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Abstract — Transition metal dichalcogenides (TMDs) show great promise as absorber materials in
high-specific-power (i.e. high-power-per-weight) solar cells, due to their high optical absorption,
desirable band gaps, and self-passivated surfaces. However, the ultimate performance limits of TMD
solar cells remain unknown today. Here, we establish the efficiency limits of multilayer MoS,, MoSe;,
WS:, and WSe; solar cells under AM 1.5 G illumination as a function of TMD film thickness and
material quality. We use an extended version of the detailed balance method which includes Auger
and defect-assisted Shockley-Reed-Hall recombination mechanisms in addition to radiative losses,
calculated from measured optical absorption spectra. We demonstrate that single-junction solar cells
with TMD films as thin as 50 nm could in practice achieve up to 25% power conversion efficiency
with the currently available material quality, making them an excellent choice for high-specific-

power photovoltaics.

I. INTRODUCTION

Transition metal dichalcogenides (TMDs) have recently received growing interest in high-specific-power
(i.e. high-power-per-weight) photovoltaics where light weight and high power conversion efficiency are
strongly desired'*. TMD materials such as MoS, and WSe, have high optical absorption coefficients, de-
sirable band gaps for use in single-junction and tandem solar cells (~1.0 to 2.5 eV), and self-passivated
surfaces free of dangling bonds, enabling high performance even for ultrathin absorber layers on the order
of 100 nm**®. Recently, ultrathin TMD solar cells reached high specific power on par with established
thin-film solar technologies cadmium telluride, copper indium gallium selenide, amorphous silicon and I1I-
Vs, with the potential to achieve unprecedented power per weight, 10 times higher than commercialized

solar cell technologies®.

Moreover, adopting ultrathin TMD absorber layers minimizes material utilization, therefore helping
with sustainable material use and cost reduction. In addition, the chemical and mechanical stability of
TMDs’ promises reliable and long-lasting performance similar to silicon solar panels, while their biocom-

patibility® allows usage in wearable and implantable electronics in contact with the human body. At the



same time, rapid developments in the nanoelectronics industry related to TMD growth and device fabrica-

tion’ 12

pave the way for low-cost mass production of TMD solar cells, similar to how silicon solar cells
benefited in their early days from the developments made in the microelectronics industry. It is therefore
timely to determine the ultimate performance limits of TMD solar cells, illustrating their potential for next-

generation solar cell technology which could be realized after sufficient optimization.

In this work, we establish the fundamental performance limits of single-junction solar cells made of
multilayer (bulk) MoS,, MoSe,, WS,, and WSe; absorber films with a realistic analysis based on the Tiedje-
Yablonovitch model originally developed for silicon solar cells". This detailed balance model uses mate-
rial-specific optical absorption data and includes radiative and Auger recombination as well as free carrier
absorption, providing material-specific, thickness-dependent performance limits, as opposed to Shockley-

Queisser models*"*

, which assume that absorptance steps from zero to unity at the band gap energy. We
improve our predictions beyond the Tiedje-Yablonovitch model by incorporating defect-assisted Shockley-
Read-Hall (SRH) recombination, finding thickness-dependent efficiency limits for various material quality
levels. As a consequence, we find that up to 25% power conversion efficiency is achievable in ultrathin
(~50 nm) single-junction TMD solar cells even with existing material quality, corresponding to ~10 times
higher power per weight than commercialized solar cell technologies®. This already renders TMD photo-
voltaics an excellent choice for high-specific-power applications such as autonomous drones, electric vehi-

cles, Internet-of-Things devices, and wearable electronics, which are rapidly growing and soon becoming

an integral part of our daily life experience.

1. METHODS

The extended detailed balance method developed by Tiedje er al. (known as the Tiedje-Yablonovitch
model) is used as the basis for this study'. The model was originally developed for silicon solar cells to
provide an accurate estimate of their efficiency limits by incorporating the optical absorption characteristics
of silicon, radiative and Auger recombination, and free carrier absorption. In this study, we go beyond the
Tiedje-Yablonovitch model and investigate the effect of material quality on the solar cell performance by
including defect-assisted SRH recombination, as detailed in Supplementary Note 1. This comprehensive
model, for the first time, provides efficiency limits of single-junction, multilayer TMD solar cells as a

function of TMD film thickness and material quality.

