higher performance stability and lower 
degradation rates, thanks to reduced carrier compensation when 
compared with conventional copper-doped devices7–10.

Despite these materials innovations, the voltage and, conse-
quently, the efficiency of polycrystalline CdSeTe devices remain 
low: the open-circuit voltage, Voc, of record-efficiency devices is 
still below 900 mV and, thus, the band gap–voltage offset Eg/q – Voc, 
where Eg is the absorber’s bandgap and q is the elementary charge, 
exceeds 500 mV. In comparison, record band gap–voltage offsets 
are below 350 mV for competing thin-film technologies, such as 
perovskite and gallium arsenide (GaAs), and below 400 mV for 
the best industrial crystalline silicon solar cells11–13. Thus, despite 
being the second-most manufactured solar cell technology, CdSeTe 
still has the largest scope for improvement. Device modelling indi-
cates that these high bulk lifetimes, high acceptor concentrations 
and low surface recombination velocities should, together, enable 
open-circuit voltages in excess of 1 V and efficiencies above 24% 
(refs. 14–16). This mismatch between model predictions and experi-
mental results raises the question of what limits the voltage of poly-
crystalline CdSeTe solar cells.

In particular, it remains unclear what the theoretical voltage limit 
Voc,ideal of CdSeTe absorbers is, and how Se alloying and As doping 

affect this limit; what the internal voltage, iVoc (or quasi-Fermi-level 
splitting: QFLS = q × iVoc), of long-lifetime, high acceptor concentra-
tion CdSeTe devices with passivated surfaces is; and, finally, to what 
extent selectivity losses reduce the open-circuit voltage from iVoc to 
Voc. In the crystalline silicon community, these questions are rou-
tinely answered to guide the development of high-efficiency devices 
using techniques such as quasi-steady-state photoconductance17,18. 
Similar techniques, often based on quantitative photoluminescence 
measurements, are now emerging for non-silicon thin-film devices, 
particularly perovskite solar cells19–22.

Here, we answer these questions for CdSeTe samples fabricated 
using a range of process conditions, doping strategies (As or Cu) 
and contact structures. We calculate Voc,ideal and compare it with iVoc, 
obtained from external radiative efficiency (ERE) measurements, 
and Voc. We show how sub-band-gap features can substantially 
reduce Voc,ideal by increasing the absorbed blackbody photon current 
with correspondingly negligible increases in the photogenerated 
current under illumination. This effect is particularly detrimental 
in As-doped samples and in the presence of a highly reflective back 
contact. We then parse the voltage losses of finished devices into 
contributions due to sub-band-gap features, to non-radiative recom-
bination and to imperfect selectivity. We show how Colorado State 
University’s Cu-doped devices with a conventional Te back contact 
exhibit a decent selectivity—with Voc approaching iVoc—but are lim-
ited by non-radiative recombination. Conversely, As-doped devices 
with a passivating back contact can exhibit a very high iVoc (>970 mV) 
but suffer from poor selectivity, leading to low Voc (<500 mV). Finally, 
we show how, in As-doped samples fabricated at First Solar, the As 
doping drives the selectivity, with the selectivity metric, Soc = Voc/iVoc, 
reaching a value of 1 when the doping is high enough. Our work 
uncovers which metrics researchers should use and which areas of 
research should be prioritized to reduce voltage losses.
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Breakdown of voltage losses and device structures. The 
open-circuit voltage of a photovoltaic device is given by its maxi-
mum theoretical value reduced by (non-radiative) recombination 
and contact selectivity losses. According to detailed balance analy-
sis, the theoretical voltage limit Voc,ideal is

Voc,ideal =
kBT
q ln

(
∫

a (λ)ϕexc (λ) dλ
∫

a (λ)ϕBB (λ, T) dλ
+ 1

)

(1)

where kB is the Boltzmann constant, T is the sample temperature, 
q is the elementary charge, λ is the wavelength, a(λ) is the sample’s 
absorptance, ϕexc (λ) is the excitation photon current and ϕBB (λ, T) 
is the blackbody photon current23,24. As detailed in Supplementary 
Discussion 1, under standard test conditions (ϕexc = AM1.5G illumi-
nation, T = 298.15 K), Voc,ideal depends only on the absorptance of the 
sample—specifically on the position and sharpness of the band edge, 
as tail states and sub-band-gap features can reduce the effective band 
gap of the sample25–27. In real devices, non-radiative recombination—
quantified by the ERE—reduces the QFLS from the theoretical limit 
q× Voc,ideal. (For the sake of consistency across the photovoltaics 
community, in the remainder of this paper we refer to the QFLS as 
the internal or implied voltage iVoc: QFLS = q× iVoc). The internal 
voltage iVoc is then given by (Supplementary Discussion 2):28,29

iVoc = Voc,ideal −
kBT
q |ln (ERE)| . (2)

