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exhibits metastable behavior that can lead to persistent
photoconductivity. In Ref. 20 we discussed in detail the
general defect physics that leads to metastability and PPC



dicating that metastable behavior of CIGS solar cells is ac-
companied by a potentially detrimental recombination center.



is needed to correct for the band-filling effects (Moss-
Burstein shift) resulting from the high defect density of the
actual calculation. Due to the small effective electron mass in
CIS and CGS, m,/m.=0.09 (Ref. 36), these band-filling ef-
fects are most strongly pronounced for donors. Thus, the
respective correction for H of the intrinsic In%, double do-
nor in CIS is as large as —1.5 eV. Due to the larger effective
hole mass, m;/me:0.8 (Refs. 37 and 38) in CIS, the band-
filling correction for the single-acceptor states of V?:u and of
the (Vge-Ve,)® complex (in the acceptor configuration) is
only about —0.1 eV. Note that these band-filling effects origi-
nate from the use of finite-size supercells and not from defi-
ciencies of the LDA.

(iv) Potential alignment correction for charged impuri-
ties. The supercell formalism describes a periodic, infinite



band minimum,*? the range of possible Fermi levels in Fig.
2(a) (left) is extended above the CBM of pure CIS, up to
Er=Ey+1.25 eV, approximately corresponding to the CBM
of Culn,_,Ga,Se, alloys with compositions up to x 0.4, as
used for high efficiency CIGS solar cells. We see in Fig. 2(a)
(left) that in CIS, the isolated Vs, has a deep, negative-
U-like, double donor transition (2+/0)=E,+0.05 eV close
to the VBM, and deep acceptor transitions high in the gap,
ie, (0/-)=E,+0.85eV and (-/2-)=E,+1.14eV.*
These deep acceptor levels result from the occupation of the
antibonding b level (Fig. 1), leading to the formations of Vg,
(a%bY) and V&, (a%b?). Thus, the isolated Vg, exhibits ampho-
teric behavior having both deep donor and deep acceptor
levels, where the usual order of the donor and acceptor levels
is inverted, i.e., the acceptor transitions occur higher in the






shown in Fig. 4 (Ref. 44) for the acceptor configuration with
the short In-In distance, along with the electronic orbitals
(isosurface plot of the wave function square) of the a and b
defect levels, which, in this configuration, lie below the
VBM and in the band gap, respectively (Table 1). The bond-
ing and the antibonding characters of the a and the b levels,
respectively, are clearly visible in Fig. 4.

The deep (-/2-)and (2-/3-) acceptor transitions of
the complex (Table 1), which result from the occupation of
the antibonding b level, occur at somewhat higher energy

[Fig. 2(a)] compared to the respective (0/-) and (=/2-)
levels of the isolated Vg.. The position of the deep acceptor
levels around 1 eV above the VBM indicates that in a CIGS
solar cell, these levels can only be occupied very close to the
CdS/CIGS heterojunction, where the Fermi level can rise to
such high energies. Even though the occupation of these
deep levels is accompanied by considerable atomic relax-
ation, no energy barriers are involved. Consequently, the
deep acceptor levels are equilibrium transitions. Note, how-
ever, that these deep levels are present only in the acceptor
configuration (short IlI-111 distance), where the b level is
located inside the band gap [Fig. 3(a)]. In contrast, no such
deep transition levels exist as long as the complex remains in
the donor configuration (large 111-111 distance), because the b
level is outside the band gap, i.e., above the CBM, in this
configuration [Fig. 3(a)].

In the acceptor-configuration of (Vg.-Vc,), there exist
also optical transitions caused by the b level in the gap: The
optical absorption energies due to photoexciation of elec-
trons from the VBM into the b level (a2b®—a2bt+h), and
the photoluminescence energies due to recombination of
electrons in the b level with holes at the VBM (a%bl+h
—a®b?), are given in Table Il. Later in Sec. V, we compare
these optical energies to experimentally observed absorption
and PL energies. Unlike the (-/2-) and (2-/3-) accep-
tor transitions which are caused by occupation of a gap state,
i.e., the b level, the activated (+/-) transition inside the gap
rather demarks the Fermi level at which the thermodynami-
cally stable state of (Vg.-V(,) changes from the donor to the
acceptor configuration. The single-particle state being occu-
pied during this transition, i.e., the a level, is outside the
band gap before as well as after the transition [Fig. 3(a)] and,
therefore, does not cause an optical transition level within
the gap.

Configuration coordinate model for the conversion be-
tween the donor and acceptor configurations. Figure 3(b)
shows the calculated configuration coordinate diagram for
the (Vse-Vey,) complex in CIS. Here, the distance dy,_;, be-
tween the In atoms serves as the reaction coordinate. As
shown in Fig. 2(a), the (Ve-V¢y)* state in the donor configu-
ration with large d,,_, [1 in Fig. 3(b)] has the lowest energy

inp



tron (a'—a?+h), leading to a hole in the shallow acceptor
level (E, in Fig. 3



ordinate diagram for CGS [Fig. 5(b)]. Consequently, the
n-conductive metastable donor state that exists in CIS for
Er  (+/-) [dashed green line in Fig. 2(a), CIS] does not
exist in CGS [cf. Fig. 2(a), CGS]. In CGS, once Ef rises
above the (+/-) transition level, the positively charged
complex will convert via Eq. (2) into the (Vg-V¢,)~ acceptor
configuration, even at low temperature. Thus, the donor con-
figuration with large Ga—Ga distance exists in CGS only as a
compensating donor for Ex  ( (+/-). In contrast, the meta-
stable shallow acceptor state [red dashed line in Fig. 2(a)]
exists in CGS similarly like in lower-gap CIS (cf. E, in Table
I). The only difference is the slightly lower energy barrier
associated with the hole capture process of Eq. (3) and the
somewhat larger energy barrier for hole emission by transi-
tion Eq. (3) in the backward direction, i.e., E,=0.28 eV
and E3=0.92 eV in CGS [cf. Fig. 5(b)].

