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Abstract

The model for intrinsic defects in Cu(In,Ga)Se, semiconductor layers is still under debate

for the full range between CulnSe, and CuGaSe;. It is commonly agreed by theory and
experiment, that there are at least one shallow donor and two shallow acceptors. Spatially
resolved photoluminescence on CuGaSe; previously revealed a third acceptor. In this study
we show with the same method that the photoluminescence peak at 0.94eV in CulnSe,,
previously attributed to a third acceptor, is a phonon replica. However another pronounced
peak at 0.9V is detected on polycrystalline CulnSe, samples grown with high copper and
selenium excess. Intensity and temperature dependent photoluminescence measurements
reveal that this peak originates from a DA-transition from a shallow donor (<8 meV) into a
shallow acceptor A3 (135 4+ 10) meV. The DA3 transition has three distinct phonon replicas
with 28 meV spectral spacing and a Huang Rhys factor of 0.75. Complementary admittance
measurements are dominated by one main step with an activation energy of 125 meV which
corresponds well with the found A3 defect. The same defect is also observed in Cu(In,Ga)Se,
samples with low gallium content. For [Ga]/([Ga] + [In])-ratios of up to 0.15 both methods
show a concordant increase of the activation energy with increasing gallium content shifting
the defect deeper into the bandgap. The indium vacancy Vp, is discussed as a possible origin of

the third acceptor level in CulnSe; and Vyy in Cu(In,Ga)Se;.
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Introduction

Solar cells made from chalcopyrite absorber layers Cu(In,Ga)Se,
(CIGS) achieve the highest power conversion efficiencies of
all thin film solar cells, reaching up to 23.3 % [1, 2]. From
optical measurements (photoluminescence (PL) [3-6] and
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cathodoluminescence (CL) [3, 7]) as well as electrical mea-
surements (admittance [8], Hall [9, 10]) a defect model was
derived for the ternaries CulnSe,; and CuGaSe; as well as partly
for Cu(In,Ga)Se,. A recent review can be found in [11]. For
CulnSe, the model includes a shallow donor (Ep = (6-10) meV)
and two shallow acceptor with (Eajcis = 40meV) and
(Eazcis = 60meV) [4]. With the addition of gallium the
activation energy of the donor level changes only negligible,
whereas both acceptors continuously shift deeper into the
bandgap resulting in higher activation energies in CuGaSe;
((EAl,CGS = 60 meV) and (EAZ,CGS = 100meV)) [6] A third

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Photoluminescence spectra of a polycrystalline CulnSe; absorber layer grown under low copper excess measured at 10 K.
(b) Map of integrated PL yield over the marked P3 region (c) same map of integrated PL yield over the region of DA2 and (d) for DA1.

transition seen in low temperature PL measurements of
CuGaSe, was first attributed to be a phonon replica [6], but
later shown by spatially resolved PL [12] and CL [7] measure-
ments, to be a third independent donor-acceptor pair transition
(DA). From these findings and the similarity of PL spectra of
CulnSe, and CuGaSe; [13] it was assumed that a peak seen at
0.94eV in CulnSe; is also not a phonon replica but a third DA
transition.

In the present study we carry out spatially resolved
PL measurements at low temperatures on polycrystalline
and epitaxial CulnSe, samples to review this assumption.
Furthermore an additional distinct peak at 0.9eV is detected
in polycrystalline CulnSe, grown under high selenium
overpressure. The peak is characterized with excitation and
temperature dependent measurements. The same peak is
also observed in Cu(In,Ga)Se, samples and its behavior with
increasing [Gal/([Ga] + [In])-ratio (GGI) is investigated.
Admittance measurements on Schottky contacts are used as
a complementary method to determine the activation energy.
All samples studied are grown under copper excess, forming
stoichiometric Culn(Ga)Se, as well as a secondary Cu,Se
layer [14] which can be etched by potassium cyanide (KCN).
The standard composition for high efficiency solar cells
[Cul/([Ga] + [In]) ~ 0.9 cannot be used for defect spectr-
oscopy via PL because they show strong compensation effects
which distort the spectrum [4].