The recent lifetime and acceptor concentration improvements in 
CdSeTe contribute to reducing non-radiative recombination—thus 
enhancing ERE and consequently iVoc—even though iVoc has not 
historically been tracked and reported by the CdSeTe community. 
Finally, selectivity losses, due to the non-zero resistances experi-
enced by electrons and holes as they travel through the absorber and 
out of the contact layers, are responsible for the difference between 
the internal voltage iVoc and the external voltage Voc:

Voc = Soc × iVoc, (3)

with Soc = Voc/iVoc being the selectivity metric of the device 
(Supplementary Discussion 3)28,30,31.

To investigate the roles played by material properties—especially 
absorber doping—and contact passivation in voltage losses, we 
fabricated multiple batches of devices over two years, varying the 
dopant species and doping technique (Cu diffusion post-deposition 
or in situ As doping), the structure of the absorber (thickness of 
the CdSeTe and CdTe layers, percentage of Se in the CdSeTe source 
material), the process parameters (for example, deposition temper-
ature, CdCl2 treatment duration) and the type of back contact, as 
summarized in Fig. 1a. Unless specified, the absorber was formed 
by deposition of a CdSeTe/CdTe bilayer, with the subsequent chlo-
rination treatment causing partial diffusion of Se towards the back 
of the sample, thus yielding a graded band gap absorber32. Samples 
with varying levels of As doping were also provided by First Solar 
for comparison.

MZO electron-contact layers can provide good interfacial pas-
sivation, with an interface recombination velocity below 200 cm s−1, 
and are thus unlikely to cause a sizeable drop in iVoc

3,6. The con-
ventional Te-based back hole-contact structure used at Colorado 
State University, on the other hand, is probably responsible for sub-
stantial recombination, as Te is a narrow band gap semiconductor 
(Eg < 0.4 eV) in direct contact with the CdSeTe absorber. Hereafter 
we refer to this contact structure as the ‘baseline’ contact. As an 
alternative, we used passivating back-contact structures consisting 
of a thin (≈2 nm) layer of aluminium oxide (Al2O3)—to passivate 
the back interface—followed by a p-type boron-doped hydroge-
nated amorphous silicon (a-Si:H(p)) layer33. Similar hole contacts  

combining a passivation layer together with an a-Si:H(p) 
hole-selective layer have been used to reach Voc > 1 V in mono-
crystalline CdTe devices34. This substitute Al2O3/a-Si:H(p) contact 
structure, which we refer to as a ‘passivating’ contact, is capped off 
with an indium tin oxide/silver (ITO/Ag) electrode, as is used in 
silicon heterojunction solar cells35.

Effect of dopants and cell optics on sub-band gap features. As 
shown in Fig. 1b, these device structures exhibit different sub-band 
gap absorption and emission behaviours and, thus, different Voc,ideal. 
The trends shown in these four characteristic devices have been 
repeatedly observed across many samples, both from direct pho-
toluminescence (PL) measurement and from reconstruction of the 
emission spectrum from external quantum efficiency (EQE) mea-
surements (see Supplementary Discussion 1 and Supplementary 
Methods 1 for details on reconstruction of the emission spec-
trum). All the samples exhibit some form of sub-band-gap features, 
including the Cu-doped sample with a baseline Te back contact, 
even though in that case the effect on Voc,ideal is minimal. Such 
sub-band-gap behaviours are not usually observed in unalloyed 
monocrystalline CdTe devices36,37. However, sub-band-gap emis-
sion has been associated with Se-related states within the band gap 
in Se-alloyed polycrystalline CdSeTe samples2.