To mimic optimal light trapping, a rectangular slab of semiconducting TMD (MoS., MoSez, WS>, and
WSe,) with perfect anti-reflection (zero reflection) at the front surface and perfect (unity) reflection at the
back surface is considered (Fig. 1). The illumination (AM 1.5 G spectrum with one-sun intensity) includes
both direct and diffuse sunlight over a full 2n-steradian acceptance angle, appropriate for a non-tracking

flat solar panel. The surfaces are assumed to be textured non-specular (Lambertian), e.g. created by etching,



leading to randomized light and angle-independent absorption. This gives a mean path length of 4n°L for
light rays in the semiconductor'*'*, where L is the TMD film thickness (here, from 5 nm to 1 pm) and 7 is
the semiconductor refractive index. Because 7 is relatively constant across all wavelengths of interest'®, we

use the n value at the band gap energy. The operating temperature is assumed to be 300 K.
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Figure 1. Modeling setup showing solar cell geometry, multilayer TMDs modeled, incident sunlight, ab-
sorption assumptions, recombination mechanisms, input optical absorption coefficient spectrum, and output
thickness- and material quality-dependent performance limit. R, reflection; L, TMD film thickness; n, refrac-
tive index.

Table I | Modeling parameters for bulk MoS,, MoSe:, WS,, and WSe,'*'®, Effective masses and den-
sities of states are appropriately averaged over the in-plane and cross-plane TMD components.

Material MoS: MoSe; WS, WSe;
Band gap, EG (eV) 1.27 1.16 1.36 1.29
Refractive index at Eg, n 4.48 3.67 4.68 4.63
Effective electron mass, m; 0.71m, 0.64m, 0.63m, M,
Effective hole mass, my, 0.84m, 0.97m, 0.84m, 0.59m,
Effective conduction band density of states, Nc (cm™) | 1.50x10" | 1.29x10" | 1.26x10" | 2.51x10"
Effective valence band density of states, Ny (cm™) 1.93x10" | 2.40x10" | 1.93x10" | 1.14x10"
Intrinsic carrier concentration, 7; (cm™) 3.70x10* | 3.20x10° | 5.93x107 | 2.49x10®
Auger recombination coefficient (cm®s™) 1027 1024 107300 1027

Radiative, Auger, and SRH recombination mechanisms are all considered, as described in Supple-
mentary Note 1. Measured optical absorption coefficient spectra of bulk TMDs'® (Supplementary Fig. 1)
are used to accurately calculate both absorptance and the radiative losses, and to extract the optical band
gap of TMD films using the Tauc method'’ (Supplementary Fig. 2). SRH lifetime (tsrn) is varied from
1 ns to infinity (the case in Tiedje-Yablonovitch model) to determine efficiency limits at various material
quality levels. Auger coefficients are extrapolated from Auger coefficient—band gap charts in the litera-
ture'®. A summary of modeling parameters is listed in Table I. Intrinsic or lightly-doped TMDs are consid-

ered such that hole and electron densities are equal under illumination. At low doping densities and small



absorber thicknesses, free carrier absorption is negligible in ultrathin absorber layers®. We therefore ex-
clude free carrier absorption from our analysis. Given the low exciton binding energy in bulk TMDs?*"*, it
is assumed that all excitons are dissociated into electrons and holes (e.g., by the electric field present across
the TMD film). The model outputs the performance limits of the solar cell, particularly power conversion

efficiency limit, as a function of TMD film thickness and material quality.

II1. RESULTS AND DISCUSSION

To highlight the unusually high light absorption in thin TMD films, we calculate the spectral absorptance
of multilayer MoS,, MoSe,, WS,, and WSe; at 5, 10, 20, 50, 100 and 1000 nm film thickness (Fig. 2) using
their measured optical absorption coefficient spectra'® (Supplementary Fig. 1). Due to their large absorp-
tion coefficients and refractive indices, all these TMDs exhibit significant light absorptance even in ultrathin
films of 5 nm thickness (Fig. 2), four orders of magnitude thinner than conventional silicon solar cell ab-
sorber layers (~200 pum). As the thickness approaches 1000 nm, the absorptance approaches the simplified
step-function assumption in the Shockley-Queisser model'*, with exponential Urbach tails* arising from
exciton-phonon and exciton-defect interactions in TMDs**. The absorptance peaks are mainly attributed to

the A and B excitons in these materials* (Supplementary Fig. 1).

