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The polycrystalline CdTe photovoltaic (PV) device is one of the 
most successful commercial thin-film solar cell technologies, 
with a record power conversion efficiency (PCE) of over 22%, 

a module that is cost competitive with Si modules and more than 
25 GW worth of solar modules installed worldwide1–4. So far, all 
manufacturing processes of CdTe-based PV modules include three 
critical steps at different temperatures: fast absorber (CdTe or CdSe/
CdTe) deposition (~600 °C), CdCl2 treatment (~400 °C) and Cu 
doping (~200 °C)5,6. The ex situ diffusion Cu doping introduces hole 
carriers in the absorber layers, which are needed for efficient CdTe 
solar cells. However, Cu doping possesses two major shortfalls that 
limit the performance of current CdTe-based PV modules. First, 
due to defect compensation, Cu doping is only able to produce a low 
hole density of ~1014 cm−3, which is about two orders of magnitude 
lower than the optimum hole density (~1016 cm−3) needed to maxi-
mize the PCE of CdTe-based PV modules7. Second, Cu ions easily 
migrate and diffuse spatially, creating a risk of module instabilities8.

For many decades, lots of effort has been expended to address 
these shortfalls of Cu doping by exploring other dopants, especially 
group V doping via substitutional incorporation of elements such 
as phosphorus, arsenic, antimony and bismuth (Supplementary  
Table 1 shows the various group V doping approaches in 
CdTe-based solar cells). Theoretical studies have predicted that 
group V doping is capable of overcoming the two shortfalls of 
Cu doping9,10. Both in situ and ex situ group V doping have been 
explored experimentally. The US National Renewable Energy 
Laboratory (NREL) and First Solar Inc. have demonstrated a high 
hole density of 1 × 1017 cm−3 and a PCE of 20% with excellent device 
stability through in situ group V doping5, showing the method’s 
impressive capability to overcome the shortfalls of Cu doping in 
CdTe-based solar cells. Other in situ group V doping approaches 
include providing Cd3V2 powders (where V is a group V element) 
dope in single-crystal CdTe growth11, tris-dimethylaminoarsine 

in metal–organic chemical vapour deposition growth12 and arsine 
(AsH3) in polycrystalline CdTe-based thin films13. However, most of 
these in situ group V doping techniques require complex annealing 
processes to activate the dopants5. In addition, high deposition tem-
peratures such as those used in vapour transport deposition (VTD) 
are thermodynamically favourable to the formation of Cd-deficient 
CdTe films10, making it energetically unfavourable to dope As at 
Te sites (AsTe). Providing additional Cd vapour is an effective way 
to mitigate this problem during group V doping in CdTe single 
crystals14. However, neither high-temperature (>1,000 °C) anneal-
ing of CdTe single crystals in sealed quartz ampoules nor special 
high-temperature post-deposition activation is compatible with 
current industry technology2. Nonetheless, the dopant activation 
ratio, which is defined as the hole density relative to an incorporated 
dopant quantity, is only about 1.5% in VTD As doped polycrystal-
line CdTe-based absorbers due to complicated compensation pro-
cesses15. Additionally, in situ group V doping introduces a uniform 
distribution of dopants in the CdTe absorber layer5, impeding desir-
able dopant depth profiles16,17.

A low-temperature ex situ diffusion of group V dopants is pre-
ferred and fully compatible with mainstream CdTe-based solar 
module fabrication. Importantly, ex situ group V doping can be 
performed in chlorinated CdTe (that is, CdCl2-treated CdTe)18, 
which is more desirable for the formation of substantial group V 
on Te sites (VTe). Although group V diffusion doping in CdTe and 
the desirable depth profiles have been successfully demonstrated19, 
high efficiency CdTe solar cells using ex situ group V doping have 
proved elusive (Supplementary Table 1). Reported ex situ group V 
doping approaches include annealing CdTe in group V vapour20, 
group V ion implantation21 and depositing a group V Te back buffer 
layer followed by thermal diffusion22. For instance, using Sb2Te3 as 
back contact produced a PCE of 13.1% with an open-circuit volt-
age (VOC) of 816 mV after annealing at 300 °C (ref. 23). However, 
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the residual Sb2Te3 creates a large hole transport barrier (0.4 eV) at 
the CdTe/Sb2Te3 interface due to the defect compensation, which 
limits further improvement of the PCE23. Also, the similarity of the 
Pauling electronegativity of group V elements to those of Te and 
Cd (Supplementary Table 2) indicates that V–Te and Cd–V bonds 
have highly covalent characteristics, suggesting that higher energy 
is required to break the covalent bond before the group V element 
can diffuse into CdTe. Therefore, a higher annealing temperature is 
required to facilitate the diffusion of group V elements.