Notably, both the passivating back contact and As doping lead to 
an increase in sub-band-gap features. The increase in sub-band-gap 
absorption with As doping has been previously documented and 
associated with electrostatic potential fluctuations, band gap fluctu-
ations and carrier concentration fluctuations due to compensating 
donors and acceptors8,38,39. To confirm that As doping is responsible 
for the observed increase in sub-band-gap features, we analysed 
CdSeTe samples with increasing As concentration provided by First 
Solar, shown in Fig. 1c. Although the shape of the sub-band-gap 
features is different from that of samples fabricated at Colorado 
State University, their amplitude increases strongly with As con-
centration, leading to a substantial decrease in Voc,ideal, as shown in 
Supplementary Table 3 and Supplementary Data 1. However, the 
ERE, shown in the inset in Fig. 1c, and the iVoc do not follow such a 
monotonic trend; at lower concentrations, more As is slightly ben-
eficial, but this trend reverses at higher concentrations, probably 
as a result of increased carrier compensation (lower dopant activa-
tion) with increasing As doping9. The influence of As doping is fur-
ther confirmed by samples fabricated at Colorado State University; 
the As-doped samples shown in Fig. 1b, deposited from a lower 
As-concentration source material, exhibit less severe sub-band-gap 
features than the devices shown in Fig. 1d, which were deposited 
from a higher As-content source material.

Although the increase in sub-band-gap features when switching 
from Cu to As doping can be traced to the change in the material 
properties of the absorber, this is not the case for the type of back 
contact used. Given that these back contacts are deposited with a 
low thermal budget after the CdCl2 chlorination and Cu-doping 
steps (if the latter is included), it is unlikely that the material prop-
erties of the absorber are affected by the back contact. Conversely, 
as we have recently shown, the optics of the cell are strongly altered 
when using our passivating back-contact architecture, as the Ag 
electrode acts as a back reflector—whereas the baseline Te back 
contact is highly absorptive—leading to at least a doubling of the 
path length for long-wavelength photons40. As shown in Fig. 1d 
and in Supplementary Table 4, the increase in back reflectance with 
each additional layer of the passivating contact stack leads to an 
augmentation of sub-band-gap features—as the average path length 
of long-wavelength photons is increased—along with an increase 
in ERE—as the escape probability of emitted photons through the 
front of the device is enhanced when the absorptance of the back 
contact decreases. Here, the increase in sub-band-gap features—
and the associated decrease in Voc,ideal (but increase in iVoc)—are due 
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to an improvement of the internal cell optics rather than to a degra-
dation of the cell’s material properties. Hence, worse sub-band-gap 
features do not necessarily mean worse devices: they can just be the 
consequence of superior cell optics40.

Impact of doping and back contact on ERE. The ERE values of 
CdSeTe samples fabricated over two years are presented in Fig. 
2. The scale for the corresponding non-radiative recombination 
loss, Voc,ideal − iVoc is also displayed. As shown in Fig. 2a, the ERE—
obtained from calibrated PL measurements (Methods)—correlates 
with the characteristic decay time τTRPL-tail of the time-resolved 
photoluminescence (TRPL) tail, which is an excellent estimate of 
the minority-carrier lifetime τ, provided that the lifetime and the 
acceptor concentration NA remain moderate (see Methods and 
Supplementary Methods 3 for details). The most luminescent sam-
ples exhibit remarkably high ERE (>1%), which is on a par with 
the best crystalline silicon, perovskite and copper indium gallium 

diselenide solar cells, and long TRPL-tail characteristic decay time 
(τTRPL-tail > 1 µs)41. The blue, orange and red regions correspond to the 
minority-carrier lifetimes τ modelled for given ranges of acceptor 
concentration NA, as detailed in the caption to Fig. 2a. The details of 
our model can be found in Supplementary Methods 2.

Figure 2b compares the iVoc obtained from ERE measurements 
against the iVoc modelled from experimentally measured τTRPL-tail and 
NA, with the former extracted from TRPL measurements and the 
latter assessed through capacitance–voltage (C–V) measurements, 
for the devices for which all three measurements (ERE, TRPL, 
C–V) were performed. Both approaches agree within ±20 mV, with 
most data points falling within ±10 mV. Thus, improvements in 
τTRPL-tail and NA lead to the expected increase in iVoc even though, 
as discussed in the next section, these do not necessarily trans-
late into an increase in Voc. Higher acceptor concentration devices 
(NA > 3 × 1015 cm−3) are not shown in Fig. 2b, as the TRPL-tail charac-
teristic decay time τTRPL-tail diverges from the actual minority-carrier 
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lifetime τ at high NA (see Methods and Supplementary Methods 3 
for details)42,43. A version of Fig. 2b including these outliers is shown 
in Supplementary Fig. 9, with source data in Supplementary Data 2.