1 e ———— 1 —
o R— o —
08r & 08 &
S o S
osl 2\ o6 7 N
§ 06 L 5,10, 20, § 06 L 5,10, 20,
o x 50, 100, 1000 nm o < 50, 100, 1000 nm
o) 3] o 3]
o 041 2 @ 04r 2
8 %) < %)
< <
0.27 1 0.2t 1
a MoS:2 b MoSe:>
o 0— e
0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45
Photon energy (eV) Photon energy (eV)
1 1
—_— F—'—’, ——
5 5 N
08 & 08 &
) % (O] g
o g X o (@]
g 06 L 5,10, 20, g 06 & \ 5,10, 20,
2 X 50, 100, 1000 nm — X 50, 100,1000 nm
o Q o [3)
@ 04 2 @ 04r 2o
o) e}
< » < 7]
0.2¢ 1 0.2¢ 1
c WS> d WSe»
o o
0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45
Photon energy (eV) Photon energy (eV)

Figure 2. Spectral absorptance of a) MoSz, b) MoSe2, ¢) WS, and d) WSe: at various thicknesses be-
tween 5 and 1000 nm, along with the step-function Shockley-Queisser model. The Tauc band gap'® of the
materials is used for the Shockley-Queisser model (see Supplementary Fig. 2).



The relative absorptance of the four TMDs can be explained by their respective absorption coefficient
spectra (Supplementary Fig. 1), particularly in the 1-2.5 eV range, and by their refractive indices (Ta-
ble I). Selenides (MoSe, and WSe») have larger absorption coefficients than the sulfides (MoS, and WS»),
leading to steeper and higher absorptance in the 1-2.5 eV regime, beyond which near-unity absorptance is
reached in all four TMDs, even in ultrathin films of only 5 nm thickness. WSe; has a larger refractive index,
and thus longer optical path length (4n*L) compared to MoSe,, leading to the highest absorptance among
the four TMDs. On the other hand, WS> has the smallest absorption coefficient in the 1-2.5 eV range, with
a refractive index comparable to MoS,, therefore making it the least light-absorptive of the four TMDs.
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Figure 3. Short-circuit current densities of MoS2, MoSez, WS>, and WSe: solar cells as a function of the
TMD (absorber) film thickness, at 300 K and AM 1.5 G illumination.

Figure 3 shows the calculated short-circuit current density (Jsc) of TMD solar cells as a function of
the TMD (absorber) film thickness. As expected from their exceptional light absorption characteristics, all
TMDs can achieve high Jsc even at small thicknesses. Absorptance and therefore Jsc increase with increas-
ing TMD film thickness. Radiative, Auger and SRH recombination do not affect the Jsc limits within the
thickness and SRH lifetime ranges modeled here, particularly due to the low carrier density at zero bias in
the intrinsic or lightly-doped TMDs assumed (see Supplementary Note 1 for more details). In the simple
detailed balance Shockley-Queisser model, semiconductors with smaller band gap exhibit higher Jsc, be-
cause they absorb a larger portion of the AM 1.5 G spectrum, with photon energies above their band gap.
However, as evident in Fig. 3, this is not necessarily true with the extended Tiedje-Yablonovitch method,
where absorptance is determined by optical absorption coefficient and refractive index. We observe that
Jsc follows the same trend as absorptance, with WSe, and WS; showing the highest and lowest Jsc, respec-

tively, and MoSe; and MoS; in between.