Here, a series of group V highly ionic materials (that is, group V 
chlorides (VCl3) such as PCl3, AsCl3, SbCl3 and BiCl3) are used as 
dopant precursors in a solution method (Supplementary Table 3) 
with various physical properties differing from those of Cd group V 
compounds (that is, Cd3V2 compounds such as Cd3P2 and Cd3As2), 
enabling low-temperature and effective ex situ group V doping in 
polycrystalline CdTe thin-film solar cells. Density functional the-
ory (DFT) calculations, materials synthesis and characterizations 
and device fabrication and measurements are used to validate this 
strategy. For AsCl3 ex situ doped CdSeTe films, we achieved hole 
densities >2 × 1015 cm−3 and carrier lifetimes longer than 20 ns. As 
a result, our ex situ group V doped CdSeTe solar cells achieve a VOC 
as high as 863 mV, compared with the highest VOC of 852 mV for Cu 
doped solar cells. These results demonstrate success in fabricating 
polycrystalline CdSeTe solar cells doped by group V elements using 
an ex situ and low-cost process that is completely compatible with 
current industrial manufacturing lines, opening a new direction for 
research on group V doped polycrystalline CdTe-based thin-film 
solar cells.

Problem and mitigation strategy for ex situ group V doping. As 
described above, the need for annealing temperatures exceeding 
600 °C for previous ex situ group V doping using Cd3As2 as dopant 
source is the main reason for the poor performance of CdTe solar 
cells. However, our DFT calculations suggest that high-temperature 
annealing may not be essential for effective diffusion of group V 
dopants in CdTe (Supplementary Table 4 and Supplementary Fig. 1).  
Previous DFT calculations have shown that the diffusion barriers  
for group V dopants in CdTe are in the range of 0.4–0.8 eV, depend-
ing on the charge state of the group V dopants20. Our DFT-calculated 
diffusion barriers for Cd in CdTe are in the range of 0.35–0.40 eV 
(Supplementary Table 4 and Supplementary Fig. 1), only slightly 
smaller than those of group V dopants. Cd atoms readily  

diffuse at temperatures above 300 °C (ref. 24). We hypothesize that 
the reason high annealing temperatures in a sealed ampoule are 
required could be to provide sufficient vapour pressure of group V 
elements rather than to overcome the ion diffusion barrier20.

If our hypothesis is correct, the required annealing tempera-
ture may be substantially lowered by depositing appropriate back 
contact before the diffusion annealing. Inspired by the CdCl2 heat 
treatment (~400 °C) and doping with Cu chlorides (that is, CuCl 
and CuCl2; ~200 °C) in CdTe-based solar cells25–27, we propose to 
use group V chlorides (for example, PCl3, AsCl3, SbCl3 and BiCl3) 
as the group V dopant sources in CdSeTe solar cells, which can also 
help avoid the loss of Cl during the annealing after CdCl2 treat-
ment28. Group V chlorides are salts that can be dissolved in organic 
solutions, thus allowing room-temperature solution deposition 
(Supplementary Table 3). The ionic nature of these salts makes 
diffusion of group V cations easier at low annealing temperatures. 
However, because of the ready hydrolysis, toxicity or both of VCl3 
compounds, the deposition must be done in an inert environment, 
such as a dry N2-filled glovebox. This further implies that the back 
contact must also be deposited in an inert environment and at room 
temperature. Therefore, we employ a low-temperature carbon paste 
as the back contact with a curing temperature <100 °C, which can 
be deposited by screen printing in the glovebox at room tempera-
ture (Supplementary Fig. 2). Note that the carbon electrode is not 
the best back contact material for CdTe-based solar cells, but it  
provides a feasible and fast way for us to validate our proposed  
strategy (Fig. 1).

Ex situ diffusion doping to polycrystalline CdSeTe thin film. 
In this work, we use AsCl3 as a representative to dope chlorinated 
CdSeTe films (CdSeTe doped with other group V chloride can be 
seen in the Supplementary Information). Figure 1 shows the fab-
rication steps of the low-temperature group V diffusion doping 
beginning with a chlorinated polycrystalline CdSeTe film (other 
group VCl3 doping procedures are shown in Supplementary Fig. 2). 
The detailed fabrication procedures can be found in Methods. To 
address the challenges posed by the ready hydrolysis and toxicity 
of AsCl3, the cleaned and etched CdSeTe films were transferred to a 
dry N2-filled glovebox to perform doping treatment. The transpar-
ent AsCl3 solution was prepared in the glovebox as shown in the 
inset of Fig. 1b. AsCl3 diffusion doping was performed in three basic 
steps. (1) The AsCl3 layer was deposited on the CdSeTe surface at 
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Fig. 1 | Schematic of low-temperature ex situ doping in polycrystalline CdSeTe solar cells. a, CdCl2-treated polycrystalline CdSeTe films. b, Solution- 
processed group V deposition using the group V chlorides VCl3 (that is, PCl3, AsCl3, SbCl3 and BiCl3) solution on the CdSeTe surface. Here, AsCl3 was  
chosen as an example. A photograph of the transparent, colourless AsCl3 solution is shown in the inset. All the other VCl3 solutions had similar appearances. 
c, Low-temperature carbon electrode was applied to the VCl3 coated CdSeTe film and was cured to dry at 80 °C. The steps shown in b and c are both 
processed in the dry N2-filled glovebox to prevent the hydrolysis of VCl3 and/or due to its toxicity. d, Group V diffusion into CdSeTe at low temperature 
(~200 °C) with carbon electrode.
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room temperature using a spin-coater (Fig. 1b). The dosage of group 
V dopant is controlled by varying the AsCl3 solution concentration 
(for example, from 1 to ~100 mg l−1) with a fixed spin-coating rate 
of 1,000 revolutions per min. (2) Carbon paste was screen-printed 
on the AsCl3-coated CdSeTe surface followed by curing at 80 °C 
(Fig. 1c). (3) The devices were transferred out of the glovebox and 
annealed at ~200 °C for various times to facilitate the diffusion of 
the As dopants into CdSeTe (Fig. 1d). For comparison, CuCl was 
selected as a Cu dopant source to fabricate reference devices25. Note 
that the low-cost low-temperature carbon paste is Cu free with a 
work function of ~5.0 eV (ref. 29).