One strong advantage of using the ERE technique to deter-
mine iVoc is that only one measurement is needed, with minimal 
post-treatment of data required, minimal underlying assumptions 
and minimal restrictions for the sample (that is, C–V measurements 
cannot be performed on ‘unfinished devices’, such as cell precursors 
and passivated films). Furthermore, ERE measurements are taken 
under steady-state 1-sun-equivalent illumination using a wide-area 
white bias light, thus better simulating the cell operating conditions 
than TRPL, where advanced modelling is required to access the 
exact injection at each point of the decay and to deconvolute tran-
sient phenomena, such as carrier separation and diffusion.

Distributions of ERE values can be found in Fig. 2c,d, as a 
function of the dopant species and the type of back contact used. 
Passivating back contacts lead to a limited increase in ERE in 
Cu-doped devices: the ERE is 2.1 times higher on average than for 

baseline Te back contacts, corresponding to a 20 mV reduction in 
voltage losses due to non-radiative recombination (Voc,ideal − iVoc). 
Similarly, switching from Cu doping to As doping in samples with a 
baseline Te back contact yields only an average 3.4 times improve-
ment in ERE, corresponding approximately to a 30 mV reduction in 
Voc,ideal − iVoc. On the other hand, combining As doping with a pas-
sivating back contact leads to a substantial improvement in ERE: 36 
times average increase (>90 mV decrease in Voc,ideal − iVoc) compared 
to As doping alone; 57 times average increase (>100 mV decrease 
in Voc,ideal − iVoc) compared to using a passivating back contact alone; 
and 121 times average increase (>120 mV decrease in Voc,ideal − iVoc) 
compared to conventional Cu-doped samples with a baseline Te 
back contact. These trends have been consistently observed within 
each batch of devices that we have fabricated and measured. This 
indicates that, in conventional CdSeTe devices, the iVoc is limited by 
both the material quality of Cu-doped CdSeTe (that is, bulk recom-
bination) and the poor surface passivation of baseline Te back con-
tacts (that is, back interface recombination). Both recombination 
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pathways must be mitigated in parallel to substantially improve iVoc: 
As-doped devices with a baseline Te back contact are still limited by 
recombination at the back interface, and Cu-doped devices with a 
passivating back contact are still limited by bulk recombination on 
Cu-induced defects.

Comprehensive voltage loss breakdown. The full voltage loss 
analysis for six characteristic samples fabricated at Colorado State 
University—three Cu doped, three As doped—is displayed in Fig. 
3a. Each sample comprises 7 to 25 devices, fabricated simultane-
ously on the same substrate. The leftmost data correspond to a 
high-voltage (860–875 mV) high-efficiency (>20%) Cu-doped 
sample with a baseline Te back contact, among the best set of 
devices made at Colorado State University. Because of the differ-
ences in sub-band-gap behaviours previously discussed, As-doped 
samples exhibit a reduction of Voc,ideal (referred to as ‘radiative emis-
sion losses’44), which is exacerbated in the presence of a reflective 
passivating back contact, reaching 65–75 mV in the worst case 
presented here. Nevertheless, the superior luminescence (ERE) 
achieved when combining As doping with passivating back con-
tacts more than offsets these losses. As a result, we demonstrate 
iVoc values exceeding 970 mV, more than 80 mV higher than the Voc 
of the record-efficiency CdSeTe solar cell45. The devices from the 
best Cu-doped sample reported here (leftmost data points in Fig. 
3a) also exhibit relatively high iVoc (920–950 mV), tens of millivolts 
above the Voc of record-efficiency devices.

Selectivity losses can be visually quantified by the dif-
ference between iVoc (upward-pointing triangle) and Voc 
(downward-pointing triangle) in Fig. 3a. The associated selectivity 
metric Soc = Voc/iVoc is reported in Supplementary Fig. 10. Among 
Cu-doped samples—all three of them fabricated with a baseline Te 
back contact—the 20%-efficient sample exhibits the highest iVoc but 
also the highest selectivity loss (approximatively 65 mV, Soc = 0.93). 
Since a poor selectivity stems from either a poor passivation or 
a poor conductivity, we conclude that one of the two contacts in 
these samples is resistive to the carriers it should be extracting31. 
The two other Cu-doped samples demonstrate an example where 
Voc is approximatively the same (averages within 10 mV of each 
other, with overlap of the distributions) but iVoc differs appreciably 
(>20 mV difference between the averages, with no overlap of the 
distributions). Thus, these samples achieve similar Voc for different 
reasons: the first exhibits lower non-radiative recombination (that 
is, higher ERE), whereas the second achieves higher selectivity.