We also note a change in slope of the Jsc trends in Fig. 3, where Jsc increases more strongly at smaller

thicknesses, but then rises at a lower rate in thicker films. The initial steeper Jsc increase with thickness can



be explained by the noticeable absorptance enhancement (Fig. 2) in the ~1.5-2.5 eV regime as the TMD
film thickness approaches ~20 nm (MoSe, and WSe») to ~50 nm (MoS, and WS,). Beyond these thick-
nesses, the absorptance improvement in the ~1.5-2.5 eV region is less prominent. Note that the absorption
threshold shifts by approximately 0.2 eV to lower energies as the film thickness increases from 5 nm to
1000 nm (see Fig. 2). This shift is the main driver for the continued, yet gentler Jsc increase beyond ~20 nm
(~50 nm) in MoSe; and WSe, (MoS, and WS,). The absorption threshold shift is more pronounced in MoSe»
(Fig. 2), enabling it to achieve larger Jsc than MoS; and WSe; at large thicknesses beyond ~600 nm.
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Figure 4. Spectral dependence of the luminescent emission rates for a 100 nm-thick film of a MoSz, b)
MoSez, ¢) WSz, and d) WSe: in thermal equilibrium at 300 K. Note the vertical axis for WSz (panel c) is
smaller than the vertical axes of the other three panels.

Examining the radiative losses, Fig. 4 shows the spectral dependence of the luminescent emission
rates for 100 nm-thick TMD films in thermal equilibrium at 300 K, as described in Supplementary Note 2.
One can observe that reabsorption is almost equally probable as external emission in MoS,. Moreover, the
radiative loss is primarily from the low-energy photons, which have higher absorption depth and therefore
lower probability of being reabsorbed into the TMD film. A similar behavior is observed in MoSe;, WS,
and WSe,, with external emission occurring at longer wavelengths (higher energy photons) and reabsorp-

tion taking place at shorter wavelengths (lower energy photons). The magnitude of emission rates varies



among the four TMDs due to the difference in their absorption coefficients and refractive indices. As de-
tailed in Supplementary Note 2, at equilibrium, the internal emission rate is proportional to the absorption
coefficient and the square of refractive index. For example, MoSe, has noticeably higher absorption coef-
ficient than other TMDs in the 1-1.3 eV range due to of its smaller band gap (1.16 eV), leading to the
highest internal emission rates. The opposite holds true for WS,, which has the largest band gap (1.36 eV)
and smallest absorption coefficient in the entire 1-1.6 eV range (Supplementary Fig. 2). The reabsorption
rate is equal to the product of the internal emission rate and the absorptance (Fig. 2). Finally, the external
emission rate, in the absence of free carrier absorption, is the difference between the rates of internal emis-

sion and reabsorption.
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Figure 5. Open-circuit voltage of a) MoS:, b) MoSe2, ¢) WSz, and d) WSe: solar cells as a function of
TMD film thickness and material quality (SRH lifetime, tsrn), at 300 K and AM 1.5 G solar illumination.
The calculated open-circuit voltage (Voc) of TMD solar cells as a function of TMD film thickness and
material quality (SRH lifetime, Tsrn) is shown in Fig. 5, along with the estimate from the Shockley-Queisser
model. Infinite SRH lifetime corresponds to the Tiedje-Yablonovitch model where defect-assisted SRH
recombination is excluded. In Fig. 5, we demonstrate the noticeable effect of material quality on Voc for
Tsry smaller than 100 pus where SRH recombination starts to dominate the Voc loss. Among these four

TMDs, we note that WS; has the largest Voc for any given zsru, due to its largest band gap among the TMDs



investigated here. Incidentally, an SRH lifetime up to ~611 ns has also been reported® for multilayer WS,,
although lifetimes for this and other TMDs are all expected to increase as the material quality improves.
Applied to the materials studied here, such an SRH lifetime would lead to a Voc limit between 0.8 to 1 V
in 100 nm-thick TMD solar cells.

We note that for thin TMD films, our model estimates a larger Voc limit than the simpler Shockley-
Queisser model for zsry larger than 1 ps. This is due to our inclusion of measured optical absorption spectra.
As can be seen in Fig. 2, the absorption threshold depends on thickness and occurs at higher photon energies
in thinner TMD films, yielding an effectively larger band gap than the simple Shockley-Queisser model, a
discrepancy which becomes greater for thinner films. This highlights the inadequacy of the step-function

absorption assumption in the Shockley-Queisser model, where only one threshold (band gap) energy is used

for all film thicknesses.
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Figure 6. Fill factor of a) MoS2, b) MoSez, ¢) WSz, and d) WSe: solar cells as a function of TMD film
thickness and material quality (SRH lifetime, tsrn), at 300 K and AM 1.5 G solar illumination.