Methods

Polycrystalline samples are grown in a molecular beam epi-
taxy system in a co-evaporation process on molybdenum
coated soda lime glass. For the ternary CulnSe, a one-stage
process is used with constant elemental fluxes and constant
temperature. The variation of growth conditions between pro-
cesses is controlled by altering the copper flux as well as the
selenium flux. The Cu(In,Ga)Se, samples are grown in a mod-
ified three-stage-process [15, 16], in which the duration of the
third stage defines the overall [Cu]/([Ga] + [In])-ratio (CGI).
The indium flux is varied to control the GGI. Roughly 600 nm
thick epitaxial CulnSe, samples are grown by metal organic
vapor phase epitaxy on undoped GaAs-wafers. Details about
the growth process can be found elsewhere [6, 17, 18]. All
samples are grown with a final Cu-rich composition, mea-
sured by energy dispersive x-ray spectroscopy (EDX) with 20
keV acceleration voltage. The EDX is measured on as grown
samples including the Cu,Se layer on top of the stoichiometric

bulk, since it is known that the copper overpressure influences
the electronic structure of the bulk [5].

Spatially resolved PL measurements are performed in a
home built confocal setup under continuous monochromatic
excitation of an argon ion laser (514nm) with a resolution
of about 1 pm. More details about the optical setup can be
found elsewhere [19]. Temperature dependent measurements
are performed in a second setup where the emitted PL is col-
lected by two off-axis mirrors and a diode laser (660 nm) is
used for excitation. Both setups focus the collected PL into an
optical fiber and use the same detection hardware. The light
is spectrally resolved by a grating monochromator and meas-
ured by an InGaAs-detector array. A helium flow cryostat is
used for temperature dependent measurements between 10 K
and 300 K. Measured PL spectra are spectrally corrected
and converted into energy space. For capacitance-voltage
measurements as function of temperature (admittance meas-
urements), bare-absorbers are etched with KCN to remove
the copper selenide secondary phases and then aluminum is
deposited to form a Schottky contact. Admittance spectra are
recorded in a temperature range from 320 to 50 K and a fre-
quency range of 100 Hz—1 MHz with an ac voltage amplitude
of 30 mV rms using a closed-cycle helium cryostat under
dark conditions.

Results and discussion

The photoluminescence spectrum measured at 10 K of a poly-
crystalline CulnSe, sample grown with low copper excess
is shown figure 1(a). It shows the previously reported peaks
for this composition at 1.035eV, 0.99eV and 0.97eV [4, 12,
20, 21]. From temperature and excitation dependent PL. mea-
surements as well as other methods, the different peaks have
been attributed to different kinds of transitions in literature.
The main peak at 1.035 meV is related to excitonic lumi-
nescence [3, 4, 21-24]. The peak at 0.99¢eV is assigned to a
donor-acceptor pair transition (DA1) from a shallow donor
(6-10 meV) to a shallow acceptor (40 meV) [3, 4, 20, 25-27].
The second defect related peak observed at 0.97eV is the
DAZ2 transition from the same donor into the second acceptor
(60 meV) [3, 4, 22, 24]. In earlier publications [21, 23, 25]
the peaks at 0.99eV and 0.97eV are attributed to free-bound
transitions since the donor is really shallow. The third defect
related peak at 0.94eV (P3) has previously been attributed
either to a phonon replica [4, 24] or to a third DA transition [5].
The attribution to a DA transition follows the shown third DA
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Figure 2. Measured photoluminescence spectra of polycrystalline CulnSe, absorber layer grown under high (blue, orange) and low
Cu-excess (black) as well as high (black, blue) and low (orange) selenium flux measured at 10 K. The dotted black and orange lines depict

a magnifications of the excitonic luminescence.

transition in CuGaSe, by CL [7] and by spatially resolved low
temperature PL [12].