In comparison, the As-doped sample with a baseline Te back 
contact presents a substantially lower selectivity (iVoc − Voc > 120 mV, 
Soc = 0.86). This is again surprising, as the higher NA obtained with 
As doping should increase both the hole conductivity and the elec-
tron resistivity in the vicinity of the back interface, which should 
lead to an increase in selectivity30,31. Extraction barriers within the 
absorber (for example, along grain boundaries) could potentially 
explain this poor selectivity. As shown in Supplementary Fig. 11 and 
Supplementary Data 3, the wider band gap of CdTe and the graded 
Cu profile—due to the post-deposition Cu diffusion process—at the 
back of the device appear to play a key role in the superior selectivity 
of Cu-doped samples; all else being identical, CdSeTe:As/CdTe/Te 
devices on which a light Cu-doping treatment is performed achieve 
a substantially higher selectivity (without iVoc loss) than CdSeTe:As/
CdTe/CdSeTe:As/Te devices. Hence, the absorber also plays a role 
in the selectivity of the device, and it must be optimized to ensure 
unimpeded carrier extraction.

Finally, the selectivity of As-doped devices with a passivating back 
contact is quite poor (iVoc − Voc > 500 mV, Soc < 0.5), thus severely 
limiting the performance of these devices. As shown in Fig. 3b,c, 
the selectivity of Cu-doped devices with a passivating back contact 
is also poor, with Voc < 500 mV. This indicates that these passivating 
back contacts are highly resistive to electrons (which is desirable),  

but also to holes (which is detrimental). Hence, these contact struc-
tures block the extraction of both types of charge carriers. The 
associated devices often exhibit poor short-circuit current densi-
ties (Jsc) and EQE, confirming the presence of a carrier-extraction 
barrier. Considering that similar a-Si:H-based contact structures 
have enabled Voc > 1 V in monocrystalline n-type CdTe solar cells, 
this behaviour is not expected nor understood34. We suspect that 
this resistivity to holes originates from Fermi-level pinning at the 
CdSeTe/Al2O3 or the Al2O3/a-Si:H interface, or from a chemical 
alteration of the contact during CdCl2 treatment. Given that, when 
compared with monocrystalline CdSeTe, a stronger space-charge 
field is observed in Al2O3-passivated polycrystalline CdSeTe, the 
hypothesis of Fermi-level pinning at the interface between polycrys-
talline CdSeTe and Al2O3 is favoured5.

Notably, all the devices reported in Fig. 3a exhibit non-negligible 
selectivity losses, ranging from 30–65 mV for conventional 
Cu-doped devices with a baseline Te back contact, to several hun-
dreds of millivolts for As-doped devices with a passivating back con-
tact. Beyond these six samples, we have not encountered any sample 
fabricated at Colorado State University for which Voc matched iVoc. 
This is striking, as Voc closely matches iVoc (within 5 mV or below) 
under 1-sun illumination for mature crystalline silicon solar cell 
technologies46,47, and similar Voc–iVoc matching has recently been 
demonstrated with perovskite solar cells11. Thus, the assumption 
that Voc = iVoc in CdSeTe solar cells cannot be taken for granted and 
probably depends on the entire cell fabrication process.

Devices fabricated at First Solar with variable levels of As doping 
and a ZnTe back contact, reported in Fig. 4, offer a point of com-
parison where the process-dependent nature of the Voc = iVoc asser-
tion is clearly evident. First Solar has reported similar As-doped 
solar cells with Voc exceeding 850 mV, acceptor concentrations in 
the range of 1016 cm−3 and long-term stability8,9. As discussed above, 
increasing As doping leads to a reduction in Voc,ideal due to increased 
sub-band-gap features. This, combined with the decrease in ERE 
at higher As-doping levels—a phenomenon that is probably due to 
increased dopant compensation—leads to a reduction in iVoc with 
increasing As doping. The selectivity, conversely, improves steadily 
with As incorporation, with Soc reaching unity (Voc = iVoc) when the 
As doping is high enough (Supplementary Fig. 12). This result is 
expected; the higher hole concentration and lower electron concen-
tration at the back of the absorber leads to a high ratio of conduc-
tivities between holes and electrons and, thus, to a high selectivity. 
This demonstrates that proper absorber engineering can drive car-
rier selectivity.