To image the As distribution in the polycrystalline CdSeTe films, 
two-dimensional time-of-flight secondary ion mass spectrometry 
(2D-ToF-SIMS) mappings and dynamic SIMS depth profiles were 
collected for the finished devices after annealing at 200 °C. Taking 
advantage of the segregation of Cl at grain boundaries (GBs) after 
CdCl2 treatment18,30, we used 2D-ToF-SIMS mapping of Cl to trace 
the GBs (Fig. 2a). The 2D-ToF-SIMS mapping of As ions (Fig. 2b) 
shows the accumulation of As ions at the CdSeTe GBs, which is simi-
lar to the ex situ diffusion behaviour of Cu20,31. This is because As ions 
show much higher diffusion constants (D) (DGB,As ~1.05 × 105 cm2 s−1 
versus DGI,As ~9.4 × 10-2 cm2 s−1) and solubility in GBs than grain inte-
riors (GIs) (Supplementary Table 4)20,31,32. The GBs act as pathways 
for fast diffusion of As ions from the back surface to the front of 
CdSeTe devices, which facilitates the subsequent diffusion from the 
GBs into the GIs (Fig.1d). Unfortunately, as the ToF-SIMS As detec-
tion limit (~1 × 1018 cm−3) is lower than the As concentration ([As]) 
(<1018 cm−3) in the CdSeTe bulk region (Fig. 2c), the 2D-ToF-SIMS 
mapping is not able to quantify the As distribution at CdSeTe GIs. 

Therefore, we used 2D dynamic SIMS to examine the As distribu-
tions in GIs. 2D dynamic SIMS has a ~100 times better detection 
limit than 2D-ToF-SIMS, but a lower spatial resolution (~4–5 μm). 
To enable meaningful 2D dynamic SIMS elemental mapping, we 
synthesized a 10 μm thick CdSeTe film that has grains as large as 
10 μm (Supplementary Fig. 3a) and conducted the same AsCl3 treat-
ment. Supplementary Fig. 3b shows the 2D dynamic SIMS mapping 
of Cl, which is used as a reference to identify the location of GBs 
and GIs. Supplementary Figure 3c shows the 2D dynamic SIMS 
mapping of As, which also shows the accumulation of As at GBs. 
Supplementary Figure 3d shows the line profiles of As across the 
GBs. The locations of GBs are marked according to the line profile of 
Cl. The distribution of As in GIs can be observed, though the aver-
age intensity is about three times lower than that in GB regions. We 
expect that similar diffusivity behaviour of As (that is, from GBs into 
GIs) also exists in CdSeTe devices with smaller grain sizes.

Benefiting from the ex situ diffusion doping dynamics, the [As] 
shows a desirable depth profile: [As] is at least two orders of mag-
nitude higher at the surface than in the bulk of CdSeTe (Fig. 2c). At 
the CdSeTe back surface, the [As] is ~5.8 × 1018 cm−3, which is com-
parable to the homogeneous [As] in the in situ doped polycrystal 
CdSeTe (1.0 × 1018 cm−3) (ref. 5) and the ex situ doped single-crystal 
CdSeTe (5.5 × 1017 m−3) (ref. 33). This heavily As doped CdSeTe layer 
near the back contact can help to form an ohmic back contact and 
improve the device performance34. By contrast, the average [As] 
in the CdSeTe bulk (between the FTO/CdSeTe front interface and 
2 μm away from it) is only ~4.27 × 1016 cm−3, with slight As segrega-
tion at the front absorber/buffer interface (Fig. 2c), which is similar 
to the Cu distribution in efficient Cu doped devices16,35.
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XPS was used to characterize the chemical states of the doped 
group V elements in the CdSeTe (Supplementary Fig. 4 and 
Supplementary Table 5). The result for the As doped device is shown 
in Fig. 2d. The surface As was notably oxidized due to exposure to 
air during the sample transfer. Remarkably, most of the As oxides 
were removed after ~5–10 nm surface etching by Ar sputter, leav-
ing the pronounced binding energies of As 3d5/2 at 40.3 eV and 3d3/2 
at 41.8 eV. Both of these binding energies can be assigned to As3− 
ions in the Cd3As2 compound, suggesting the formation of shallow 
acceptor defects As−Te (ref. 36). Note that the reduction of As3+ ions 
in AsCl3 to As3− ions takes place once the As3+ ions have diffused 
into the CdSeTe, due to As having a higher Pauling electronegativity 
than Te (2.18 for As versus 2.10 for Te).