We also investigate the effect of TMD film thickness and material quality on the fill factor of the four
types of TMD solar cells in Fig. 6. It is well-known that the larger the Voc, the higher the fill factor of the
solar cell *°. Therefore, WS,, having the largest band gap and Voc, shows the highest fill factor, and MoSe,,



which has the smallest band gap and Voc, exhibits the lowest fill factor among the four TMDs. The fill
factor dependence on Voc also explains why the fill factor decreases with increasing thickness and decreas-
ing material quality — following the same trend as Voc (Fig. 5). Studies also show that the closer the solar
cell (diode) ideality factor to unity, the higher the fill factor®, which explains the higher fill factor in the
absence of SRH recombination (zsrz — ©°) compared to the case where tsru = 100 ps even though the two

have essentially the same Voc. Dominant SRH recombination (i.e. Tsru < 100 ps) leads to an ideality factor

of 2 at high-level injection?”**

, which is the case here since the semiconductor is assumed intrinsic or
lightly-doped, whereas dominant Auger recombination gives an ideality factor of 2/3%”%, leading to higher

fill factor.
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Figure 7. Power conversion efficiency of a) MoSz, b) MoSez, ¢) WSz, and d) WSe: solar cells as a

function of TMD film thickness and material quality (SRH lifetime, 7srr), at 300 K and AM 1.5 G solar illu-
mination.

Most importantly, Fig. 7 shows the power conversion efficiency of MoS,, MoSe,, WS,, and WSe»

solar cells as a function of TMD film thickness and material quality (i.e. SRH lifetime, tsrn). The Shockley-

Queisser efficiency limits are included for comparison. Given that efficiency is equal to the product of Jsc,



Voc, and fill factor, the efficiency trends observed in Fig. 7 can be easily explained by Jsc, Voc, and fill
factor trends in Fig. 3, Fig. 5, and Fig. 6, respectively. As the TMD film thickness increases, Jsc improves
(Fig. 3), whereas both Voc (Fig. 5) and fill factor (Fig. 6) degrade. This competition causes the inverted U-
shaped curves in Fig. 7, where efficiency initially increases with thickness and then decreases after a certain
point. With the Tiedje-Yablonovitch model (tsry — o), the maximum efficiency occurs for thicknesses
over 1000 nm, therefore we only observe an increasing trend within the range of thicknesses considered
here. At 100 nm absorber layer thickness, TMD solar cells achieve up to ~31% Tiedje-Yablonovitch effi-
ciency (Supplementary Table 1), which is ~5% higher than Tiedje-Yablonovitch efficiency limit of silicon
solar cells (29.8%) with 1000 times thicker absorber layers (100 um). This highlights the considerable
potential of TMD solar cells for ultrathin photovoltaics with high power per weight.

Going beyond the Tiedje-Yablonovitch model, we introduce non-negligible SRH recombination (i.e.
reduced Tsru, corresponding to reduced material quality), observing how the efficiency drops in Fig. 7, as
a consequence of Voc and fill factor degradation (Fig. S and Fig. 6). Moreover, we note that for smaller
Tsru the maximum efficiency in Fig. 7 occurs at smaller thicknesses since stronger SRH recombination
leads to steeper degradation in Voc and fill factor with increasing film thickness. In other words, although
the peak efficiency is reduced, one benefit of “more defective” TMD materials is that their efficiency is

maximized in a thinner material, which could potentially have higher specific power and lower cost.