Nevertheless, these high-selectivity devices have iVoc values 
below 855 mV, tens of millivolts lower than the devices fabricated 
at Colorado State University. Comparison between films with a 
free back surface (no back contact) and finished devices fabri-
cated simultaneously at First Solar, shown in Supplementary Figs. 
13–16 and Supplementary Data 1, reveals that deposition of the 
back contact is responsible for a drop in iVoc. In the absence of the 
back contact, the ERE is higher by up to an order of magnitude 
(Supplementary Fig. 14 and Supplementary Data 1) and the iVoc is 
consequently higher by approximately 60 mV (Supplementary Figs. 
15 and 16 and Supplementary Data 1). All else being kept identical 
until deposition of the back contact, either (1) poor back-contact 
passivation, or (2) a modification of the absorber or the front inter-
face during its deposition, leads to internal voltage losses of at least 
60 mV. Thus, in the short term, improving the back contact—by 
enhancing the back interface passivation or by mitigating the poten-
tial detrimental effect of the contact deposition process—is key to 
achieving voltages around 900 mV with First Solar’s As-doped 
solar cells. However, in samples with a free back surface, addition 
of an Al2O3 passivation layer leads to a limited increase in photo-
luminescence: 1.25–2 times improvement, translating into an iVoc 
increase of 20 mV at best (Supplementary Fig. 17)48. This suggests 
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that, even with a good back-interface passivation, First Solar’s cur-
rent As-doped films are limited to an iVoc around 920–930 mV. To 
achieve an iVoc (and, subsequently, a Voc) approaching 1 V, sources of 
recombination other than the absorber/back-contact interface must 
be tackled. Improvements of the front interface passivation and the 
bulk absorber material quality are, thus, still needed.

Finally, it is important to note that the iVoc–Voc comparison 
informs on the combined selectivity of both the electron and hole 
contacts and does not enable accounting of the selectivity losses 
due to each contact individually. Further insight into which contact 

is limiting can be gained only from comparison between devices 
where one contact is kept identical and the other contact is altered. 
For example, for samples fabricated at Colorado State University, 
the MZO front electron contact was kept unchanged across all 
fabrication runs. As some devices exhibit a reasonably high com-
bined selectivity (iVoc − Voc < 30 mV, Soc = 0.97), the individual 
selectivity of MZO is necessarily at least that high. But, for these 
higher-selectivity devices, we do not have enough information to 
assign the remaining 30 mV of selectivity losses to one contact or 
the other. Conversely, for the samples fabricated by First Solar, as a 
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selectivity equal to unity is achieved at high NA, we can tentatively 
assign the entire iVoc − Voc difference at lower As doping to the hole 
extraction process, with no voltage losses associated with the elec-
tron contact (assuming that the change in NA did not affect the 
interaction between the front electron contact and the absorber).

Conclusion
The understanding and the improvement of solar cells can be greatly 
accelerated by performing systematic voltage loss analyses, such as 
those presented here. By dissecting the origins of voltage losses, one 
can assess the most effective pathways to improve the performance 
of photovoltaic devices. Here, we showed that, in the case of CdSeTe 
devices, the assumption that internal and external voltages match 
(that is, Voc = iVoc) cannot be taken for granted, and the extent of the 
resulting iVoc − Voc selectivity loss is highly process dependent.

This presents an opportunity and a challenge for Colorado State 
University’s As-doped CdSeTe absorbers with well-passivated inter-
faces; these samples can achieve ERE values above 1% but, unlike 
silicon or perovskite solar cells, lack a correspondingly high Voc. 
Achieving high selectivity (Voc = iVoc) with such passivated absorb-
ers—through engineering of the back contact and of its interaction 
with the absorber—would lead to an increase in Voc of 80 mV over 
present record-efficiency devices, with the potential of improving 
the efficiency of CdSeTe solar cells by approximately 2% (absolute) 
on the basis of voltage gains alone. Similarly, the voltage of First 
Solar’s As-doped devices could be increased by at least 60 mV by 
improving the back-interface passivation or by reducing the nega-
tive impact from the back-contact fabrication process while con-
serving its excellent selectivity.