The SIMS and XPS results have demonstrated the diffusion route, 
elemental distribution and chemical states of As dopants in CdSeTe 
film. Compared to other ex situ group V doping techniques using 
Cd3V2 or V2Te3 compounds as doping sources, our AsCl3 solution 
treatment possesses two advantages. One is that the ionic radius of 
As3+ in AsCl3 (~0.58 Å) is much smaller than the ionic radius of As3− 
in Cd3As2 (~2.22 Å), which can presumably reduce the diffusion 
barrier in CdSeTe lattice. In particular, As3+ ions in AsCl3 solution 
diffuse from the back surface to the front interface through the GBs 
due to the high diffusion coefficient at GBs (D0). This step would 
substantially reduce the diffusion barrier of group V ions and facili-
tate sequential diffusion from GBs into GIs. When the small As3+ 
ions substitute for the VTe (Te2− ionic radius 2.21 Å), the local lattice 
unit will be distorted and the strong electronegativity of As3+ will 
absorb the surrounding electrons to form large As3− ions until the 

formation of the large acceptor As−Te (with an As3− ionic radius of 
2.22 Å), which can stabilize the CdSeTe lattice. The other advantage 
is that the As3+ ions exist naturally in AsCl3 solution, indicating zero 
ionization energy is needed to form As3+, unlike the Cd3V2 or V2Te3 
compounds with their strong covalent bonds, supplying possibili-
ties for a low-temperature doping process.

Additionally, the doping mechanism differs between group I 
(for example, Cu and Ag) and group V ions in CdTe. Cu doping 
in CdTe prefers a Te-rich (that is, Cd-poor) condition to promote 
CuCd acceptor formation37, while As in CdTe desires a Te-poor (that 
is, Cd-rich) condition to drive the AsTe acceptor formation20. Our 
ex situ group V diffusion doping is processed on the chlorinated 
CdSeTe. We have demonstrated previously that polycrystalline CdTe 
GBs become Te-poor after CdCl2 treatment38. CdCl2 treatment can 
compensate for some of the lost Cd in the GBs of as-deposited CdTe 
(Supplementary Fig. 5). Theoretically, the AsTe acceptor formation 
energy (1.2 eV) under Cd-rich conditions (GBs) is smaller than it is 
in the Cd-poor grain interior (1.9 eV) as shown in Supplementary 
Table 4 (ref. 39). Thus, the defect chemistry in the chlorinated poly-
crystalline CdTe is favourable to the application of group V diffu-
sion doping using AsCl3. By contrast, other reported ex situ group V 
doping is accomplished by sealing Cd3V2 powder, extra Cd powder 
and CdTe stacks inside quartz ampoules and annealing at tempera-
tures of 550–750 °C after CdCl2 treatment, which may result in the 
loss of Cl and the reappearance of stacking faults20,40. Other in situ 
group V doping methods require an extra dopant activation process 
and CdCl2 treatment after the group V doping in CdTe, which may 
deactivate the doped group V element by subsequent Cl processes5. 
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Therefore, using the AsCl3 as a dopant source can avoid the com-
plex activation process and excess Cd vapour process, promising a 
higher potential for better device performance7,14,39.

Performance of ex situ group V doped CdSeTe devices. Figure 3  
shows the current density versus voltage (J–V) curves from the 
champion CdSeTe solar cells with ex situ doping by CuCl and AsCl3. 
The performance of other group V chloride doped CdSeTe solar 
cells can be seen in Supplementary Fig. 6. The corresponding exter-
nal quantum efficiency (EQE) curves are shown in Fig. 3b. Table 1  
lists the device parameters for the J–V curves and the current  
density measured by integrated EQE. The low-temperature ex situ 
AsCl3 doped polycrystalline CdSeTe solar cell without antireflec-
tion coating shows a PCE of ~18%. Figure 3c–f shows the statistical 
device parameters of the CuCl and AsCl3 doped CdSeTe solar cells. 
The device performance statistics of ~300 CuCl and AsCl3 doped 
cells are shown in Supplementary Fig. 7, indicating good repeat-
ability for AsCl3 doped devices.

The thermal diffusion conditions (diffusion temperature and 
diffusion time) and the AsCl3 solution concentration highly impact 
the device performance (Supplementary Figs. 8 and 9). Remarkably, 
the AsCl3 doped CdSeTe device performance is higher than that of 
the CuCl doped CdSeTe device. The best VOC from the AsCl3 doped 
CdSeTe devices can reach 863 mV, which is much higher than that 
of our best Cu doped CdSeTe devices (852 mV) and that of in situ 
Cd3As2 doped CdSeTe devices reported in the literature (856 mV), 
implying a low VOC deficit of 537 mV (ref. 5). To exclude the influ-
ence of unintentional Cu contamination, dynamic SIMS was used 
to investigate the Cu concentration in undoped, Cu doped and As 
doped CdSeTe devices (Supplementary Fig. 10). The Cu concen-
tration in the Cu doped CdSeTe device is one order of magnitude 
higher in the bulk and three orders of magnitude higher at the back 
surface than the Cu concentrations in the undoped and As doped 
CdSeTe devices. Additionally, the device without any intentional Cu 
doping shows very poor performance, with an efficiency of 1.68%. 
Therefore, the unintentional Cu doping in the As doped CdSeTe 
device does not make a noticeable contribution to the high effi-
ciency. CdSeTe devices are known to have high photocurrents due 
to the CdSe/CdTe interdiffusion forming a gradient CdSeTe alloy 
with a bandgap of ~1.4 eV after CdCl2 treatment6,41. The gain in 
short-wavelength EQE response (300 to 400 nm) is likely due to the 
defect level at the front interface being shallower in the As doped 
device than in the Cu doped device, leading to less recombination 
centres or shunt pathways42–44. This is further confirmed by the 
admittance spectroscopy measurements described later.

