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Supplementary Material:
Impact of metastable defect structures on carrier recombination in
solar cells

S1 Charge Transition Levels Involving Metastable Defects

The formation energy AHp ,(Er,u) of a defect D in charge state ¢, calculated using the conventional supercell
method, is given by: 12

AHp 4(Ep.u) = [Epg — En) — Y nmiti + qEF + Ecorr(q) (S1)
i

where Ep, is the calculated energy of the defect supercell and Ey is the energy of an equivalent pristine
host supercell. The second term (— Y, n;u;) accounts for the thermodynamic cost of exchanging n; atoms
with their reservoir chemical potential(s) y;, to form the defect D, from the ideal bulk material. Similarly,
gEr represents the electron chemical potential contribution, while E¢,,-(g) is a correction for any finite-size
supercell effects.

Defect thermodynamic charge transition levels €(g; /g,) are defined as the Fermi level position for which the
formation energies of the ¢; and ¢, charge defects are equal:?

€(q1/q2) = Er; AHp g4, (Er) = AHp 4, (EF) (S2)

For a Fermi level position above this defect transition level, the more negative charge state will be favoured,
whereas the positive state will be favoured for a lower lying Fermi level. Due to the charge-dependent rela-
tionship between defect formation energy and Fermi level energy (AHp ,(EF) o< gEr; Eq. (S1)), an expression
for the charge transition level €(g;/¢2) can be derived following:

AHD:‘]I :AHD-,m(EF :0)+41EF; AHDJ[z :AHD-,qz(EF :0)+‘]2EF (S3)

Setting AHp 4, equal to AHp ,4, to solve for Er (i.e. the Fermi level position for which the defect formation
energies are equal := €(q;/¢2)):

AHp 4, (EF =0)+q1Er = AHp 4, (Er = 0) + q2EF (s4)
AHp 4, (EF =0) —AHp 4,(EF =0) = (92— q1)EF (S5)
AHqu] (EF = 0) - AHD,qz (EF = 0)

(56)

— Er=¢(q1/q2) = @2 —q

where AHp ,(Er =0) is the formation energy of defect D with charge ¢ (defined in Eq. (S1)), when the Fermi
level is at the zero-reference point (the VBM, by convention).

The shifts in charge transition level positions when metastable defect structures are involved are derived in
Sections S1.1 to S1.3 and illustrated in Fig. S1.

S1.1 Charge Capture Into Metastable Defects; D9 — D*¢*+!

Taking ¢q; = g and g, = ¢+ 1 (as charge capture is a single-carrier process) and denoting the energy of the
metastable defect state AHp+ 44 as:
AHp:« 411 = AHp 411 +AE (87)
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Fig. S1 (Left) Defect formation energy diagram showing the positions of charge transition levels e(¢™*) /¢*) £ 1)
involving zero (green), one (magenta) or two (blue) metastable defect structures. (Right) Vertical energy band diagram
showing the transition level positions within the bandgap.

where AE is the energy of the metastable defect relative to the ground-state structure, the charge transition
level €(¢q1/¢5) can thus be written:

e(q/q" 1) = e =— pE (88)
e(q/q" +1) = AHp 4(Er = (C)[)i—]AfI;),qil (EF =0) inlE_ - (59)

e(g/q"+1) =e(g/q+1)— % (810)

e(q/q"+1) =¢elg/q+ 1) FAE (S11)

e~ capture = €(q/q" —1)=¢(q/q—1)+AE (S12)

h* capture = €(q/q" +1) =¢€(q/q+1) — AE (513)

Thus we witness that for charge capture into a metastable structure, D¢ — D*?*!  the transition level will
move an energy AE closer to the corresponding band-edge (i.e. to higher energy for electron capture or to
lower energy for hole capture), assuming a transition level €(q/q + 1) initially located within the bandgap.

Given the requirement that €(g/¢* + 1) must lie within the bandgap in order to effectuate non-radiative
recombination, we have the constraint:

0<e(g/q"+1)<E, (S14)
0<e(g/qEt1)FAE <E, (S15)
Thus for electron capture we have:
€(g/g—1)+AE < E, (S16)
— AE<E,—¢(q/q—1) (S17)
and for hole capture:
0<e(g/q+1)—AE (S18)
— AE <e(q/q+1) (S19)

Therefore, we see that the energetic separation between the ground-state transition level €(q/¢+ 1) and the
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corresponding band-edge sets the energy window within which the metastable structure must lie in order to
affect the electron-hole recombination process (as demonstrated in Fig. S1).

S1.2 Charge Capture From Metastable Defects; D*¢ — D4*!