IV. DYNAMICS AND THERMODYNAMICS
OF THE DONOR/ACCEPTOR CONVERSION
OF (Vse-Vcu)

Distribution between the donor/acceptor configurations
of (Vge-Vcy), determined from the Fermi level in thermody-
namic equilibrium. In order to assess the changes in the net
acceptor density upon illumination or reverse-bias treatment,
we need to determine the distribution between the donor and
acceptor configurations of the (Vg.-Vc,) complex before the
treatment, i.e., in the relaxed state at zero bias. Since the
equilibrium stable charge state of (Vg.-Vc,) depends on the
local Fermi level [cf. Fig. 2(a)



Dynamics of donor/acceptor conversion. The equilib-
rium distribution between the donor and the acceptor con-
figuration should be regarded as a steady state situation with
respect to the forward and backward directions of the transi-
tions Egs. (2) and (3). We now address the transition dynam-
ics, i.e., the transition rates of Egs. (2) and (3), with which a
new equilibrium between the donor and acceptor configura-
tions of (Vge-Vc,) is established, once an external perturba-
tion is applied, e.g., illumination or bias. If the external per-
turbation creates an excess of free electrons, the complex
will react to this perturbation by the electron capture, Eq. (2)
in the forward direction, and the conversion into the acceptor
state, thereby reducing the electron excess according to Le
Chatelier’s principle. Similarly, if the external perturbation



respond to the donor-to-acceptor conversion of (Vge-V,) due
to the capture, Eq. (2), of photoexcited electrons. This pro-
cess is described by the sequence 1—2—3—4 in the CCD
of Figs. 3(b) and 5(b), and can take place only where the
complex existed, at least partly, as (Vge-Vey)™ b



diate distances from the junction drives the electron capture,
Eq. (2), in the forward direction. Taking n=107 cm~3*® we
find from Eqg. (4) a time constant ,,=10%s at T=300 K.
Second, due to hole depletion, the forward direction of the
hole capture, Eq. (3), is suppressed, which drives Eg. (3) in
the backward direction, i.e., hole emission, for which we find
the time constant ,,=10° s at T=300 K. Thus, both electron
capture and hole emission are expected to lead to an in-
creased acceptor density at intermediate distance from the
junction, at the time scale of reverse-bias experiments. These
two processes may be discernible by their different energy
barriers E; and E; (Table II), which should, to a large
extent, determine the apparent activation energy of the bias-
induced changes. Note, however, that the transitions, Egs. (2)
and (3), depend on the local electron and hole concentra-
tions, which, in turn, depend on temperature due to a tem-
perature dependent depletion width. This may lead to a con-
tribution to the apparent thermal activation energy, in
addition to the barrier height.

The recovery of the equilibrium state after reverse-bias
treatment was investigated in Ref. 15 in a thermally stimu-
lated capacitance experiment, by analyzing the (negative) ca-
pacitance step after which the increased capacitance of the
metastable state relaxed back to the capacitance of the equi-
librium state before reverse-bias treatment. In our (Vge-Vey)
model, this step is caused by the back transition from the
acceptor into the donor configuration by the hole capture, Eq.
(3). The activation energy of 0.32 eV measured in Ref. 15
for this transition compares well with our calculated energy
barriers in Table Il. Also, the measured frequency prefactor
of ,=4 10*s™* (Ref. 15) supports the (Vse-V,) model, as
we find from Eq. (5) a similar value phPﬁc=103 S



Can the amphoteric (Vg.-V¢,) defect explain unusual ca-
pacitance transients? Even though the dynamics of the acti-
vated (+/-) transition corresponding to the donor/acceptor
conversion of (Vg.-V¢,) is different from conventional tran-
sitions (cf. Sec. 1V), this conversion may be—in both
directions—observed directly in capacitance experiments,
proposed the temperature, and frequency windows are appro-
priate. [Note that in the experiments cited above, the evi-
dence for the (+/-) transition of (Vg.-Vc,) is only indirect
and is manifested by a change of the shallow acceptor con-
centrations due to illumination or bias. The shallow acceptor
density is usually determined at low temperature, where the

(+/-) transition itself is not activated.] Recently, Young
et al."® and Young and Crandall*’



similarity with our calculated absorption level of (



an overestimated overlap and, hence, interaction between defect and host
orbitals, whereas the choice of the experimental (nonequilibrium) lattice
constant implies the presence of some hydrostatic pressure acting on the
lattice in the calculation. Fortunately, there are usually only minor differ-
ences in the defect formation and transition energies. Since the large lat-
tice relaxation of the anion vacancies in I1-VI compounds is particularly
sensitive to the lattice constant (Ref. 20) the differences can be more
pronounced, in the case of anion vacancies, however. For CIS and CGS,
we confirmed by additional calculations that H changes by not more than
0.2 eV when using the LDA lattice constant.
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