Another way to visualize the effect of material quality (zsru) on the solar cell performance is to look
at current density—voltage (J—F) characteristics for a fixed thickness, for example 100 nm (Supplementary
Fig. 3). As noted previously, within the thickness and Tsru ranges considered here, SRH recombination
does not influence Jsc due to the low carrier density at zero bias in the intrinsic or lightly-doped TMDs
assumed, but it impacts both Voc and fill factor, therefore power conversion efficiency. We also examine
the effect of Auger recombination on power conversion efficiency, varying the Auger coefficients of TMDs
in the absence of SRH recombination by four orders of magnitude (Supplementary Fig. 4), two orders of
magnitude below and above the primary Auger coefficients used in this study, which were extrapolated
from Auger coefficient—band gap charts in the literature'®. We observe that such large variation in Auger
coefficients leads to a mere 1-2% change in power conversion efficiency, demonstrating the robustness of

the efficiency limits modeled in this study despite the uncertainty over the exact Auger coefficient values.

The relative efficiencies of the four TMDs can be explained by their relative Jsc, Voc, and fill factors.
In the 100 ns—1 ps SRH lifetime regime, WSe; solar cells demonstrate the highest efficiency, followed by
MoS,, WS, and MoSe: solar cells. To date, SRH lifetimes up to 611 ns are reported in the literature for
multilayer TMDs?, corresponding to approximately 20-25% power conversion efficiency for the TMD solar

cells examined here with ultrathin films of 20 to 100 nm thickness (Fig. 7). Such power conversion
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efficiency can be practically achieved by optimizing the optical and electrical design of the ultrathin TMD
solar cells, yielding approximately 10 times higher specific power than existing solar cell technologies on
the market*. As a result, such ultra-lightweight TMD solar cells could create unprecedented opportunities

across various industries from aerospace to wearable electronics.

Finally, Fig. 8 summarizes the relative magnitudes of various loss mechanisms in optimized 100 nm-
thick TMD solar cells at the maximum power point (MPP), as detailed in Supplementary Note 1. Tsri of
100 ps is considered, where SRH recombination has comparable carrier lifetime and therefore magnitude
with Auger and radiative losses (Supplementary Table 2). At shorter Tsry, SRH recombination dominates
and accounts for nearly all the recombination loss, as can be seen in Fig. 5, Fig. 6 and Fig. 7. At a fixed
Tsru, the relative magnitudes of SRH recombination in various TMDs depend on their carrier densities
(Supplementary Note 1). At their maximum power point, 100 nm-thick MoS, and WS; have the highest
and lowest carrier densities (Supplementary Table 2), and therefore the largest and smallest current loss

due to the SRH recombination.
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Figure 8. Loss mechanisms at play. Summary of relative magnitudes of various loss mechanisms in
100 nm-thick a) MoSz, b) MoSe2, c) WSz, and d) WSe: solar cells at the maximum power point (MPP),
300 K temperature and AM 1.5 G solar illumination. SRH lifetime, tsri = 100 us is considered. The solar
cells are assumed to have optimized electrical and optical design. Free carrier absorption is negligible given
the low doping density and small thickness of the TMDs assumed here?. R, reflection.
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Internal emission scales exponentially with the output voltage (Supplementary Note 1). As a result,
WS, which has the highest band gap and therefore Vv (Supplementary Table 2), shows the largest in-
ternal emission. For each TMD, the relative magnitudes of reabsorption and external emission are the same
as in Fig. 4. Auger loss is proportional to Auger coefficient and the cube of carrier density at the maximum
power point (Supplementary Note 1), therefore smallest for WS, and WSe: (see Table I and Supplemen-
tary Table 2). As discussed previously, free carrier absorption is negligible due to the low doping density
and small thickness of the TMDs assumed here”. The relative magnitudes of SRH, Auger and radiative
recombination in each TMD can be explained by their relative carrier lifetimes, given the inverse propor-
tionality between the recombination rate and the carrier lifetime (Supplementary Note 1). For example,
WS,, with radiative and Auger lifetimes of ~50 us and ~2 ms, respectively (Supplementary Table 2),

exhibits ~2x larger radiative emission than SRH recombination, and negligible Auger loss.