Similar spatially resolved low temperature PL. measure-
ments are carried out at 10 K on a polycrystalline CulnSe,
sample in which for each position a full spectrum is recorded.
For the evaluation of the spatial dependency, the spectra
are integrated around each peak maximum as indicated in
figure 1(a). The integrated PL intensity is plotted over the
position for the third peak P3 in figure 1(b), the DA2 trans-
ition in (c) and the DAL transition in (d). To compare the
interdependency of the peaks the correlation coefficient is cal-
culated as shown in [12] (see also supplementary materials
EQ1 (stacks.iop.org/JPhysCM/31/425702/mmedia)). A weak
correlation between the DA2 and DA transition of 0.8 is
found. This correlation can be explained by a fluctuating pho-
toluminescence intensity across the sample which affects the
intensity of both DA2 and DAI1. This intensity patterns have
been reported earlier [19, 28] and lead to this weak correlation
coefficient although both are not correlated. Comparing P3
and DA2 a high correlation coefficient of 0.96 is calculated,
meaning that the PL yield of both peaks is fully dependent on
each other in this sample.

Earlier investigation of epitaxial CuGaSe, samples showed
an independent peak at lower energies (1.6eV) than the DA2
transition (1.625eV) which was attributed to a third DA trans-
ition (correlation coefficient 0.3) [12]. However, this peak
could only be shown to be independent for samples grown
with low excess (1 > [Cu]/[Ga] > 1.1). To verify if P3 is inde-
pendent for a certain compositions the same analysis is carried
out on a wide range of polycrystalline and epitaxial CulnSe,
samples with various [Cu]/[In]-ratios (see supplementary
materials S1 for an exemplary evaluation of a sample grown
with high Cu-excess). On average the cross correlation coef-
ficient between the DA2 and P3 is 0.95 and the lowest value

measured is 0.75. Probing the small [Cu]/[III] range, were
the peak was found to be independent in CuGaSe,, yields the
same result. Overall, no evidence for an independent transition
at 0.94eV could be found in any sample. Also the temperature
and intensity dependent behaviour of P3 and the DA2 agree
well with each other and the energetic distance between P3
and DAZ2 fits to the reported phonon energy of CulnSe, [4,
22-24]. All this strongly indicates that the peak at 0.94eV in
CulnSe; is indeed a phonon replica of the DA2 transition.

However for certain polycrystalline samples another peak
at lower energies was observed. To investigate this peak in
more detail several polycrystalline CulnSe, samples with
[Cu]/[In]-ratios between 1 and 2.5 as well as various selenium
over-pressures were grown and their PL spectra measured at
10K. For anexemplary sample grown under high copper excess,
as shown in orange at the bottom of figure 2, the known peaks
related to excitonic luminescence and the DA?2 transition with
phonon replica are found. The blue curve of figure 2 shows a
sample grown with a similar copper excess but a higher sele-
nium overpressure. This sample shows the characteristic exci-
tonic peak as well as the DA2 transition with phonon replica.
But additionally it has a distinct peak at 0.9eV (#1) as well as
peaks with decreasing PL yield towards lower energies (#2—4).
First reported in [25], the peak at 0.9eV (#1) was only men-
tioned or detected occasionally thereafter [21, 23, 24, 26, 29,
30]. If it was discussed, it was usually assigned to a free-to-
bound transition (FB) or donor-acceptor-pair transition.

From excitation dependent measurements it is possible
to extract the shift of the peak position 5 and the power law
exponent k [31, 32]. For a DA transition k-values below
1 and a shift of a few meV/decade are expected [31] if the
sample shows only weak compensation effects and has no
deep defects [33]. For the sample with high Cu-excess and
high Se excess (blue curve in figure 2), the DA2 transition and
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Figure 3. Temperature dependent photoluminescence
measurements between 6 K and 141 K of a CulnSe; sample grown
under high Cu-excess and a high selenium flux. The legend shows
only every other temperature used.

its phonon replica show low excitation dependent shifts 3 of
0.7 meV/decade and k-values of 0.8 are determined. Peak #1
at 0.9eV shows a similar k-value (0.7) and similar shift with
excitation (0.5 meV/decade), making it likely to be another
DA or FB transition. The peaks #2—4 show the same behav-
iour with excitation as peak #1 and can thus be identified as
phonon replicas of it (see supplementary materials table 2 for
detailed values). The energy difference between the peaks of
28 meV corresponds to the phonon energy of the DA2 trans-
ition and is in good agreement to the energy of the LO-phonon
energy reported [4, 22-24].