In the case of charge capture from metastable structures, the same equations from the previous section hold,
just with a reversal of the sign of the AE term:

e(q"/qt1)=¢(q/qxt1)LAE (S20)
e  capture = €(q¢*/qg—1)=¢€(q/q—1)—AE (S21)
h'* capture = ¢€(¢"/q+1) =¢(q/q+1)+AE (522)

Hence for charge capture from a metastable structure, D*¢ — D9*! | the transition level will move an energy
AE further from the corresponding band-edge, assuming a transition level €(q/q + 1) initially located within
the bandgap.

Likewise, we obtain the following reversed constraints on the relative energy of the metastable structure, to
impact carrier recombination:

0<e(q"/q+1)<E, (S23)
0<e(q/q+1)+£AE < E, (S24)

e~ capture = AE <¢g(q/q—1) (S25)
h" capture = AE < E, —¢&(q/q+1) (S26)

S1.3 Charge Capture Between Two Metastable Defect Structures; D*? «— D*?*+!

As demonstrated in Fig. S1, the positions of defect charge transition levels involving metastable configura-
tions for both charge states are dictated by the balance of the relative energies of both metastable structures
D*4+1) with respect to their ground-state counterparts D41 such that:

e(q*/q"£1) =¢€(q/q+ 1) £ AE, FAE .+, (827)

with the same constraint that €(¢*/¢* = 1) must lie within the bandgap in order for recombination to be
energetically permitted.

S2 Te; in CdTe: Nudged Elastic Band (NEB) Calculations

Fig. S2 shows the calculated minimum energy paths between the groundstate and metastable structures
for Te;® and Te;*!. As mentioned in the main text, in both cases the metastable structures represent the
intermediate state in the diffusion mechanism of Te; in CdTe. Thus the energy barriers to structural transition
also represent the activation energies for interstitial diffusion of tellurium in CdTe.

Using the HSE(34.5%)+SOC hybrid DFT functional, we calculate transition energy barriers of 0.13eV and
0.08 eV respectively for Te; — Te;"? and Te;*! — Te;" 1. We note that Ma et al., Yang et al. #> both found
similar barriers of 0.09¢eV for the Te;® — Te;"? transition, with semi-local (GGA) and hybrid (HSE06) DFT
respectively, and no local stability about Te;"®. On the other hand, Selvaraj et al. ® calculated a barrier of
0.24 eV using local (LDA) DFT, with a 0.03 eV window of stability for the intermediate state.
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Fig. S2 Minimum energy paths along the potential energy surface between groundstate and metastable structures
for (left) Te; and (right) Te;*', calculated using the Nudged Elastic Band (NEB) method.? Filled circles represent
calculated data points and the solid line is a spline fit. X-axis given in units of mass-weighted displacement.

S3 Te; in CdTe: Transition State Theory

To estimate the rate of internal structural transformation for point defects, we can invoke Transition State
Theory,” which gives the rate of reaction k as:

ar, (528)

k = VgeXp(_kBiT

where v is the effective (vibrational) attempt frequency, g is the ratio of the degeneracies of the final and
initial states and AF is the activation energy barrier.

Using the calculated energy barrier of 0.08 eV and effective vibrational attempt frequency v = 0.40 THz (from
parabolic fitting of the Te;™! local minimum shown in Fig. S2), the Te;*! — Te;" *! transition is estimated
to proceed at a rate:

0.08

——— ) = 7.6x10%"! @T=300K
0.0259)(300) x107s7 @

kyijpe = (4x10")(4)exp(—

S$3.1 Internal Conversion vs Charge Capture Rates

To estimate the transition barrier height at which internal conversion and charge capture would have com-
parable speeds, we equate their reaction rates:

AE
k = vgexp(———:) = Gpvyn (829)
kpT
where o, is the capture cross-section, v, is the carrier thermal velocity and r is the minority carrier concen-
tration (minority carrier capture often represents the rate-limiting step in the electron-hole recombination
cycle). This is then rearranged to:

AE Gy Vi
N _ $30
exp( kBT) Ve (S30)
AE = —kgTln 22" (S31)
Vg
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Typical minority carrier concentrations are n ~ 1 x 10!*cm =3, with velocities v,, ~ 1 x 107 cm/s. Taking these
values along with the ranges 6 ~ 1075 — 10~ 13 cm? for “killer’ defect centres®1° and usual attempt frequen-
cies of v ~ 0.5—10 THz,>1:12 we obtain the following upper and lower estimates for AE:

10-19) (107) (10'%)
(1013)(1)

AEu = —(0.0259)1n( = 0.42eV @ T = 300K (S32)
(10713) (107) (10'%)
(5% 1011 (1)

Thus internal conversion is likely to be the rate-limiting step in the recombination cycle of a fast-capturing
defect if the transition energy barrier AE is greater than 0.4 eV, while barriers less than 0.2 eV should yield
structural conversion rates far quicker than charge capture. For barriers between these extremal limits,
which process becomes the rate-limiting step will depend on the specific parameters for that system.

AE,;, = —(0.0259)1n = 0.22¢V @ T = 300K (S33)
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