IV. CONCLUSIONS

We have examined the efficiency limits of multilayer TMD solar cells (MoS,, MoSe,, WS,, and WSe:) as
a function of TMD film thickness and material quality, going beyond the Tiedje-Yablonovitch and Shock-
ley-Queisser models by including experimental optical absorption spectra, as well as radiative, Auger and
SRH recombination. We find that ultrathin TMD solar cells (as thin as 50 nm) can realistically achieve up
to 25% power conversion efficiency even with today’s material quality. This makes them an excellent
choice for high-specific-power photovoltaics (i.e. with high power per weight), achieving up to 10 times
higher specific power than existing technologies. Such ultralight solar cells could transform energy har-
vesting across various industries including autonomous drones, electric vehicles, wearable electrons, and
the Internet of Things. Future efforts must be dedicated to optimizing the electronic and optical TMD solar
cell designs, to unlock their potential for high power conversion efficiency and specific power at large,

industrial scale.
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Supplementary Note 1. Extended detailed balance method considering radiative, Auger, SRH re-

combination, and free carrier absorption

According to the Tiedje-Yablonovitch model', in the presence of radiative emission, Auger recombination
and free carrier absorption, the detailed balance equation governing the current density—voltage (J- V') char-
acteristics of an optimized solar cell having an intrinsic or lightly-doped absorber film, i.e. equal electron

(N) and hole density (P) under illumination, is the following:

1

<a1 +—> exp (%)JJaZ(E)bn(E;T)dE d0 + CN3 =]i_n

2(1-1) M

4n2L

where a is free carrier absorption coefficient, n is the refractive index of the absorber film, L is the thick-

ness of the film, e is the elementary charge, V is the output voltage, k is the Boltzmann constant, T is

temperature, a,(E) is absorptance (absorption probability) at photon energy E, b, (E, T)dEdQ is flux of

black-body photons for a photon energy interval dE and solid angle df2 in a medium with refractive index
Jin

of n, C is Auger coefficient, N is electron (and hole) density, L is the volume rate of generation of electron-

hole pairs by the sun, and f is fraction of the incident solar flux that is drawn off as current into the external

circuit. a, (E), b, (E, T) and J;,, are defined as:

_ a,(E)
a(E) = 1 2)
a,(E) +a1(E)+m
2 n? 5 1
b,(E,T) :FC_ZE exp T . 3)
kT
= [ es@)aE)aE )

where a, (E) is the optical absorption coefficient at photon energy E, h is the Planck constant, c is the speed
of light in vacuum, and S(E) is the solar spectrum (AM 1.5 G illumination, one-sun intensity). The left-
hand side of Equation (1), from left to right, refers to the rate of free carrier absorption, radiative emission,
and Auger recombination, while the right-hand side, from left to right, refers to photogenerated electron-
hole pairs and the output current of the solar cell. To include SRH recombination, we add SRH recombina-
tion rate Ugry to the left-hand side of Equation (1):

1
4n2L

]in

<a1 + )exp (%) J J @ (E)b (B, TYE d2 + CN® + Usgyy =2 (1= f) )
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For any recombination mechanism, associated carrier lifetimes, 7 and 7, for electrons and holes, can be

defined as:
AN

ro= 2 (6)
AP

Tp = 7 (7)

where AN and AP are the disturbances of the electrons and holes, respectively, from their equilibrium values

Ny and Py. U is the recombination rate. For an intrinsic or lightly-doped absorber film under illumination:

N=P>» N,P, (8)
AN = AP =~ N 9)

Therefore the SRH recombination rate can be written as:

N

Uspy = ——
SRH TSRH (10)

Combining Equations (5) and (10) leads to the following:

N mn
kT JJaZ(E)bn(E,T)dE dn + CN3 + — =]—(1 id) (11)

a,

( 4n2L
Equation (11) is the detailed balance equation governing the current density—voltage characteristics of an
optimized solar cell having an intrinsic or lightly-doped absorber film (i.e., N = P under illumination) in the
presence radiative emission, Auger recombination, free carrier absorption, and SRH recombination with

the characteristic carrier lifetime of Tggy. In the absence of free carrier absorption, Equation (11) simplifies

to the following:

39V> el

eV _
2kT) T T Viexp <2kT) =Jin(1 = 1) (12)

Ji <eV> + eLCN}? (
ex e ex
0€Xp kT p Tsr

where N; is the intrinsic carrier density and J, is defined as:
Jo= en [ bu(Bya(B)dE (13)