Unlocking these potential voltage gains requires engineer-
ing contacts that are concurrently passivating and selective, along 
with ensuring the absence of carrier-extraction barriers within the 
absorber itself. Among the back-contact candidates investigated 
here, Te and ZnTe contacts are not passivating enough, whereas 
Al2O3/a-Si:H(p)-based contacts are not selective enough. Research 

on a passivating carrier-selective back contact is, thus, critical 
to advance the performance of CdSeTe cells. However, as shown 
through our voltage loss analysis and suggested by the contrast 
between a high selectivity and a poor selectivity cell architecture, 
achieving a Voc exceeding 1 V with CdSeTe solar cells will require 
research on all the aspects of the device.

Finally, there is room to improve Voc,ideal (and thus iVoc and Voc) 
by reducing sub-band-gap features. As we have demonstrated, 
As doping and Se alloying both contribute to these detrimental 
features, which reduce the thermodynamic voltage limit of the 
absorber. Engineering the absorber to reduce the concentration 
of sub-band-gap states without sacrificing the benefits provided 
by As doping and Se alloying has the potential to substantially 
improve CdSeTe solar cells and should be an important focus area 
for future research.

Methods
Sample fabrication. Substrate preparation and front contact deposition. Samples 
fabricated at Colorado State University were deposited on commercially available 
Pilkington TEC10 substrates, consisting of a 3.2 mm thick soda-lime glass slab, 
a sodium diffusion barrier and a fluoride-doped tin oxide (FTO) transparent 
conductive layer. As previously described in the literature49, before deposition of 
the absorber, we sputtered a 100 nm thick Zn0.77Mg0.23O electron-contact layer on 
top of the FTO by planar magnetron sputtering under 5 mTorr pressure in 3%/97% 
O2/Ar process gas.

Absorber deposition. The absorbers were deposited by close-space sublimation in 
the Advanced Research Deposition System (ARDS) at Colorado State University50. 
Unless specified otherwise, the absorbers were deposited as CdSeTe/CdTe bilayers, 
using either CdSe0.2Te0.8 or CdSe0.4Te0.6 as the front source material and unalloyed 
CdTe as the back source material. Se diffusion during the post-deposition CdCl2 
activation treatment—also performed in the ARDS tool—leads to the formation 
of a graded band gap absorber32. For select sets of samples, a high-temperature 
annealing step was performed after the chlorination step.

Absorber doping. Arsenic doping was performed in situ, under Cd overpressure 
from a stacked secondary sublimation source containing elemental Cd metal, 
using predoped CdTe, CdSe0.2Te0.8 and CdSe0.4Te0.6 source materials with As 
concentrations of 5 × 1017 or 1 × 1020 cm−3. From secondary ion mass spectrometry 
(SIMS), As concentration in the deposited film reaches 1–10% of the concentration 
in the source material. As previously described in the literature50, Cu doping was 
carried out post-deposition and post-CdCl2 treatment by exposing the grown films 
to a CuCl vapour source before annealing them, leading to a Cu concentration of 
5 × 1017–2 × 1018 cm−3 in the deposited film (again, from SIMS measurements).

Baseline back contact deposition. The baseline Te back contact—consisting of 
30–40 nm of Te—was deposited by evaporation in a separate tool following the 
CdCl2 activation step and eventual Cu-doping process, with a vacuum break during 
sample transfer. A carbon–nickel conductive electrode was then painted onto the 
back of the device. Individual devices (7 to 25 per sample, 0.64–0.67 cm2 in size) 
were then blast-delineated.

Passivating back contact deposition. Fabrication of the passivating back contact 
started with the deposition of 2 nm of Al2O3 by planar magnetron sputtering under 
5 mTorr pressure with 8%/92% O2/Ar process gas flow, performed at Colorado 
State University3. The samples were then shipped to Arizona State University 
for deposition of the subsequent layers. An 8 nm layer of p-type boron-doped 
hydrogenated amorphous silicon (a-Si:H(p)) was deposited by plasma-enhanced 
chemical vapour deposition in an Applied Material P5000 system. An ITO/Ag 
(70 nm/200 nm) electrode was then deposited by reactive sputtering in an MRC 
944 tool. The samples were then shipped back to Colorado State University 
where they were blast-delineated into individual devices (7 to 25 per sample, 
0.64–0.67 cm2 in size).