Notably, the efficiency achieved with ex situ AsCl3 diffusion dop-
ing is still lower than that of in situ Cd3As2 doped CdTe-based solar 
cells, mainly due to its relatively low fill factor of ~72.1% (compared 
to ~80% in in situ Cd3As2 doped CdSeTe cells using ZnTe back con-
tact)5. The low FF of our As doped CdSeTe devices mainly origi-
nates from the high resistivity of the carbon electrode (~14 Ω sq−1) 
and low quality of the CdSeTe/carbon interface (Supplementary  
Fig. 11). Higher FFs and efficiencies can be expected by replacing 
the carbon electrode with alternative back contacts to reduce the 
series resistivity and shunting for better carrier collection. An accel-
erated stress test under 1 sun and 85 °C light soaking conditions 

demonstrated that the As doped CdSeTe has better stability than 
the Cu doped devices (Supplementary Fig. 12). However, detailed 
insights into the stability of our low-temperature group V doped 
CdSeTe are beyond the scope of this work.

Improved hole lifetime and density. Figure 4a presents the carrier 
lifetimes of CuCl and AsCl3 doped CdSeTe devices obtained from 
time-resolved photoluminescence (TRPL). The AsCl3 doped CdSeTe 
devices show a longer mean minority carrier lifetime (22.0 ns) than 
the CuCl doped devices (16.3 ns), and one that is an order of magni-
tude higher than that of in situ doped polycrystal CdSeTe reported 
in the literature (Supplementary Table 1). Enhanced carrier life-
time in the As doped CdSeTe device is further demonstrated by the 
improved steady-state photoluminescence (PL) spectrum intensity 
measured from the glass side (Fig. 4b). The PL peak position at 
~1.4 eV corresponds to the CdSeTe formed in the front6. Both the 
TRPL and PL results suggest reduced non-radiative recombination 
at the front interface. Meanwhile, Supplementary Fig. 13 illustrates 
the spatial variation of PL emission intensity in a cross-section of 
the As doped CdSeTe.

The hole density profiles of AsCl3 doped and CuCl doped CdSeTe 
obtained from C–V measurements are shown in Fig. 4c. The hole 
densities corresponding to zero applied bias (NA), also shown in  
Fig. 4c, are ~7.21 × 1014 cm−3 for the Cu doped cell and 
~2.51 × 1015 cm−3 for the As doped cell. The results of the C–V mea-
surement for other group V chloride doped devices can be seen in 
Supplementary Fig. 14. The hole densities in low-temperature ex situ 
doped CdSeTe (2.51 × 1015 cm−3) are about two orders of magnitude 
lower than those in the high-temperature in situ doped polycrystal-
line CdSeTe (~1 × 1017 cm−3) (ref. 5) and high-temperature ex situ 
diffusion doped single-crystal CdTe (~1 × 1017 cm−3) (ref. 4). The 
low-temperature diffusion doping using AsCl3 may lead to less 
group V dopants being incorporated into the CdSeTe bulk. The acti-
vation ratio of the As dopants in ex situ AsCl3 doped CdSeTe film 
bulk is ~5.88%, as calculated by NA,As/[As], where NA,As is hole den-
sity (~2.51 × 1015 cm−3) at zero bias obtained from the C–V measure-
ment and [As] is the average [As] (~4.27 × 1016 cm−3) between the 
FTO/CdSeTe interface and ~2.0 μm away from it, as marked inside 
the back dashed square in Fig. 2c. With such a low-temperature 
AsCl3 doping treatment, the activation ratio is higher than that with 
the high-temperature in situ As doped CdSeTe thin films (~1.5%) 
with a reduced VOC of ~856 mV (ref. 5). A high dopant activation 
ratio generally produces a higher VOC as a result of the reduced 
density of the radiative recombination centres. Single-crystal CdTe 
solar cells doped with P using the ex situ method have demonstrated 
an activation ratio of ~50%, delivering an impressive VOC exceeding 
1 V (ref. 4). It may be possible to further improve the device per-
formance towards 25% using our low-temperature group V diffu-
sion doping approach by exploring various activation procedures 
to activate more incorporated As in the CdSeTe devices with the 
goal of achieving an As doped CdSeTe absorber with a hole density 
>1016 cm−3.

Thermal admittance spectroscopy (TAS) was performed to 
investigate the trap-state activation energies in the CuCl and AsCl3 
doped CdSeTe devices (Supplementary Fig. 15), and the Arrhenius 
plots of admittance spectroscopy signatures were extracted as 
shown in Fig. 4d. Two signatures in the CuCl doped CdSeTe can be 
observed in the TAS, as shown in Supplementary Fig. 15a, which is 
consistent with our previous results45,46. Surprisingly, in all the group 
V (As, Sb, Bi) doped devices, only one signature can be observed 
in the low-temperature range (Supplementary Fig. 15). It has been 
assigned as the back-barrier height between CdSeTe and metal back 
contact45,46. The CuCl doped devices show a back-barrier height 
Eb,Cu = 0.440 eV, which is much higher than the Eb,As = 0.330 eV in the 
AsCl3 doped device. The back-barrier height calculated through the 
temperature-dependent J–V measurement (Supplementary Fig. 16)  