Note that all terms in Equation (12), i.e., external emission, Auger recombination, SRH recombination,
incoming sunlight and extracted electricity (going from left to right), are all expressed in the form of current

density, and are plotted in Fig. 8 for comparison.
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To obtain the current density—voltage characteristics of the solar cell, f is varied from zero to one — corre-
sponding to output current density (J) of zero to J;,, — and the output voltage (V) is subsequently determined

by solving Equation (12). Performance metrics are extracted from the resulting /- V characteristics, as

follows:
Voc = V({J =0) (14)
Jsc=JV =0) (15)
d(l-v
Pupp
FF = ——— 17
Voc - Jsc {17
Pypp Pypp
PCE = =
P; 100 W cm~2 (18)

where Vg is the open-circuit voltage, Jsc is the short-circuit current density, Pypp is power density at
maximum power point (MPP), FF is the fill factor, P;, is the input solar power density, and PCE is power

conversion efficiency of the solar cell.
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Supplementary Figure 1 | Spectral absorption coefficient'® of MoS2, MoSe2, WSz, and WSe>. Exci-
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Supplementary Figure 2 | Tauc plots of a) MoS2, b) MoSez, ¢) WSz, and d) WSez, to determine their
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Supplementary Note 2. Luminescent emission rates

It can be shown through detailed balance argurnents13 that the volume rate of external emission, i.e., radia-
tion from the electron-hole pairs within a semiconductor at temperature T in equilibrium with an external

thermal bath is:

1
Rexternat = Eaz (E)bl (E: T) (19)

Where L is the thickness of the film, a, (E) is absorptance of the semiconductor, and b, (E, T) is the black-
body spectral radiance in a medium with refractive index of one (n = 1, air), both defined in Supplemen-
tary Note 1. Similarly, the rate of internal emission, i.e., radiation from the semiconductor to an internal

black body (itself) with a refractive index of n, at equilibrium, is the following:

Rinternat = a2(E)by(E,T) = n*ay(E)by(E,T) (20)
And finally, the rate of reabsorption of internal emission, at equilibrium, is given by:

Ryeabsorption = @202 (E)bn(E, T) = n*aya,(E)by(E,T) (21)

where «, is the optical absorption coefficient of the semiconductor. In the absence of free carrier absorption,

the following holds:

Rinternal = Rexternal + Rreabsorption (22)
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Supplementary Table 1 | Performance limits of 100 nm-thick MoS,, MoSez, WS; and WSe; solar cells,
calculated using the Tiedje-Yablonovitch model. These ultrathin TMD solar cells exhibit Tiedje-Yablo-
novitch efficiencies as high as 31%. Jsc, short-circuit current density; Voc, open-circuit voltage; FF, fill

factor; PCE, power conversion efficiency, MPP, maximum power point.

MoS: MoSe: WS2 WSe:
Thickness (nm) 100 100 100 100
Jsc (mA cm™) 33.2 32.5 29.1 333
Voc (V) 1.04 0.91 1.12 1.04
Fill factor 0.91 0.90 0.90 0.89
Vmep (mV) 960 842 1022 947
Jvrer (mA cm™) 324 31.7 28.4 32.5
Power conversion efficiency (%) 31.1 26.7 29.0 30.8
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Supplementary Figure 3 | J~V characteristics of 100 nm-thick a) MoS2, b) MoSez, ¢) WS>, and d) WSe:>
solar cells as a function of material quality (SRH lifetime, tsrn), at 300 K and AM 1.5 G solar illumination.
Shockley-Queisser J-V characteristics are included for reference.
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Supplementary Figure 4 | Effect of Auger coefficient on power conversion efficiency. Power conver-
sion efficiency of a) MoS:, b) MoSez, ¢) WSz, and d) WSe: solar cells as a function of thickness and Auger
coefficient, in the absence of SRH recombination. Cauger is the Auger coefficient used in this study. The
figure shows that two orders of magnitude higher or smaller Cauger lead to at most 1-2% decrease or in-

crease in the power conversion efficiency limit.
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