First Solar samples. First Solar’s samples are deposited using vapour transport 
deposition, treated with a CdCl2-based anneal and finished with a ZnTe back 
contact, as detailed by Metzger et al.8. Samples with Al2O3 passivation were 
prepared using atomic layer deposition followed by annealing.

Characterization. ERE measurement. ERE measurements were performed at 
Arizona State University using a modified version of the tool and technique 
described by Zhao et al. (a schematic of the tool can be found in Supplementary 
Fig. 18)51. The samples were excited with a low-power (<0.05 Sun equivalent) 
532 nm diode-pumped solid-state laser, chopped at a frequency of 105–110 Hz, 
in parallel with a 1-sun-equivalent white light-emitting-diode bias light (not 
chopped). Emission was detected with a Thorlabs DET10N2 InGaAs photodetector 
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mounted with a 715 nm absorptive long-pass filter, thus ensuring that no 532 nm 
excitation photons reflected off the sample could reach the photodetector. 
Calibration of the excitation photon current was performed with a Spectralon 2% 
diffuse reflectance standard in the absence of the excitation-blocking long-pass 
filter. A Stanford Research System SR830 lock-in amplifier was used to extract the 
chopped PL signal from the background noise.

Spectral photoluminescence. Photoluminescence emission spectra were measured at 
NREL with a Princeton Instruments HR300 spectrograph and a Pixis400 Si CCD 
camera, calibrated for spectral sensitivity using calibration lamps provided by the 
manufacturer. Samples were excited at a wavelength of 632.8 nm using a HeNe 
continuous-wave laser.

Time-resolved photoluminescence. TRPL measurements were performed at NREL 
using the time-correlated single-photon counting technique. Samples were excited 
with 300 fs laser pulses at a wavelength of 640 nm with a 1.1 MHz repetition rate. 
A low photon fluence per pulse (approximately 1012 cm−2) was used to minimize 
the systematic error due to charging and discharging of the front electron-contact 
layer, as discussed in Supplementary Methods 3. A Si avalanche photodiode in 
combination with an interference bandpass filter was used for single-photon 
detection. For each sample, the TRPL-tail characteristic decay time, τTRPL-tail—which 
is an excellent estimation of the actual minority-carrier lifetime τ, provided that 
the lifetime and the acceptor concentration are not too high—was then extracted 
by fitting the tail of the decay with a single exponential (Supplementary Methods 
3). The raw TRPL data for the samples reported in Fig. 2a,b can be found in 
Supplementary Data 4.

Current density–voltage (J–V) measurements. J–V measurements were performed at 
room temperature in ambient atmosphere under 1-sun illumination from an ABET 
Technologies 10600 Xenon arc lamp equipped with an AM1.5G filter, calibrated 
using a stable CdS/CdTe cell of known Jsc. The terminal voltage of the devices 
was swept from negative (−0.8 V) to positive bias (+1.2 V) in 0.025 V steps with a 
4 ms dwell time at each bias while measuring the current through the cells using a 
Keithley source meter.

EQE measurements. EQE measurements were carried out under illumination 
from a chopped monochromatic light, selected from a white light source using 
a monochromator. The solar cell’s chopped current response was recorded as a 
function of wavelength using lock-in amplification. The spectral response of the 
device was then compared to that of a UV-sensitized crystalline silicon cell of known 
EQE, measured just before measurement of the devices for calibration purposes.

C–V measurements. C–V measurements were taken at 100 kHz after confirmation 
that the capacitance was frequency-independent at multiple biases within this 
frequency range. The amplitude of the voltage oscillation around the measurement 
voltage was ±10 mV. Capacitance was measured from –1 V to 1 V. Results were 
analysed using the standard approach from Hegedus and Shafarman, assuming 
an abrupt junction52. Representative carrier concentration versus distance 
from junction curves for As-doped and Cu-doped samples are displayed in 
Supplementary Fig. 19. The C–V profiles of the samples reported in Fig. 2b can be 
found in Supplementary Data 5.

Device model. The details and the input parameters of the model used to correlate 
ERE and τ are presented in Supplementary Methods 2. In Fig. 2a, the shaded 
regions were calculated from Supplementary equations (17) and (18) using the 
parameters from Supplementary Table 2. In Fig. 2b, the iVoc was calculated from 
the TRPL-tail characteristic decay time τTRPL-tail and the C–V-measured acceptor 
concentration NA (measured at 0 V bias) using Supplementary equations (14), (15) 
and (18).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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