A Huang—Rhys factor S of 0.35 is determined for the DA
transition by fitting the line shape according to equation A4 of
[34] (or see supplementary materials EQ2) which indicates a
weak electron-phonon coupling. For peak #1 and its phonon
replica a higher factor S of 0.75 is found showing a slightly
stronger but still weak electron-phonon coupling. An exem-
plary fitting for the extraction of the Huang—Rhys factor can be
found in the supplementary materials. The excitonic lumines-
cence has a k value of 1.3 which is in good agreement with the
expected value of 1 < k < 2. If the Cu-excess during growth
is lower but the selenium pressure remains high, a similar PL
spectrum is measured (see black curve figure 2). In addition to
the peaks already discussed, a new peak at 0.99eV is observed
corresponding to the DA1. Testing a variety of growth condi-
tions no trend between Cu-excess and the appearance of the
peak at 0.9eV is found.

Temperature dependent measurements allow to study the
thermal quenching of the different transitions and extract
their activation energy E. Figure 3 shows the PL spectra of
the sample with high Cu-excess (blue curve in figure 2) meas-
ured between 6 K and 140 K. The intensity of all observed
transitions decreases with increasing temperature and the
peak width of the defect related transitions (#1 and DA2)
increases. The excitonic luminescence shows the strongest
quenching as expected due to the low binding energy. The
DA2 transition shows a slower quenching and peak #1 an
even slower one.

The spectra are fitted as a whole to extract the PL yield
which is plotted semi-logarithmically over the inverse temper-
ature on the left side of figure 4. The data is fitted with a
quenching model as described in [31, 32] (see also EQ3 in the
supplementary materials). The excitonic luminescence shows
an activation energy of roughly 5 meV agreeing well with
literature values reported [3]. Evaluating the DA2 transition
yields a shallow defect (below 8 meV) and a deeper defect
of (66 & 5) meV in agreement with literature values [4, 22,
24]. The same evaluation for peak #1 yields a similar shallow
defect and a deeper defect with an activation energy of
(135 + 9) meV.

By plotting the position of the peak maximum over the
temperature, as shown on the right in figure 4, it can be
seen that both curves show exactly the same blue shift of
0.09 meV K~! between 12 and 60 K. In case of the DA2
transition this shift has been interpreted as the change from a
DA transition into a free-to-bound transition (FB) [4] due to
thermal emptying of the shallower defect by emission of the
trapped carrier to the band edge. For the DA2 transition this
shallower defect is known to be the involved donor. From the
identical shift of the peak maxima with temperature as well
as similar activation energies for the shallow defect, it is con-
cluded, that the same donor level is involved in both trans-
itions and that peak #1 is a DA transition involving a third
acceptor A3. With the attribution to a DA-transition also the
broadening of the DA3 with increasing temperature can be
explained by the already discussed gradual changed of the DA
to a FB-transition with increasing temperature.

The activation energy Epas determined from temperature
dependent measurements was measured for samples grown
with various Cu-excess and found to scatter between 110 meV
and 145 meV. The scattering originates from the strong influ-
ence of the few data points at higher temperatures onto the
fitting routine. Another way to verify the activation energy of
a transition is to look at the energy difference between the
respective peak and the excitonic transition. The energy of the
excitonic transition represents the band gap energy, reduced
by the excitonic binding energy, whereas the DA transition
is determined by the band gap energy, reduced by the acti-
vation energies of the donor and the acceptor as well as the
Coulomb energy [35]. The energetic distance between the two
peaks can be directly interpreted as the activation energy of
the acceptor, since the binding energy of the exciton and the
activation energy of the involved donor in the DA transition
are both in the range of 5-10 meV [3, 4, 32]. The Coulomb
energy can be neglected since the measurements were per-
formed at low excitation densities and due to the low Coulomb
shifts expected for materials grown with Cu-excess. With this
method all samples show a concurrent activation energy of
(135 £ 10) meV.