Table 1 | J–V characteristics of CuCl and AsCl3 doped CdSeTe 
devices

Dopants in 
CdSeTe

VOC (mV) JSC (mA cm−2) FF (%) PCE 
(%)

CuCl 852 28.2 66.7 16.0

AsCl3 863 28.9 72.1 18.0
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was 0.406 eV for the CuCl doped device and 0.298 eV for the AsCl3 
doped device, consistent with the values calculated from TAS mea-
surements. The reduced back-barrier height further assists in better 
hole collection and, thus, higher FF and VOC. The signature located 
at high temperature (Ea,Cu = 0.330 eV) has been assigned as the defect 
activation energy of Cu+

Cd (refs. 47,48). The absence of defects related 
to As in CdTe could be due to the much lower activation energy of 
AsTe (~90 meV; Supplementary Table 4)36,39.

Conclusions
We have demonstrated a low-temperature ex situ group V chloride 
diffusion doping to fabricate efficient Cu-free CdSeTe thin-film solar 
cells. Importantly, this low-temperature ex situ doping process pro-
duces an activation ratio as high as 5.88%, leading to both high hole 
density (on the order of 1015 cm−3) and a long carrier lifetime (~22 ns). 
The best CdSeTe solar cell achieved a VOC of 863 mV and an impres-
sive PCE exceeding 18% through ex situ As doping, which is better 
than its Cu doped counterparts. Our approach paves a more effec-
tive pathway towards 25% efficiency and long-term stability through 
low-temperature group V diffusion doping in CdTe-based solar 
technology. More importantly, such a low-cost and low-temperature 
group V diffusion doping process is similar to the traditional Cu 
doping process and thus can be easily integrated with the manufac-
turing line, which can further make the CdTe-based solar cell tech-
nology more competitive in the solar market.

Methods
Computer simulations. All the calculations based on DFT are performed with 
gamma-point-only, semi-local Perdew–Burke–Ernzerhof (PBE) functional 

implemented in CP2K (refs. 49,50). The basis set is double zeta valence polarization 
optimized on molecular geometries (shorter range)51, and the energy cut-off is 
600 Ry. We use a 4 × 4 × 4 CdTe supercell as the simulation model. The transition 
state searching is carried out using the nudged elastic band method. For the 
simulation of impurity atoms in defect systems, both VCd and VTe were present in 
each of the models to ensure stoichiometry.

Materials. PCl3 (99.998% purity, STREM Chemicals), AsCl3 (99.999% purity, Alfa 
Aesar), SbCl3 (99.999% purity, Alfa Aesar), BiCl3 (99.997% purity, Alfa Aesar), 
CdCl2 (99.99% purity, Alfa Aesar), CuCl (99.999% purity, Alfa Aesar), anhydrous 
isopropanol (99.9% purity, J. T. Baker), anhydrous acetone (99.5% purity, J. 
T. Baker), anhydrous benzene (99.8% purity, Sigma-Aldrich) and anhydrous 
methanol (99.8% purity, J. T. Baker) were commercial products. The solvent is of 
analytical purity grade and was used as received without further purification.

Deposition of CdSe/CdTe bilayer and solution-based CdCl2 heat treatment. The 
~110 nm CdSe film was deposited on cleaned FTO substrate coated with 30 nm 
tin oxide (TEC12D, NSG USA) by radiofrequency sputtering under a gas flow rate 
of 24 s.c.c.m. at 10 mtorr. Then ~3.5 μm CdTe film was deposited by closed space 
sublimation under a mixed gas flow rate of 1,500 s.c.c.m. Ar and 10 s.c.c.m. O2 at 
10 torr with a source temperature of 660 °C and a substrate temperature of ~600 °C 
(ref. 29). The CdCl2 heat treatment for the CdSeTe thin film was carried out at 400 °C 
for 30 min in a closed space sublimation chamber under a flow rate of 500 s.c.c.m. dry 
air at ambient pressure with CdCl2 solution dropwise on the as-deposited CdSe/CdTe 
bilayer52. After cooling down, the CdSeTe surface was rinsed using deionized water to 
remove the residual CdCl2 before undergoing an etching process using a dilute HCl 
solution to remove the surface oxide layer before further doping treatment.

Preparation of group V halide solution and CuCl solution for doping. 
The group V halides PCl3, AsCl3, SbCl3, BiCl3 and CuCl were dissolved in 
anhydrous benzene, isopropanol, acetone, methanol and ethanol, respectively, at 
concentrations of 1 to 100 mg l−1 based on the individual group V halide solubility 
(Supplementary Table 3). Note that these group V halides are easily hydrolysed  
and must be protected from moisture. AsCl3 in particular is highly toxic and  
should be handled carefully in the glovebox. Here, all the group V halide solutions 
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were prepared in a N2-filled glovebox with moisture and oxygen levels below  
than 1 p.p.m. The solutions were magnetically stirred at room temperature until 
fully dissolved.

Deposition of the group V and Cu halides on the CdSeTe surface. The group V 
chlorides (PCl3, AsCl3, SbCl3 and BiCl3) and CuCl solutions were applied directly  
to the CdSeTe surface by spin-coating with various solution concentrations  
(1–100 mg l−1) at a spin-coating speed of 1,000 r.p.m. for 30 seconds. The samples 
were dried to form the group V chloride and CuCl layer on the CdSeTe surface. 
This process was performed in the N2-filled glovebox (Supplementary Fig. 2).