The origin of the third acceptor A3 is unknown and will
be discussed in the following. Plotting the ratio of the peak
heights (DA3/DA2) over the copper excess used during growth
(see supplementary materials S3), no clear trend is found. In
the range of 1 < Cu/In < 1.8 the DA3/DA2-ratio scatters ran-
domly between 0.05 and 1.5. With increasing copper content,
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Figure 4. Left: semi-logarithmic plot of the PL yield over the inverse temperature for the extraction of the activation energy Ex of the DA2
transition (blue), peak #1 (black) and the excitonic luminescence (red). Right: peak position of the DA2 transition (black) and peak #1

(blue) plotted over the temperature.

the highest DA3/DA2-ratio observed decreases but this could
also be related to the smaller sample size in this composi-
tional region. More pronounced is the correlation between the
DA3/DA2 ratio and the temperature of the cracking head of
the selenium source. In the past the baseline process in our lab
would use a temperature of 600 °C. Those samples show no or
low contributions of the DA3 transition in low temperature PL
measurements. The current baseline process uses 1000 °C and
the DA3 is seen in almost all samples. It is thus argued that
the selenium overpressure and the selenium species which
changes with the temperature of the cracking head [36, 37]
have a strong influence on the formation likelihood of the
defect responsible the third acceptor.

Theoretical calculations by Pohl and Albe [38] find that
the indium vacancy (Vp,) is supposed to be a shallow acceptor
type defect in CulnSe,. Also other recent calculations using
the screened-exchange hybrid density functional theory of
Heyd, Suseria and Ernzerhof (HSE06) show that Vy, is a more
or less shallow acceptor type defect [39-42]. Looking at the
formation energy of this defect for different growth condition
could explain why this defect is only observed occasionally.
The formation energy of Vy, decreases with increasing chem-
ical potential of selenium [38], making the formation more
likely. This would explain why this defect is not observed in
epitaxial samples grown by MOCVD [3, 4] but seen in poly-
crystalline samples grown by co-evaporation [24] and single
crystals [21]. During the MOCVD growth process the avail-
ability of reactive selenium is low since the metal organic pre-
cursor only starts to decompose near growth temperature. On
the other side during the growth by co-evaporation high sele-
nium overpressure are used (about 20x the needed selenium)
and the single crystal showing the DA3 was annealed in the
presence of excess selenium [21].

Another possible origin could be a defect complex as dis-
cussed by Malitckaya et al [42]. From the three complexes
discussed the one formed by an copper interstitial Cu; together

with a copper on indium antisite Cuy, has the lowest formation
energy. But it is only an acceptor type defect for n-type mat-
erials, which is not the case for the grown samples. A second
complex formed by Cu; and Vi, is an acceptor type defect
in p-type material, but has a high formation energy than Vi,
alone. Because of this we think it is unlikely that the A3 is
related to this complex. The third complex is formed by Cu;
and V¢, which are both abundant in samples grown with low
and moderate Cu-excess. But the complex has a low binding
energy and is thus likely to dissociate. However, it is plausible
that it exist because of the high concentration of constituents.
Of the proposed defect complexes this is the only potential
candidate that is plausible from our point of view. However,
comparing the defect complex and Vy, the latter one seems
more likely and is thus proposed as a possible origin of the
acceptor defect in the ternary CulnSe;.

The DAL transition exist over the whole range of solid
solution of Cu(In,Ga)Se, [3] and the same has been pro-
posed for the DA2 transition. To validate the same for the
DA3, the Cu(In,Ga)Se, growth process is adjusted to pro-
mote the presence of the DA3. It should be noted here that
the Cu(In,Ga)Se, samples grown by a three-stage process
have a lower lateral variation in thickness and a lower sur-
face roughness, compared to the CulnSe, samples grown
by the one-stage process. The combination of both effects
leads to interference effects in the wavelength region of the
emitted PL as determined by reflectance measurements.
Those interference fringes distort the PL spectra especially
at low energies [43, 44] and prohibit a quantitative analysis
of the data. To remove the interference effects a scattering
layer is deposited, as shown in [45], in order to change the
reflectivity of the surface. Reflectance measurements after
the surface modification confirm the removal of the inter-
ference fringes. See supplementary materials for exemplary
reflectance and PL measurements of a sample with and
without a scattering layer.
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Figure 5. Measured photoluminescence spectra of Cu(In,Ga)Se;
absorber layers grown under Cu-excess with increasing gallium
content at 10 K. The dashed vertical lines indicate the position of
the excitonic luminescence. The dotted purple line indicates the
shift of the DA3 transition.

Low temperature PL spectra under similar illumination
conditions for various Cu(In,Ga)Se, samples with GGI-ratios
ranging from O to 0.45 are shown in figure 5. The energetic
position of the exciton, indicated by the dashed vertical black
line, increases with the incorporation of gallium and follows
the bandgap. For the lowest GGI value of 0.08 both the DA2
and the DA3 with their respective phonon replica are clearly
identified. The energetic position is shifted to higher energies
showing that the involved shallow defects follow the band
edges. For higher GGI values all peaks broaden due to the
inherent compositional fluctuations of indium and gallium
within the absorber layer. The DA3 transition is less pro-
nounced in the Cu(In,Ga)Se, samples, but the respective posi-
tion can be tracked as shown by the dotted purple line.

For GGI values above of 0.25 two peaks at low energies
(0.87eV and 0.97eV) are observed (see semi-logarithmic
plot in the supplementary materials S5 for better distinction).
Since inference can be excluded and the double peak struc-
ture is observed in all samples with higher GGI, it is con-
cluded that two different transition are observed. All spectra
are fitted as a whole with Gaussian profiles and the known
line shape for the phonon replicas [34]. The extracted posi-
tion of the respective peaks is plotted over the position of
the excitonic luminescence in figure 6. The position of the
excitonic luminescence is chosen as the x-axis value since it
is a good indicator for the local GGI of the probed sample,
whereas the values determined by EDX are averaged over a
large area and have a limited accuracy. For comparison the
data of a CuGaSe, sample is added, taken from [6]. All peaks
shift towards higher energies with the addition of gallium. A
linear fit through the data points of the DA1 and DA?2 trans-
ition yield a good fit over the whole GGI range and indicate
the existence of the DA2 over the full compositional range.
The DA3 transition shifts weaker with the addition of gallium
compared to the DA1 and DA2 transition, which means that
the A3 acceptor shifts deeper into the bandgap. For the second

CulnSe increasing gallium content » CuGaSe,
17 _I '. IDA'l T T T T T T T T T T | _
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Figure 6. Peak position of the different transitions observed in
Cu(In,Ga)Se, with various GGI plotted over the peak position of
the exciton as a measure of gallium content. The data for CuGaSe,
is taken from [6]. The solid lines depict linear fits through the data.
The dashed lines estimate the peak shift of the two peaks at low
energies with higher gallium content.

deep transition the opposite is observed. If the trend continues
for GGI values between 0.5 (1.35e¢V) and 0.9 (1.63¢V), both
peaks will likely merge together and will be not distinguish-
able anymore.