Carbon back contact fabrication of CdSeTe device. The carbon back contact for 
the CdSeTe cells was doctor-bladed using a carbon paste and Ag paste without 
intentional Cu source, respectively, in a N2-filled glovebox to prevent the hydrolysis 
of group V halides. The cell area is 0.08 cm2.

Low-temperature diffusion doping of CdSeTe devices. For the solution-processed 
ex situ group V doping, after applying carbon electrode the ex situ group V 
chlorides and CuCl doped CdSeTe devices were heated to diffuse the group V and 
Cu ions into the CdSeTe absorber (details in Fig. 1 and Supplementary Fig. 2).  
The dopants were thermally activated for various durations (10–30 min) and 
at different temperatures (200–240 °C) to activate the group V and Cu dopants 
in the CdSeTe. The diffusion annealing conditions significantly impact device 
performance. The low-temperature ex situ diffusion doping process that yielded 
the highest device efficiencies in each case was identified over the course of the 
optimization of 400 devices.

Measurement of ex situ group V doped CdSeTe solar cell. The J–V curves of 
the solar cells were characterized from −0.5 V to 1.5 V bias in steps of 8 mV with 
a dwell time of 2 ms using a solar simulator (Newport, Oriel Class AAA 94063 A, 
1,000 W xenon light source) with a source metre (Keithley 2420) at 100 mW cm−2 
AM 1.5G irradiation. A calibrated Si reference cell and metre (Newport, 91150 V, 
certificated by NREL) were used to calibrate the solar simulator prior to cell 
measurements. More than 400 cells were tested with various ex situ doping. 
EQE data were characterized by a solar cell spectral response measurement 
system (QE-T, Enli Technology, Co. Ltd). The C–V and TAS measurements were 
performed using a Solartron Modulab potentiostat equipped with a frequency 
response analyser (Ametek Inc.). The C–V measurements were performed in the 
dark with a constant 45 mV r.m.s. 10 kHz AC signal superimposed on a DC bias 
voltage varying from 2.5 to 0.5 V. All J–V, EQE and C–V measurements were 
performed at room temperature in air. The TAS measurements were performed 
with frequencies varying from 1.0 MHz to 0.1 Hz and DC bias sweeping from 
−0.3 V to 0.2 V with an interval of 0.1 V. A liquid nitrogen cooling cryo-system 
(Janis VPF-100 system) was used to carry out all the temperature-dependent (150 
to 300 K with a step size of 10 K) measurements. The temperature was controlled 
by a temperature controller (Lakeshore 330). A sensor was mounted directly 
on the top of the device to ensure that the recorded temperature was the device 
temperature. PL characteristics for all devices were investigated using steady-state 
PL and TRPL. PL measurements were performed using a 532 nm continuous-wave 
laser at ~5 W cm−2 excited through the FTO side. The PL signal was detected by 
liquid nitrogen-cooled symphony-II Si CCD (charge-coupled device) detector 
after a Horiba iHR320 monochromator. The TRPL measurements of CdTe 
samples were performed with a 532 nm pulsed laser whose photon fluence is 
1.2 × 1011 photons cm−2 pulse−1 with a repetition rate of 10 MHz when the samples 
were excited through the FTO side at the peak emission wavelength of 885 nm 
as determined from the PL measurement. The TRPL measurements of CdSeTe 
samples were performed with time-correlated single photon counting module with 
integration time 600 s bi-exponential PL decays. A Horiba iHR320 monochromator 
was used to select the detection wavelength using a hybrid detector from Becker & 
Hickl. The cross-sectional PL mapping for the CdSeTe device was performed using 
a Klar microscope (Klar Scientific). The accelerated stress test was performed at 
1 sun and 85 °C in a light soaking stage.

Characterization of the ex situ group V doped CdSeTe device. XPS was 
conducted in a Kratos Axis Ultra DLD system equipped with a monochromatic 
Al X-ray source and a 5 keV Ar-ion sputter gun for depth profiling of samples. 
The base pressure in the analysis chamber was <8 × 10−10 torr. Scanning electron 
microscopy (SEM) was carried out in a Thermo Scientific Apreo field-emission 
SEM (FE-SEM) equipped with X-ray dispersive energy spectroscopy. The dynamic 
SIMS analyses were performed on a Cameca IMF-6f (810 Kifer Road, Sunnyvale, 
CA) double-focusing magnetic sector instrument. The samples were bombarded 
by a focused Cs+ primary ion beam with a net impact energy of 5 keV and about 
100 nA of beam current. The beam is rastered over a square area of 200 μm on 
a side. The secondary ions formed from the sputtering process are accelerated 
away from the sample surface by a nominal sample voltage of 5 kV. A fraction of 
secondary ions is collected from a circular region centred in the rastered area.

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

Data availability
All data generated or analysed during this study are included in the published 
article and its Supplementary Information. Source data are provided with  
this paper.
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Solar Cells Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted papers 
reporting the characterization of photovoltaic devices and provides structure for consistency and transparency in reporting. Some list items might 
not apply to an individual manuscript, but all fields must be completed for clarity. 

For further information on Nature Research policies, including our data availability policy, see Authors & Referees.

    Experimental design
Please check: are the following details reported in the manuscript?

1.   Dimensions

Area of the tested solar cells
Yes

No
Methods - Carbon back contact fabrication of CdSeTe device. Cells area of 0.08 cm2

Explain why this information is not reported/not relevant.

Method used to determine the device area
Yes

No
Methods - Carbon back contact fabrication of CdSeTe device. The active area was 
determined by the mask used for the carbon electrode.

Explain why this information is not reported/not relevant.

2.   Current-voltage characterization

Current density-voltage (J-V) plots in both forward 
and backward direction

Yes

No
State where this information can be found in the text.

Hysteresis is not oberved

Voltage scan conditions 
For instance: scan direction, speed, dwell times

Yes

No
Methods - Measurement of ex-situ Group V doped CdSeTe solar cell. From -0.5 V to 
1.5 V bias in steps of 8mV, with a dwell time of 2ms

Explain why this information is not reported/not relevant.

Test environment 
For instance: characterization temperature, in air or in glove box

Yes

No
Methods - Measurement of ex-situ Group V doped CdSeTe solar cell. The cells were 
measured at room temperature in air.

Explain why this information is not reported/not relevant.

Protocol for preconditioning of the device before its 
characterization

Yes

No
State where this information can be found in the text.

No preconditioning is required for our characterization.

Stability of the J-V characteristic 
Verified with time evolution of the maximum power point or with 
the photocurrent at maximum power point; see ref. 7 for details.

Yes

No
Supplementary Fig. 12 
Short term accelerated stress test of our devices without encapsulation under AM1.5 
illumination, 85 oC in ambient air has been performed and the As doped devices 
show higher stability properties than Cu doped devices

Not an issue for CdSeTe Solar Cell

3.   Hysteresis or any other unusual behaviour

Description of the unusual behaviour observed during 
the characterization

Yes

No
State where this information can be found in the text.

Hysteresis is not observed.

Related experimental data
Yes

No
State where this information can be found in the text.

Hysteresis is not observed.

4.   Efficiency

External quantum efficiency (EQE) or incident 
photons to current efficiency (IPCE)

Yes

No
Figure 3b and methods

Explain why this information is not reported/not relevant.

A comparison between the integrated response under 
the standard reference spectrum and the response 
measure under the simulator

Yes

No
Methods

Explain why this information is not reported/not relevant.

For tandem solar cells, the bias illumination and bias 
voltage used for each subcell

Yes

No
State where this information can be found in the text.

These are not tandem cells
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5.   Calibration

Light source and reference cell or sensor used for the 
characterization

Yes

No
Methods - Measurement of ex-situ Group V doped CdSeTe solar cell. The light 
intensity for J–V measurements was calibrated by a standard silicon wafer solar cell 
certified by Newport. A standard silicon wafer solar cell was used as the reference for 
the EQE measurement. 

Explain why this information is not reported/not relevant.

Confirmation that the reference cell was calibrated 
and certified

Yes

No
Methods - Measurement of ex-situ Group V doped CdSeTe solar cell. The light 
intensity for J–V measurements was calibrated by a standard silicon wafer solar cell 
certified by Newport. A standard silicon wafer solar cell was used as the reference for 
the EQE measurement. 

Explain why this information is not reported/not relevant.

Calculation of spectral mismatch between the 
reference cell and the devices under test

Yes

No
Methods - Measurement of ex-situ Group V doped CdSeTe solar cell. A standard 
silicon wafer solar cell was used as the reference for the EQE measurement.

Explain why this information is not reported/not relevant.

6.   Mask/aperture

Size of the mask/aperture used during testing
Yes

No
State where this information can be found in the text.

the carbon electrode area pretty thick (~18 um) and the cells area was measured 
directly

Variation of the measured short-circuit current 
density with the mask/aperture area

Yes

No
State where this information can be found in the text.

Explain why this information is not reported/not relevant.

7.   Performance certification

Identity of the independent certification laboratory 
that confirmed the photovoltaic performance

Yes

No
State where this information can be found in the text.

Two corresponding groups cross check the device performance.The light intensity of 
our solar simulator for J-V and EQE measurement was calibrated by a standard silicon 
wafer solar cell

A copy of any certificate(s) 
Provide in Supplementary Information

Yes

No
State where this information can be found in the text.

The light intensity of our solar simulator for J-V and EQE measurement was calibrated 
by a standard silicon wafer solar cell (Newport, 91150V, certificated by NREL)

8.   Statistics

Number of solar cells tested
Yes

No
Methods - Measurement of ex-situ Group V doped CdSeTe solar cell. More than 300 
cells have been tested with various ex-situ doping.

Explain why this information is not reported/not relevant.

Statistical analysis of the device performance
Yes

No
Fig.3c-f. and Supplementary Fig.6c-f and Supplementary Fig.7

Explain why this information is not reported/not relevant.

9.   Long-term stability analysis
Type of analysis, bias conditions and environmental 
conditions 
For instance: illumination type, temperature, atmosphere 
humidity, encapsulation method, preconditioning temperature

Yes

No
Supplementary Fig. 12 
Short term accelerated stress test of our devices without encapsulation under 
AM1.5 illumination, 85 oC in ambient air has been performed and the As doped 
devices show higher stability properties than Cu doped devices.

Long term stability testing is beyond the scope of this article. We will work on the 
long term stability test in the future.
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