The straight forward way to discuss the second peak at low
energies would be as the gallium vacancy (Vg,). But indium
and gallium share the same position in the Cu(In,Ga)Se,
lattice and are known to be without any order. Whether an
indium or gallium atom is missing, does not play role and the
related defect is Vi, which energetic defect level is defined
by the next neighboring III atoms (indium and/or gallium).
There are five possible configurations of In and Ga around a
Vin(4 xIn,3 xInand 1 x Ga, 2 x In and 2 x Ga, 1 x In and
3 x Ga, 4 x Ga). With increasing gallium content the most
likely configuration would change more or less linear. As it
is not likely that different next shell configurations lead to a
distinct second peak, this change between configuration will
lead to one smeared out broad peak. Which fits to the data as
a stronger broadening of the DA3 compared to the DA?2 trans-
ition is observed. We can therefore not conclude on the nature
of the defect involved in the second deep transition. On a short
side notice, due to the different growth conditions required
for the DA3 in CulnSe; and Cu(In,Ga)Se, (high selenium,
no dependance on Cu-excess) and of the DA3 in CuGaSe,
(low selenium, low Cu-excess required) as well as the non
fitting extrapolation of the activation energy between both,
it is argued that both defects originate from different defect
(complexes). In the future they should thus be carefully dis-
tinguished to avoid misconceptions.

To verify the found trends of the activation energy com-
plementary admittance measurements [46] are conducted.
For this the absorber layers were etched and aluminum was
deposited to form a Schottky contact. The ternary CulnSe,
samples were annealed under selenium atmosphere before
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Figure 7. Activation energy of the second acceptor A2 (orange) and
the A3 defect (black) from photoluminescence measurements at 10
K as well as the activation energy of the main capacitance step from
admittance measurements (blue) plotted over the energy position of
the excitonic luminescence.

the deposition of the front contact to remove a surface defect
[47, 48]. The measured admittance spectra are dominated
by one main capacitance step, whose activation energy is
extracted from an Arrhenius plot of the inflections points (see
supplementary materials S6 and S7 for admittance spectra and
Arrhenius plots). For CulnSe,, an activation energy of about
125 meV was extracted which matches with the 135 meV acti-
vation energy of the A3 defect determined by PL. In figure 7,
the activation energy of the A2 defect and the A3 defect found
by low temperature PL as well as the activation energy of the
main admittance step are plotted over the energetic position
of the excitonic luminescence of the respective sample. The
activation energy from admittance agrees well with the activa-
tion energy of the A3 defect for low gallium contents. Based
on that, we can conclude that the same defect is observed in
both methods, linking optical and electrical measurement
techniques. For GGI values above 0.15, the activation energy
values from admittance decrease and approach the value of
the A2 defect, whereas those from PL keep increasing. A pos-
sible explanation for the decrease is that the A3 defect does
not dominate the admittance spectrum anymore, which is
likely related to the defect moving deeper into the bandgap
and possibly a reduced quantity of defect states.

Conclusion

Spatially resolved PL measurements show a clear correlation
of the formally assigned ‘DA3’ transition at 0.94eV to the
DAZ2 transition at 0.97eV found in CulnSe,, strongly indi-
cating that the peak is a phonon replica and not an indepen-
dent DA transition. On the other hand in samples grown under
high selenium overpressure a defect related peak at 0.9eV can
be identified in a broad range of copper over indium ratios.
The peak was characterized by excitation and temperature
dependent photoluminescence measurements and found to be
a donor-acceptor pair transition (DA3) from a shallow donor

(<8 meV) into a shallow acceptor A3 (135 + 10) meV. Peaks
below 0.9 eV have been identified as phonon replica of the DA3
transition with a Huang—Rhys factor of 0.75 and an energy of
the involved phonon of 28 meV. The defect formation seem
to be independent of copper excess during growth but the
use of highly reactive selenium (usage of cracking head at
1000 °C) favours the formation. The DA3 could also be identi-
fied in Cu(In,Ga)Se,. Admittance measurements on Schottky
contacts show a good agreement between the activation energy
of the A3 defect and the activation energy of the main step of
the capacitance measurements for low gallium contents. Both
methods show an increasing activation energy with gallium
content shifting the defect deeper into the bandgap. A pos-
sible origin for the A3 could be the indium vacancy (Vp,) in
CulnSe; and the III-vacancy (Vi) in Cu(In,Ga)Se,.
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